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Abstract

Presently, most local-area networks employ a single broadcast bus to interconnect
single-transceiver stations. In order to increase a network’s throughput beyond a sin-
gle bus’s data rate without using dedicated switching nodes, multiple buses and multi-
transceiver stations are required. We explore the design space of single-hop interconnec-
tions among such stations; i.e., interconnections that provide a passive transmission path
between any two stations. For example, we present interconnections whose throughput
can grow quadratically with the number of transmitters and receivers per station. They
consist of a collection of buses, each of which interconnects only a proper subset of the sta-
tions using one of their transceivers. Yet, for any two stations, there is at least one bus to
which they are both connected. We refer to these as selective-broadcast interconnections,
or SBI’s. The use of unidirectional media significantly enriches the design space of SBI’s
since, unlike with bidirectional media, the sets of receivers that hear two transmissions need
not be identical or disjoint. A graph-theoretic criterion for determining whether or not
transmissions over a specified pair of paths would interfere with each other is established. It
is then used in studying the performance of various SBZ’s. Implementation-related issues,
such as power budget in fiber optic implementations, are discussed in the context of local-
area networks. Lastly, the concept of SBZ’s is shown to also apply to memory-processor
interconnection, as well as to additional demains.

A spread-spectrum channel can accommodate several concurrent successful transmis-
sions, and a single-transceiver node can thus ut:.izc ~nly a small fraction of the channel’s
capacity. In order to allocate the appropriate fi=. - ‘n of capacity to a “busy” node, we
propose to equip it with several transmitters and receivers, thereby turning it into a “su-
pernode”. Several architectures and operation policies for supernodes are suggested and
compared; it is shown that a supernode can significantly outperform a collection of inde-
pendent conventional nodes with the same total numbers of transmitters and receivers.
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Chapter 1

Introduction

1.1 Background

Electronic communication networks have evolved over the last several decades
(1,2,3,4,5,6]. The first such network was the telegraph network which, due to tech-
nological limitations, was only used to carry a limited volume of urgent data traffic.
As communication bandwidth increased, real-time voice communication became the
primary service, and the telephone network expanded rapidly. In fact, it is still by

far the largest in terms of the number of users as well as communication volume.

Since the data sent over the telegraph network was normally created by hand.
the telephone service could be viewed as a superior replacement. However, the
rapid growth in the computing and data management industries in the last two
decades has created a need for efficient means of transmission of “data”; i.e., digitally
encoded information that is generated by one computer and intended for another.
This has resulted in the rapid evolution of data communication networks, and two

major types of such networks have emerged: (i) wide-area networks, (WAN’s,)




which often span multiple continents but typically interconnect up to several tens of
stations. and (ii) local-area networks, (LAN's,) which span up to several kilometers
but often interconnect hundreds of stations. The most prominent examples of the
two types are ARPANET (7] and Ethernet (8], respectively. Presently, tens of

different networks are in existance, and the installed base is many thousands. [9]

Until the early 1980’s, data communication networks were separate from the
telephone networks. While in some cases leased telephone lines were employed
for data transmission, the control was completely separate and the communication
channels were not shared. Also, data communication networks were normally owned
by their users. More recently, however, these trends have been changing. The desire
to reach beyond the boundaries of a single network for purposes such as electronic
mail, while at the same time maintaining privacy and security for other applications
and preventing network-management complexity from growing, has brought about
the concept of internetworking. For example, the nodes of a “public” WAN can
serve as gateways to “private” LAN’s; a user of one LAN can thus send a message
to a user of another LAN via the source LAN, the WAN and the destination LAN.
It has also been realized that, while voice traffic and data traffic are different in
many ways, the expenditure can often be shared. For example, the cable trenches

can be shared.

The separate evolution of data and voice networks was due in part to the fact
that voice was handled as an analog signal, whereas computer-generated data is
inherently digital. With the gradual transition of the telephone system to digital
communication, (voice is sampled and digitized,) this obstacle is being removed.
Another difficulty stemmed from the fact that users wanted to own their local-area
networks and to tailor them to their own needs; this was impossible with the stan-

dard telephone network. However, the recent deregulation of telephone services has




resulted in a transition to user-owned local telephone facilities which are connected
to the “public” backbone network. This is very similar to the internetworking con-
cept in data networks. Lastly, it has been realized that the two types of traffic
actually complement each other in many ways, and the use of a single network for
both purposes can thus improve the utilization of network resources. For example,
high-volume, low priority data traffic can be deferred to the late night hours, during
which the level of voice traffic is very low. The current trend is thus to have a single
network that provides integrated services [10,11]. The two primary approaches to
achieving this goal are the adaptation of one type of network to also provide the

other type of service.

1.2 Characterization of Communication Networks

Communication networks can be characterized by various attributes, such as
their function, the protocols used to operate them, their geographical size, the
communication media, their topology, etc. For the purposes of this research, the
most important attributes are the interconnection network (topology) and the type
of communication channels that are employed. The protocols used to operate a

network are of lesser importance, and other attributes will not be considered.

1.2.1 Classification of Interconnection Networks

An interconnection network ( “interconnection” for short) is the topology of the
communication network. It is thus a collection of communication links and, option-
ally, switches, couplers and buffers. Its purpose is to provide transmission paths
among entities which are referred to as stations. Interconnections are required both

in communication networks and within computers, particularly multi-processors




[12]. Although the traffic characteristics of these two applications are very differ-

ent, the basic purpose of the interconnection is the same. Many interconnection

schemes have been proposed to date, in both the communication networks and

intra-computer environments, and they can be classified as follows:

(i)

(ii)

Multistage interconnection networks (MIN’s) employing dedicated switching
nodes. In such interconnections, the transmitting stations are the inputs, the
receiving stations are the outputs, and messages are routed through a succes-
sion of intermediate switching nodes whose switches are set according to the
destinations of the messages. Examples of such iterconnections are Closs [13],
Omega [14], Banyan [15], Benés [16] and the crossbar [13]. With the excep-
tion of the crossbar, the number of stages in an MIN is proportional to the
logarithm of the number of stations. MIN’s were originally used in telephony
(13, 16, 17], but in recent years have been adopted by the multi-processor
community [12]. 'They are currently less common in computer networks. Nev-
ertheless, if the telephony approach to providing integrated services prevails,
this may change.

Interconnections in which the stations themselves also act as forwarding agents.
Here, the stations must be bidirectional. These interconnections are very com-
mon in WAN’s and in pa.ckett radio networks. When used in LAN’s, they
usually manifest themselves in the form of rings [18], although grids have also
been proposed {19]. When used in multiprocessors, they take the form of
regular patterns, such as hypercubes [20], cube-connected cycles [21], shuffle-
exchange networks [22], multi-dimensional grids and tori [23]. Path lengths in

the first three are proportional to the logarithm of the number of stations; in

tFor various reasons, network protocols often require that messages be chopped into segments of
standard length, which are handled independently within the network. These segments are referred
to as packets.




grids and tori, they are proportional to some root of the number of stations.
(iii) Single-hop interconnections. In these, all stations are directly interconnected
through passive communication channels, without any intermediate switches;
therefore, there is always a path between each pair of stations. Paths need
not be disjoint, so not all station pairs can communicate concurrently. Single-
hop interconnections are often desirable due to their simplicity, the inherently
low latency (no paths need to be established) and the fact that they can be
implemented using only passive interconnection components. In some cases,
they are inherent to the transmission medium. Two examples of single-hop
interconnections are the single broadcast bus, (S§BB,) which is used both in
local area networks and in computers, and an interconnection consisting of a

dedicated link between each pair of stations.

Hybrid interconnections are also possible.

Interconnections can also be classified according to their capability to adapt
to the traffic pattern: (i) Strictly nonblocking interconnections can accommodate
concurrently any collection of source-destination pairs, provided that no source or
destination is used mbre than once; furthermore, the setting of the switches can
be determined independently for the different pairs. The crossbar is an example
of such an interconnection. (ii) Rearrangeable nonblocking interconnections can
also accommodate any collection of source-destination pairs, but the setting of the
switches for each pair depends on the identities of the other pairs. Examples: Closs
and Benés. (iii) Blocking interconnections can only accommodate certain collections
of source-destination pairs. Examples are Omega and Banyan, as well as all the
interconnections in which the stations themselves do forwarding and all single-hop
interconnections. (Except for an interconnection consisting of a dedicated link for

each pair of stations.)




1.2.2 Characterization of Communication Channels

A channel can serve as a poini-to-point link, which is used exclusively by one
pair of stations; alternatively, it can serve as a shared medium which is used by
several stations. The network designer may be allowed to choose the type of links,
as is often the case in LAN’s. In other cases, such as a single-channel network
interconnecting mobile radio units, the medium is inherently shared and there is
no choice. In practice, point-to-point links are normally used in WAN’s, whereas

shared media are used in radio networks and in most LAN’s.T

Along a different dimension, a channel can be used for narrowband or spread-
spectrum communication (24]. With a narrowband channel, the bandwidth occupied
by a single transmission is essentially equal to its data rate. Consequently, such
a channel can only accommodate a single ongoing transmission; the presence of
overlapping transmissions at any given point on the channel constitutes a colliston,
which results in the destruction of all the colliding transmissions. With a spread-
spectrum channel, the data stream, of rate B bits per second, is used to modulate
a data-independent code stream of a much higher rate, SF - B. The resultant chip-
stream, of rate SF - B, is used to modulate the carrier of the transmitter. The
bandwidth occupied by the transmission is therefore at least SF times higher than
the minimum bandwidth required for transmitting data at rate B. (SF stands
for spread factor.) At the receiver, which knows the code, the process is reversed
and the data is recovered. If used appropriately, the spread-spectrum channel can
accommodate several concurrent transmissions. As long as the number of ongoing

transmissions is not too high, they are received successfully with high probability.

Spread-spectrum is currently used primarily in military radio networks, due to

its favorable anti-jamming and anti-detection properties. (An adversary that does

tLAN’s are sometimes configured as rings, in which each station has a point-to-point link to each of
its two neighbors (18].




not know the code has to jam the entire expanded bandwidth.) A more recent
application is in satellite networks, in which spread spectrum permits the use of
inexpensive antennas at small ground stations. Such antennas illuminate other
satellites as well the one at which they are aimed, but the use of spread spectrum
keeps the spectral density of this “pollution” within the permissible limits. Although
spread-spectrum is currently not in use in local-area networks, it will probably be
used in the future, since channel bandwidth is becoming very inexpensive, yet the
cost of the fast electronic circuitry remains prohibitive. With spread-spectrum, the
data rate that a single user can sustain need be only a fraction of the aggregate
network data rate, and thus only the front end must be fast. A proposal for a

fiber-optic implementation of a spread-spectrum channel for LAN’s appears in [25].

1.2.3 Network Protocols

A communication network is a shared resource, and this sharing must be gov-
erned by some protocol. In the case of WAN’s, the functions of the protocol include
routing, flow control, and others. In LAN’s which use a single channel (bus) to
interconnect all stations, the primary function of the protocol is to regulate the
access to tﬁe bus; such protocols are consequently referred to as access schemes.
Numerous access schemes have been proposed and analyzed to date [26]. Most of
them are distributed protocols, in which each station executes the same algorithm.
Differences in the actual behavior of different stations stem from availability or
non-availability of data for transmission at each station, from randomization that is
sometimes part of the protocol, and from possible differences in the stations’ views
of the channel.! While the first two sources of difference are desirable, the third

one is not, since inconsistent views of the channel state may cause two stations

tThe differences resuit from the nonzero propagation delay over the channel. A station that is
physically close to an event knows about it earlier than a station that is farther away.




to transmit concurrently; this, in turn, may result in a destructive collision. The
severity of this problem varies from one access scheme to another; however, for all
schemes that make use of the channel status, it increases with an increase in the
end-to-end propagation delay as well as with a decrease in the message-transmission
time. Similar problems come up in distributed routing protocols in WAN’s. There,

inconsistency may result in loops or deadlocks.

1.3 Contributions of this Work

1.3.1 Research Thrust

This research focuses on topologies and station architectures for networks that
employ shared media and provide single-hop connectivity among all stations; nar-
rowband as well as spread-spectrum channels are considered. (Most LAN’s, radio
networks and satellite networks fall into this category.) Presently, most such net-
works use a single shared communication channel to interconnect all stations, each
of which is equipped with a single communication port. (Transmitter and receiver.)
All transmissions, regardless of their destination, are heard by all stations.] The
primary goal of this research is to show that the performance of networks that
provide single-hop connectivity via shared media can be enhanced significantly in

nonobvious ways if stations are equipped with multiple transmitters and receivers.

t1n some cases, such as that of single-channel radio networks, a station may be able to hear only
a subset of the other stations. As a result, some messages must be forwarded by various stations
until they are received by their destinations.




1.3.2 Motivation for Equipping Stations with Multiple Ports

Narrowband channels. With a single narrowband channel, at most one successful
transmission can be present at any given point on the bus at any instant. This is
true regardless of the access scheme that is employed. Therefore, the transmission
rate must at least equal the aggregate network throughput. As a result, very fast
channels are often required, resulting in high cost as well as an inability to use certain
physical implementations, such as twisted wire-pairs. Also, even the smallest user
of the network must be capable of transmitting and receiving at a rate that is
equal to the aggregate network throughput. In the common case wherein a LAN
interconnects numerous small users, this may cause the cost of the communication
interface to dominate the cost of the stations, a clearly unacceptable prospect in
many cases. Finally, the efficiency of access schemes drons as the transmission rate
increases, and the required transmission rate thus increases faster than the required
throughput. In order to obviate these problems, communication must take place
concurrently over several buses. To do so while retaining the simplicity of single-
hop communication over a passive interconnection network, each station must be

equipped with several transmitters and receivers, or ports.

Spread-spectrum channels. As in the case of narrowband channels, the use of mul-
tiple channels and, consequently, of multiple ports per station, may be required in
order to achieve the desired aggregate throughput. With spread-spectrum channels.
however, it may also be necessary to equip certain stations with multiple transmit-
ters and receivers in order to achieve a nonuniform allocation of the channel’s capac-
ity to the stations;. this may occur even if the channel capacity exceeds the required
aggregate throughput. Consider, for example, a single spread-spectrum channel
which can accommodate L concurrent transmissions. The channel interconnects a

set of stations, and we assume that one of these stations must carry a large fraction
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of the total traffic. (Such a station might be a gateway, a file server, a mainframe,
etc.) Obviously, one would like to allocate to this station a corresponding fraction
of the channel capacity. Since a single transmission uses only % of the channel’s
capacity, a single-transceiver station cannot use more than this fraction, and the
effective capacity of the network may thus be much lower than the channel capac-
ity. This problem is independent of the details of the spread-spectrum scheme being
employed, and can be of utmost importance to the performance of the network with
such a nonuniform traffic pattern. To permit the station to utilize a larger fraction
of the capacity, while using a constant data rate for all transmissions, it must be

equipped with multiple transmitters and receivers.

1.3.3 Dissertation Qutline

Chapter 2 is devoted to the theoretical study of topologies for single-hop in-
terconnections among stations that are equipped with multiple transmitters and
receivers; narrowband channels are assumed. The class of selective-broadcast inter-
connections (SBT) is defined to consist of those single-hop interconnections in which
each transmission is heard by a proper subset of the stations; several attributes for
the characterization of SBI’s are proposed, and various results pertaining to their
performance are then derived. For example, it is shown that with a uniform traffic
pattern, a large class of SBI’s can accommodate an average number of concurrent
transmissions which is proportional to C?, where C is the number of transmitters
and receivers per station. This is a C-fold improvement over the straightforward
approach, naﬁely a C-fold replication of the single-bus network. (This replication
will be referred to as PBZ, for parallel-broadcasts interconnection.) Also, the delay
performance of such an SBT is compared with those of a single bus and of PBT

under various constraints and assuming an ideal access scheme.
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The use of unidirectional media is shown to greatly enrich the design space of
SBTI’s, since the sets of receivers that hear two transmissions may be partly over-
lapping. (With bidirectional media, they are either identical or disjoint.) A new
graph-theoretic criterion is developed for determining whether two concurrent trans-
missions over a unidirectional interconnection can be received by their respective
destinations. This criterion is called tnterference. Mutual noninterference between
two paths is a generalization of path-disjointness, the latter being appropriate only
to interconnections that employ point-to-point links. Various properties of interfer-
ence are derived, and the notion of interference is used to derive additional results
for unidirectional SBI’s. For example, it is shown that certain such SBZ’s can
accommodate N - C/2 specific transmissions concurrently, (N is the number of sta-
tions,) yet they can accommodate an average of C? concurrent transmissions with a
uniform traffic pattern. The dependence of the performance of certain SBI’s on the
traffic pattern is also addressed, as well as fault tolerance. Finally, it is shown that
SBI ’s are a general concept, which can be applied to various domains in addition

to communication networks.

Chapter 3 explores various issues pertaining to the use of SBI’s for commu-
nication networks. Implementation as well as operation are considered. Various
means of achieving separation between the different subnetworks which constitute
an SBZT are considered, and it is shown how to efficiently combine two separation
modes. For a fiber optic implementation, which is particularly applicable to high
speed networks, it is shown that an SBZ which can accommodate an average of C*
concurrent transmissions with a uniform traffic pattern is also optimal in terms of
power budget. Also, the requirements for passive interconnection components are
compared with those of PBZ. Finally, the number of stations that can be accom-
modated (limited by power budget) is compared with those for a single bus and for
PBI.
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Modifications that are necessary in order to adapt certain SBI’s to operate
with certain types of access schemes are discussed. Then, it is shown that the
introduction of non-ideal access schemes enhances the relative performance advan-
tage of SBT over the single bus; the quantification of the advantages of SBZ in
chapter 2 is thus shown to be conservative. Finally, the applicability of SBZ to

memory-processor interconnections is discussed.

Chapter 4 discusses the architecture and performance of a single station with
multiple transmitters and receivers in a spread-spectrum network, focusing on a
single-hop topology with a single spread-spectrum channel. Since this station is
assumed to be the throughput bottleneck, its throughput determines the network
throughput. The emphasis in this research is on the effect of the station’s architec-
ture on performance, (rather than on detailed analysis of spread-spectrum channels,)
and an attempt is made to extract the issues that have little dependence on the de-
tails of the channel. Initially, a slotted-time model is used to study the throughput
of this station. It is shown that, while the optimal number of receivers is infinite,
the benefit of additional receivers tapers off as the channel capacity becomes the
bottleneck. The optimal number of transmitters is finite, since an excessive number
of concurrent transmissions by the station will be self-destructive. If a station is
half-duplex, (i.e., it cannot receive while any of its transmitters are transmitting,)
it is shown that all transmitters should be operated at the same time, or else the
station will seldom be available for reception. As an aside, it is also shown that
it is sometimes useful to funnel all traffic that is destined to a busy station via
two of its neighbors even if the topology provides single-hop connectivity. This can
result in a relative throughput increase of up to 36% (compared with direct trans-
missions) while requiring no additional hardware and only simple, robust protocol

modifications.




Next, a more detailed, unslotted model is used in order to determine whether
the throughput of an M-receiver station can exceed that of M independent. collo-
cated receivers. Using Markovian analysis, it is initially shown that with a fixed
assignment of codes to receivers, the number of different codes that should be as-
signed to the station in order to maximize the probability of successful reception is a
function of the packet-arrival rate. (A receiver can only wait for packets on a single
code.) Next, dynamic code-assignment policies are proposed, along with architec-
tures that can support them. They are evaluated using simulation. It is shown
that an optimal assignment of codes to the station’s M receivers can significantly
increase its throughput relative to that of M independent, collocated receivers. Al-
ternatively, fewer transmissions would be required for achieving a given throughput,

thus leaving more capacity to other stations.
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Chapter 2

Selective-Broadcast Interconnections

(SBI’s)

2.1 Introduction

It is often desirable that interconnections be completely passive, and that they
provide single-hop connectivity among all stations. Reasons include reliability and
minimal latency, as well as simplicity of operation and maintenance. The most
prominent such interconnection is a single broadcast bus which interconnects all
stations; in fact, this is the only possible single-hop interconnection among stations
that are equipped with a single transmitter and receiver. Equipping stations with
multiple transmitters and receivers greatly enriches the design space of single-hop

interconnections; this chapter is devoted to the exploration of this space.
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Fig. 2.1 A single broadcast bus with N stations and a transmission rate of B bits
per second. (SBB.)

2.1.1 Single-Hop Interconnections

2.1.1.1 The Single Broadcast Bus (SBB )

The most commonly used interconnection for local-area networks is the broad-
cast bus. Each station has a single transmitter and a single receiver, and they are
all connected to the bus; a channel access scheme permits the stations to share the
common channel. Fig. 2.1 depicts a single broadcast bus interconnecting /V bidirec-
tional stations. The transmission rate and the channel data rate are denoted by B,
and the aggregate network throughput (rate of successful transmissions, expressed
in bits/sec, summed over all source-destination pairs) is denoted by S. Regardless
of the access scheme being employed, the SBB can be characterized as follows:

o The aggregate network throughput, S, cannot exceed the channel's data rate

B. (The channel data rate is limited by the medium.)

¢ The transmission rate must be at least S: i.e., each transmitter (receiver) must
be capable of transmitting (receiving) at a peak rate in excess of S. regardless

of the throughput requirements of the station to which it belongs.
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e With N stations, the average utilization of transmitters and receivers cannot
exceed 1/N. (Average over stations and time.)

e The power of each transmitter must suffice to feed N receivers. As will be
explained in chapter 3, this limits the number of stations that can be accom-

modated in fiber optic implementations.

From the above inherent characteristics of the SBB , it follows that in order to
increase S beyond B, the interconnection must permit some degree of concurrency:
i.e., it must accommodate several ongoing transmission. Clearly, the only way of
achieving concurrency in single-hop interconnections is through the use of multiple

transmitters and/or multiple receivers at each station, along with multiple buses.

2.1.1.2 The Parallel Broadcasts Interconnection (PBTI)

A straightforward approach to achieving concurrency is to equip each station
with several, say C, transmitters and receivers, and to replicate the SBB C times.
We refer to this as the parallel broadcasts interconnection, or PBZI. Fig. 2.2 depicts
a PBI with C = 3. In general, a PBI consists of C subnetworks, each of which
interconnects all N stations using one transmitter and one receiver of each station.
These subnetworks can be used either independently for bit-serial transmissions, or
in parallel for the transmission of C-bit words, (as is the case in address and data
buses of computers,) and an access scheme is required to regulate the sharing of
the channels [27]. As with SBB , however, there are certain characteristics of PBZ
which are independent of the exact access scheme. They are as follows:

e SxC-B
e The required transmission rate (of an individual transmitter) is only 1/C of the

aggregate network throughput.

e Average utilization of stations’ hardware: 1/N. (No improvement!)
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Fig. 2.2 A bidirectional representation of the parallel broadcasts interconnection.
(PBI.) C buses, each interconnecting all N stations via one of their
transceivers. The transmission rate on each bus is B.

o Power split: N. (No improvement!)

We have thus far established the need for stations with multiple transmitters and
receivers whenever the transmission rate of a single transmitter is smaller than the
aggregate network throughput. We studied the characteristics of the straightforward
approach to achieving concurrency, and saw that the degree of decoupling of the
transmission rate from aggregate throughput is proportional to the investment, but
there is no improvement in terms of utilization of the stations’ hardware or in terms
of power budget. This immediately raises the question of whether one can do better.

In the remainder of this chapter, it will be shown how one can do much better.

2.1.1.3 Selective-Broadcast Interconnections (SBI’s)

In the straightforward approach, namely PBI with C buses, there are C dif-

ferent paths between each pair of stations. Since a single path is sufficient in order
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Fig. 2.3 A bidirectional representation of a bidirectional, (1,C)-path SBT with
equal-degree, grouping and disjoint subnetworks. C = 3. In general
there is a single path between stations that belong to different groups and
C paths between any two stations that belong to the same group.

to satisfy the connectivity requirement, this observation suggests that there may
be other interconnection topologies which satisfy the connectivity requirement. In
such topologies, unlike in PBZ, each transmitter is heard by receivers belonging to
only a subset of the receiving stations. Whenever a station wishes to transmit a
message to some other station, it does so using a transmitter which is heard by some
receiver of the recipient as well as by receivers of some other stations; a transmis-
sion is thus selectively broadcast to a destination-dependent subset of the stations,

and we therefore refer to such topologies as Selective- Broadcast Interconnections, or

SBI's.

Fig. 2.3 depicts an SBI with C = 3. This SBTI will later be classified as

a (1,C)-path, equal-degree, bidirectional SBZ. To construct it. the .V stations
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were partitioned into 4 groups, and 6 subnetworks were constructed, each of which
interconnects all stations of some two groups. In general, such an SBZT consists of
0.5+ C(C + 1) subnetworks, thus permitting throughput to increase quadratically
with C. This SBZ provides C alternate paths among stations that belong to the
same group, but only a single path between any two stations that belong to different

groups. We will return to this SBZ in a later section.

Pig. 2.4 depicts a different SBT with C = 3. This SBT will be classified as a
single-path, equal degree unidirectional SBI with disjoint subnetworks. Here, the
stations are partitioned into C groups, and each station is split into the transmit
part and the receive part. For each pair of groups, say (z, j), a dedicated subnetwork
carries transmissions from stations in : to stations in j. All stations in : and all
stations in j are connected to this subnetwork using one of their transmitters and one
of their receivers, respectively. This SBZ provides a single path from each station
to each other station. Since there are C' groups, there are C? disjoint subnetworks,
and the number of concurrent transmissions that can be accommodated is roughly
twice as high as in the bidirectional SBZ . This SBT will be studied in great detail

later.

2.1.2 Unidirectional Broadcast Media

A unidirectional broadcast medium is one in which a signal propagates in one
direction. This is meaningful only when the medium is unidimensional, as is the case
with cables and with optical fibers. In later sections, we will show that unidirectional
media enrich the design space of interconnections; also, interesting implementation
environments , such as optical fibers, are unidirectional. Lastly, bidirectional media
can always be described in terms of unidirectional media, whereas the converse is

not true. Therefore, unidirectional media will be assumed from now on.
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Fig. 2.4 A bidirectional representation of a unidirectional, single path SBT with
equal-degree, disjoint subnetworks and grouping. C = 3.

An interconnection that uses unidirectional media can be described as a directed

bipartite graph in which nodes on the left represent transmitters. nodes on the right
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Fig. 2.5 Unidirectional representation of PBZ with C = 3. Each box on the left
represents the transmitting part of a station; each box on the right repre-
sents the receiving half. Lines that are incident on boxes represent indi-
vidual transmitters and receivers. Intermediate nodes represent passive,
directional star couplers.

represent receivers, and there is an edge from node : to node j if and only if receiver ;
can hear transmissions of transmitter ;. The number of edges in the graph can often
be reduced sharply if intermediate nodes are added. We refer to those as directional
star couplers. A signal that enters a coupler through one of its inbound edges exits
it over all outbound edges. (A coupler is not a selector.) Figures 2.5 and 2.6 depict
unidirectional representations of PBT with C = 3 and of the unidirectional SBT
example, respectively. Each box on the left represents the transmit part of a station.

and each box on the right represents the receive part. Edges that are incident on
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Fig. 2.6 Unidirectional representation of the single-path, unidirectional equal-degree
SBI with disjoint subnetworks and grouping. (C = 3.)

boxes represent individual transmitters and receivers.

Since transmitters and receivers are separate in a unidirectional description
of an interconnection, it is natural to address the slightly more general problem
of interconnecting N7 transmitting stations, (TS’s for short,) with Vg receiving
stations, (RS’s,) so as to permit the transmitting stations to send messages to the
receiving stations. In the sequel, we will consider this more general problem. which

- includes the interconnection of \V bidirectional stations as a special case.
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2.1.3 Outline of the Remainder of the Chapter

Section 2 defines an SBZ, presents a set of attributes which are useful in the
characterization and classification of SBI's, and states the focus of this research.
Sections 3 and 4 contain detailed studies of two classes of SBI’s, both of which
can be implemented with unidirectional as well as bidirectional media. In order to
facilitate the understanding of more general SBI’s, section 5 presents a criterion for
concurrency in unidirectional media, and shows why there are interconnections that
cannot be implemented with bidirectional media. Section 6 then presents a detailed
study of one such class of SBI’s. Section T presents various ways of accommodating
nonuniform traffic patterns. Section 8 compares the delay performance of a specific

class of SBI’s with those of SBB and of PBZ, and section 9 summarizes the chapter.

2.2 SBI Design Space and Performance Measures

2.2.1 Definition

Given a set of transmitting stations and a set of receiving stations, an SBT
is a single-hop interconnection which provides at least one path from each TS to
each RS. Furthermore, each transmission is heard by a proper subset of the RS.
Although this definition is very broad and is almost identical to that of a single-hop
interconnection, our focus will be on certain classes of SBT s which have a regular
structure and in which the “selective broadcast” feature is very clear. The term
SBI will be used primarily in reference to those topologies, and their performance

will be compared with that of PBT .
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2.2.2 Classification of SBI’s

An SBT can be characterized as having or not having various attributes. Some

useful ones are:

All TS’s have an equal number of transmitters, and all RS have an equal number
of receivers. (Standard stations.)

The number of disjoint paths between each TS aud RS is k. (A k-path SBT .)
All transmitters reach an equal number of receivers, and all receivers can be
reached by an equal number of transmitters. In the bipartite graph representing
such an SBT , all nodes on the left have an equal degree, as do all the nodes on
the right. (Equal degree.)

The sets of receivers reached by any two transmitters are either identical or
disjoint. (Disjoint subnetworks.)

Two TS’s, say ¢ and j, are said to belong to the same group if and only if they
have equal numbers of transmitters and, for each transmitter of i, there is a
transmitter of j such that the two transmitters reach identical sets of receivers.
Similarly for RS’s with receivers and transmitters exchanged. (Grouping in the

weak sense of TS's and RS’s, respectively.)

If, in addition, transmitters of TS’s that belong to different groups reach dis-
joint sets of receivers, (similarly for RS’s,) the grouping is said to be in the
strong sense. Since any SBZ can be viewed as consisting of groups of size > 1
“grouping” will generally be used to refer to the strong sense, and an SBT with
grouping is one that has grouping of TS’s as well as of RS’s. (Grouping in the
weak sense will be useful when the groups are of equal sizes.) Note that grouping
in the strong sense implies disjoint subnetworks.

Station ¢ can reach station j over a given subnetwork if and only if ; can reach i

over the same subnetwork. (Bidirectional SBZ.) Note that a bidirectional S5T
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always has disjoint subnetworks.

It should be noted that there are SBI’s for which the above attributes are not
suitable. For example, an SBT that provides a single path between one pair of
stations but two paths between some other pair cannot be classified as a k-path
SBZT for any single k. Nevertheless, the above attributes will prove useful in the
sequel. Following are some examples of SBZ’s along with their classification. The
SBT in Fig. 2.3 is classified as: stardard stations, equal degree, grouping, disjoint
subnetworks and bidirectional. As for the number of paths between stations, it can
be described (with some abuse of notation) as a “(1,3)” SBIZ, since it provides a
single path between stations in different groups and 3 paths between stations in the
same group. The SBT’s depicted in Fig. 2.6 and 2.7 are both classified as standard
stations, single path, equal degree, disjoint subnetworks and unidirectional. (Uni-
directional = not bidirectional.) However, the one in Fig. 2.6 has grouping of TS’s
as well as RS’s, whereas the SBT in Fig. 2.7 only has grouping of TS’s. The SBT
depicted in Fig. 2.8 is unidirectional, single-path, equal degree but without group-
ing and with overlapping subnetworks. Finally, the SBZ in Fig. 2.9 interconnects
nonstandard stations, provides a single path between any two stations, has unequal
degree and no grouping or disjoint subnetworks. In the sequel, all SBZ’s will have

standard stations, unless stated otherwise.

2.2.3 Possible Design Goals

Using stations with multiple transmitters and receivers leaves great flexibility
to the designer, which can be used to achieve various goals. For example:
- Given the number of TS, (N7,) the number of RS, (Ng,) the (N1 x Ng) traffic
pattern matrix, the transmission rate, the total number of transmitters and the
total number of receivers, design the SBT that maximizes throughput. Alter-

natively, given the absolute traffic requirements but not the transmission rate,
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Fig. 2.7 Unidirectional, single path, equal-degree SBZ with disjoint subnetworks
and grouping of TS’s but without grouping of RS’s. N =12; C = 3.

design the SBI which minimizes the transmission rate required to achieve the

traffic requirement. This could be the case for a fiber-optic interconnection with
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Fig. 2.8 Single path, equal degree SBZ. (No grouping, overlapping subnetworks.)
N=6C=2.

an unlimited number of fibers and connectors but a limited number of transmit-
ters and receivers:

- Similar to the above, but optimize the design for some other performance func-
tion, such as delay for a given throughput. In some cases, the exact traffic
pattern is not known and a performance measure can be defined over a range
of patterns. In other cases, the cost of interconnection components is of major

concern. In some applications, it makes sense to permit different transmission
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Fig. 2.9 Unidirectional, single-path SBZ with standard stations but unequal de-
gree, no grouping and overlapping subnetworks. N = 4; C = 2.

rates.
- For any problem that is formulated, the solution may be constrained to have
some of the aforementioned attributes. For example, any SBZ that employs fre-

quency division as the sole means of permitting concurrency must have disjoint

subnetworks.

2.2.4 Research Focus

From the sample problems, it is clear that a vast number of problems can be
formulated. Rather than attempt to solve a multitude of specific problems, the
primary thrust of this research has been to find a useful classification of SBI's and

to understand the properties of several classes of regular SBT’s. The computational
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complexity of solving certain design problems under the constraint that an SBT
belong to a certain class has also been studied. Finally, Implementation issues
pertaining to SBI’s that belong to certain classes have been addressed, and are

discussed in chapter 3.

2.2.5 Performance Measures

The primary performance measure used in this research is throughput. The
throughput of an interconnection (for a given traffic pattern) is usually defined
to be the rate of successful receptions, summed up over all stations, when the
traffic pattern is adhered to. This definition of throughput is appropriate for single-
destination traffic and for interconnections in which sending the same message to
several destinations is the same as sending them different messages. However, in
interconnections that employ shared media, the reception of a message by several
stations may be a free byproduct of its reception by the destination. As will be seen
later, in an SBT with overlapping subnetworks, a message may even be received by
a station other than its destination in spite of the fact that its destination cannot
receive it. As a result, there are three possible criteria for determining whether a
reception of a message constitutes throughput.

(1) Destination-specific throughput. It is assumed that a message has a sin-
gle destination, and it is considered to constitute throughput if and only if
received by this destination. This is the most common definition of through-
put.

(i1)  Destination-independent throughput. A message constitutes throughput if
received by some station. This applies if all the RS’s are identical servers of
some sort, and it doesn’t matter which server receives a request.

(iii) Reception rate. Each successful reception constitutes throughput; i.e., the

same message may be counted several times. This measure is appropriate

30




only when there is an advantage to having a message received by multiple
stations. The case of multi-destination messages is a combination of (i) and
(ii1).

The emphasis here will be on the first type of throughput, to which we refer
simply as “throughput”. Nevertheless, some results will also be presented for the
other types. Since the comparison among various interconnections is largely inde-
pendent of the access scheme that is being used, throughput will be represented
by concurrency, which is the ratio of throughput to transmission rate, assuming
an ideal access scheme and an infinite supply of messages. It should nevertheless
be emphasized that, like throughput, the concurrency of an interconnection is a
function of the traffic pattern; i.e., of the relative traffic level that is to be carried
between each pair of stations. As a reference for the performance of SBZ, we note
that, regardless of traffic pattern, the concurrency of PBI with C > 1 is C for the
first two types and NV - C for the third. A comparison of delay performance of SBZ,
PBI and SBB will also be presented. In chapter 3, more will be said about the

throughput with nonideal access schemes.

Another aspect of an interconnection’s performance, which is of particular im-
portance to fiber optic implementations, is the power budget. In this chapter, only
the number of receivers that must be reached by a transmitter will be addressed.
In the next chapter, other issues pertaining to power budget will be discussed, and

it will be treated in more detail.
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2.3 Unidirectional, Equal-Degree SBI’s with Grouping
and Disjoint Subnetworks

2.3.1 Characteristics

These SBI’s are claracterized by the fact that they comnsist of a collection of
disjoint subnetworks, each of which connects a subset of the TS’s with a subset of
the RS’s. All the TS’s of a given subnetwork can reach all of its RS’s through that
subnetwork. All transmitters on a given subnetwork are heard by the same receivers,
and transmitters on different subnetworks are heard by disjoint sets of receivers.
Similarly, two receivers on the same subnetwork hear the same transmitters, and
receivers on different subnetworks hear disjoint sets of transmitters. As a result,
such SBT’s can be implemented using bidirectional as well as unidirectional media.
Furthermore, the separation between subnetworks need not be spatial; it can be in

the frequency domain, polarization, and even in the time domain.

The basic configuration in this class is the single-path SBZ. We will explain
how it is constructed and discuss its performance; then, various modifications will

be proposed and evaluated.

2.3.2 Construction of the Single-Path SBT

In order to illustrate the versatility of this SBZ, let us consider the problem of
connecting Nt transmitting stations, each with Cr transmitters, to N receiving
stations, each with Cpg receivers. While Ny#Np is also possible with PBZ, Cr#Cp
is not; therefore, whenever comparing the two, it will be assumed that Cr=Cgr=C.

For convenience , it will also be assumed that

Nr=P.-Cpr and Np=Q: -Cr (2.1)
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where P and @ are integers.

To construct this SBZ, arrange the transmitting stations in C'g disjoint groups.
each with P stations; similarly, arrange the receiving stations in Cr disjoint groups.
each with Q stations. Next, construct Cr-CR subnetworks, each connecting a group
of transmitting stations to a group of receiving stations. Viewed differently, each
transmitting station uses its jth transmitter to send messages to the jth group of
receiving stations; similarly, each receiving station uses its ith receiver to receive
messages from the ith group of transmitting stations. Fig. 2.10, which shows the
transmitting and receiving stations at opposite ends of the drawing, represents a
logic diagram of the connections; observe that each transmitting station has only
one subnetwork in common with any given receiving station. Since there are C7-Cpr
disjoint subnetworks, the degree of concurrency in this arrangement can reach the
value Cr - Cp. Finally, we note that this SBZ reduces to well-known configurations
in the following limiting cases:
a)Nr=Ngp=N; Cr=Cr=N — 1. This corresponds to a fully connected topology
with a point-to-point link from each transmitting station to each receiving station.

b) Cr=Cgr=1. This is a single broadcast bus.

2.3.3 Performance of the Single-Path SBT

Unlike the concurrency with PBZI , which is always C, the concurrency provided
by this SBI, which can be as high as C1 - Cg, depends on the traffic pattern.
Therefore, any comparison between the two must state the traffic pattern to which

it applies.
Uniform traffic pattern and single-destination transmissions

In this case, the Cr - Cp subnetworks of SBT can be treated as independent,

identical subnetworks, each connecting P TS’s to @ RS’s; the throughput of SBZ
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Fig. 2.10 Single-path, unidirectional, equal-degree SBT with disjoint subnetworks
and grouping; Ct # Cr. (N =30; Ct=2; Cp=3.)

can then be summarized by the expression

S8I SBI SBI 581

ST =k .cr cp B, (

)
©
S
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The destination-independent throughput is the same as (2.2), and the maximum

reception-rate is Ng - Cp.

PBI |

Since, for throughput purposes, PBT can always be treated as C indepen-
dent, identical conventional broadcast networks, each connecting N transmitting
stations to Npg receiving stations, its performance can be summarized by the ex-

pression

K is a constant which depends on the channel access scheme ( 0 < K < 1). For
the time being, ideal access schemes are assumed, so K = 1. To permit comparison,
it is also assumed that Ct=Cp and that Nt and Ny are the same in both systems.
The above expressions can then be interpreted in several ways:

o WithC*® =" =Cand B* = B"™, the aggregate throughput of SBT is
C times higher than of PBZ, since it increases quadratically rather than linearly
with C.

o WithS™ =8 and ™ =™ = C, the transmission rate required with
SBI is C times lower than that required with PBZ; i.e., slower (and cheaper)
transmitters and receivers may be used for the same throughput.

o With ° =85 and B*™ = BPBI, c*® = \/Em; 1.e., SBT requires fewer

transmitters and receivers.

Since each subnetwork of SBZ serves only N/C transmitting stations and N/C
receiving stations, as compared with N in PBZ, the average fraction of time that
a subnetwork of SBZ serves each of its member stations is higher by a factor of C
than that fraction with PBZ. It follows that the average utilization of transmitters,
of receivers and, in the case of fiber-optic implementations with a central wiring

closet, of the fibers connecting stations with the wiring closet, is also higher by the
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same factor.

Multi-destination packets

Multicast to any subset of receiving stations that are connected to a given subnet-
work is a byproduct of any successful transmission over that subnetwork. However,
when several of a node’s transmitters must transmit in order to reach the entire
set of intended recipients, the performance of SBZ degrades, and if transmissions
by all Cr transmitters are required, as is the case for full broadcast, SBZ loses its
throughput advantage over PBI. (With PBI , multicast is always a free byprod-

uct.)

Nonuniform traffic patterns

For nonuniform single-destination traffic patterns, the throughput with SBZ may
become as low as that with a single bus. This happens, for example, if all the traffic
is from a single group of transmitting stations to a single group of receiving stations,
in which case only one subnetwork can be used. We also note that, for any given

source-destination pair, the maximum instantaneous data rate with SBZI is B, as

compared with C - B with PBT.

2.3.4 Power Budget

An important aspect in which the single-path SBZ outperforms PBT for any
traffic pattern is the power splitting. While the use of PBZ requires splitting the
power of each transmitter Np ways, it suffices to split it Ng/Cr=Q ways for the
single-path SBI. Observe that if a station has Cr transmitters and is to be con-
nected to Ny different receiving stations, the power of each transmitter must be
split at least Np/Cr ways. Consequently, SBT is optimal in this sense, and no
other single-hop interconnection can do better. In the next chapter, power budget

will be discussed in more detail.
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2.3.5 Performance Tradeoff

The fact that the concurrency with the single-hop SBZ can be as low as 1 and
as high as C?, depending on the traffic pattern, whereas that of PBZ is always
C, raises the question of whether one can do better than PBZ without sacrificing
flexibility. Lang, Valero and Fiol [28) addressed this question, with the assumption
that a single station never does more than one thing at a time. Given C buses.
they therefore consider performance not to be degraded as long as any C source-
destination pairs, such that no source or destination appears more than once, can

be accommodated concurrently. They have shown that
Ti2Np-C+1 : (2.4)
and

Ri> (Nt +Np+1)—(C+Ty), (2.5)

where T; and R; are the number of transmitters and receivers on the ith bus,
respectively. They have also shown that “minimal” configurations, i.e. those that
achieve equality in (2.5), can be obtained with T; = N7. In this case, it is easy to
see that the total number of receivers can be reduced by at most C(C + 1). Since
the total number of receivers with PBT is N - C, the fraction of receivers that can

be saved, (C + 1)/Ng, becomes negligible as the number of stations increases.

From the above results, it follows that there is a tradeoff between the maximum
concurrency for a uniform traffic pattern, Cmax, and the guaranteed concurrency.
Crip; (for any pattern;) PBZI and the single-path SBI are two extremes. We
next present two parameterized compromises, both of which are equal-degree SBT's
with grouping and disjoint subnetworks. In both cases, the guaranteed (minimum)
concurrency is equal to the number of alternate paths between any two stations,

and the maximum concurrency is equal to the number of disjoint subnetworks.
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Fig. 2.11 Unidirectional, multiple-path, (two paths,) equal-degree SBT with dis-
joint subnetworks and grouping. (SMP.) A representative station is
shown for each group. Gr =3, kr =2, Gp=kg =1, Cr =
2, Cr =3.

A single multiple-path SBZ (SMP)

The sets of TS’s and RS’s are partitioned into Gt and Gg groups, respectively. A
subnetwork is constructed to connect each possible combination of kr groups of TS
with each possible combination of kg groups of RS. Fig. 2.11 depicts an SMP. The

concurrency provided by an SMP is as follows:
c. = Gr-1 . Gp—1\ c _ (Gt _ Gr\.
mn =\ kr—~1) \kg-1) max = \kr) \kr)/)

% =."_T..(GT).(GR). cp = F2(CT\ (GR).
T Gt \kr kr/’ R—GR kT kr /'

Power split = kp - % (2.6)
R
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Fig. 2.12 Multiple single-path SBTI’s, each interconnecting all stations. (MSP.) A
representative station is shown for each groups. m=2; C = 4.

Multiple single-path SBI’s (MSP)
m single-path SBT’s are constructed, each of which utilizes 1/m of the transmitters

and receivers. Fig. 2.12 depicts an MSP. The concurrency provided by an SMP is

as follows:
Cr-C
Cmin ="  Cmax = S
Power split = m - }—V—E- (2.7)
Cr
Comparison

To simplify the comparison, let Cr = Cp = C, Gr = Gp = G, kr = kg = &,

and Ny = Np = N. A comparison, conducted by equating C and Cp;, for the
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C Conin Cmax Power Split
SMP MSP Hyb SMP MSP Hyb
18 9 36 36 108 ¥ y N
Table 2.1. Common feasible values of (C, Cppipy) for MSP, SMP and the Hybrid,

and the resulting Cmax and power split. (Unidirectional).

two approaches and then comparing Cmax and the power split, shows that the

performance is identical.

Although the identical performance suggests that the two approaches are per-
haps different ways of describing the same interconnections, this is not the case.
In fact, it can be shov'm that there are combinations of C' and C,;; that are only
feasible with one of the approaches. As an example, consider the case of Cp;, =36
and C = 60. With SMP, this can be achieved by letting G = 5 and k = 3. However,
it is not feasible with MSP, since each subnetwork would utilize g% transmitters and
receivers of each station... Table 2.1 presents C, Cpp;r,,Cmax and the power split
with the different configurations for the only combination of C;;; and C, such that
1 < Cin < Cmax and C < 20, which is feasible with all three configurations.
Yet another approach involves the utilization of a fraction of the transmitters and
receivers for the construction of a single-path SBT ; the remaining are used for the
construction of a PBT . It will be shown to outperform the two previous approaches,
but it should be remembered that this is not an equal-degree SBT . (A transmitter
that is used in the PBT portion must reach Ny receivers, whereas one that is in

the SBT portion reaches fewer receivers.)

A hybrid SBT -PBZ interconnection

C' transmitters and C’ receivers of each station are are used for a PBZ, and the
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Fig. 2.13 Unidirectional hybrid SBZ-PBZ. C =3, C'=1.

remaining ones are used for a single-path SBZ. An example of such an SBZ is

depicted in Fig. 2.13. The performance is as follows:

Copin=C'+1; Cmax=C'+(Cr~C')-(Cr-C");

Power split (worst case) = Np. (2.8)

To compare this with the two previous approaches, let us again assume equal

Cmin and C and compute Cmax. Using MSP terminology, the hybrid configuration

has
Cma,x=(CT-m+1)2+m—1, (2.9)

as compared with C?/m for SMP and MSP. It can be shown that the performance
is equal if m = C or m = 1, and the hybrid performs better in all other cases.
(This is proved by showing that, for any given C, the difference is zero only at two

values of m, namely- 1 and C, and that for m = C/2 the hybrid is always superior.)
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Furthermore, the performance advantage of the hybrid increases as C increases, for

any fixed value of m.

For the case wherein Cr = Cp = C, another way of describing the allocation of
transmitters and receivers to the two components of the hybrid SBZ is as a fraction
of C: a- C transmitters and receivers of each station are used for a single-path
SBIZ, and the remaining ones are used to construct a PBI. The performance is

then given by
Chin=01-a)-C+1=9Q(C); Cmax=(1-a)-C+a®-C?=0Q(C?. (2.10)

The performance of the hybrid thus incorporates the advantages of the two con-

stituent configurations, up to a constant factor.

For the sake of completeness, it should be noted that the guaranteed concur-
rency of MSP can sometimes be improved by permuting the station numbers in
the different constituent single-hop SBTI’s. However, this violates the grouping con-
straint; also, C' must be sufficiently large, so that no two stations are in the same

group in all constituent single-path SBZIs.

The hybrid has another advantage, which is the flexibility in the allocation of
hardware to the two components. This is illustrated in Fig. 2.14, which shows,
for each of the three configurations, all feasible combinations of Crmin 3nd Cmax
subject to the constraint that 1<Cp ;) <Cmax and C < 20. One can also see a
significant advantage of MSP over SMP in this respect. Triangles, boxes and plus
signs correspond to SMP, MSP and the hybrid, respectively.

2.4 Bidirectional Equal-Degree SBI’s With Grouping

A bidirectional SBT is an SBT which consists of disjoint subnetworks, such that

station ¢ can reach station j over a given subnetwork if and only if station j can
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Fig. 2.14 Feasible (Cpp;,,Cmax) combinations with unidirectional SMP. MSP. and
a hybrid.

reach station ¢ over the same subnetwork. In other words. a bidirectional SB7T is
a collection of disjoint subnetworks, each of which provides bidirectional commu-
nication among a subset of the stations using one of their transmitters and one of
their receivers. It should be noted that a bidirectional SBZ can be implemented

using bidirectional as well as unidirectional media. However, if transceivers are to
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be used, the media must be bidirectional. Since each subnetwork is identical to a
broadcast bus, (interconnecting only a subset of the stations,) the bidirectional SBT
can be operated in conjunction with any access scheme. This will be elaborated

upon in chapter 3.

2.4.1 Design Space and Graph Representation

A station of a bidirectional SBT must clearly have an equal number of transmit-
ters and receivers; for convenience, we think of them as transceivers. The intercon-
nection designer must allocate transceivers to stations, and then assign transceivers

to subnetworks so as to provide single-hop connectivity among the stations.

A bidirectional SBZ can be modeled as an undirected graph, with C; nodes
representing the ith station. (One node per transceiver.) There is an edge be-
tween two nodes if and only if the corresponding transceivers can hear each other.

Alternatively, it can be modeled as a directed graph.

2.4.2 Bidirectional SBZ for Maximum Throughput with a Uniform
Traffic Pattern

From symmetry considerations, it is obvious that all stations should be equipped
with an equal number of transceivers; we denote it by C. It is also clear that
maximum throughput will be attained with a single-path SBZ. Finally, we note
that all bidirectional SBZ’s have disjoint subnetworks, and arrive at the following
construction rule: divide the stations into (C' + 1) groups of equal size. Next,
construct a subnetwork for each pair of groups; each such subnetwork interconnects
all stations in both groups. The number of subnetworks is

C-(C+1)

- (2.11)
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Fig. 2.15 Bidirectional SMP. G =4, k=3, C =3.

and each station is a member of exactly C of them. We observe that the bidirec-
tional, single-path SBZ provides C paths between two stations that are members of
the same group. In fact, a bidirectional SBT with grouping can always be described
as a (k,C) SBZ, providing k paths between any two stations in different groups and
C paths between stations in the same group. A (1,3) SBZ is depicted in Fig. 2.3.

2.4.3 Performance Tradeoff

For nonuniform traffic patterns, the performance tradeoff here is similar to the
one encountered in the single-path unidirectional SBZ. As in the unidirectional

case, three parameterized approaches are explored.

A Single Multiple-Path, Equal-Degree Bidirectional SBT (SMP)

This SBT is constructed in a similar manner to the single-path one, except that now
each subnetwork interconnects stations of k¥ > 2 groups. G is again used to denote
the number of groups. Fig. 2.15 depicts such an SBZ. The maximum concurrency,

Cmax, which is achieved for a uniform traffic pattern, is the number of subnetworks
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that can be constructed; the minimum concurrency, Cp iy, is equal to the number of
subnetworks that any two groups have in common. The following equations relate

the various parameters:

- k(S
S A

al=

Power split = k- (2.12)

Multiple (1, C/m), Equal-Degree Bidirectional SBI’s (MSP)
These are simply m identical (1,C/m) bidirectional SBI’s, each employing %
transceivers per station. The performance is ‘

=C'-(C+m)'

2-m-N

P lit =
ower sp o

(2.13)

This holds for values of m which divide C. Fig. 2.16 depicts such an SBZ.

Hybrid SBI -PBZ interconnection

As was the case with the unidirectional SBZ, C' transmitters and receivers of each
station are used to construct C' parallel buses, and the remaining ones are used to
construct a (1,C — C’) bidirectional, equal-degree SBZ. Again, it is important to
note that this hybrid SBZ is not equal-degree. The performance with the hybrid

configuration is

Coin=C'+1 Cmax=C'+(C-C")-(C=C"+1)/2

Power split (worst case) = N. (2.14)
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Fig. 2.16 Bidirectional MSP. m=2,C = 4.

Comparison

Let us again equate C and the worst case concurrency (Crnin)» and compare the
resulting maximum concurrency (Cmax) as well as the power split. For convenience
in analysis, k and G are used as the independent variables, and C, Cmax and the

power split are expressed in terms of those.

SMP

G

. 215
k N. (2.135)

Cmax = ( ); Power split = é..
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(2.16)

Therefore,

(05+ ) -car < cisr < cser (2.17)

with equality only in the case that both reduce to a single bus (G = k) or to a

single single-path SBZ (k = 2). As for power split:

2k ~1)

Power split: el

k
N (5N (2.18)

The bidirectional SMP thus also provides a better power split than the bidirectional
MSP.

Hybrid

C =

k (G, i ., [G=2) .
’G"(k)’ ¢ = Cain 1‘(k-2)"1’

= (¢ k (G-k? (G-2
Cm“‘(k)'z-c-w—l)[ -1 '(k—2)+3‘G"°‘2]° (2.19)

It can be shown that the hybrid outperforms the SMP, with equality only when

k =2, G-1, or G. The equality can be shown by direct substitution. The inequality
in all other cases is shown as follows: by simple manipulations and factorization of

terms, the condition for inequality reduces to

G -2\ _ (k=1)(2G -k -2)
(k—2)‘>‘ FC-F
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The right hand side is monotonically increasing with k, and assumes its maximum
finite value at ¥ = G — 1, which yields G —2. The left hand side assumes values that
are smaller than or equal to G — 2 only when k =1,2,3,G — 1 or G. Substituting
these values, we see that k = 1 is not feasible, k = 2 and k¥ = G — 1 yield equality,
and k = 3 yields an inequality. k = G was shown to yield equality in (2.19). This

completes the proof.

The hybrid thus outperforms both MSP and SMP, with equality only in extreme
cases. As in the unidirectional case, the hybrid approach provides guaranteed con-
currency which is linearly proportional to C as well as a maximum concurrency
which grows quadratically with C. However, in both cases there is a tradeoff be-
tween performance and power budget. The two equal-degree approaches are quite
similar in both respects; the SBT +PBZ can be significantly better in performance.
but is significantly worse in terms of power budget. The three approaches also
differ in the degree of flexibility that is provided to the designer. In the SMP, G
and k& must satisfy 5 (f) = C; in MSP, m must divide C; the least restrictive
is SBI +PBIZ, in which any number of transceivers (0...C') may be used for the
PBI. This is illustrated in Fig. 2.17 which shows, for each of the three configu-
rations, all feasible combinations of C, i, and Cmax subject to the constraint that
1 < Cpin < Cmax and C < 20. Triangles, boxes and plus signs correspond to SMP.
MSP and the hybrid, respectively.

Table 2.2 presents C, Cpyi5y Cmax and the power split with the different config-
urations for all combinations of Cj;, and C, such that 1<Cp,;, <Cmax and C < 20.
which are feasible with all three configurations. Fig. 2.17 and table 2.2 both suggest

that in practice, when it is desired to achieve a certain combination of C

min and

Cmax, the choice between SMP and MSP may depend primarily on feasibility.
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Fig. 2.17 Feasible (Cp;n,Cmax) combinations with bidirectional SMP, MSP, and
a hybrid.

2.4.4 Relationship between the Unidirectional and Bidirectional SB7s

In order to convince the reader that the unidirectional and bidirectional SBT’s
are not unrelated, we now explain how the (1, C) bidirectional SBT can be obtained
fiom a single-path unidirectional SBT with C + 1 transmitters and receivers per

station. In the unidirectional SBZ, subnetwork (,j), 1 < i, 7 £ C 41, connects
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c Crin Cmax Power Split

SMP | MSP | Hyb | SMP | MSP | Hyb

6 3 10 9 12 N N N
15 5 35 30 70 iIN L N
20 10 35 30 75 4N N N

Table 2.2. Common feasible values of (C, Cppip,) for MSP, SMP and the Hybrid,

as well as the resulting Cmax and power split. (Bidirectional.)

the ith group of TS’s to the jth group of RS’s. To obtain the bidirectional SBZ,
combine subnetwork (7, j) with (j,7) whenever j # i. Since each subnetwork now
interconnects all member stations in both directions, remove subnetworks (,:) and

do away with one transmitter and one receiver per station. The result is a (1,C)

bidirectional SBZ.

2.5 Concurrency with Unidirectional Broadcast Media

2.5.1 A Graph Model for Unidirectional Media

Any interconnection that uses unidirectional media can be described as a di-
rected acyclic graph, (DAG,) in which source nocies (indegree zero) represent trans-
mitters, destination nodes (outdegree zero) represent receivers, and there is a path
from node ¢ to node j if and only if receiver j can hear transmissions of transmitter

i. Contrary to their role as switches in networks employing point-to-point links.
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intermediate nodes in unidirectional broadcast media act as directional couplers: a
signal which appears on one of the inbound edges exits over all outbound edges.
Each transmitter thus spans a tree in the graph, (of which it is the root), and a
transmission is heard by all the leaves of the transmitter’s tree. It should be noted
that trees rooted at different transmitters may nevertheless have some common

nodes and edges.

2.5.2 Interference — A Criterion for Concurrency

Assuming that a receiver can receive a message if and only if that is the only
message that it hears, two paths in an interconnection employing point-to-point
links must be edge-disjoint in order for successful transmissions to take place over
them concurrently. (Node-disjointness may or may not be required, depending
on the architecture of the intermediate nodes.) However, in an interconnection
employing broadcast media, a stronger condition must be met: for two successful
transmissions to take place concurrently, the recipient of one transmission must not

be in the tree spanned by the transmitter of the other transmission.

To facilitate the determination of the concurrency provided by a graph, we next
present a relationship between two paths in a graph, which can serve as criterion
for determining whether or not concurrent successful transmissions can take place

over them.

Definition. path (A, B) in a directed graph interferes with path (C, D) if and only
if there is a path (A,D). The interference of path a with path b is denoted by
I < a,b>. Two paths can carry concurrent. successful transmissions if and only if

they are mutually noninterfering.

If one is interested only in paths between source nodes and destination nodes,

as we are, the general directed graph can be replaced with an equivalent directed
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Fig. 2.18 Interference in a directed graph. (A4, B) interferes with (C.D), and
(C, D) interferes with (£, F'). However, (C, D) does not interfere with
(4.B), (not commutative,) and (A4, B) does not interfere with (E, F).
(Not transitive.)

bipartite graph; each source-destination path in the original graph is represented
by a source-destination edge in the bipartite graph, and parallel edges are then

. consolidated.

Theorem 2.1. Interference has the following properties:

1) In general, it is not commutative and not transitive.

2) I <(A,B),(C,D) > inaDAG G if and only if I < (D,C),(B,A) > in the
DAG G' which is obtained from G by reversing all of its edges.

3) In a graph with commutative interference, interference is also transitive.

4) 1If, in a given bipartite graph G, interference is transitive, and all source nodes
have equal degrees, then interference is also commutative in that graph.

Proof

1) In Fig. 2.18, for example, I < (A,B),(C,D) > and I < (C,D),(E,F) >;
however, (C, D) does not interfere with (.4, B) (not commutative) and (A, B)

does not interfere with (E, F) (not transitive).

2) I <(4,B),(C,D) > = 3(A,D) in G. Therefore, 3(D, ) in G'. and hence

53




I <(D,C),(B,A) >. Similarly, I < (D,C),(B,A) > = I <(A,B),(C,D) >.
Corollary. paths (4,B) and (C,D) in G are mutually noninterfering if and
only if, in G, (B, A) and (D, C) are mutually noninterfering. Graphs G and
G’ thus have the same concurrency properties. This will be elaborated upon in
chapter 3.

3) Let I'(A) be the set of vertices to which there is a path from A.

(a) Commutative interference = (I < (4, B),(C,D) > & TI'(4) =T(C)).
Proof. I < (A,B),(C,D) > = for all : € T'(4), I < (4,:),(C,D) >. Due to
commutativity, this implies that I < (C,D),(A,z) >, and thus that I'(4) C
I'(C). Similarly, since I < (4, B),(C,D) > =1 < (C,D),(A,B) >, it follows
that I'(C) C T'(A). Consequently, I'(4) = I'(C).

The reverse direction is trivial.

(b) From (a) it follows that the commutativity causes the transitivity of inter-
ference to be equivalent to that of equality, thus completing the proof.

4) Transitivity implies that (I < (A4,B),(C,D) > and I < (C,D),(E,F) >) =
I < (A,B),(E,F) >. Therefore, I < (A4,B),(C,D) > = T'(A) 2 T'(C). Since
[IT(A)[[ = {IT(C)I|, (equal degree,) it immediately follows that I'(4) = I'(C).
This, in turn, implies that I < (C, D), (4, B) >. 0

2.5.3 Determining the Maximum Concurrency of a Given Graph

An important attribute of a directed graph is the maximum number of concur-
rent successful transmissions that it can support; i.e., the maximal set of mutually
noninterfering edges in the corresponding bipartite graph. (In “conventional” graph-
theoretic terms, we wish to find the maximal set of vertices such that the subgraph

induced by them is a perfect matching.)
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Proposition 2.2. the problem of finding the maximal set of mutually noninterfering
edges in a given bipartite graph, and the problem of finding the cardinality of that

set, are both NP-complete in the number of vertices.

Proof
a) Reduction from maximal independent set (MIS){29]

MIS. An independent set in a graph G = (V, E) is a subset V' C V such that, for
all u,v € V', the edge (u,v) is not in E. The independent set problem asks. for
a given graph G = (V, E) and a positive integer J < |V|, whether G contains an
independent set V' having |V'| > J. We will use an equivalent version, namely that
of determining the largest value of J such that the answer to the original one is

“ ”

yes”.

Given an instance (V, E) of MIS with ||V|| = N, construct a bipartite graph as
follows: on the ieft side, place 3N vertices, designated A;..Ax, B;..By, C;..Cy. On
the right side, place 5N vertices, designated A}..Aly, B}, By..By,BY, C},C{..Cy,
C}- Forall1 <i < N, connect A; with A, with B! and with C}’; next, connect B;
with B! and with B/; finally, connect C; with C| and with C}'. This completes the
input-independent part of the construction. Now, for all (7, 7), ¢ # j, connect A;
with B’ and with C; if and only if (V;, V;) € E. Fig. 2.19 depicts a sample instance
of MIS along with the corresponding instance of MNIE. The thick edges correspond

to the input-dependent portion of the construction.

Claim. the maximum number of mutually noninterfering edges, ||M NIE||, is 2N +
[|IMIS||. Also, {V;: A, is the source of an edge in the maximal set of mutually
noninterfering edges} = MIS.

Proof.

(1) JMNIE}} > 2N + ||MIS||. Given the instance of MIS along with the solution.

we construct a set of mutually-noninterfering edges in the corresponding instance
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Fig. 2.19 Reduction from MIS (top) to MNIE (bottom). MIS={1,3}. MNIE=
{(AlaAll)v (BlsB;)a (Clvci)a (A3a A?})? (B3sB:'3)a (037 C:';)v (Bg, B!j’ 3
(Co, Cg)}

of MNIE as follows. For {i : V; € MIS}, select (A, 4}), (B;, B) and (Ci,C)).
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For {i : V; ¢ MIS}, select (B;,B') and (C;,C{). To see that these edges are
mutually noninterfering, we consider each type separately. Edges of type (B;, B;')
and (C;,C!") can only be interfered with by an edge whose source is A;. Since no
edges involving A; were chosen for ¢ such that V; & MIS, the edges of those two
types are not interfered with. Since these edges can only interfere with (B;, B))
and (Ci,C!), respectively, and those were not chosen for vertices not in MIS, there
is no problem. As for vertices in MIS, all the edges corresponding to them begin
and terminate at the same i, or at single-primed nodes representing vertices not
in MIN. However, no edges terminating at such nodes were selected, so there is no
interference.

(2) Any solution that involves A; and A;, such that (V;, V;) € {E}, can be improved
upon by not using A;. This is so because if both A; and A; are used, it follows that
B; and C; cannot be used. If A; is not used, (B;, B!') and (C;, C!') can be used: this

results in an increase of one in the number of selected edges.

We conclude that any locally optimal selection will appear to have been con-
structed as explained in (1), with MIS replaced by some independent set. It follows
immediately that the global optimum is indeed (1). It is also obvious from the
construction that MIS= {i : A, is the source of an edge in the maximal set of

mutually noninterfering edges}.

b) Reduction to Maximum Clique. For each edge in a given instance of MNIE, con-
struct a vertex in the corresponding instance of maximum clique. Next, connect V]
and V; if and only if the corresponding edges in MNIE are mutually noninterfering.

The proof is trivial.
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2.5.4 Throughput of an Equal-Degree Bipartite Graph for Randomized
Transmissions with Random Destinations

Consider a bipartite graph whose vertices are T transmitters with outdegree
Q@ and R receivers with indegree P. A slotted time system is assumed. In each
time slot, each transmitter transmits with probability p. Whenever it transmits,
the destination is chosen at random and with equal probabilities from among the
Q candidates. The transmission process is independent from transmitter to trans-

mitter and from slot to slot. We refer to this as a Bernoulli (p) process.

Proposition 2.3. The maximum type-1 throughput of any such graph (maximized

over p) is at least -i- g. (It increases as P decreases; for P = 2 it becomes 0.5 - g-.)
Proof

Pr{a given receiver receives a transmission in a given time slot} =
(2.20)

=P 51-p"

The aggregate throughput is obtained by multiplying this by the total number

of receivers, R. It is maximized by setting p = }1;, yielding

R 1
&u=6n—;fﬂ (2.21)
Therefore,
1 R R
-_— —< < . — 9
L Smaz < 0.5 L C>a. (2.22)

Corollary. With an unslotted system pure ALOHA), Smaz > 3 - g.
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2.5.5 Maximum Concurrency of an Equal-Degree Bipartite Graph

Consider bipartite digraphs with T source nodes (transmitters), each with out-
degree @, and R destination nodes (receivers), each with indegree P. Parallel edges

are not allowed.

Proposition 2.4. The maximum number of concurrent successful transmissions, i.e.,
transmissions that are received concurrently by their destinations, (maximum over

all such graphs and over all source-destination combinations,) is

Concurrencygmin{['P:{_;Q._.1 J, \/T-Q-R-P—P-Q+1}. (2.23)

Proof. Let us denote the transmitters by {T; : ¢ = 1,2,...,T} and the receivers by
{Ri: i =1,2,...,,R}. Let I'(T;) denote the set of receivers that can hear T; and let

I'"1(R;) denote the set of transmitters that can be heard by R;.

Suppose that there is a successful transmission from T; to R;; edge (z,7) in the
bipartite graph is then said to be in state S (for success). It follows that all edges
{(3,1) : 1 € T(3), | # 5} are carrying redundant information; i.e., they are active
but cannot constitute successes; their state is denoted by RED. Since those edges
are active, all edges {(m,l): m € I"1(l), m ’ ., are indirectly redundant (state
tRED), in the sense that if they are active, they cannot carry a successful packet
(because ! already hears i). Since R; must not hear any other transmissions, all
edges {(m,j): m € T~1(j),m # ¢} are blocked (state B). Furthermore, all edges
{(m,n): m € T71(j), n € T(m), n # j} are indirectly blocked (state iB), since

the blocking of (m, j) prevents m from transmitting,.

The first upper bound is obtained as follows. Observe that an edge may be in
several states at the same time. As illustrated in Fig. 2.20, the permitted combi-

nations are: (B,:B), (RED,i:RED) and (:B,:RED). However, the sets of edges
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RED,+ RED,
Fig. 2.20 Possible states of edges with unidirectional broadcast media.

in S, B and RED are disjoint. Furthermore, each edge in B and in RED can
be associated with a single edge in S. Assuming that all the overlaps take place,
(optimistic assumption,) only the edges in S, B and RED have to be counted. For
each edge in S, there are (Q — 1) edges in RED and (P.— 1) edges in B. Since the
total number of edges in the graph is T-Q (= R-P = T -Q - B- P), it follows

that the total number of edges in S cannot exceed l_%gj

The second upper bound is obtained by subtracting the minimum number of
edges that are affected by a single edge that is in state S from the total number
of edges. A single edge in S causes (P — 1) edges to be in B, and each of those
causes (Q — 1) edges to be in 1B. Similarly , it causes (@ — 1) edges to be in RED,
and each of those causes (P — 1) edges to be in tRED. As in the previous case,

an edge can be in both tRED and :B, but the other combinations are impossible.

Therefore, another upper boundis vT-Q@-R-P—-P-Q +1.
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2.6 Unidirectional, Equal-Degree SBI’s

In this section, we consider the more general class of equal-degree SBI’s, not
necessarily with grouping or with disjoint subnetworks. Qur focus will be on perfor-
mance for a uniform traffic pattern, as well as on performance bounds for nonuni-

form patterns.

2.6.1 Maximum Throughput with Randomized Transmissions and a
Uniform Traffic Pattern

Consider any unidirectional, equal-degree SBZ with k alternate paths from each
TS to each RS. Recalling that an equal-degree SBT corresponds to a bipartite graph
with equal degrees for all transmitters and equal degrees for all receivers, proposition
2.3 can be applied to this situation. In doing so, it is also assumed that all the
transmitters of a TS can operate independently, and so can the receivers of an RS.

The following substitutions are made for the variables appearing in the proposition:

T=Nr-Cr; R=Ng-Cr Q="48; P =% The result is

Cr-Cpr Cr-Cp
k

1
- < Smaz £ 05 ———. (2.24)

This result is consistent with the results for a unidirectional equal-degree SBT with
grouping and disjoint subnetworks, including the identical performance of the MSP
and SMP. It should be noted that this does not contradict the difference between the
bidirectional MSP and SMP. In that case, equating C,;,;, and C does not guarantee
equal numbers of intragroup paths, so the nodal degrees in the two variants may
be different. It is also important to note that the class of equal-degree SBI's is
very broad, yet the above results are the same for all. This allows the designer to
incorporate other considerations into the design, without altering the performance

for the uniform traffic pattern.
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Let us now consider the situation wherein a TS can operate at most one of its
transmitters in any given slot, and an RS can receive at most one transmission in
any given slot. Each receiver is nevertheless assumed to be capable of indepen-
dently deciding whether a transmission that it hears is receivable (no collision), and
whether or not a receivable transmission is intended for its RS. Therefore, whenever
the receivers of an RS hear at least one receivable transmission which is intended
for their RS, one of those transmissions (chosen at random) is received. The trans-
mission process of each TS is assumed to be Bernoulli (p- C7); the transmitter is
selected at random and the destination is selected at random from among those that
can hear that transmitter. To facilitate analysis, a single-path SBZ is considered.
To calculate the throughput, observe that:

(i) A receiver can hear at most one transmitter of any given transmitting sta-
tion. Therefore, the reception process at a given receiver is not affected by
a dependence between the transmission processes of different transmitters
within the same TS. (This holds for multiple-path SBI’s as well.)

(ii) The subsets of transmitting stations that can reach two receivers of the
same RS are disjoint. Consequently, the packet arrival processes at two

such receivers are independent. (This is not true for a multiple-path SBZ.)

From (i), it follows that the probability that a given receiver hears a receivable
transmission which is intended for its RS is

P-1

.C .C )
SR=P-‘DNRT (1—”CTT) =P-%(1—p)P 1 (2.25);

i.e., the same as in the previous case.

From (ii), it follows that the throughput of a receiving station is

Srs =1—(1 - Sg)°R, (2.26)
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and the aggregate throughput is thus

2
o
-1
:—/

Cr
S=NR-SRs=NR-[1—(1-(1—P~%(1—p)})-1)) } (2.

This is maximized by setting p = ]15, yielding (for P > 1)

1 \°"
Smaz=NR[1—(1—m> ]

If e- Q > Cp, this becores % - Ct - Cg, which was the result in the first case.

f\
to
i
o

-

In other words, the probability of two or more receivers of the same station hearing

receivable packets intended for them in the same time slot is negligible.

2.6.2 Increasing the Maximum Throughput for a Uniform Traffic
Pattern by Deterministic Scheduling of Transmissions

2.6.2.1 Motivation

Having seen that a throughput of 1/e - Cr - Cg can be attained with random
transmissions, it is natural to ask whether one can improve by scheduling the trans-
missions deterministically. Knowing that the % factor represents collisions, it is
clear that one should be able to achieve 1-Ct- Cg. Furthermore, for certain equal-
degree SBI’s, such as the single-path SBZ with disjoint subnetworks and grouping
(in the strong sense), this is also an upper bound. (As can be seen in Fig. 2.6,
the latter can be represented by a graph with a minimum cut of Cr - Cg, which
is obviously an upper bound on concu rency.) Therefore, if it is possible to attain

higher throughputs, more complicated SBI’s must be used; also, unlike the result
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for randomized transmissions, which held for all equal-degree SBI’s, the results of

this section will obviously depend on the specific SBZT.

We next show SBI’s which can achieve a higher concurrency than Cr - Cpg,
while retaining the equal-degree property. Grouping is only in the weak sense, but
the groups are of equal size. The description will include the logical interconnection
as well as a transmission schedule. It will initially be required that Cr and Cp be

even and that Cr = Cr = C. Some of those assumption will then be relaxed.

2.6.2.2 Achieving 1.5 C? with Cr = Cg = C (Even)

Logical interconnection

Divide the transmitting stations (TS) into 3C groups of equal size; similarly, divide
the receiving stations (RS) into 3C groups of equal size. All stations within a group
will have identical logical interconnections; we will therefore speak of the groups
as if fhey consisted of single stations. All computations are modulo 3C, unless
stated otherwise. Since each TS has C transmitters, it follows that each transmitter
must be connected to receivers of 3 groups of RS. Similarly, each receiver must be
connected to transmitters of 3 groups of TS. The first transmitter of each TS in
the kth group is connected to RS groups k& through k + 2; the second transmitter is
connected to groups k + 3 through k + 5, and so on.

The exact interconnection rule, depicting the transmitter and receiver numbers
in addition to the group numbers, is as follows. Let ¢ be an odd integer, i €
{1,3,...,(C = 1)}. The ¢th transmitter of a TS that belongs to the kth group is
connected to the :th receiver of each RS in group [k + (i — 1)3] and to the (i + 1)th
receiver of the each RS in the two following groups. The (i + 1)th transmitter is
connected to the ith receiver of each RS in groups [k +3 + (i ~1)3] and [k +3+ (i -
1)3 + 1] and to the (i + 1)th receiver of each RS in the following group. Note that
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for odd i, one third of the connections of an ith transmitter are to :th receivers, and
the remaining two thirds are to (¢ + 1)th receivers. To balance this, two thirds of
the connections of an (¢ + 1)th transmitter are to ith receivers and only one third
are to (i + 1)th receivers. Finally, note that the transmitter and receiver numbers
can be divided into pairs {(1,2), (3,4),...,(C —1,C)}, and all interconnections are
between numbers in the same pair. Therefore, the different pairs can be scheduled
independently and concurrently without interference. The logical interconnection
is valid for all values of N7 and Npg, provided that they are both divisible by 3C.

Fig. 2.21 shows the connection of a typical group.

Schedule

The schedule will be stated in terms of which (TS group. RS groups) may com-
municate in each time frame. Once a pair of groups is specified, the scheduling
of the exact pairs of stations that may communicate can be done in many differ-
ent ways, including deterministic schedules as well as any desirable access scheme.
In the calculations of concurrency, we will count the number of group pairs that
may communicate concurrently, thus implicitly assuming perfect utilization of each
frame. Once an access scheme is specified for the scheduling within a group, the
results can be multiplied by the utilization factor of that scheme. (e.g. 1 for slotted
ALOHA, 1 for TDMA.)

Since the schedules for the %'- different pairs of transmitter numbers can be
executed concurrently without conflict, the schedule will be described for a single
pair; this is done by denoting the transmitter number only as “odd” or “even”. It
should also be noted that the schedules for the different pairs can be executed with
any desirable relative phases, and it is therefore possible to prevent frequent (and,
more important, overlapping) transmissions or receptions by any given station. A

schedule will be specified as a collection of triplets. The first element specifies
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Fig. 2.21 Interconnection for 1.5C? with Cr = Cpg, both even. Each group is
represented by a single station, and the interconnection is shown for TS
groups I and III. (C = 2.)

whether the transraitter number is odd or even; the second is th=» number of a TS
group; the third specifies which of the 3 groups to which the transmitter is connected
includes the destination RS. The advantage of this description is that it is true for
all transmitter numbers. The schedules will be expressed in a pseudo Pascal format.
Whenever the word “concurrently” aprears in a loop statement or in a begin block

statement, all iterations of the loop or block are executed concurrently.
begin
{Mode 1. Odd-numbered transmitter to odd-numbered receiver or even to even, but not both}
for m:=1 to 2 do

begin
66




case m of
1: T:=o0dd, Connection:=1,
2: T:=even Connection:=3;
end
for i:=1 to 3*C do concurrently {concurrently for all TS groups. }
begin
[T, i, Connection]
end;
end; {for m:=1 to 2}

{Note that, by specifying T only as odd or even, it is implied that this is executed concurrently
for all odd or all even transmitter numbers.}

{Mode 2. Odd-to-even and (concurrently} even-to-odd.}
for m:=1 to 4 do
begin
case m of
1,3: di=-1;
2,4: d:=0;
end
case m of
1,2: ConnectionOdd:=2, ConnectionEven:=2;
3,4: ConnectionOdd:=3, ConnectionEven:=1;
end
case m of
1,3: dgroup:=0;
2,4: dgroup:=1;
for i:=1 to 3*C/2 do concurrently {concurrently for all odd or all even TS group numbers. }
begin
J:=2%i+d;
begin concurrently { concurrently for all odd and all even transmitter numbers.}
{odd, }, ConnectionOdd]
(even, j+dgroup, ConnectionEven]
end;
end;
end; {for m:=1 to 4}
{Note that this mode is executed concurrentiy for all transmitter numbers.}

end.
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The concurrency is calculated as follows. In mode 1, all 3C groups of TS
operate concurrently, and each group employs either the odd or the even transmitter
numbers; i.e., C/2 transmissions per group. The concurrency is therefore 1.5 - C2.
In mode 2, only every other group of TS is allowed to transmit in any given slot,

but each transmitting group may use all transmitter numbers, so again we have

1.5-C2

2.6.2.3 Achieving 1.5-Cr - Cg with Cr # Cr (Even)

Logical interconnection

Again, one third of the connections of an odd-numbered transmitter will be to
odd-numbered receivers and the remaining two thirds will be to even-numbered
receivers. The opposite holds for even-numbered transmitters. As before, the first
transmitter of a TS in group k will be connected to receivers of RS’s in Cl; of
the groups, beginning with group k; the second transmitter will be connected to
receivers of RS’s in the next batch of groups, etc. The main difference is in the fact
that each transmitter of any given station is now connected to receivers with all
r.umbers. The fact that the number of connections of an odd-numbered transmitter
to an even-numbered receiver is twice as large as the number of connections of such
a transmitter to odd-numbered receiver, combined with the fact that the unit of
resolution is a group, forces us to have %CTC r groups of TS and the same number

of RS groups.

The exact interconnection rule is as follows (All math is modulo the number
of groups.) Let ¢ be an odd integer, i € {1,3,5,...,Cr — 1}. The ith transmitter
of a TS in group k is connected to the first receiver of each station in RS group
k+(i-1)- %C R, to the second receiver of each RS in the two following groups, to
the third receiver of each RS in group [k + (i —1)-$Cr +3], to the fourth one of each

RS in the two following groups, and so on up to and including the Cgth receivers of
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group [k +i- $CR]. Fig. 2.22 illustrates the interconnection for a typical TS group.
It should be noted that this interconnection can also be used when Cr = Cp, but

it requires an unnecessarily large number of groups.

Schedule

For brevity, the schedule will only be outlined. The details can be reconstructed
using the previous examples along with the specification of the logical interconnec-
tion.

Mode 1. Odd-numbered transmitter to odd-numbered receiver or even to even, but
not both.

For all groups of TS (concurrently), let an :th transmitter, (i odd,) transmit to one
of its odd-numbered destination receivers. Repeat as necessary to cover all such
destinations and all odd ¢s. Then, do the same using even-numbered transmitters

and their even-numbered destination receivers.

Mode 2. Odd to even and even to odd.

For all odd-numbered groups of TS (concurrently), let an ith transmitter, : odd,
transmit to one of its even-numbered destination receivers. At the same time, for
all odd-numbered groups of TS, let an ( + 1)th transmitter (even) transmit to one
of its odd-numbered destination receivers. By examining the interconnection, it can
be seen that this combination can reach only one half of the possible destinations.
(It will be repeated as necessary to achieve that.) To complete the schedule, it will
be repeated in a similar way for even-numbered groups and then for even-numbered
groups doing the even-to-odd and odd-numbered groups doing odd-to-even and vice

versa. Also, each portion of the schedule will be repeated for all values of .

The concurrency is calculated as follows. In mode 1, each group of TS transmits
once in each slot, and this is also the concurrency. The number of groups is 1.5 -
Cr - Cr. In mo-e 2, the number of concurrent transmissions is again equal to the
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Fig. 2.22
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Interconnection for 1.5C7Cpg with Cr # Cp, but both even. Each group
is represented by a single station, and the interconnection is shown for
a single group of TS’s. (Cr =2, Cgr = 4.)
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number of groups.

2.6.2.4 Allowing Odd Cp

The above method can be extended to the case of odd Cr. However, the re-
sulting interconnection is not equal-degree; odd-numbered transmitters reach one
fewer group than do even-numbered ones. Nevertheless, recalling that the number
of groups is 1.5-Cr Cp, the relative difference in degree is negligible. The intercon-
nection rule is essentially the same as in the even case, and is illustrated in Fig. 2.23
for a typical group. Mode 1 of the schedule is the same as before, except that the
odd-to-odd part will be repeated more times. Mode 2 is also the same, except that
the even-to-odd portion must be executed more times than the odd-to-even. In

those cycles, the concurrency is only 0.75- Cr - Cp.

To calculate the average concurrency, let us determine the number of slots nec-
essary to complete the schedule. (We assume that each group consists of a single
station, since the number of stations will not affect the concurrency.) The total
number of connections is the square of the number of groups; i.e., (1.5- Cr - Cg)%.
Most of those connections are carried out at a rate of 1.5 - Cr - Cg. However,
for each group, transmissions of each even-numbered transmitter to any of its two
last (odd-numbered) destination groups cannot be matched by odd-to-even trans-
missions. These connections are therefore carried out at the rate of 0.75- Cr - Ci.
(Although an even-numbered transmitter has only one more destination group than
an odd-numbered one, recall that the odd-to-odd schedule was repeated more times
than the even-to-even.) The total number of such connections is 1.5-Cr-Cpr- %I- -2,

The average concurrency is therefore

1.5-Cpr

15-Cr-Cp- — 2 ZR
Cr-Cr 1+15-Cp
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Fig. 2.23 Interconnection for 1.3CTCp with Cr # Cpg; Cr is even, but Cp is odd.
Each group is represented by a single station, and the interconnection is
shown for a single group of TS'’s. (Cr =2, Cp=3.)

As expected, the concurrency approaches 1.5 - C1 - Cg when Cp is large.

2.6.2.5 Beyond 1.5-C?

Let us return to the case of C1 = Cp = C, for some even C. We now show how

to achieve a concurrency of 1.81C>.
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Logical interconnection

The idea is identical to that used earlier, except that the stations are now divided
into 6 - C groups. Fig. 2.24 depicts the interconnection for two consecutive groups.
The concurrency in mode 1 is 2-C?, but in mode 2 it is only 3-6C-C = 1.71- C™.
Recalling that two thirds of the slots are spent in mode 2 and only one third in mode
1, the average concurrency is 1.81 - C?. The exact schedule is omitted due to the
complexity of stating it. However, it again involves only pairs of transmitter and
receiver numbers and is constructed by educated selections of source and destination
groups in each sub-mode. This is a dense interleaving of sources and destinations,
which avoids collisions of transmissions at their destinations while permitting them

to overlap at other RS groups.

We have not been able to obtain a theoretical upper bound on the maximum

concurrency for a uniform traffic pattern.

2.6.3 Maximum Concurrency of Equal-Degree SBI’s

Consider the class of k-path, unidirectional equal-degree SBI’s, with Np trans-
mitting stations, each equipped with Cr transmitters and Np receiving stations,
each equipped with Cg receivers. We wish to establish a tight upper bound on the
maximum “peak” concurrency that can be provided by such SBI’s. Contrary to
the previous sections, in which we considered uniform traffic patterns, the question
here can be stated as follows: what is the maximal length of a source-destination
list, such that there is an SBZ in the above class which can accommodate the entire
list concurrently? Since equal-degree SBI’s correspond to equal-degree bipartite
graph, we apply proposition 3, making the following substitutions: Q = %ﬂ- and
P= "7'1;{1. The resulting upper bound is
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Fig. 2.24 Interconnection for 1.8C* with Ct = Cg, even. Each group is repre-

sented by a single station, and the interconnection is shown for a single
TS group. (C = 2.)
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It should be noted that k < Cr,Cgr. The 2nd term in the bound comes into play
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only when Ct = Cgp = 1. To get a feeling for the size of this bound, note that
when Ny = Np = N, Cr = Cr = C, and k = 1, the bound is very close to
0.5+ N - C, which is one half of the total number of single-destination packets that
can ever be transmitted concurrently, since a transmitter can have at most one

ongoing transmission.

This upper bound cannot be achieved with any equal-usage SBZ. For example,
any SBZ which also has disjoint subnetworks can carry at most gﬁgﬂ concurrent

transmissions.

When one is given a list of source-destination pairs that are to be accommodated
concurrently, (the length of the list may not exceed the upper bound,) it is not
always possible to design satisfactory equal-usage SBZ. Some of the necessary
conditions for success are:
~ No TS or RS may appear in the list more than Cr and Cp times, respectively.

-~ If TS ¢ and RS j appear on the list Cr and Cg times, respectively, then (7, j) must
be on the list. {(Otherwise, there is no way of connecting : to j without causing
interference between two of the paths on the list.)

- If RS j appears on the list m times, then at least (P—1)-m TS’s whose connection
to J is not on the list must appear on the list fewer than Cr times.

- Additional arguments can be formulated along the same lines, but their complexity

grows very rapidly.

There are cases in which the upper bound can be reached; those are character-

ized by a uniform distribution of the connections. For example, in the case that
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Fig. 2.25 An equal-degree SBZ which achieves the upper bound on concurrency.
The thick edges are mutually noninterfering. N = 6; C = 2; maximurr
concurrency= 7.

Nt =Np=N, Cr=Cpgr=C, k=1, the list may consist of connections between
TS i to RS’s t +1 through i +|C/2| — 1 (modulo N), forall1 <: < N. In Fig. 2.25
we show such an example. Since there are cases in which the upper bound can be

achieved, we consider it to be tight.

The maximum destination-independent throughput is the same, since one is
free to choose the sources and destinations when constructing the list for which the

maximum concurrency is obtained. The maximum reception rate is N - C, which is
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the total number of receivers, and can be obtained with any SBZ in which there is
a subset of transmitters that exactly covers all receivers. (e.g. one transmitter in

each group in an SBT with grouping and disjoint subnetworks.)

2.7 Accommodation of Nonuniform Traffic Patterns

2.7.1 Possible Approaches

Nonuniform traffic patterns can be accommodated in any of the following ways

or a combination thereof:
(1) Designing an SBZ whose worst case performance exceeds the required one.
(1) Tailoring the SBT to the specific traffic pattern.

(i) Given a traffic pattern and an SBZ, assigning transmitters and receivers to

its input and output ports, respectively, so as to uniformize the load.

The first approach was discussed in an earlier section, in the context of designing
an SBT according to performance tradeoffs. In this section, it will be shown that
similar results can be obtained by optimizing the design for a uniform traffic pattern,
and operating the SBT with some randomization, thereby limiting the performance-
degradation due to nonuniformity of traffic pattern. Using a pattern-independent
SBI has the advantage of simplicity and flexibility. For example, no changes have
to be made when the pattern changes. However, the cost is relatively hich. The
second approach, which represents the other extreme, has the drawback of possibly
complicated construction and is very inflexible, (has to be completely redesigned
whenever the traffic pattern changes), but can attain the highest performance for

a given number of transmitters and receivers. This approach will be touched upon
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briefly. The third approach is a compromise. Although the interconnection graph

must be tuned to the traffic pattern, this tuning is restricted to the renumbering
of source and destination nodes; (i.e., transmitters and receivers). Viewing the
passive interconnection as a black box with input and output ports, the black box
is thus unchanged, and the tuning to a given traffic pattern is achieved by assigning
transmitters and receivers to input and output ports, respectively. The application
of this approach to single-path SBI’s with disjoint subnetworks is the focus of
this section; it will be broadened to include certain modifications to the passive

interconnection.

2.7.2 Two-Hop Transmissions with Randomization on an Equal-
Degree, Single-Path, Unidirectional SBZ with Disjoint
Subnetworks and Grouping

In section 2.3.5, concurrency with a uniform traffic pattern was traded for worst-
case concurrency through the design of the SBT. In this section, a similar tradeoff
will be achieved through the operation of an SBZ which is optimized for a uniform
traffic pattern, such as the single-path, equal-degree SBZ with disjoint subnetworks
and grouping. TS’s and RS’s are assurued to be paired to form bidirectional sta-
tions. The idea, which was originally proposed by Valiant and Brebner [30] for the
Hypercube interconnection, is as follows. Instead of transmitting directly to the
destination, the source station transmits a message to a randomly chosen station.

That station, in turn, forwards the message to its true destination.

In our case, there is clearly no sense in sending a message to a randomly chosen
station in the group of the destination. Therefore, if some station from the desti-
nation group is selected as the recipient of the first hop transmission, it is veplaced
with the true destination; the latter, of course, will not bother to forward the mes-
sage. Similarly, the source should never choose a recipient from among the stations

in its own group, unless the des:ination is in that group.

78




To illustrate the effect of this scheme, let us consider the worst case, wherein all
traffic is between two groups. In this case, one transmission per slot goes directly
from the source to the destination; the remaining ones go to a randomly chosen
station which is in a different group than the source as well as the destination.
(There are C — 2 such groups.) Consequently, the subnetworks used for the second
hop are different from those used for the first hop, and the process is pipelined. The
source may thus transmit, and the destination may receive, C'— 1 transmissions per
slot. The concurrency with a uniform traffic pattern drops to C?/2; although all
subnetwcrks are utilized in each slot, each transmission occupies two slots. (The
concurrency is actually slightly higher, since 1/C of the transmission go only one
hop. On the other hand, the actual throughput will be lower by a factor of e due to
the inefficiency of the access scheme that is implicit in this algorithm.) Finally. it
is worth noting that increasing the number of hops cannot increase the guaranteed
concurrency, si‘nce the number of alternate paths into or out of any given group is

C, which is thus an obvious upper bound on guaranteed concurrency.

The above is an extreme example. To achieve intermediate results, the source
would be required to transmit directly to the destination with probability p, and
to use the above algorithm with probability (1 — p). Although this scheme is far
superior to achieving the tradeoff through the design of the SBZ, it should be
noted that two-hop communication can be viewed as a violation of the single-hop
connectivity. If nodes are permitted to forward traffic, it is not clear why the
topology should provide single-hop connectivity. If this restriction is lifted, there are
interconnections that can outperform SBZT in a very substantial way. For example.
if stations are placed on a grid, and are then interconnected by “row” buses and
“column” buses, each station needs only 2 transceivers; yet, for a uniform traffic

pattern, the concurrency is VNV, and at most two hops are required.
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2.7.3 Custom SBI’s

Customization of an interconnection can be done to various extents and under
various constraints, such as standard stations, SBZI’s with disjoint subnetworks, etc.

This discussion will be restricted to a presentation of several ideas and guidelines.

One very important observation in an SBZ is that the actual bandwidth avail-
able to a station is not simply the transmission rate times the number of transmitters
and receivers; to obtain the actual bandwidth, one must multiply the above by the
fraction of time in which each transmitter and receiver may be utilized. There-
fore, when the traffic pattern indicates that a certain station must carry a large
fraction of the traffic, one should consider designing the SBZ so that that station’s
transmitters receive a large fraction of the time on the channels over which they

transmit.

Another important observation is that, whenever there is a subset of stations
such that the traffic pattern representing communication among them is uniform,

they should best be interconnected by a single-path, equal degree SBT .

With unidirectional media, it is possible to construct SBZ’s which can aitain a
concurrency of N - C/2 for certain traffic patterns while retaining the equal-degree
property and hence the C? concurrency for a uniform traffic pattern. Therefore, if

at all possible, one should consider using unidirectional media.

Since SBZ ’s with disjoint subnetworks have many practical advantages, such as
the fact that they can be implemented with unidirectional as well as bidirectional
media, the customization of such SBZ ’s warrants special attention. One approach
is to assume that a certain throughput, (say in units of messages per slot,) can
be attained. The traffic pattern matrix can then be multiplied by that constant,
thereby becoming the actual traffic matrix. To design the custom SBZ, certain steps

should be taken. First, check to see whether the traffic matrix has any entries which
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are close to 1.0 or perhaps exceed that. Such entries should best be accommodated
by dedicated point-to-point links, since the hardware utilization is maximized. Next,
try to identify clusters of stations, such that the pattern of traffic among them is
nearly uniform, and construct a single-path SBZ for each such cluster. The number
of transmitters and receivers per station in that SBZ will be determined by the
traffic it must handle. Whenever a subnetwork is constructed and some of the
traffic is assigned to it, that traffic must obviously be subtracted from.the traffic
matrix, and the appropriate transmitters and receivers marked as used. Due to
the discrete nature of the assignment, there may often remain excess capacity in a
subnetwork. In such an event, additional stations may be interconnected. Those
stations will be such that the traffic between them and at least some of the stations
that already belong to the subnetwork is nonzero. Finally, it is always possible to
use one transmitter and one receiver per station and construct a broadcast bus,

thus guaranteeing that there is a transmission path between any pair of stations.

A configuration which is quite typical of many networks consists of several large
hosts, each with a set of users. For simplicity, let us also assume that the sets of
users are identical, and that all nonzero matrix entries are user-host and are equal
to each other. The initial tendency is to let each host be served exclusively by
several subnetworks; each user then has one transmitter and receiver per host, and
is connected to each host through one of the host’s subnetworks. However, for a
given total number of transmitters and receivers, the maximum throughput will
be attained by the allocation which maximizes the number of subnetworks, and
this may differ from the above. To illustrate this, consider the case of U users,
H hosts, and a total of C - U transceivers. If k transceivers are allocated to each
host, each user is left with C ~ k- H/U. Since each user must communicate with A
hosts using its limited number of transceivers, each subnetwork must have at least

H/(C — k- H/U) hosts as its members. The resulting number of subnetworks is
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then

k- k-H
Number of subnetworks = HH =k- (C - ——-) . (2.31)
C—-b—]; U

Maximizing with respect to k yields

k

cC U
= . = 2.32
2 H’ (2.32)

i.e., C/2 transceivers per user, and the remaining ones go to the hosts. There are

ct U
_— 2.

T H (2.33)
subnetworks, each of which interconnects %{- hosts with the same number of users.

This is clearly different from the straightforward approach. (For simplicity, we used

transceivers rather than separate transmitters and receivers.)

Having seen some general ideas for customization of SBT's, let us now turn to

the main issue in this section, namely the assignment of transmitters and receivers

to ports of “standard” SBI’s.

2.7.4 SBZI with Disjoint Subnetworks and Customized Assignment of
Transmitters and Receivers to Subnetworks

We start out by considering the single-path, equal-degree SBT with disjoint sub-
networks and grouping. The problem of finding an optimal assignment of stations
to groups will be shown to be NP-Complete in the strong sense. As a result, there
cannot be any pseudo-polynomial algorithms for its solution, even if one restricts
the number of bits representing the entries of the traffic matrix. Nevertheless, a
heuristic approach will be outlined; this approach is likely to achieve good results

in many practical situations. Next, the requirement of equal degree will be relaxed;
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i.e., groups of different sizes will be permitted. We will show that, although the
problem remains very hard, a simplified version, in which the TS assignment and
that of RS are done independently, can guarantee a concurrency of C. (Provided
that it is feasible.) Furthermore, this version lends itself to efficient approximation
algorithms. Next, the grouping requirement will be relaxed for either the TS’s or the
RS’s; this will permit the simplified version to achieve substantially better results.
Finally, a monte carlo method, known as “simulated annealing”, will be described

and its adaptation to the assignment problems will be outlined.

2.7.4.1 Single-Path, Equal-Degree SBZ with Grouping (Groups of
equal sizes)

Optimal assignment of stations to groups

Given a single-path SBT with equal group sizes, along with a traffic matrix,
we wish to assign stations to groups so as to maximize throughput. Throughput
is maximized by assigning the stations to groups so as to uniformly distribute the
load among the subnetworks. This problem will be proven to be NP-complete in the
strong sense, by reducing to it a problem known as “3-partition”, which is defined
as follows.[29]

Instance. A finite set A of 3m elements, a bound B € Z*, and a size s(a) € Z+
for each a € A, such that each s(a) satisfies B/4 < s(a) < B/2 and such that
Yacas(a)=m-B.

Question. Can A be partiti.ued into m disjoint sets S;, S, ..., Sm such that, for
1 < i< m, Y,es 9(a) = B? (Notice that the above constraints on the item size

imply that every such S; must contain exactly 3 elements from A.)

Proposition 2.4. Optimal assignment of stations to groups of equal size is NP-

Complete in the strong sense.
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Proof. it is clearly in NP, since generating an assignment and evaluating the result-
ing load on each subnetworks can both be done in polynomial time. By trying out
all possible assignments and comparing them, the optimum can be found.

Reduction from 3-partition: Given an instance of 3-partition, construct an instance
of our problem as follows. Let Cp = m and N7 = 3 - m; then, let all elements in
the :th row of the traffic matrix equal s(z). Clearly, the assignment of RS to groups
is not important; each group of TS will consist of 3 stations, and therefore uniform
loading will be achieved if and only if the instance of 3-partition has an optimal

solution.
Heuristic, suboptimal assignment of stations to groups

In a typical network, one can identify large “hosts”, small users of those hosts,
and small independent stations, such as workstations. Each host has a set of users.
and there can also be clusters of workstations which communicate with each other.
(Intracluster.) Such subsets will be referred to as “functional subsets.” In order to
equally utilize all transmitters and receivers of a given host, it is desirable to spread
its users uniformly among the different groups. Similarly, the workstations of any
given cluster should also be spread among the groups. Finally, it is also desirable

to uniformize the load on all subnetworks.

The heuristic approach which is outlined here is based on the fact that the traffic
matrix is often sparse, and can be broken down into submatrices which correspond
to typical scenarios. The idea is to identify “functional” subsets of stations; the
stations in each such subset should be spread uniformly among the groups. Since
“functional” subsets may overlap, “atomic” subsets are constructed. An atomic
subset is either contained in a given functional subset or disjoint from it, and the
collection of atomic subsets constitutes a partition of the set of stations. Clearly, if

the load presented by each atomic subset is uniformly distributed among the groups,
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the same will be true for the functional subsets. The major steps are as follows:

Identification of the “functional” subsets:

1) Identify the hosts. If their identities are not obvious, sum up each row and each
column of the traffic matrix and look at the sums. Hosts will have sums that
far exceed those of other stations. The set of hosts is a functional subset.

2) For each host, identify its users. These will be the dominant entries in the row
and column representing the host. The set of users of each host is a functional
subset.

3) Similarly, identify workstation clusters. Each such cluster is a functional subset.

Construction of the “atomic” subsets and assignment to groups:

4) Construct the collection of atomic subsets.

Note: Thus far, a station has been treated as a single entity. The following steps.

however, must ‘be conducted separately for TS’s and RS’s.

5) Spread the hosts among the groups so as to uniformize the groups’ loads. Since
the number of hosts is usually not very large, one can either try out all possibil-
ities or use some simple heuristic. Note that the hosts constitute a functional
subset. This subset is given special treatment since its distribution has a major
effect on the success of the load uniformization. In fact, since the number of
hosts is small, one need not worry about the requirement for equal group sizes.
Any skew that results from this stage will be compensated for in the next one.

6) Distribute the members of each non-host atomic subset among the groups. In
this phase, att;ention must be paid to the equal group size requirement; never-
theless, the real goal is achieving a uniform distribution of the load. Therefore,
sort the members by their traffic in descending order, and then distribute them
among the groups in a round robin fashion. Since the number of elements in

an atomic subset is generally not an integer multiple of the number of groups.
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the round for a given subset should commence at the group following the one
at which the round for the previous subset ended. Furthermore, it would be
wise to start with the more dominant atomic subsets, and attempt to order the
subsets so that consecutive atomic subsets have at least one common functional

superset.

7) Make small corrections, such as balancing the number of stations in each group.

As has already been stated, this is not an optimal algorithm. There may even
be pathological cases in which it performs very poorly. However, in many common
situations, such as 5-20 hosts and several hundred small users, it can provide a

realistic way of getting high performance from the interconnection.

There are cases in which traffic can not be uniformized. An example is a case
wherein one host’s traffic constitutes more than 1/C of the total traffic. Since that
host is connected to exactly C subnetworks, at least one of those must carry more
than 1/C? of the total traffic, which contradicts uniform loading of the subnetworks.
This problem can be solved by equipping such a host with additional transmitters
and receivers and making it a member of several groups; viewed differently, such a
host is represented by several stations, each of which belongs to a different group.
Strictly speaking, this is a not a single-path interconnection, but the violation ap-

plies only to a very limited number of stations (at most C).

2.7.4.2 Single-Path SBZ with Grouping (Not equal-degree; groups of
unegual sizes)

At the outset, it should be noted that, depending on the physical medium,
changing the size of a group may require an internal change to the SBZT; strictly
speaking, this is a deviation from the constraint that the customization be limited
to the assignment of transmitters and receivers to ports. However, in many envi-

ronments, such as a broadband LAN, the physical connection of transmitters and
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receivers to the interconnection is identical, and the assignment to groups amounts
to a change in frequency, which is performed at the transmitter or receiver. In
such environments, it is sensible to include the case of groups of unequal size in the

category now being discussed.
Optimal assignment of stations to groups of unequal sizes

Proposition 2.5. Optimal assignment to groups of not necessarily equal size is NP-
complete.

Proof. Clearly, it is in NP. We now reduce the knapsack problem to it.

Knapsack. Given a set A of m elements, with a size s(a) € Z* for each a € A4, and

a constant B € Z%, determine whether there is a subset of elements whose sum is

B.

Given an instance of knapsack, an instance of our problem is created as follows:
C = 2; the traffic matrix is an (m+1) x(m+1) matrix. The entries in any given row
are all identical. Each of the first m rows corresponds to one of the m elements in
the set A. The entries in each of those rows are equal to the size of the corresponding
element. The elements in the remaining row are all equal to {2B — Y ,c 4 s(a){. (The
assignment problem is a unidimensional one, since all columns of the matrix are
identical). To show that the solutions to the two problems are equivalent, two cases
must be considered: (i) 2B > Y ,c45(a), and (ii) 2B < L,c43(a). If the answer
to the knapsack is “yes”, there will also be a perfect assignment: in case (i), one
group will consist of the solution to knapsack, and the other group will consist of
the remaining elements (including the additional one). In case (ii), one group will
consist of the solution to knapsack plus the additional element, and the other will
have the remaining elements. The converse is also true: in case (i), the solution to
knapsack is the group that does not include the additional element; in case (ii), it

is the group that includes the additional element, less that element.
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The above proposition showed that finding an optimal assignment of TS’s to
groups as well as that of RS’s to groups are both NP-Complete. Unfortunately, the
combined assignment is even more complicated. This is primarily due to the fact
that a distribution of the TS’s among the groups so that all TS groups generate
equal amounts of traffic, combined with a distribution of the RS’s among the groups
so that all RS groups have to sink equal amounts of traffic, does not guarantee that
all subnetworks are equally loaded. On .the positive side, independent optimal
assignments of TS’s and RS’s to groups do guarantee a concurrency of at least C.
(If at all feasible.) This is explained as follows: in the worst case, all the traffic of
each TS group will be intended for a single RS group; this, however, will still permit
C subnetworks to be utilized. The guaranteed concurrency of C justifies a search

for approximate solutions to the “independent” assignment problem.
Approximation algorithm for assigning elements to groups of unequal sizes

A known NP-Complete problem that bears a close resemblance to the problem
of assigning stations to groups is the bin packing problem [29]. There, a set of
objects is given, each with some nonnegative size; the objects are to be placed into
bins of equal, known capacities. The objective is to accommodate all objects in
the minimal number of bins. Using bin terminology, the assignment problem is to
place objects into a given number of bins of equal sizes in a way that minimizes
the bin size. For the bin-packing problem, there are very simple algorithms that
are guaranteed to come quite close to the optimum. We next describe one such

algorithm, and show how to transform our problem to a bin packing problem.

The algorithm, referred to as FFD, (first fit decreasing,) is as follows: initially,
sort the objects by size in decreasing order. Then, place each object in the first bin

than can accommodate it. The worst case performance of this is [29]
11
FFD(I) = 5 OPT(I) + 4, (2.34)
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where I is an instance of bin-packing and OPT stands for optimum. Clearly, this

approximation improves as the number of bins grows.

To transform our assignment problem to bin packing, choose a bin size and
solve bin-packing. If the number of bins is larger than C, increase the bin size and
repeat. If it is less than or equal to C, decrease the bin size and repeat. Continue
until the change in bin size is of little significance. Clearly, the number of steps is

logarithmic in the required resolution and hence poses no complexity problem.

A similar algorithm , which appears to be a direct translation of FFD to our
problem, but whose performance we have not analyzed, is as follows: sort the
objects by size in decreasing order. Then, assign each object to the bin with the
least content. (Here, there are C bins of unlimited size, and the goal is to minimize

the maximum content.)

2.7.4.3 Single-Path SBT with Grouping of TS or RS But Not Both
(Groups of unequal sizes; not equal-degree)

From a computational complexity point of view, it is desirable to have the
assignment of TS’s independent from that of RS’s. However, such an independence
can cost a factor of C in performance. We now show how relaxing the grouping

requirement on TS’s or on RS’s, but not on both, can greatly improve the situation.

Consider a situation in which the TS’s are grouped such that all groups generate
equal amounts of traffic. From the grouping of TS’s and the constraints of disjoint
subnetworks and single—path SBTIs, it follows that each RS must use one of its C
receivers to listen to each of the TS groups. Since it obviously does not matter
which receiver listens to which group, let us assume that the ith receiver listens
to the ith TS group. Once the assignment of TS’s to groups has been completed,

the amount of traffic that is destined for each individual receiver is also known.
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Since each TS group can transmit over C subnetworks, the remaining assignment
problem is as follows: for each i, 1 < < C, distribute the Ny ith receivers among
the C subnetworks which belong to the ith TS group, so as to uniformize the load

on those subnetworks.

Although this approach still cannot guarantee good results, it can fail only when
More than 1/C of the traffic of a given TS group is destined to a single receiving
station. This is far less likely to occur than the condition in the previous case.
namely that more than 1/C of the traffic from a given TS group be destined for a
given RS group. Furthermore, in the event that there is a problem, it should be
very easy to identify it and make a manual correction, since very few stations would
be involved. Needless to say, each of the assignment phases can be performed using

the bin-packing approach.

2.7.4.4 Simulated Annealing

Simulated annealing {31] is a heuristic monte-carlo method for finding “good”
solutions to complicated problems. Although simulated annealing is a suboptimal
method, and is not guaranteed to do well, it has been shown to be a very good
practical method for problems in which the step and the cost computation are both
very simple, and in which the problem is likely to have many “good” solutions.
For example, El Gamal and Sperling have applied it to the generation of “good”
codes {32] for data compression. The general idea of the algorithm is to start with
a feasible solution, and then make incremental, highly randomized changes in order
to obtain “neighboring” solutions. A new solution replaces the current one if it is
better; if it is worse, it may still be accepted with some nonzero probability. This
directs the search in a manner that improves the solution, yet prevents locking into

local minima. The algorithm proceeds as follows:
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Initially:

1)

2)

3)

4)

Define a cost measure over the set of feasible solutions. (The lower the cost,
the better the solution.) In our case, the cost can be the maximum load over
ali subnetworks. |

Define an annealing step. This is the method of selecting the next candidate
feasible solution. The step must not be deterministic. In the case of groups of
equal size, a possible step is to choose two TS or two RS at random (members
of different groups), and swap them.

Choose some initial feasible solution and compute its cost.

Select an initial “temperature”. (Will be explained shortly.)

Repeat:

5)

6)

Take an annealing step. Accept the new solution with probability

P = min {eold cost - new cost’ 1} ’ (2.35)

where T is a “temperature”. In other words, a better solution is always ac-
cepted; a worse one is accepted with a probability that is small if the solution
is much worse but can be high if it is marginally worse. Also, the probability of
acceptance of a worse solution is higher at higher temperature. This is repeated
a “sufficient” number of times.

Lower the temperature and return to step 5). This is repeated until the tem-

perature is sufficiently low and the algorithm converges to a local minimum.

At extreme temperatures, simulated annealing reduces to well known approaches:

at infinite temperature, it is simply a random search; at zero temperature, it is a

greedy algorithm that finds a local minimum.

The initial temperature is usually set to be equal to the cost of the worst so-

lution, and the final temperature is lower than the optimal solution. In our case,
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the initial temperature can be set equal to the total traffic, and the final one to

total :raffic
tota rgilic

TR . The exact settings as well as the time spent at each temperature and

the increment by which the temperature is reduced are determined from experience.

Simulated annealing is equally applicable to groups of unequal size. The step
will be choosing one TS or one RS, and a group at random, and assigning the
chosen station to the chosen group. It is also possible to use simulated annealing
in conjunction with heuristic approaches. For example, fix the assignment of the
hosts and apply simulated annealing to the remaining stations. The method can
even be used to perform specific steps in the heuristic, such as the assignment of

the stations in a specific atomic subset.

2.8 Delay Performance of a Single-Path SBZ

2.8.1 Outline

So far, concurrency served as the primary measure of performance. To give a
more complete picture, we now compare the performance of the single-path, equal
degree, unidirectional SBZ with disjoint subnetworks and grouping with those of
parallel buses (PBZ) and the single broadcast bus (SBB). (Delay is the time interval

from the creation of a message until its successful delivery to its destination).

Since our topic is interconnection design, we wish to consider only topology-
dependent issues, thus excluding ones that depend on the channel access sclieme.
(The latter will receive some treatment in the next chapter.) We will therefore as-
sume that messages that need to be transmitted are queued, and are transmitted as

soon as the channel becomes available when they are at the head of the appropriate

92




queue. This is equivalent to assuming a perfect access scheme. To further facilitate
the comparison, message generation will be assumed to follow a Poisson process,
and message lengths will be exponentially distributed. This will permit the use of
simple queueing models for which analytical results are available. The same ideas
can be adapted to other situations. The comparison will be based on a uniform
traffic pattern. Whenever that is not the case, the performance of SBI can simply

be determined based on the most heavily loaded subnetwork.

2.8.2 Queueing Models

SBB will be modeled as an M/M/1 queue. The single-path SBZ will be modeled
as a collection of independent M/M/1 queues. The relative arrival rate to each of
those queues is a function of the traffic pattern; nevertheless, they can be analyzed
separately. PBZ will be assumed to permit only bit-serial transmissions; however,
concurrent transmissions between a pair of stations are possible. Therefore, it will
be modeled as an M/M/m queue; a single job can be served by only one server,

but this can be any of the servers.

Let A and % denote the mean rate of packet generation and the mean packet
transmission time, respectively. For an M/M/1 queue, the mean packet delay is

then given by

® -

T =.

I (2.36)

|
® >

For an M/M/m queue, let pg denote the probability that the system is empty and

a

p mL“ It has been shown that [33]

e [t () ()]
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It can also be shown, by finding the mean number of messages in the system and

using Little’s theorem, that the mean delay is given by

m m+1

T=%-{Zk.(mp)k L+ P

A ! (1= o) (m-(1 -P)+1)}- (2.38)
k=1 ) : -

2.8.3 Comparison

The delay performance will be conducted for the same three cases that were used
in the throughput comparison. For clarity, Ag and ¢ will denote the values of A and
u for SBB, and the values for SBZ and PBZI will be expressed in terms of these.
Also, m will denote the number of buses in PBZ; the number of subnetworks in the
SBI will be a case-dependent function of m. As before, S represents the aggregate
throughput, B is the transmission rate, and C is the number of transmitters and

receivers per station.
In all three cases, average delay for SBB is

1
TsBB = 1% (2.39)
Bo

1) Equal S for all three schemes; equal B for SBZ and PBZ.
PBI with m buses: the following substitutions should be made in the M/M/m

results.

D>

0

ity (2.40)
Ho

0
A= Ag; #=¢—n-; p=

SBI with m subnetworks: substituting

>

A= =2

m
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Fig. 2.26 Delay comparison of SBZ, PBT and SBS. Equal S for all; equal B for

SBZ and PBI.

in the M/M/1 results yields

Fig. 2.26 presents the mean packet delay as a function of Ag/uq for SBB, PBT
and SBIZ; results are presented for m = 2,6. At low values of \o/uq. PBT and SBI

Tsgr=m Tspp.
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perform equally well, but both are m times worse than SBB. This is so because
in this range delay consists primarily of the transmission time, which is m times
longer for PBZ and SBI than for SBB due to the m-fold fragmentation of the
aggregate bandwidth. As Ag/po increases, the queueing delay becomes a major
factor. Here, the fact that PBZ permits any message to be transmitted over any
channel enhances its performance with respect to SBZ and brings it closer to that
of SBB. As the load on the interconnection grows even further, the delay with PBZ
becomes essentially equal to that with SBB, whereas that with SBZ remains m

times higher.

2) Equal S for all schemes; equal C for SBT and PBT.
PBI: same as 1). (m buses.)
SBI: there are now m? subnetworks, each with a transmission rate that is 1/m? of

the aggregate bandwidth. Therefore,

Topr = m?. TspB- (2.42)

Fig. 2.27 presents the mean packet delay as a function of Ag/u¢ for SBB, PBI
and SBT; results are presented for m = 2,6. The performance of SBB as well as
that of SBT are the same as before. As for SBZ, the aggregate bandwidth is now
fragmented into m? channels, so the delay is m? times higher than that with SBB.

3) Equal B - C for all schemes; equal B and C for PBI and SBZ.

PBI: same as 1). (m buses.)

SBI: There are m? subnetworks, each with transmission rate u/m. Therefore,
A= Xo/m?, p=H and

TspT = —5—. (2.43)

1-—- 2o
m-jo

Fig. 2.28 presents the mean packet delay as a function of A\g/uo for SBB, PBT and

SB1Z; results are presented for m = 2,6. The performance of SBB