"If you know a mathematical proposiiion, that's not fo
say you yel know anything, If there is confusion in
our operations, if everyone caleulates differently, and
eack one differently af different times, then there isn't
any caleulating yet; if we agree, then we have only set
our watches, but not yet measured any time,

If you know a mathematical propogiiton, that's not fo
8¢y you yet know anything.

Le., the mathematical proposition is only supposed io
supply a framework for a description.”

(Ludwig Wittgenstein, *Remarks on the Founda-
tion of Mathematies").

CHAPTER 1.

INTRODUCTION

1.1. Overview

Presented in this thesis a design (e:iescription}, reasoning, and analysis of a large
area network, which is based on the hypergraph topology. One of the main challenges in
computer engineering today is the question of how to connect a large number of comput-
ing nodes, which are distributed over a large ares, into one integrated system. The fune-
tions performed by the system may vary from electronic mail and distributed file servers
to parallel processing and real-time data communication (e-g., voice and video). The
propaosed hypergraph network is a realistic system architecture for a very large network,

and can perform the above functions efficiently and in a distributed manner.



The work in this research is part of an AT&T project for developing a metropolitan
area network. This term denotes & network having thousands of nodes within an area of
about 1000 square kilometers and integrates the transmission of data, voice, and video.

It will be based on high bandwidth, single mode, and optical fiber links.

The network topology is a hypergraph, which is a set of nets; each net is a set of
two or more nodes [Ullm84]. The nets form bhe edges of a hypergraph, and the nodes
are its vertices. The vertices of a patticular edge have complete connectivity, so that s
message can be transferred between any pair of its vertices. The nets or edges can be
viewed also as buses, and each node has ports to several buses (at least one}. This type

of system is often called a bus-based topology or bus—connected architecture [RePa85].

One of the motivations for this research is to exploit recent technological advances,
which make it possible to construct a bigh-performance, large-area network. The design
will make use of the advances in the following areas:

(i) Single mode optical fibers, with a very high bandwidth, low attenuation {less than 0.5
db/km}, and low spectral-group delay difference {Kapr85}: and low—loss, passive, optical
star couplers.

(it} High-speed logic devices from GaAs and EOL technologies, which make it possible to
construct a digital electronic interface to a serial link with a transmission rate of more
than one gigabit/second.

(iii} Very high-density custom and semicustom integrated circuits, for executing complex

network control algorithms in real time.

An optical fiber is a dielectric waveguide which can transfer electromagnetic energy

over long distances with very low losses. Flectrieal transmission lines have relatively low
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efficiencies at frequencies higher than a few gigahertz. Optical waveguides are feasible

well above these frequencies.
Optical fibers (see [Kapr85] and [Pers83]) have the following properties:

(1} Bleetrical Isolation — Optical communieation enables data transfers among sub-
systems that are electrically isolated from one another, eliminating the problems

of ground loops and ground noise.

(2}  Noize Immunity — optical links are immune to most electric and electromagnetic

noise sources; e.g., RFI, EML
{3)  Low Loss - less than 0.5dB /km for single-mede fibers.

(4] Becurity — A fiber~optic link is difficult to tap without detection, and it is practi-

cally impossible to sense the transmitted information {due ta its low losses).

(5)  Passive optical coupling ~ Thiz enables electromagunetic energy to be split between
two fibers. The star topalogy is based on optical couplers. It has very good fault

tolerant properties, and can continue to operate in the event of multiple failures,

The major motivation for high-speed fiber optic links {over 1 gigabit/second) is to
decrease the dimension of the hypergraph, and to increase the width {sumber of ports
from different nodes) on every hypergraph edge. As a result, the overall system’s com-
munication and computation control is simpler. It will be shown that it is possi:ble to
design high efficiency algorithms for a two- and three—dimensional hypergraph. These
algorithms are executed in real time, independent of the distributed operating system

software.



Each net of the network is realized as a centralized, passive, optical star. The mes-
sages from the net’s ports are ﬁerged into one small area in space {a few inches), and are
then broadcast back to all the net’s ports. The centralized net’s topology simplifies the
synchronization of all the nodes on the net. Time is slotted, such that one time slot is
about one message or packet interval, The centralized star topolegy can tolerate multi-
ple fajlures and can detect collisions of packets of any size. The simple net synchroniza-
tion together with the low hypergraph dimension make it possible to achieve global event
synchronization, which is very important for implementing distributed functions and

integrating real-time data communieation,

1.2. Thesis

A low-dimension, a high width (the number of ports on a net}), globally synchron-
ized optical hypergraph, ean be effi ciently {with low overhead) managed and controlled in

a distributed manner, such that:

(1}  The proposed distributed algorithms {e.g., access contrel, synchronization, voice
integration, overflow prevention} improve their performance ag the state/time
information propagates faster through the system. Increasingly higher bandwidth
makes the slot duration shorter, which makes the state update more often. The
high bandwidth enables the construction of a low-dimension hiypergraph: there-
fore, the state information should propagate via, at most, one, two or three nets,
The ret and network glebal synchronisation will enable a well-defined state tran-
sition at the end of each time slot, which simplifies the implementation of distri-

buted algorithms.



(2) Algo;*ii;hms for access control, global synchronization, routing, buffer manage-
ment, and voice integration are independent of the distributed operating system.
Furthermore, these algorithms sre based on one another. Their construction is
done bottom-up; a higher-level algorithm is based on lower-level algorithms.
Thus, the routing algorithm is based on the properties of the aceess control and
synchronization algorithms, the access control is derived from pro;)erties of the
encoding/decoding scheme, and the encoding /decoding is based on the properties

of the fiber optic communication medinm.

(3} The net interface can tolerate permanent and intermittent physical failures by
dynamic reconfiguration and adaptation of the network control algorithms, It
will be shown that the centralized, passive optical star is very reliable and
inherently redundant. The objectives of the fault tolerant mechanism are to
minimize the probability of packet loss and to aveid the transmission of packets
which cannot resch their destinations. From the reconfigurability of the system,
it is possible to derive many applicable variants of the hasic system, e.g., from
the regular hypergraph it is possible to derive the partial hypergraph, such that

both have the same distributed operating principles,

1.3. The Basie Construction Steps

The basic methodology for the design proceeds bottom-up, as shown in Figure 1.1.
Using this design methodology it is possible to exploit the unique properties of the opti-

cal medium and to guarantee the physical realizability (or feasibility} of the design,
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Figure 1.1: Design Methodology

Described in Chapter 2 the basic principles of the system’s operatioﬁ and provides
an overview of its structure. The connectivity among the network nodes is defined, and
the basic mechanism in which they interact is discussed. In Chapter 3 a new type of
encoding scheme is proposed and analyzed. The code is designed to preserve the time
information for self-clocking in serial communication over multiple-access channels.
This new code is called conservative, since each codeword has a fixed number of transi-
tions and a known delimiting fransition at the end. It can be decoded without explicitly
recovering the receiving clock with a phase-locked loop {(PLL). Thus, using this neu; cod-
ing scheme, it is possible to broadcast short control mesdsages, one after the other, from
different and asynchronous nodes. These short control packets are essential for uni-
formly integrating various system functions. The code is analyzed under various con-

straints and is shown to be efficient. o Chapter 4 the design of a digital Interface is



presented, making use of the conservative code. The eritical timing path of the interface

is optimized for maximum digital bandwidth.

In Chapter 5 a detailed design and analysis of a single net are presented. The
emphasis in this chapter is on the mechanism for the periodie exchanging of state infor-
mation and the way this information is used for the hybrid access control, Global Sy~
chronization and time stamping are incorporated into the system and presented in
Chapter 6. The global event synchronization mechanism, which is imposed on the sys-
tem, also uses the implicit and explicit time information, which is exchanged periodically
by the control messages. All events are time stamped by a synchrenous system clock,

thereby preserving total event ordering.

The next step is combining the nets into an optical hypergraph network, which is
described in Chapter 7, with emphasis on two basic configurations: two-dimensional reg-
ular hypergraphs and two-dimensional partial hypergraphs. The fault tolerance
enhancement for the system is described in Chapter 8. In particular, it is shown how the
logs of packets can be prevented, based again on the periodic exchange of state informa-
tion, Chapter 9 shows how real-time {voice) communication is integrated into the sys-
tem. The voice integration is an immediate outcome of the global synchronization. Final

discussion, conclusions and further considerations are presented in Chapter 10,

i.4. Optical Architecture for Large Area Network

A metropolitan area network is supposed to be significantly larger than today’s
local area networks (e.z., Ethernet) with respect to the following parameters: (i} 10-100

times the number of nodes, (i) 10-100 times the area, (ili} 10-100 times the medium



bandwidth, and (iv) capability to integrate several types of communication.

In general, an optical architecture is comprised of three parts: (i) the connectivity
among the network nodes {i.e., the topology), (i) the explicit physical properties of the
network (e.g., transmission method, time partitioning, baud rate}, and (iii) basic princi-
ples of vperation, such as access control, routing, and buffer management. Many of the
network examples which are fournd in the literature concentrate on only one of these
three aspects, and often it is not elear how and how well the other architectural aspects

are solved.

When examining the scope of optical architecture, the following classes can be

identified:

(1) Centralized poini-to-point architecture — similar to the telephone network. In
this architecture high bandwidth Bbers replace wires. This architeciure is based
on a centralized switeh, which ean be a major bottleneck. The major advantage
of the centralized switch architecture is that it can be controlled more in 4 simple
manner than a distributed architecture, A major disadvantage is that it is harder
to extend this architecture. Two recent examples for this approach can be found
in [LMHo86] and [ViLe84]. Clearly, the switch architecture is a possible solution,

which 1s relatively well understood and simple to implement.

(2)  Optical local area network (LAN) — this architecture is limited in its size and is
constructed of a single shared medium {aring or a bus}, with possible gateways to
other networks. A typical example is Fibernet II: A Fiber Optic Eihernet
[SRNJBS3|, or Hubnet ([LeBo83] and [LeBolk84)]), D-NET ITCI83], or active star

LAN [Kama87].



{3)  Backbone optical networks — which have heen proposed for metropolitan area
networks. These networks are characterized by having dual rings operating in
opposite directions. Typical examples are FDDI [Joly84] and MAGNET
[Lazar85}. In some configurations several of these dual rings are connected

together [Sze85],

(4)  Distributed networks — a network consisting of several nets, where each net is a
shared medium or a bus. The switching of messages is done in a distributed
manner. Most of thege designs are top--down without explicitly showing how they
are realized and operated. Typical examples are found in [Witt81], [Ullm84], and

[RePags].

The proposed optical hypergraph is a distributed network, as in the last example,
The major differences are: (i} the design methodology is bottom-up, trying to show how
all major aspects of the system can be realized, {ii) the design is based on some specific
optical properties (single mode fibers, passive optical couplers), and (iii) the design tries
to make an efficient use of the high bandwidth {about 1 gigabit /sec), atilizing different

design principles {e.g., periodic exchange of state information).



