National Lib
Bl 8™

Acquisitions and

Bibliothéque nationale
du Canada

Direction des acquisitions et

Bibliographic Services Branch  des services bibliographiques

395 Weihngton Street
Ottawa, Ontano
K1A ON4 K1A 0N

NOTICE

The quality of this microform is
heavily dependent upon the
quality of the original thesis
submitted for microfiiming.
Every effort has been made to
ensure the highest quality of
reproduction possible.

If pages are missing, contact the
university which granted the
degree.

Some pages may have indistinct
print especially if the original
pages were typed with a poor
typewriter ribbon or if the
university sent us an inferior
photocopy.

Reproduction in full or in part of
this microform is governed by
the Canadian Copyright Act,
R.S.C. 1970, c¢. C-30, and
subsequent amendments.

Canada

395. e Welhngton
Ontawa (Ontano)

Yoww fie VN ST,

IS LT N T T L

AVIS

La qualité de cette microforme
dépend grandement de la qualité
de la thése soumise au
microfilmage. Nous avons tout
fait pour assurer une qualité
supérieure de reproduction.

S’il manque des pages, veuillez
communiquer avec [l'université
qui a conféré le grade.

La qualité dimpression de
certaines pages peut laisser a
désirer, surtout si les pages
originales ont été
dactylographiées a l'aide d’un
ruban usé ou si l'université nous
a fait parvenir une photocopie de
qualité inférieure.

La reproduction, méme partielle,
de cette microforme est scsumise
a la Loi canadienne sur ie droit
d’auteur, SRC 1970, c. C-30, et
ses amendements subséquents.



UNIVERSITY OF ALBERTA

Deflection Routing In Two-Connected Mesh Networks

BY @

Yiqun Cai

A thesis submitted to the Faculty of Graduate Studies and Research in partial fulfill-
ment of the requirements for the degree of Master of Science.

DEPARTMENT OF COMPUTING SCIENCE

Fdmonton, Alberta
Spring 1994



National Lib
L T

Acquisitions and

Bibliothéque nationale
du Canada

Direction des acquisitions et

Bibliographic Services Branch  des services bibliographiques

395 Wellington Street
Ottawa, Ontario
K1A ON4 K1A ON4

The author has granted an
irrevocable non-exclusive licence
allowing the National Library of
Canada to reproduce, loan,
distribute or sell copies of
his/her thesis by any means and
in any form or format, making
this thesis available to interested
persons.

The author retains ownership of
tha2 copyright in his/her thesis.
Neither the thesis nor substantial
extracts from it may be printed or
otherwise reproduced without
his/her permission.

395. rue Welhngton
Ottawa (Ontano)

Yoo fife Vot ret et e

AN fier Notees retfedrests o

L’auteur a accordé une licence
irrévocable et non exclusive
permettant a la Bibliotheque
nationale du Canada de
reproduire, préter, distribuer ou
vendre des copies de sa these
de quelque maniére et sous
quelque forme que ce soit pour
metire des exemplaires de cette
thése a Ila disposition des
personnes intéressées.

i.'auteur conserve la propriété du
droit d’auteur qui protege sa
thése. Ni la thése ni des extraits
substantiels de celle-ci ne
doivent étre imprimés ou
autrement reproduits sans son
autorisation.

ISBN 0-612-11169-5

Canada



UNIVERSITY OF ALBERTA

RELEASE FORMI

NAME OF AUTHOR: Yiqun Cai
TITLE OF THESIS: Deflection Routing In Two-Connected Mesh Networks
DEGRIEE: Master of Scienee

YEAR THIS DEGREE GRANTED: 1991

Permission is hereby granieed to the University of Alberta Library to reproduce single
copies of this thesis and to lend or sell such copies for private. scholarly or scientific

rescarch purposes only.

The anthor reserves all other publication and other rights in association with the
copyright in the thesiso and exeept as hereinbefore provided neither the thesis nor any
substantial portion thereol may be printed or otherwise reproduced in any material
form whatever without the anthor’s prior written permission.

(Signed) @fwd«
Yiqun Cai

Address:

Department of Computing Seience
615 General Services Building
University of Alberta

Edmonton. Alberta

(‘anada T6CG 2HI

Date: szb /??¢



UNIVERSITY OF ALBERTA

FACULTY OF GRADUATE STUDIES AND RESEARCIH

The undersigned certify that they have read. and recommend to the Facalty of Grad
nate Studies and Rescarch for aceeptance. i thesis entitled Deflection Routing In
Two-Connected Mesh Networks submitted by Yigun Cai in partial Dltithnent
of the requirements for the degrec of Master of Sciencee.

DY P Ghirzvnsks (Co Supervisor)

O, Mormo.

Do Jl Harvms (Fxanniner)

7V

Dr. W. Grover (l‘,.\:l«'rlml)

Do J. Culherson (Chair)

Date: f”" :" /??4 .



To Chengyang



Abstract

Most traditional local arca networks are based on linear topologios such as buses and
rings. The throughput of these networks is traded for simple aceess to 1he networks.
and 1s restricted by the linear topology regardless of the mmmboer of uscers attached.
The lincar architecture thus is not suitable for high speed local and mctropolitan area
networks.

The thesis deseribes another kind of network architectnrees regular mesh net
works. Mesh networks provide multiple paths hetween sources and destinations. 'Fhe
maximum thronghput of a mesh network inercases proportionally 1o v\ with A7 he
ing the size of the network. The thesis provides an extensive stndy on two connected
mesh networks. Two different dellection routing technigues ave presented in the the
sis. Svnchronization methods are also studied for both stotted and non slotted inesh
networks to achieve better ronting performance of packets. And linally, three com
munication proetocols using different medium access schemes and deflection strategies

are developed and compared by simmlations.
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Chapter 1

Introduction

The past decade has scen the tremendous development of the technology of local
area networks (LAN). NMany of these networks are based on a lincar topology the
shared transmission medium to which all nodes (or stations) arce connceeted is in the
shape logically equivalent to a bus or a ring[HEESBa. TEESAHL. AmeST0HEES0. COSY.
Every node acceesses the medium via an inexpensive interface. and is controlled by a
simple medium acceess control (MAC) protocol. Examples include the widely deployed
Ethernet network. the Token Ring network. ete.

A parameter that conveniently deseribes the span of a network is known as
"a" [KleT5]. delined as the ratio of the network-wide propagation detay to the time
required to transmit a packet. In other words, =a™ reflects the portion of the link
bandwidth that a packet in transit takes. In carly LANs such as Fthernet and Token
Ring. at any moment. only one packet is allowed to be broadeast across the trans
mission medium. Therefore. these networks perform satisfactorily only when =a™ s
less than 1. When the geographical span of a network inereases, or the transmission
speed of signals {either electronic or optical signals) across the medinm increases, the
portion of the link bandwidth taken by a packet in transit decreases: as o result, “a”
increases to more than I We use the term “big-a” to deseribe a network with “a” sig,

nificantly larger than 1. say 10. In a big-a network, if there is still one packet allowed
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1o be broadeast over the network. the thronghpnt! of the network drops sienificantly
for there is only a small portion of the link bandwidth atilized.

Some recent high speed network architectures inercase total throughput by facil-
itating multiple packet initiation and transmission in a ~big-a” network[RBY0L For
instance. FDODI uses a timed token-holding method in which the token is released im-
mediately alter transmission of a number of packets, therefore the protocol enables
simultancous cocxistence of multiple packets across the network{Ros89. Ames7]. An-
other example is METARING where the register-insertion technique is emploved so
that packets can be inserted to the links at several nodes conenrrently[COS9. COY0].
Using this technigque the thronghput of METARING increases impressivelvi However.,
these protocols are still linear in the sense that the total throughpnt is constrained
regardless of the number of nodes connected to the network. The maximnum through-
put of FbbLis upper-bounded by the ratio of the total token holding time (STHT) to
the target token rotation time (TTRT). and the throughput of METARING is less than
S in any ciraunstances.

Overall, for a lincar network. the total throughput is constant. and thronghput
poer user (node) decreases linearly as the number of nsers inereases. which is not a de-
sirable feature for a network serving a metropolitan arca with nany users exchanging
information in large amonunts.

When the number of nodes is sufficiently targe, it is possible to increase the di-
mension of a network topology. One example is to rearrange nodes in a dual-ring
network into a mesh of smaller but connected rings, where cach node accesses two
rings{Tod92. NMax85b]. The rearrangement introduces a natural transmission concur-
reney  simultancous transmissions take place in different rings. As a consequence,

the total throughput can be inereased (proportional to vV A” for A nodes) as the

"Ihere are a number of ways of deseribing network throughput. In the thesis, we define the

network thronghput as the ratio of payload bits received to the transmission rate (bits per second).
“If not counting for the two counter-rotating full duplex rings, METARING is still able to achieve

a throughput of 2 regardless of the geographical span of the network.
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nmber of nodes increases. To a certain extent. the rearrangement eliminates the
constraints of throughput imposed by lincar topologies and prstocols.

The thesis is devoted to the study of communication protocols for mesh networks,
In a mesh network. every node has a mumber of identical input links as well as the
same mnmber of output links, Compared with a Token Ring uetwork. multiple paths
between a pair of source and destination nodes exist ina mesh network. The existence
of the multiple paths decrcases the average and neoximum distance between nodes.
reduces the fraction of network bandwidth taken by a packet in transit, and localizes
load between frequently communicating nodes. thus inereasing the throughput | Todo2,
Max85b].

The existence of multiple paths, on the other haud. complicates the commumnica
tion protecols, because an intermediate node has to mateh one of a number of ontpit
links for every incoming packet to he retransmitted. This function that a protocol
performs is defined as the routing function in the thesis.

Many ronting techniques have been discussed in Tterature. Among them, de-
flection routing hecomes fascinating for its simplicity, eflicieney.and so on[D'T729 1
DTZ92, Max91, RLI9L. CLY91b, Acavl]. Deflection routing works within a node in
such a way that an incoming packet is routed to a less desirable ontpat link il another
packet was ronted to its desirable link. Since incoming packets are sranted higher
retransmission priorities than locally sourced packets, quenes of arriving, packets will
not accumulate given that there are the same munber and capacity of input and
output links within a node.

The efficient use of deflection ronting depends on the options available to o ronting
node at the moment a ronting decision is made for a packet. More routing options
result in a better matceh between available output links to packets. Part. of the ronting
options available depends on the number of packets and ontput ports siimaltanconsly
available for ronting: this is referred to as synchrenization in the thesis. Inmost of

the previous research, it is asswiced that packets arrive at the parallel input ports of



CHADPTER I, INTRODUCTION 1

a node ata predetermined moment[Max®83h, KY90]. The effeet of synchronization
on different deflection technigques has been overlooked and is discussed in the thesis
together with the performance studies of protocols that use different medinm aceess
schemes and dellection techniqgue.

The initial work towards the completion of the thesis comes from the study of
Manhattan Street, Network (MsN) proposed by Maxemchuk[Max85a. Max385h]. MsN
is the most famous deflection mesh network architecture. The rescarch of MSN by

Maxemehuk and other scientists emphasized on the following arcas:

e thesuperior performance exhibited by mesh networks. exemplitied by Msx[Max85a,

KM93, Max84]:
e contention resolution rules[CL9Ta. CLYIL]:
e simplification of ronting computation[Max87]:
e problems with deflection routing?*[Max91]:
e bhroadeasting in MsN{CA90];
e and bi-directional MsN[BC90].

Almost all the previous rescarch on MSN uses the same deflection technique, and
assumes a slotted access method. The study of the deflection ronting is mostly with
respect to the throughput performance, neglecting the fact that every deflection also
causes a packet to stay longer in the network.

Our rescarch is based on the previous study on MSN, and covers a much wider
spectrum of problems from a more practical view. Besides the widely used distance-
based deflection algorithm in MsSN, we proposed a new position-based deflection al-
gorithm for mesh networks, and compared their performances by simulation results.

We also extend slotted protocols to non-slotted mesh networks. The performance of

Sparticularly Random Deflection as we define later in the thesis.
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detlection ronting is studied from both throughput and delay perspectives. Besides.,
in the thesiso we indicate that proper syunchronization is critical to the performancee
of detlection routing, and we discuss extensively synchronization technigues.

The discussion in the thesis focuses on mesh networks that use 2 < 2 switehes.,
i.e. there are two input links and two output links per switeh. However, the sva
chronization technigues and the dellection strategios discnssed can be extended 1o
mesh networks with higher dimensions, where proper svachronization is even more

important.



Chapter 2

Overview

Among many high speed network architectures that have been proposed for the next
generation of LAN and Man, deflection networks have received great attention be-
cause they offer multiple paths between sources and destinations. thus inereasing the
entire network throughpat and improving reliability. The Manhattan Street Network
(MsN) which was first. proposed by Maxemchuk in 1935 is an example of a deflection
network[Max®3a. Max85b]. In the thesis. we denote deflection networks with node
arrangement based on or derived from a regular mesh topology as Deflection Mesh
Networks DMN. Before we study their performance. we briefiv present in this
chapter an overview of DMN. The architecture of DMN is described followed by a
discussion of different medinm access schemes and ronting algorithins. Simulation

covirouments and performance measures are summarized at last.

2.1 Architecture

A DMN is made up of a collection of nodes interconnected by point-to-point links!.

The structure and implementation of sodes and links is briefly presented in this sece-

"Ihe use of point-to-point links teets the current developient stage of optical teansmission using

liber as medium[Max8Ha].
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tion. Detailed discussion is bevond the seope of the thesis, he topology parameters
ol a DMX is then studied with cmphasis on the topological impact on the network

throughput.

2.1.1 Node

A node ina DMN basically consists of a switch, The switeh is responsible for aceessing,
the links passing through the node. A node may also contain local components such
as a work-station or a LAN that access the network via the switeh.  As shown in
figure 2.1, besides the network and local interfaces. a switeh has a switching, deviee

and some storage units.

—1 1 1

input links

SN e
.

local input local output

ED:' T a storage unit. ® : the switching device

A T [ -

output links

— I [+

Figure 2.1: A conceptual switeh structure,

Switch

A switch consists of network (and optionally local) interfaces and switehing deviees
that actually perform the operation of routing packets. "T'he network interfaces inehide
a number of network input ports and the same muaber of network output, ports. ‘Fhis
number is denoted by k.. A switch also has a munber of local inpnt ports, and the

same number of local output ports. This number is denoted by k.
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For simplicity it is assmmed in the thesis that cach network input port of a switeh
is connected to exactly one input link, and cach network ontput port is connected
to one output link. A, is defined as the degree of conncetivity of a network. We
investigate DMN that use 2 2 2 switches: e, for every switch, there are two network
inpnt ports and two ontput ports respectively, The resulting network is said to be
fwo-conneelod.

The local input/output ports of a switeh can be connected to a work-station. a
LAN or some other devices (e.g. file servers. printers. ete) that generate or absorb
traftic. I Ay is 0, the switeh is not connected to any local stations or networks.
Therefore the switeh merely performs routing functions.

With the current level of technology, the processing of a switeh is still in the

clectronic domain[JM93, CF93]. This is becanse:
L. it remains diflicalt to pnt complex logic into purely optical switches:

2. and this logic is needed to make decision related to ronting.

Since the bandwidth of clectronic processing and switching is relatively limited
compared to that of optical transmission, an implementation of Electro-Optic switches
was proposed in [CFO3] Tt nses optical delay lines to store and switeh packets, elimi-
nating the necessity of O/E and /0 conversion of conventional fiber-based networks.
and thus improving the speed gap between electronic processing and optical trans-
mission.

Compared to the ISO reference model, a switeh performs the functions overlapping
Data Link Layer and Network layer (3a)[Hal92]. It controls the access to the links as

well as provides the routing decisions.

Storage Unit

Associated with cach network input or output port of a switch is a storage unit.

The storage unit is implemented as an electronic buffer or as a segmented optical
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delay line. Storage units associated with input ports are necessary hecanse they are
used to delay incoming packets for extracting routing information and to svuchronize
incoming packets for routing. Storage units associated with ontput ports are optional.
This storage is provided mainly for improving the routing quality. by decreasing the
probability of a packet heing detlected 1o the undesirable outpnt link.

The use of electronic bulfers enables random aceess of the electronie sienals in
the bulfers. But it introduces severe overhead in a liber-based network becanse of
the O/ and E/0 conversion. To improve the speed gap in a fiher hased network,
the storage units represented in ligure 2.1 are sometimes implemented as segients of
short optical delay lines as discussed in [Max88. CF93]. The optical signals can he
sensed at the end of cach segment of delay lines. The details of the implementation
are beyond the scope of the thesis. In the thesis, we use the term baffer to stand for

implementation of cither an clectronic bufler or an segmented optical delay line.

2.1.2 Links

A link represents a point-to-point channel that conneets two adjacent nodes. A uni
directional fink only allows the transmission to take place from one end (a node) to
the other at any moment, while a bidirectional link allows two-way Lransmission but,
al anyv moment, only one direction of transmission is allowed.

An assnmption (Link Assuwmption) made in the thesis is that all the point-to-
point links have the same transmission capacity, and they all have the same length
measured in bits: except that the directions of the links may bhe different, all the links
are identical.

Throughout the thesis, we are only interested in networks with “a” significantly
greater than 1. Besides, we are only concerned with the situation where the propa
gation delay between two adjacent nodes is more significant, than the huffering delay
within a switch for a packet, and we count hops 1o study the delay of a packet in o

network. Therefore, the actnal length of a link is not of interest of study.
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2.1.3 Regular Two-connected DN

1

-0
-

oo
- @

N R I J 1 1 L |

]

I B TN D Y B

Figure 2.2: Two examples of regular <1 x 4 DMN

In the thesis, we aive interested in a regular two-connected DMN formed by a number
ol overlapping rings  visually, a collection of horizontal (or row) rings and a collection
of vertical (or column) rings with every row ring and every column ring intersecting

2

I~

at a node as shown in figure 2.

A ring (cither a row ring or a column ring) is said to be unidirectional if it is made
np of nodes connected via unidirectional links. Otherwise, it is said to be bidirectional
if every link is a bidirectional one.

According to the divection of rings in a DMN, a DMN can be further categorized

. Bidirectional DMN (BIDMN): all the rings — row rings and column rings are

bidirectional.

2Although, from the point of view of topology, a DMN can be viewed as a different collection
of rings cach of which contains part of a row ring and part of a column ring as described above,

categorizing rings into rew and column two classes simplifies the discussion.
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il

IFignre 2.3: 18 Nodes

A T 1 Y N Y T N

*

]

[

Counter-Rotating DMN (CTRDMN): all the adjacent row rings operate in op-

posite directions, and so do all the adjacent cohunmn rings.

3. Co-Rotating DMN (CoDMN): all the row rings operate in the same direction,

and all the column rings operate in the same direction.

4. Arbitrary-folating DMN (ARBDMN): there is no restriction on the direction
of rings in a DMN. Each individual ring can be unidirectional or bidireetional.

Every unidirectional ring can operate either clockwise or counter-elockwise.

Figure 2.2 presents two 4 x 4 DMN of unidirectional rings.  Figure 2.2.4 is a
- g ,

CTRDMN, and figure 2.2.b is a CoDMN.
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Figure 2.4: 48 Nodes + 16 Dummy Nodes

Two derivations from 8 2 8 CrrDMN

Besides DMN ol regular topologies such as squares and rectangles, we also study two
derivations from an 8 x 8 CrrDMN. In figure 2.3, there are 48 nodes arranged in an
L shape. The upper right 16 nodes are disconnected from an 8 x 8§ CrRDMN. This
arrangement is denoted as £48. In figure 2.4, 16 more nodes are added to £48 to form
a regular 8 x 8 CrrDMN. T difference is in £48, all nodes generate and absorb
traflic, but in £61. the additional (visually the upper right) 16 nodes do not generate
or absorb traffic. The 16 dummy nodes in £64 only perform routing functions. Under
uniform traflic assumption, two derivations study the performance of changing an

asymmetrical topology into a symmetrical one but changing the distribution of traffic.
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2.1.4 Topological Parameters

In this section. we present some topological parameters of DMN. These pavame
ters, for example, average shortest distance and trattic matreix, help to deseribe the
protocols and analyze their performance,

Size of a Network

The size of a DMN is denoted by VL It is the total number of nodes in the Dan, We

mdex a node in one of the following two ways:

L. A node is identified by the pair of row ring and column rving indices (a0 4) from
left to right, and from top to bottom. where oo = 0 and 3 > O

or,
2. A node is identified by an integer 4, 0 <7/ < N — |.
Assuming v to be the number of column rings, 7 is deflined as:

=%y + /3

Distance Between Nodes

Assume every node is identified by an integer 7 as deseribed above, Let 7 - denote
that there is a link connecting node 72 and j, and the direction of the link is from 7 to

J- A path from 7 to j, where i #£ j, denoted as @ ~F5 50w defined as:
it i UG kel —
T g it U s k0 k).

Based on the Link Assumption, the length of a path (denoted as [|e » 71} is the
number of links on the path. This number is called hops.
Since in a DMN, there exist multiple paths bhetween two nodes. We define the

distance between two nodes ¢ and j: 7, 1o be the shortest path from 2 to j, that, is:

mi; = mand{|} =, gt



CHAPTER 2. OVERVIEW I

In o BiDyMNo 7, is the same as 7, for all 7 and j. while in a anidirectional Dax. it

is not alwayvs the case.

Diameter of a Network
The diiancter (D) of & DMN s the maxinnum value of =, for all 7 and 4.
Traffic Matrix

We detine wy, as the weight of 7, which is a real number satisfving:

A= A1

Z Z w;, =1 (2.1)

i=ty =t
where O < wy, = Lo and wy, = O 0f 7 = j. ey specifies the frequencey of transmission
from ¢ to y. W o= {w, }is called the traffic matrir. Under uniform traflic. w,, =
r\f_-:)—j(- for + # ;. and the uniform traffic matrix is denoted by WL

Shortest Average Distance

The average shortest distance( ASDyy ) of a DMN with respect to a traffic matrix
W o= {w,} is defined as:
R S
ASDy- = 5> S =7, <y, (2.2)
= =t}
It s difficult to derive a closed-form solution for ASD for an arbitrary Daix.

However, some closed-form solutions have been provided for CTRDMNY. CoODMN and

BIDMN for some particular node arrangements under aniform traflic assumption.

e lor rectangular CTRDMN, * A" = r x s. where ros > 2,

N petd) s .
ii\_til)——l il mod(s.2) =1 and mod(r.2) =0
ASDy, = A if L2y =0 ; D) = 23
oLy, = N1 it mod(s.2) =0 and mod(r.2) =0 (2.3)
F(rts+d)=—r—s-2
N—-1

if rod(s.2) =1 and mod(r.2) =1

FSince CrrDMN, CoDMN and BIDMN are symimetrical from the topological point of view, r and

~ can stand for the number of row rings and colutun rings interchangeably.
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The detailed derivation can be found in [CA90]

]

e lFor rectangular CoDyN. A7 = « s,

AS DH'.A - -\-‘\_‘::(: }—_,:1]»(’ + )= E(;\T'-—ii(, 1S 2). (2.0
e lur square BiDaN, A=
il mod(r.2) = 0
ASDy, = { =n hmedu (2.5)

z Hornod(r.2Y = 1 and » - 3

The derivation can be found in[H('!)U].

Table 2.1 is a comparison of ASDy, of CreDMN. CoDux and BiDuay with
the exception of £61 where only A8 nodes contribute traflic a non-uniform trallic
distribution. From the table. it is seen that BIDMN conligurations have the smallest
ASDy,. The average shortest distance of CPRDMN is nearly 1 more than BiDaN

but significantly smaller than that in the CoDMXN for the same node arrangciment .

2.1.5 Topological Effect on Throughput

We define the network throughput {77) as the nunmber of payload bits veceived per bit
time over the network as a whole. Assume all the links have the same transmission
capability. say My bits por sccond (bps) for cach link. and the vate of the payload bits

being received network-wide is M, bps. the achieved network thronshpat is thus:

M,

T = —.
M,

Based on the Link Assumption. since DMN is two-connected. the total number of

links is 2 >x A" The upper-bound of the network throughput is{D'17491):

2N

7"114'11‘ = o
ASDyy

(2.6)

ASDyy is the average shortest distance under traflic matrigx W,
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CreDymx BiDMN CoDax

1x1 2.93 2.13 3.20
1x6 3.30 2.61 117
XS 1.00 3.10 516
6x6 3.71 3.09 5.1
SxS 5.02 -1.06 7.11
12x12 7.02 6.01 11.08
16x 16 9.02 8.03 15.06
20x20 11.02 10.03 19.05
x4 4.18 3.31 5.66
L6 1.89 3.91 .01
LN 1.75 3.63 H5.95

Table 2.1: Comparison of shortest average distances for different networks.
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We find that from the expressions 2230 2.0 and 2.5, when A7 is sullivient v laroce,
for square node arrangements under iiform traflic disteibtion. AS Dy of CrrDAN

and BIDMN are approximately X245 and AS Dy, of CoDMN = approximately y L\
pi A 3 " 1 A

From equation 2.6, it is found that under uniform teattics (1) for the three DA, the
maximum thronghput 7, increases proportionaliv to VAL and () CrrDMN and
BiDMN vield close 7., which doubles that of CoDMN for the satme node arrange
ment.

I not considering the overhead introduced by transmitting the header of a packet
the maximum thronghpnt can be achicved by using an intinitely large buller in ov
ery intermediate switeh so that every packet transmitted teaverses along the route
achieving shortest distance to its destination.

The equation 2.6 indicates that under the same network conditions  same size
of the network and same traflic distribution, node arrangemaoents that achieve simaller
average shortest distance yvield larger throughput. On the other hand. it also reveals
that for any given node arrangement. traflic distributions achieving a smaller average
shortest distance yield larger throughput too. Examples of such traflic distribations
include the communities-of-interest traflic that favors communication hetween nodes
that are relatively near. For instance. for a 6 » 6 CoDMN. we deline the following

traflic matrix that favors local row-to-row and local column-to-colimn tratlic:

Wy = Tx','—'x——‘; il mod(7.6) = rod(j.6) or there exists an integer
W.r= Lo <k <5 such that b~ 6 N R U o N R
Wiy = g Otherwise

(2.7)

We.s is a traffic distribution that for all messages? a node gencerates, S0%. of the
destination nodes are distributed uniformly among the nodes attached to the row or
column ring to which the source node is connected. The rest of the destinations are

uniformly distributed among nodes which are connected 1o different row and column

AWe assume that none of the messages is a multi-east or broadeast TS HVIR
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rings.  The corresponding average shortest path ASDy, |, is 3.6, The maximum
throughput achievable is thus to be 200 As a comparison. under uniform traffic.
ASDyy, of the same 626 CoDMN is 5. L with the maximumachievable throughput of
11, The performance enhancement by introducing communities-of-interest is presentoed

in more detail in chapter 5 by simulation results,

2.2 Medium Access Control

For a DMN, there are two different ways of accessing medinm studied: slotted, and
non-slotted with equal-size packets which are called eclls. Therefore, there are two
types of resulting networks  slotted DMN and non-slotted DMN. In the following

discussion, we assumne destination removal of full slots or cells, which means:

e for a full slot. the payload of the slot is removed by the destination of the slot

so that the slot is regarded empty after its payload has been received;

o a cellis removed from the network by its destination.

2.2.1 Slotted DMN

In a slotted mesh network, there are a number of non-overlapping slots circulating
in cach ring. The end of one slot is immediately followed by the start of another
slot so that there is no gap between a slot and its successor. The structure of a slot
includes two parts: the header part. and the payload part. The header part contains
controlling and routing informations, while the payload part carries actual data to be
transmitted across the network.

One picce of control information contained in the header part of a slot is the
payload status (¢s) tlag which is ased to indicate whether the slot carries a payload
or not. The flag is normally represented by a single bit with 1 standing for full and

0 for empty.
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During the network initialization procedure, every slot transmiited has its s tlag
set 1o 0. A switch which has some bits 1o transmit awaits an emapty slot. Then, if
the switch is permitted to Hll the slot according to =ome rules, it sets the bs flag of
that slot to 1 and fills the payload into the pagload part of the =lot. Otherwise, the
switch just retransmits the slot. When the payload of a full slot is removed from the
slot carrying it by a switch, the corresponding s Hag is reset 160 0 so that the slot

can bhe reused.

2.2.2 Non-slotted DaN

A non-slotted DMN of interest in the thesis assumes that all the packets transmitted
in the network have the same length. They are called cells. As opposed to slots, the
interval between two consecutive cells is not fixed, and structurally, the header of g
cell does not include a ps {lag.

Every outstanding cell in the network is delayed for a few bits for the purpose of
routing when arriving at an intermediate switel, I a cell is addressed to the node
containing the switch, the cell is removed from the network. Otherwise, the cell s
retransmitted via one of the network ontput ports according to some ronting rules.

When the network input ports of a switeh sense a period of silenee on the trans
mission links, or the switeh removes cells from the network, the switeh can insert new
cells from its local source to the ontput links.

The insertion and retransmission of a cell is controlled by MAC-protocols. Some
times, for the purpose of achieving a bhetier routing, there will he o delay between the
time a switch is allowed to insert or retransinit a cell and the time the operation ac
tually commences. The delay operation involved is called synclhronizalion, disenssed

in more detail in the next chapter,
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2.3 Deflection Routing

In a two-connected DMN that uses 2 2 2 switches as shown in figure 2.1, a switch
performs the romting function whenever there is at least one cell/slot seen at the
network input ports as well as the local inpnt ports. Routing priority is given to
cells/slots coming from the network.

There are many factors considered for making the romting decision for a cell /slot.
Such factors inclade the remaining distance to the destination, the previous routing
especially deflection history, the actual time a cell/slot has spent in the network.
cte. Based on the routing rules taking different factors into account. the two network
output, ports may have different preference for cells/slots to be routed. It is desivable
that a cell/stot be ronted at every intermediate node to its preferred port.

A cell/slot is not always routed to its preferred port, in the presence of one of the

following conditions. The two conditions are defined as Conflict Conditions.

. There s a cell/slot being transmitted at the preferred port of the cell/slot to

be routed, and there is no buffer associated with the port.
2. There is a buffer associated with the preferred port. but it either

e has reached its full capacity and can not accommodate any more cell/slots,

e or the buffer can only store one cell/slot, but the cells/slot loses the com-
petition for the preferred port with another cell/slot. Therefore, the loser

can not be quened for its preferred port.

I one of the above happens, the cell/slot to be routed is forced to take the other
port of the switch, which causes a full slot or a cell to traverse a longer route to its
destination. This operation is defined as deflection.

There are many deflection approaches proposed and studied. In the thesis, we
study two of them. One is a distance based deflection, named Random Deflection.

It has been widely discussed[Max85b, B(90, CCL91a, Max89, KM93]. The other is
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a position (direction) based deflection: called Vertical Dejlection. which is a tew

deflection technigue proposed.

2.3.1 Random Deflection

Random Deflection is a distance based dellection. The detlection rales try to mintnize
the remaining distance of cells/slots to be routed.

There are two situations when a cell/slot is being ronted: (1) both netavork
output ports lead to the same distance to the destination. or (2): one port leads to a
shorter one. The preferred port of the cell/slot is the one leading to a strictly shorter
remaining distance to the destination. I there is no difference between two ports, the
cell/slot doesn’t have a preferred port, i.e. both ports gualify cqually, For example,
in a slotted network, an empty slot does not have a preferred port and can be ronted
to either of the ports.

In the case of routing decided for only one cell/slot at a time, the eell /stot will be
routed to its preferred network output port unless one of the Conflict Conditions is
true or it does not have a preferred port. For the fivst case, the cell/slot s deflected
to another output port, while for the latter case, it is ronted 1o one of the two ports
with an even probability.

If a routing decision is made for two cells/slots at the same moment, exactly one

of the following events takes place:

e the two cells/slots are routed to their own preferred ports, it they have disjoint.

preferred ports;

e exactly one cell/slot has a preferred port and is routed to that port, the other

cell/slot is routed to the nn-preferred port:

e the two cell/slots are routed to different ports with same probability if neither

of them has a preferred port;



CHADPTER 2. OVERVIEAW e
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e in the case that two cells/slots have the same preferred port. and there is not
cnough spare storage capacity to buffer both of them. one of them (the winner)
is sclected at random for its preferred port. the other (the loser) is deflected

to the un-preferred port.

Figure 2.5: A 4 x .1 CrRDMN.

As deseribed above, the deflection can take place at every direction: from row to
column or from column to row. Consider the 4 x 4 CTRDMN presented in figure 2.5,
the pair of numbers associated with cach box stand for the indices of the node. A

slot sonrced at {(0,0) | and destined at can take one of the following route:

Lo (00) ] — 1 (3.0) | — {(3.1) . which is the shortest route;
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Destination Station Shortest Distance
Through Row Port | Through Column Port
(0.1) 3 3
(0.2) 2 6
Table 2.2: A part of a routing look-up table in node {(().ll) l

— [] )

o

(0,0)] — {(3.0)] — [2.0)] — [(23)] — [(22

—

which route, the slot is deflected at [ (3.0) | so that it is forced to travel a longer

roite;

3. 1(0.0)} — [(03) | — | (1.3)] — [ (1,0) | — [ (0,0)].... which is the ronte that

the slot is dellected at every node, and will never reach its destination:

Routing uses a complicated seleetion mechanism to achieve symmetry and to avoid
problems as deadlock. livelock, cte[Max91]. The major weakness of the deflection is

that the route of a cell/slot is completely unpredictable.

Implementation

In order to implement the ronting strategy, cach switeh has a look-up table (such as

table 2.2) which shows the distances to other nodes in the network using cach output,

- .

port. Part of the look-up table in node [ (0,0) | in Fignre 2.5 is presented in table 2.2,

The advantage of the look-up table is casy to see: it is simple and affordable when
the number of switches is moderate. It also provides accurate distance information for
routing. But, it is very expensive to maintain and npdate the look-up table especially

when there are frequent changes to the network.
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In [Max87], Maxemchuk compared some distributed distance-based ronting strate-
gies. The idea was to first divide the whole network into four quadrants according
to the relative address of a sonree to the destination nodes. Then the routing of a
packet is decided according to the quadrant contains the transmitting switeh, Rout-
ing does not use any global look-up table but requires a fair amonnt of computation

to caleulate the relative addresses and to divide the quadrants.

2.3.2 Vertical Deflection

Different from Random Deflection, Vertical Deflection is a position-based deflection.
For a certain packet. deflections happen only at certain imtermediate nodes, and
directions of deflections are predetermined, say cither from row to column or from
column to row but not both. In the thesis, we asstume “column-to-row” is used. i.e.
every column-to-row retransmission canses a longer distance.

Taking the switch at node (o, /3) in a slotted network as an example:

. switeh (. 3) sees a full slot at the row input port, and the destination of the

slot has the same column index as the node has, i.c. 7.
2. (a.f3) removes the slot from the row ring and transmits it into the column ring.

3. when the next slot arrives from the column input port of (o, 3), the switch trans-
mits it via the row output port, if there is no more buffer capacity associated

with the column port.

The third step in the above procedure causes a full slot or a cell coming from
the column ring to be detoured to the row ring that leads to a longer route to its
destination. It introduces a column-to-row deflection. With this approach, a slot
propagates along its present row ring until it reaches its destination column, and a
deflection is only triggered by a slot/cell coming from a row ring to its destination

column ring. Routing ensures every full slot or cell to reach its destination along the
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shortest column distance if the slot/eell is transmitted properly at the soneee node.
For the same slot in figure 2.5 the rontes it may choose to reach its destination [(I%.l \I

1s exactly one of the following four routes:

L [0.0)] — [(03)] — [(02)] — '(TiLTYJ

D] - fen] s en)

which is the shortest route. Compared to the shortest voute using Random

Deflection. it is much longer (1 more hops).

N

(0.0)] — [ ] — [(D] — [02] — 0] - [@D] @]

- in which route, the slot is deflected at [ (1.1 the length of the route is 10,

3. a route that is similar to the second route, but instead of heing deflected at

(1,1) |, the slot is dellected at [ (2.1) | the length of the route is also 10,

4. a route that the slot is detlected at hoth [ (1) ] and (2,1)]; the length of the

route is 4.

To implement the routing, every switeh should have the knowledge of the address
of the nodes that are attached to the same column ring. This information is casier Lo
maintain and update compared to the look-np table used in Rawdomw Defleetion. I is
also not necessary to perform any sclection procedure at, any switch. The defleetion
achieves a bounded end-to-end delay: assume there are 7 row rings, a il slot or i
cell will traverse the Tength of at most 7 — | row rings and one colmmn ring (imore
exactly, less than 7 — I hops in the column ring)®. However, drawbacks related to this

deflection include:

l. average longer route to the destinations;

2. asymmetry existing among different traflic patterns, which reduces thronghput.

*For square topologies, the maximuin niumber of hops a slot will traverse is A - 2.
| ;
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2.3.3 Conclusion

The two deflection ronting strategies, cither distance-based deflection or position-
hasced deflection, have many advantages. By using deflection. some packets are foreed
to take longer rontes to their destinations. When the load is light. deflection routing
localizes the traflic hetween two frequently communicating nodes: when the load is
heavy, it prevents buffers at nodes from overflowing so as to provide an unconventional
mechanismof congestion control. In many cases. deflection routing ontperforms store-

and-forward ronting[Max89].

2.4 Simulated Environment

Due to the difficulty of developing an analytical model, we use simulation as our prin-
cipal technique to study the performance of mesh network protocols. The simulation
package we nse is SMUrRPH[Ghu93).

In SMURPH, a network is modeled by interconnected stations. Each station has
a number ol active processes that perform the function of receiving and transmitting
packels. "The protocols are specitied as a collection of finite state machines carried
ont. by processes in stations.

The following assumptions are made when conducting the simulations:
I. None of the messages generated is a broadeast or multi-cast one.
2. Payload bits are removed from the network by destination nodes.

3. A slot/eell is deflected to the longer route if it fails the competition for its

preferred port or its preferred port is oceupied.

Lo Aslot/eell contains a payload part of 1400 bits and a header of 10 bits. Every

slot/eell is delaved at least 10 bits at a switch.
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The Tength of anindividnal ving is 100 bits to make =a™ large enough (above
10). I fact. all the protocols investhigated have a common feature that their
performance remains the same as long as the combined propagation delay (the
ring lateney delay and the sum of bullering delay at cach switeh) is longer than

one slot.

Each simmlation is repeated several times, normally from a shorter duraiion to a
longer one to find out the steady measurement. When the measurement is acquired,

it is conlirmed by another simulation with a similar length®,

2.5 Common Performance Measures

The following measures are considered in the thesis.

Network throughput

Network throughput (7) is previonsly defined. ‘I'he normalized throughput (7)) is de
fined as the percentage of the network thronghput achicved (7) to the maximuom

theoretical network thronghpat (7, ,):

T
T = = 2N
']-Ill i ( )

Message Access Delay

It is the time measured in bits that elapses fron the moment o message is qrened to

the moment the message is transmitted. excluding the transmission time.

Deflection Probability

This is the probability that a full slot or a cell will have to take a longer path Lo

its destination. It is defined differently for cach protocol as disenssed in following

“The methods of conducting simulations are from [Jaigi].
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Additional Hops

It is defined as the difference between the actual hops a slot or a cell traverses from
s souree 1o the destination and the distance between the same two nodes. To
compare networks of different sizes. we use the mcasure of pormalized additional
hops. caleulated as following: assume the traflic matrix is W and there are totally
M cells or full slots received. Let AHg be the number of additional hops a cell or a
full slot & traverses, the normalized additional hops (AFH) i~ given by:

TF - ~ >, AH,
- ASD,.




Chapter 3

Synchronization

In a two-connected DMNC every switeh aceesses a row ring and a column ring. The
operation of the two rings are independent from cach other. which results in the

following two phenomenas

e cells/slots from row and columm rings may arrive at the two network input port s

of a switeh at different moments:

e the length(boundaries) of the cells/slots from one ring may be different from
those of the cells/slots from the other ring from the point of view of the switeh

receiving them.

In order to study the effect of the independent operation of the vings and ways
to deal with it. we define the Synchronous Condition as: all switehes use the same
transmission rate.

In a synchronouws DML all the cells/slots have the same length, which has a two-
folded meaning: (1) the number of bits making up of a cell/slot is the same for
all cells/slots; and (2) assuming a virtual global reference elock, the time required
to receive a whole cell/slot is the same for every switeh with respeet Lo the global
reference clock. At the receiving end of a link, once a switeh sees the start of o

cell/slot, it can predict the time when the end of the cell/slot is detected,

29
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This chapter stadies synchronization techiaiques of DAINCG We first compare syu-
chronizing technigques in a slotted network where all switehes nse the same transmis-
sion rate. Theno we study a method using excess bits to svnchronize slof ratfes in an
asynchronous slotted petwork. We also present techniques to synchronize retransmis-

ston of cells in a non-slotted networks.,

3.1 Synchronous Slotted Networks

In a synchronous slotted DMN where all switches nuse the same transmission rate.
Slots are continnously trausmitted via the outpnt ports of cach switeh. Although
in ideal situations, row and column slots arrive at the same moment at the network
interfaces of a switeh without buffering. it is more likely in practice that the arrival
times of row and colummn slots are different. Synchronization deals with the routing
and retransmission of asynchrononsly incoming slots. Two different ways of synchro-
nmization are compared. They differ in whether a routing decision is made for two

slots at the same moment or one slov 2 a time.

3.1.1 Aligning

This approach aims at aligning slots from row and column rings so that routing
decisions can be made for two slots one from each ring. It is done by the following

during the initialization operation of a network:

E. When the network starts to operate, every switeh continnously transmits empts
slots via its two output ports. The transmission of the beginning of two slots

takes place at the same moment as shown in figure 3.1.

2. When a switch deteets that there is a slot (before the initialization procedures
end, all slots are empty) arriving the switch from, say row ring. it buffers the

incoming slot. The switch then retransmits the incoming slot via the row output
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switch

input link

slot slot slot slots on the row ring

input link

slot slot slot stots on the column ring

Figure 3.1: Transmissions ol slots during initialization.,

port. immediately after the transmission of the current slot is completed at the
same output port. The switch performs the same operation after the arrival ol

a slot from the colnumn ring.

3. Once a switeh starts to relay slots from an input port of the network, it does

not insert any new slots into the network via the corresponding output port.

After the network enters regular operation, a slot from the row ring may arrive at,
a switch at a different moment from a siot from the column ring. But, after hullered
for different duration, these two slots can be routed and retransmitted at the sime
moment as shown in figure 3.2,

Once a switch stops inserting new empty slots into the links. the duration of the
switch buffers an incoming slot from one ring is the same for all slots arriving at the
switch from the same ring. Assume £, stands for the length of a ring mcasurcd in
bits, N is the number of switches attached to that ring, B, is the hulfering time at
switch 5,1 < 5 < N and L, stands for the length of a slot in bits, the following
relationship is satisfied, & is an integer:

N
ke Ly= L, + ) B. (3.1)

=]
The relationship is explained as: if a ring is extended to include the baffering

at each switch attached to it, the ring can be divided into & comtinuons and non
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switch
slot slot slot slot slot slots on the row ring
slot slot slot slot slot slots on the column ring
input output

Figure 3.2: Transmissions of slots are synchronized after initialization.

overlapping slots during the regular operation of the network. B; may differ among
switches but remains unchanged for all slots arriving at switeh § from the ring. As
sume B s the mimber of bits delayed at every switceh for the purpose of extracting

routing information. B; is at least B and at most (B + £,).

3.1.2 Buffering

This approach ditfers from the aligning one in the sense that routing decisions can be
made for only one slot at one moment. To implement this approach, it is necessary
to introduce two buffers which are valled deflection buffers. Figure 3.3 illustrates a
logical connection between the storage units and switching devices. For simplicity,
the ocal connections are not plotted. In the figure. By, stands for the buffering of
the header 7 very slot. RB and OB are two delaying buffers associated with the
row and coluizin input port respectively. They buffer slots which are subsequently
retransmitted to the same ring from which the slots are previously received. RDB and
CbB are two deflection buffers for slots that are routed to the other ring. All the

butfers operate in a bit by bit fashion.

The buffering approach works based on the following rules:
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row input B, RB switching

@] row output

column output

Figure 3.3: A switch with deflection huflers.

o Priority: Slots in deflection buflfers are transmitted prior to the slots in delaving
buffers. For example, if there is a slot in RDB and one in CB. the one in RDB
will be transmitted immediately after the transmission of a slot at the column
port and prior to the first slot in ¢B. Similarly, slots in CDB are transniitted

earlier than slots tn RB.

o Occupancy: A buller, cither a deflection bhuller or a delaying bhuller, is said to
be occupicd if the buller reaches its maximum eapacity before the last hit of a
slot is shifted in. For example, if the maximmm capacity of a butfer is one slot,
and the whole slot buffered is not being transmitted, shifting any new slots to
the buffer prior to the transmission of the buffered slot will overflow the bhufler.
Once the routing of a slot is decided, the slot, for instance, from the row ring,
is shifted to either RDB or RB. I neither of the two buffers s occupied, the slot
cani be shifted to the buffer connected to its preferred port; otherwise, the slot,
is shifted to the non-ocenpied one. In the latter case. a deflection takes place

if the slot has to travel a longer distance to its destination via the port.

o Inscrtion: It is possible that when a slot is shifted to a deflection bufler, say
RDB, there is nothing to transmit along the ring from which the slot is previons

received (that is the row ring in the case of RDB), which causes a period of
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idling in the row ring. and in turn drops the global throughput. To prevemt
this happening, a switch inserts a slot via the row ontput port. The slot can be

cither empty or full according to the Fidling rule,
o Discarding: Empty slots are not shifted to any of the buffers.

e [illing: When both bulfers, one delaying buffer and one deflection buffers are
cmpty, the switeh generates an empty slot to he transmitted via the correspond-
ing output port. The switch can {ill the slot with proper payload bits if it has

a nonempty local quene,

The buffering capacity required depends on deflection methods.  As shown in
chapter 5, when using Vertical Deflection, the duration of buffering can be minimized
to less than the length of two slots. Besides, the duration of buffering of a slot in

cach buffer is fixed during the regular operation of the network.

3.1.3 Conclusion

It has been pointed above that for both aligning and buffering methods, the buffering
defay of a slot to be retransmitted by a switch remains the same for all slots being
retransmitted by that switch in the same buffer. The property is very useful because
in the context ol optical transmission and processing where buffers are implemented
using segmented optical delay lines, the design of the sensor can be simplified to only
have one tap.

Comparing the aligning and buffering methods, the buffering method introduces
more overhead by shifting slots, but its routing control logic is simpler especially
when the connectivity - the number of input and output ports is large. With aligning
method, routing decision has to be made to match & incoming slots to & output
ports. But. with buffering. the routing decision is distributed and made for a slot
immediately after its routing information is extracted. Routing only performs a 1 —

lo — k mapping  one slot is shifted to one of & delaying/deflection buffers. and a
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subsequent & — to ~ I mapping. Though it hax two stages (they can be pipelined if
more than two slots are butfered). it is much casier to he implemented. At the current
stage of optical technology, the buffering method has some practical advantage.

The choice of synehronization methods is also alfected by the detlection strategy.
For example. when using Random Deflection that minimizes the remaining distanee,
aligning is better than buffering in the sense that Random Deflection performs hetter
in the presence of two slots to be routed at the same moment. This is similar to the
comparison between non-blocking and quasi-blocking svuchronization for non-slotted

networks as revealed in section 1.2

..

3.2 Asynchronous Slotted Networks

3.2.1 Distributed Transmission Rates

In many real situations, the synchronous condition does not hold for switches may
have close but slightly different transmission rates (or bit rate, which is measured in
bits per second). The difference is known as clock tolerance, denoted by a.

Suppose that the transmission rate (in bits per sccond) of the fastest switeh is
Riwrs and that of the slowest switeh is R,,,,.. We deline a (umaginary) vominal
clock which has a rate R* = (Rour + Roin) /2, and the maximum clock toleranee
=Ry —R" =R — R

When o # 0, the time a switeh transmits a bit varies from switeh to switeh. Sinee
the combined length of payload and header in bits remains the same for every slot
transmitted by any switch (This length is denoted by o), the time required for a
switch with rate R to insert the header and payload of o sloy is -

A switch receives a slot using the rate the slot is transmitted, and the slot s
retransmitted using the local transmission rate of the switeh recciving it ‘There
usually is a difference between the receiving rates and the transmitting rates of slots,

and the dilfference will canse two problems deseribed in the next scetion.
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3.2.2 Two Problems

In this section, we present two prolidems caused by the existence of distributed trans-
mission rates. We also provide some guidelines to deal with the problems.
Consider two adjacent. switches, s and sy, with s, being the receiver of bits

transimitted by s via the link. Let Ry and Ry, stand for the transmission rates of s

and sy respectively, Ry # Ra,.

Potential Problem #1 (7,): When R, is less than R,...

When Ry is smaller, slots are retransmitted faster at sy than they are received. After
sy has transmitted a certain number of bits, it may lind that there is no bit to be
retransmitied. I this happens, s, cither generates a link or node failure message
although there is not really such a failure existing. or s, changes its transmission rate
dhuring the middle ol a slot. which causes the immediate suceessor of s, not Lo receive
slots correctly.

To avoid the problem, we can establish a mininnnnm number of bits of an incoming
slot to he received before the slot is retransmitted. This threshold is denoted as A,
in the thesiso The threshold is set so that a slot ready to be retransmitted should at
least be buffered for Ay bits. Therefore, after s, starts to insert a slot. the last bit
of that slot arrives at s, prior to the moment when s, is supposed to complete the
transmission of the slot. The problem can also bhe handled by introducing a master

clock which aligns all the local transmission rates.

Potential Problem #2 (7,): When R, is greater than R....

When Ry is larger. it indicates that s, inserts bits faster than s, does. Since s,
continuously transmits slots into the link, and these slots are retransmitted slower
than they are received at sy, buffers of 53 tend to accumulate bits as s, continues its
operation. After a sufliciently long operation, sy will ran ont of buffer space and start

to lose slots at the input port.



CHAPTER 3. SYNCHRONIZATION A7

To cope with the problem. s and s; mnst synchronize the rates of slots heing,
transmitted at the two switches. We detine the slot rate as the rate at which a
switeh transmits slots. Switches with ditferent bif rates are possible to have the samne
stot vate. It can be simply done as: assunie the slowest switeh (with transimission rate

Roin) needs o Lo transmit a slot. while some other switeh (with transmission rate
Tt

R) transmits a slot using 7+ Belore transmitting the next slot, the switeh (with rate
R) somehow wastes an amount. of time equivalent to T 55 Based on this idea, all
Neman

the switches can have the same slot rates. This approach is disenssed in more detail

in the latter sections.

3.2.3 Solutions

In this section, we discuss some possible solutions that can be adopted in the conmmu:
nication protocols to solve the above two problems. The master clock approach aligns
local transmission clock rates: the use of a sufficiently large buffer at some switehes
adjusts the slot rates of switches: and the appending «recss bils deal with individual

transmission clock rates at cach switeh.

Master Clock

Introduction of a master clock is a standard solution to the asynchronism of a slotted
network. The switch with the master clock transmits slots at regular intervals: other
switches derive their local transimission rates according to the master clock to have
the same transmission rate as the switeh with the master clock, effcetively reducing, o
to 0. The network thus works as il it were synchronons. It is therefore not necessary
to require any additional buffering (such as Ay) at the incoming buffers. However, a
fatal disadvantage of the solution is the cost to handle the failure of the node with
the master clock. Also, “big-a” networks would reqguire an alinost, continuons flow of

synchronization slots, wasting a large proportion of the network capacity.
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Sufficient Buffering and Idling Symbols

This method is based on the fact that in a slotted ring network. at any moment during
the regular operation. the number of ontstanding slots (inchiding slots carried by the
medinm and buffered at switches) remains unchanged for cach ring. Therefore, the
method aims at adjusting slol rale at cach switch, which is done by maintaining a
sufliciently large incoming buffer at cach switch. especially at slower switches.

To deal with Py, the first. bit of a slot is not transmitted by a switeh until the
last bit of the slot has been received by the switeh. During the interval between the
transmission of two conseeutive slots (i.e. the interval between the transmission of the
first bit of a slot and the last bit of its predecessor), a switeh inserts idling symbols
to the links.

As Lo Py, since Py only happens with the slower switches, for simplicity, we take
SWILCh Sgpuumeg as an example, Sgomese 18 a switeh with the transmission rate of Roin-
and we assime the incoming buffer capacity of sgue s is & slots, supposing there are
totally & slots in the ring.

Sinee there are totally & slots in the ring, and the buffer in s, g, o is large enough
to hold all these slots, slots won’t be lost at sgumesr. On the other hand, when the
butfer at sy s accumulates bits, other switcehes start to reduce their slot rates since:
(1) the rate they receive slots decreases, and (2) more idling symbols are received. As
a resulty the time that a switch transmits & slots is the same for all switches, equal

ko

to .
R men

Obviously it is expensive to have a large buffer, and the maximum capacities
required for the buffers may vary if the network conditions changes. which may canse
the method not to work properly. These network conditions include the number the
nodes on a ring. the length of the ring, and most important. the number of slots on

cach ring. The method also causes excessive buffering delays at slower switches.
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Excess bits

This technique was lirst presented in [Max88). {tis very similar to the previous one,
but much more astute. Instead of inserting idling symbols, it varies the total fength of
cach slot dynamically: additional bits are appended to the end of a “regular™ slot so
that a slot now contains three parts: header, pagload and crecss as shown in figure 3.1

The idea of the method is: if Ry is larger than Ra. slots retransmittod by sy arve
shorter than they are received at the input port of sy otherwise. if Ry is smaller
than Ry, slots retransmitted by sy arve longer. The combined fength of the header
and payload part of a slot remains the same at any moment, but the length of excess
varies. Globally, the slowest switeh transmits slots withont excess bits and the Fastest
switch transmits slots with the maximum number of exeess bits. In the next seetion.
using this method in a slotted DMN to deal with the asvnchronism is discussed in

more detail.

' . 1 . '

[P Y Slot l+1 ............. o SIOt l ...... ”- ».».‘>|
excess : payload  header excess . payload ° header

T LA T T T

:<-- 8i+l->:< ---------------- [0 JEERREEREEEE >:< .- 8;‘ >:< ---------------- 0):

Figure 3.4: Slots with excess bits appended

With appending bits, the requirement of buffering at cach switeh is only dependent
on the clock tolerance a, and is much less than the requirement in the method with
a large buffer'. It is also insensitive to the change of network conditions.

The difference of three methods can be summarized as follows. Using the mas-
ter clock approach, all the switches have the same derived transimission rates. By

introducing a large bufler, slol rates of every bk slos are the same for all switehes, By

'One may view the “excess bits” method as one where the fiber link is used as o baffer (instend

of buffering at switches).
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appending excess bits: switches may have different transmission rates. bhut the slot
rates, with respect to the nominal time required to transmit one slot. are approach-
ing the same from switeh to switeh in the long ran. The tuning with appending bits

approach is muchodines.

3.3 Appending Excess Bits in Asynchronous Slot-
ted Network

In Lhis section, we discuss the method of appending excess bits to a slot to deal with
the asynchronism in more detail. We first study two thresholds Ay and Ay to handle
probleias Pyand Py, respectively. Then we present a description of protocol processes
that carry ont the operation in a two-connected slotted DAaN.

With the method, every slot contains a number of excess bits after the header and
the payload bhits. Upon receiving a slot, the header and the payvload bits (o bits) of
the slot are shifted bit by bit into an incoming bulfer and excess bits are discarded.

The solution to problem Py oonly concerns the length of header and payload bits
buffered with respeet to the clock tolerance, and the solution of problem P, concerns
the number of excess bits necessary to be appended. The next two sections deseribe

the solutions to these two problems.

3.3.1 Problem P, and The Solution: A\,

As we deseribed carlier. the problem P can be solved by introduecing a threshold A,
on the incoming bulfer: a slot is not retransmitted until Ay bits of the slot has been
butfered.

The value of Ay is set to ensure that it takes the fastest switeh longer to transmit

a bits into the network than it takes the slowest switeh to transmit o — A, bits. The
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relationship is expressed as in equations 3.2 and 3.3,

a -\ a
R*~a = R +a

(3.

vielding

200 N

' (3.3)

R- -+ ()7

Equations 3.2 and 3.3 require the following explanation. Assume the transmission
rates of sy and s, are R, and R,,.,, respectively, Let s be the immiediate suceessor
ol 510 For every slot so receives from sp. ss retransmits the slot after A, bits of the
slot has heen butfered. I A satisties equation 3.30 it is ensnred that the last it of e
header and payioad part of the slot inserted by sy is received prior to the completion
of the transmission of the slot by s,. Thus, problem Py is solved.

During the initialization procedures, new empty slots are inserted to the network
locally as will be deseribed by the operation of protocol processes in seetion 3.3.3.
After the network enters the regular operation, every slot to be retransmitted will be

buffered at least Ay bits.

3.3.2 Problem P, and The Solution: A, and é,,,,,

To solve problem Pyl we have to adjust the slof rates at switches by appending a
proper number of excess bits to a slot, The solution of Py depends on two paranieters:
first. the maximum length of excess bits that is sufficient for the slowest switeh to
operater and second. the number of exeess hits appended Lo a slot by an arbitrary
switch so that the slof rates converge. The first paramecter is denoted as é4,,.,,. The
second parameter is different from switeh to switeh, therefore, we introduce a universal
threshold Ay on the incoming buffers so that when the munber of bits in the incoming
buffer exceeds Ay, the switeh shonld cease the enrrent transmission, and starts the

transmission of a buffered slot.



CHAPTER 3. SYNCHRONIZATION 12

Length of Excess (&)

The lenpth of excess of a slot is denoted by A28 varies for a slot alter 11 s transmitted
by different  witehes, A switch transfers slots with more excess bits than its snccessor
it s faster than i1s suceessor, and vice versa,

Let 6, denote the maxinmm number of excess bits needed. The fastest switeh
(with transmission rate R,,..,. = R° + o) transmits slots of ag + 6, bits. aud the
slowest switeh (with transimission rate R, = R — o) transmits slots of & bits { j.e.
without exeess bits). In order for the slowest switeh to trausfer slots inserted by the

fastest switeh. the following relationship is 10 be satisfied:

o+ hnuz.r a
= (3.1)
R~ 4+ a R~ —a

The Teft hand of equation 3.1 is the nominal time spent to transmit a slot at the
fastest switeho and the right hand is the nominal time required to insert a slot at the

slowest switeh., From equation 3.1, we have

20 .
oy = KX {3.95)

<« — G

é

The explanation of 8,,,, is that in order to prevent the slowest switeh from running
out ol buffer space. the length of the excess bits of a slot transmitted by the fastest
switch should be at least 8, bits: so that the slowest switeh can have enonugh bits to
discard for increasing its slot rate. By discarding excess bits to make up the difference
of transmission rates. the slof rate of the slowest switeh can be the same as that of

the fastest switceh.

Threshold \,

We have established the minimum number of excess bits that is required to be ap-
pended by the fastest switch, Now we establish A, to control the transmission of

excess bits at different switches.
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When the length of the butler reaches Ay bitse it means slots are being received
faster than they are being transmitted. which may happen during cither the initial
ization procedure or the regular operation of the network. During the initialization
procedure. when a switch sees that the length of the butfer is below AL it inserts a
new slot. The threshold Ay is used to restrict the length of incoming butler at the end
of the transmission of the new slot?. On the other hand. during the resular operation
of the network. it requires that the length of the butfer not excecd s bits hefore the
switch completes the transmission of the previous slots (readeor plus pagload). which is
assured if X, is guaranteed during the initialization procedure®. When the number of
bits in the incoming bulfer reaches AL the excess bits of the slot currently in transit
is truncated. and the switeh starts transmitting the buflfered slot to inerease the rate
that the switeh transmits slots.

To get Ny, we assume that the {astest switeh can not transmit (Ao - Ny ) bits
when the slowest switch transmits 6,,,.., + o bits, which is what hiappens during the

initialization procedure. Therefore:

A'J - Al . o+ h/ntl.r

= 3.6
R + a R* — o (:8.6)
And the solution is
-
Ay =N+ o+ 0,,.,) ~ ,*‘; +l:. (3.7)
R -— (Y

3.3.3 Operation

To implement the above idea in a two-connected DMN, the operation can be carried

out by two receiver processes (RP), a switch process (1) and a transiitter process

21t should be made elear here that during the initialization procedure. when o switeh inserts a
new slot after it detects the incoming bufler is less than Ay, it appends the maximuom length of
excess bits 6, to the slot. This is because at that moment, the switeh does not know whethor
its transmission rate is faster or slower comparing to other’s. Appending &, bits achicves 2 great
flexibility.

3detailed derivation can be found iu[Max8s)
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(XP) in every switch, Two RP's control the receiving of incoming slots and discarding
excess bits. SPodecides the ronting of slots and synchronizes with Xp during the
transiission of slots. X is responsible for inserting slots and appending excess bits
to cach slot. The synchronization of sp and Xp is controlled by the following three

signals:

I. STGUNSERT): with this signal, SP notifies Xp to start transmitting slots buffered

or inserting new slots.,

2. STG(s1or): with this signal, sp asks XP to terminate its current transmission
at both ontput ports.  Phis signal is followed by a STG(INSERT) to notify Xp to

proceed to transmit the next two slots.

3. STG(EX): with this signal. XP notifies SP that a maximum number of excess

bits have been appeunded to slots transmitted.

Receiver Processes(kr’)

Each RP controls one network input interface. The function every RP performs is

summarized as follows:

. When the switeh starts operation, RP clears the associated incoming buffer.

2. Upon receiving a slot from the incoming port, every bit making up the header

and the payload of the slot is shifted one by <m:e into the incoming buffer.
3. The bits of excess part of the slot are discarded.

1o I the switeh is the destination of the payload of the slot. i.e., the receiver
address of the payload matches the address of one of the stations attached to
the switch, the payload of the slot is copied and the ps flag of the slot is cleared

to be (.
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Switch Process(sp)
The function performed by sp includes the routing and transmission of slots,

I. When the network starts operation. sp generates two empty slots, and signals

XP by STG(INSERT).

2. Upon notification by SZG(EX) or one of the two incoming butler has more than

A, bits. sp does the following:

(a) If sp is notified by STZG(EX). it means that Xpr has transmitted the maxi-

mum number of excess bits of the slots, therefore.,

1. Il none of the incoming buffer has more than Ay bits, se performs the
same function as .

ii. If only one of the incoming butfer has more than A, bits, SP removes
the slot from the buffer and generates an cmpty slot, rontes two slots
and signals XP by STG(INSERT) to transmit two slots.

ii. If both incomiug buffers have more than A, bits, sP removes them
from the buffers, routes them and signals Xp by SIGONSERT) for

transmission.

In the above three situations, the first two of them happen only during the
network initialization. Onece the network enters regular operation, i.e. after
both RP have heard transmission, no more empty slots are to be generited.
When an empty slot is generated, s does not il it with paylo o canse

the whole network connectivity is yet unknown to sp.

(b) If one of the incoming buffers has more than A, bits, si wials Xpe by

SZG(sTOP) 1o terminate the current, transtnission of slots.

1. if both buffers have more than A, bits, SP removes one slot from cacly

buffer, routes them and signals Xp by STGOINSERT) for transinission.
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ii. if only one buffer has more than A, bits. the slot is removed and routed
with a slot cither from the other buffer if the buffer has more than
bits. or a generated empty slot if the other butfer has less than \,
bits during the initialization of the network. sp then signals Xp for

transmission of the two slots.

Transmitter Process(Xxr)

Xr performs functions of transmitting header and payload parts of slots and append-
ing excess bits, Transmission of slots is triggered by STG(INSERT) and terminated by
STG(srTor), summarized as follows:

Upon receiving STG(INSERT), XP starts to forward two slots at two output ports
atl the same moment using the same transmission rate. After the header and payload
parts have been transmitted, Xp starts to pad excess bits until it either receives a
STG(sror) or the maximum number of padding bits have been added to each slots.
in which case, XP sends a STG(EX) to SP and terminates transmission.

I appendix ALLL we present a part of SMURPH source code that models the

operation of the processes.

3.4 Asynchronism in Non-slotted Networks

Asynchronism in a non-slotted network s caused by two reasons: (1) the arrival of
cells from a ring is intermittent. thus the interval between two consecntive cells. in
the general casel is not predictable; (2) the distributed clocks have their own rates.
This section studies possible ways of dealing with the asynchronism with emphasis

oty the first case.
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3.4.1 Synchronizing Departure Times

In a non-slotted two-connected DMXN. it is impossible to align a coll from one ring with
a cell from the other ring within a switch for the arrival time of cach coll is unknown
to a switch at any moment. From the point of routing decisions heing e, there

are two practical ways of synchronization: non-blocking and quasi-blocking.

Non-Blocking

The method of non-blocking actually does not synehronize incoming cells, very cell
is routed individually and is subsequently retransmitted immediately il there is an
available port.

For every switch, cach incoming, cell is first buffered long enough for extracting
ronting information. After that, if a cell is 1o be relaved. it is ronted to the available
port which may or may not be the cells preferred port. In the case of both output
ports being busy - which is the case when the cell arvives at the switeh while the
switch is in the middle of transmission of previous cells (e.g. Tocally inserted cells),
the routing and transmission of the incoming cell is delaved nntil one of the output
port becomes available. In order to minimize the delay of incoming cells, transmission
of local cells does not take place unless there are not any incoming cells ready to be
relayed. Therefore. as long as there is an available output, port, an incoming cell will
be relayed withont, any further delay of a predetermined length.

The technigue is casy to implement, but it introduces unnecessary deflections that
causes inefficiency as shown in figure 3.5.

In figure 3.5, 'y and (', are two cells from the column ring. and 12, and 1t, arc
two cells from the row ring. The scquence of the fonr cells arriving ot the switeh
is By, 'y, By and (5, and the intesval between two consceentive cells is less Gl o
cell long. The preferred port of 12y, €'y and (7, is the column ontput port, and the
preferred port of 2, is row output port. Assume when /¢y is to he transmitted, hotl

output ports are idle.
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C"

column ring

row ring

switch

Figure 3.5: Non-blocking synchronization in a non-slotted network.

Uising noun-blocking synchronization, the sequence of retransmission is:
L. 17y is routed to the colimn port:

200 is ronted (deflected) to the row ontput port. because when (Y is ready for

transmission, 2y is being transmitted via the column port;

3. Ry is routed to the column port for €7y is being transmitted via the row output,

port..
1. (%5 is ronted to the row port for the similar reason as (7).

In such a scenario, non-blocking causes 3 deflections - deflections of (7. Ry and
5. But il the intervals between (7 and (7. and R; and R,. are zero, with aligning
introduced for slotted network. only one deflection is necessary. Compared to the

aligning method. non-blocking causes three deflections. It is by no means efficient.

Store-and-Forward

Non-blocking method is casy to implement but causes unnecessary deflections. This
is because routing decision is based only on one cell - the eell to be relayed.
Store-and-forward is another synchronization method which stems from slotted

networks where slots from two rings are synchronized before routed. An incoming

cell from one ring is stored in the incoming buffer until the arrival of a cell to the
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other input port. Then routing decision is made for both cells in a way identical 1o
slotted networks using aligning to synchronize.

Store-and-forward canses unrcasonable delay under light load. because there are
only a few transmissions oceurring in the medinm. 1t is also likely to inear deadlock.
Deadlock appears when a switeh buatfers a celll for example from the row ring. and
waits for a cell from the column ring. Therefore. the switeh blocks the transmission
on the row ring. A number of switches in such a state may form a cvele that blocks
the transmission of 1 or more rings. then deadlock is likely to spread to the whole
network.

The potential cyele can be broken by introducing a time-ont mechanisim that eads

to a quasi-blocking syuchronization.

Quasi-Blocking

With this method, a time-out timer is added to the storc-and-forward imcethod so that
a cellis buffered for a duration of up to a predetermined length which is asually eqnal
to the length of a cell.

After a cell is ready for routing. it is first delayed for up to the length of o coll,

duriug which:

e il there is a cell arriving at the otner input port, and its routing information is
already decoded, the switeh makes the ronting decision for both cells using the

same way as using aligning in a slotted network.

e otherwise, at the end of the delay the cellis treated the saumne way as non-hlocking

synchronization doces.

As will be compared in section 4.2, the ronting of quasi-blocking outperforms men-
blocking by a great amount in terms of thronghput achieved. This is hecanse (uasi-

blocking provides more information for making ronting decision. Consider the- s
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incoming sequence of cells in fignre 3.5. which is now plotted in figure 3.6, using

quasi-blocking synchronization, what happens is:

column ring

row ring

switch

Figure 3.6: Quasi-blocking synchronization in a non-slotted network.

L. 12y s delayed for the length of one cell before transmission.

I~

By the end of the delay, (') is ready for transmission. then Ry and € will
be transmitted via column and row port respectively (sappose By wins the

contention for the column port).

3. By the end of the delay of Ry, (72 is ready for transmission, then R, and (7 are

routed to the row and column port vespectively.

With quasi-blocking, there is only one deflection (deflection of (7). The conse-
quence of the synchronization using non-blocking and quasi-blocking are compared in

figure -1.6 and figure -1.7. where the throughput by using quasi-blocking is mnch larger.

3.4.2 Distributed Clocks

In the previous two sections, non-blocking and quasi-blocking arve discussed assuming
a svnchronous network where all switches use the same transmission rate. As in a

slotted network, in real situations, it is always possible that there exists a small but
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non-zero difference of local transmission rates. The speed of electronie sisnals or light
may also vary in the transmission medium. But the resulted asvnchronism is mueh
less relevant than that in a slotted network. and the methods introdueed above are
still applicable.

This is because, first. in a non-slotted network. there is nsually an idle interval be-
tween two consecutive cells anyway. regardless ol clock rates. The idle interval serves
naturally as a virtual buffer for slower switeh to receive faster cells to solve Py, For
Saster switches (i.e. problem Pp). buflering a few more bits than otherwise HCCOSNArY
allows to retransmit slower cells normally. Therefore. the above two methods can be
used withont significant modification.

Second, in an extreme case that a foster switeh continnonsly inserts cells into the
link to which its immediate and slower successor is connected, to prevent hutlers of
the slower switeh from overflowing. traditional point-to-point How/congestion control
method is more worthwhile! than the way of handling asvnchronism cansed by differ-
ence in clock rates and link irregularity. 1t is different. from a slotted network where

such asynchronism can not be handled by flow /congestion control methods.

3.5 Conclusion

In a multi-conuected network, synchronization deals with different arrival times of
packets and non-zero clock tolerance. It is very important for ronting which makes the
decision to movea slot/eell from one ring to another. In the chapter, we have diseussed
methods of synchronizing flows of rings in a two-connected mesh networks. We have
shown using aligning and buffering in a synchronons slotted network, and presented a
method of dealing with distributed clock rates in an asynchronons network. Basced on
the approaches for the slotted network, we have also studied possible methods sueh

as quasi-blocking in a non-slotted network where all the packets are of cqual lengtl,

The detailed discussion is beyond the scope of the thesis.
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All the methods are presented from the point of whether a ronting decision is made
for two slots/eells simultancously or every slot/cell individually., These methods can

he ecasily extended to mesh networks of higher connectivity.



Chapter 4

Two Random Deflection Protocols

In this chapter, we study the performance of two communication protocols of DAIN.
From the point of view of deflection routing, both protocols use a Random Deflection
method: at every intermediate switeh, a slot/cell is ronted to the output. port. which
minimizes the remaining distance to its destination measured by hops. I'wo protocols
differ at the medinm aceess methods: SRDP nse slts while CrpE does not nse stots
but assnumes there are cells - packets of eqnal length. The performance nnder iniform
traflic is compared for square or rectangular node arrangements as well as the two

derivations of 8 x 8 CTRDMN, £48 and L£64.

4.1 SRDP — Slotted Random Deflection Protocol

We study the protocol for two-connected DMN where cach switeh has two injmt. links
and two output links. As stated carlier, the protocol (Skbr) basically performs two
functions -~ it nses a slotted scheme 1o aceess the medium and it decides a one-hops.

at-a-time routing for cach full slot..
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4.1.1 Operation

The operation of the protocol includes the insertion of payload into an empty slot.
removal of pavload Lits from a slot, svnchronization of two slots within a switeh and

deflection routing,

Insertion and Removal

It is simple to insert payload bits to an empty slot: after a switeh detects there is
an cmpty stot, the switeh can inserts the payl ad bits i there are some locally
generated and quened into the slot and set the payload status (rs) flag to be 1.
The protocol assumes destination removal strategy: when a switeh deteets that
the payload of an incoming slot is addressed to the switeh, or one of the stations
attached to it it copies the content of the slot. Then if the switeh has some payload
bits to transmit, it does so by inserting bits to the slot when retransmitting it without
changing the ps flag: otherwise, if the switch does not want to transmit any payload
bits, it retransmits the slot aftee clearing iis s flag to 0 to indicate an empty slot.
Fvery slot passing through a switch is buffered long enough so that after the
addressing information is decoded, the switeh is still able to change the rs flag and
insert new payload bits into the slot. This improves the use of slots but introdncing

some more delay.

Synchronization

SROP uses aligning method discussed in the last chapter to achieve synchronization
of slots from row rings and the cohunn rings. Slots from the row and column rings
are delayed for a different amount of length before routing decision is made. The
routing decision is made for two slots, one from row ring and one from column ring,
at the same moment, and retransmission of two slots takes place at the same time

via ditferent output ports.
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A non-zero clock tolerance is considered in the protocol. 1t is handbed by append
ing excess bits. The maximm achievable thraughput is smaller when appending bis
to a slot. However, the reduction is not caused by the method of appending hits itsel
but by the fact of the distributed transmission vates which canses two problems that
prevent the full atitization of the link bandwidth. On the other hand, the routing
performance of nsing appending bits! is the same as a purcly svuchronized network
for the fact that a routing decision is made for two slots, and slots in SRDP are the
same as i a syuchronons network in terms of routing information. The only ditferenee

between the two is the length of slots that doesn’t allect routing.

Deflection

Random de flection is nsed in SRDP. The only ontput port minimnizing the remaining
distance to the destination is the preferred port ol a slot. Iovery routing decision
tries to ronte both slots to their preferred ports. I there is a contlict, the randomly
selected loscr is transmitted via the other port that causes a dellection.

The number of slots detlected can be deereased by introdneing more bhutler capac
ities at the ontpnt ports. However, in practice, deflection is not avoidable nnless the
output buffers have infinite capacity, Randow defleelion is able to take advantage of
node arrangements having shorter ASD as well as communities-of-interest tratlic, bt
it is impossibic to predict the longest ronte a slot will travel from its sonree Lo Lhe

destination.

4.1.2 Performance
Simulation Parameters

The simulated environment is specified in section 2 1. In addition, since we consider

a small clock tolerance, we further assume that.:

Tas well as adopting a master clock
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1. the clock tolerance o is 1% of the nominal bit rate?:
2. the maximum excess daration é,,,, 1s 9 bits:

3000 s 9 bis*:

1., s 36T bits,

Besides the common measures delined in section 2,50 we detine Deflection Probabil-
ity as the probability of & full slot being, deflected into a longer path toits destination.
It is measnred by the total number of full slots deflected to the total number of ront-
ing decision made. Sinee every ronting decision is made for two slots, the deflection
probability is below 0.5,

Stnee SKDP can take advantage of topology. we simulate SRDP for node arrange-
ments of CTRDMN. The results presented in this section are lor regnlar square or

rectangular topology and uniform traftic.

Global Throughput and Message Access Delay

Infignre L1 we plot message aceess delay against thronghput (7)) achieved by Srbr.
Frenre L1 indicates that the maximum elobal thronghput inereases as the number of
switches inereases, which results in a larger number of vings. The global throughpnt
is proportional to VA7 (roughly (1.55 + 0.05) < VA7) where the number of switches

is A7 (sce table 101).

Deflection Probability

In Figure 120 we present the deflection probability as a function of normalized

throughput (7). When the throughput is fairly low. sav below 10% of the maximum

"It is a fairly large tolerance in real life. But in fact, any smaller value of o vields similar results,

in the sense that the throughput is a little (invisibly) higher, and the routing performance retnains
the same because tolerance is irrelevant to routing.

*Actually, every stot is butfered for 10 bits for extracting routing n forimation.
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Figure 1.1 Performance of Sk,

Topology 1431611, 8%]6,6]8,5
Thronghpui(7) 6.5 7.1 8.5 8.8 2.6

T/VN 1.6 1.5 1.5 1.5 1.6 l

Table 4.1: The maximun throughput of Skne with respect 10 VA7
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achievable throughput, the deflection probability is small for every node arrangement
and the difference is invisible. But when the throughpat inereases. so does the de-
fleetion probability. When the maximum throughput is achieved. almost every slot s
full. Therefore, deflection probabilities reach their maxima.

In the enrves shown in Figure 120 it is observed that under heavy load. 6 =< 6
topology has the largest deflection probability which is nearly 035 and 1 x | has
the lowest. To explain this. in table 1.2, we give the probability of a slot having a
preferred port when the slot is at the first hop to its destination.

Table 1.2 is constructed by caleulating different hops to the destinations via row

and column ports under uniform traflic assumption as illustrate in figure -1.3.

Assume the upper left switeh is the source station. [(0,0)} In the figure. there

are two numbers associated with cach switeh, represented by a box. The first is the
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Topology L AN B AN N
eoforred Porta i 1 1
Preferred Ports = = 0

Table 1.2: The ])I‘nlml)ilil_\' of a preferred port.

number of hops to the switches via the row port ()I'R0,0) . the second s the nmmber

of heas via the column port. In the tigure. there are 9 stations cach of which has the

same distance from [(0,0) | via whatever port. The other 26 stations have dilferent

distances via different ports,

Figure 1.3: Port Preference of 6 2 6 under aniforim traflic,

Figure 4.3 and table 4.2 reveal the probability of a slot having, preferred port
when the slot is just filled under uniform trallic, i.e. this is the probability of having,
preferred port in the first hop. The probability of having a preferred port increases
as the slot advances towards the destination.

It i E4irly difficult to derive an accurate analytical model 16 deseribe the relation

ship between the probability of having a preferred port and deflection probability, h
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is even harder considering different load situations. The simulat 1 results tell us that
topologies with larger probabilities of having a preferred port at the first hop. such

as 6 7 6 and 1 - 60 tend to incur larger deflection probabilities especially for beavy

l(h'l(l.

Average Additional Hops

Another performance measure is the average length of rontes a full slot traverses
before reaching the destination. The lensgth is measured in hops. The actnal length
inchides two parts: a shortest distance which is decided only by the topology and
traflic distribution, and an additional length caused by deflections.

In figure 1.4, the average additional hops between a pair of sonree and destination
are normalized by the average shortest distance (ASDyy, ). i.c. AH. and plotted as a
function of normalized throughput for comparison. The figure shows that on average,
a slot travels less than twice the shortest distance even for heavy loads, with slots in
1 travelling approximately 1.5 of the shortest distance and slots in 6 x 6 donbling

the shortest distance.

Distribution of Additional Hops

In Figure L5 distribution of the additional hops is presented.  The frequencey is
plotted against the additional hops a slot traverses before reaching the destination
when maxinsum throughput is achicved. For node arrangements of CTrRDAMN. one
deflection causes a slot to travel 2 or 4 additional hops. In 4 x 4.4 x§ and 8 x 8. one
dellection canses a slot to travel exact 4 additional hops. while in 1 x 6 and 6 x 6, one
deflection may causes 2 or 1 additional hops (See figure 4.3).

The curves in figure -L.5 illustrate that under heavy load, most (70%+) of the slots
will reach their destinations with no more than 2 deflections. On the other hand, there
are some slots that will reach their destination after traversing more than 10 times

the average shortest distance. Ina real network, these slots may be discarded by some
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(T

mtermediate nodes tor their time-to-live in the network ors may canse a connection
timed out. The drawback becomes even niore serious i a0 multi packet IeSSaEe 1S
to be trausmitted across the network. Inosueica case, sinee packet toss is inevitable.
1t may take a very long time (possible forceor) to receive the entire message, hits

problem prevents SRDP protocol from heing a veal lite possibility.,

4.1.3 Conclusion

The section studies a slotted protocol (SRDP) using Random D flection (o route slot s,
Every two slots are routed together. Fach slot is routed to its preferred port which
minimizes the remaining distance of the slot to its destination. If the preferred port s
given access to another slot when the slot is ready for retransmission by a switeh, the
slot is ronted to the other port which leads to a longer ronte to the slot's destination.

Both the operation and the performance of Sgbr are presented. Most of the
techniques used in SRoP, such as aligning syuchronization, Randow Deflection, and
using appending bits, have been discussed in carlier chapters in detail. 'The deseription
of the operation of the protocol is briel. As to the performance, a most significant
feature of SrpP is that it yields incereasing global throughput with the size of the
network. which is a feature of mesh networks, One drawback of the protocol is it fails

to gunarantee an upper bound on the delay in the network.

4.2 CRDP — Non-Slotted Random Deflection Pro-

tocol

In this section, we study a non-slotted protocol Crbr that uses the same deflection
routing strategy as SRDP, bhut does not use slots.  Instead, the protocol assinmes
cqual-size prackets cells, rinning in the network. Fach ccll contains o header and
a payload part. but the header does not contain the payload status flag as in s slot.

A switch willing to transimit inserts a cell into the link when it is allowed to do s,
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Cells are removed from the rings by their destination switches. The next two sections

provide deseription as well as the uniform performance of the protocol.

4.2.1 The Description of CrRDP

The desceription of the protocol ineliudes the defleetion rules. synchronization of in-

coming cells. and the insertion of local cells.

Deflection

As in a slotted network, a switeh buffers a certain number of bits of a cell when the
cell is received by the switeh, After that, the switch makes a routing deciston for the
cell to be retransmitted.

The deflection rales used in CRDP ave similar to that of SRpP which is desceribed
in section 2.3.1. In the case when there are two cells. one from ecach ring. ready
to be routed, the routing decision is made according to the same rules deseribed in

section 2,301 In the case that there is only one cell to be ronted. the switeh makes

the ronting decision for the cell individually. The routing rules for one-cell routing is:

L. I two output ports are available, the cell is routed to its preferred port if it has

one, or to one of the two ports at random:

2. there s another cell being transmitted at one of the output ports, the cell to
be ronted is retransmitted via the other port no matter whether the port is the

cell’s preferred port or not.

3. 11 there is no port available for transmitting the cell. the cell is delayed antil

one of the output port is available, and it is retransmitted via that port.

In general, when a cell can nwot be transmitted via its preferred port, the cell is

deflected immediately to a longer route to its destination.
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Synchronization

One feature of CrOP is that asvuchronons colls instead of slots are used in the net

work. The gap between a cell and its predecessor is not fixed and, in seneral case.
unpredictable. Therefore, when a switeh makes a decision for a cell from one ring,
for example row ring. the switeh has no knowledge abont the moment when the next
cell arrives at the switch from the column ring. Routing decisions without knowl

edge of the cells from both rings cause unnecessary dellections. and in turn, deercases
throughput.

This has been shown in section 3.1 where techniques of non-blocking and guasi-
blocking synchronizing are compared. Quasi-blocking delays the moment of deciding,
routing for a cell for up to one cell long.  Therefore. it decreases the nnmber of
deflections by considering the routing information of a cell from the other ring within
that duration.

In CrOP, quasi-blocking is used to improve the gquality of ronting. FEvery cell to
be routed within a switeh is delayed for up to the length of a cell. By the end of
the delay. if there is another cell coming from the other ring, the two cells are ronted
immediately.  Otherwise, the delayed cell is removed from the bulfer, routed and

transmitted individually.

Local Cell Insertion

l’sillg‘ (]lt(l.s'i-l)/()('/;ill,{/ in CROP.a switeh can insert a local coll into the link “lll‘\’ when
it deteets that at most one incoming cell is being delayed for transmisston and hoth

output ports are idle. It follows the following procedures:
o If there is no incoming cell being delaved for transmission:

1. If the switeh has two locally generated cells, the switeh can ronte and insert

them into different links immediately.
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2. Otherwise, if the switeh only has one locally gencrated cell. the cell is
delayed for up to the length of one eell hefore being inserted into the
appropriated link. During the delay, there mayv be another cell ready for
transmission. This cell can bhe either an incoming cell of the switeh or a
new generated local celll In this case, the delayed local coll is ronted and
transmitted together with the incoming cell or the new locally generated

cell.

o If there s an incoming cell heing delayed for transmission. the switeh rontes the

cell together with one local cell and transmit them onto the different links.

4.2.2 Uniform Performance of CRDP

As with SkRpr, Cror is simulated on node arrangements of CTRDMN. All transmis-
sion clocks in CRDP are assnmed to have the same rate. One measure - probability of
one-cell routing  is defined uniquely for CRDP to measure the ratio of the number of

ronting decision for only one cell to the total number of routing decisions.

Global Throughput and Message Access Delay

Figure 1.6 and 1.7 present different throughput performance of CRDP with
different. synchronization methods. Comparing these two lignres. CRDP using non-
blocking synchronization yviclds a mmuch smaller throughput.  The reason has been
stated carhier. For the following ﬁgnres-almut the performance of CRDP, we assume
quasi-blocking is used to synchronize incoming cells.

Figure L7 presents the performance of message access delay as a function of global
thronghput achieved. Similar to the results of SkRDPE. global throughput increases with
the size of the network and number of rings (see table 4.3). When the number of rings
is the samedsneh as 1x8 and 6x6. the topology with smaller average shortest distance.

such as squares, vields larger throughput. For light load, the message access delay is
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Topology AxA 4761 1-816-,618 -8

Throughput(7) 5.5 6.3

)
I

7.5 i1

T/VN 1.4 1.3 1.3 1.3 I .1

Table 4.3: The maximum throughpat of Crpre with respect to VA
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comparable to 0. And the node arrangements with more rings have lower message

access delay.

Routing Probabilities

There are two ronting probabilities of interest. Oune is the one-cell routing probability
and the other is the deflection probability that reflects the probability that a cell has
a preferred port, but it fails in the competition for that port and is forced to take
a longer ronte to the destination. In the case of one-cell ronting. the cell is always

routed to its preferred port it it has one.

One-cell Routing Probability

The one-cell routing probability is plotted in figure 1.8 as a funetion of normalized
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thronghpnt. It is very high for light load for there are only a few cells existing in
the network. When the load inercases, the probability drops: more of the cells are
routed with their connterparts from the other rings. The ditference of one-cell ronting
probability is quite small for different topologies. When the maximmn thronghput is
achieved, there is a considerable number of packets, more than 309, that are routed
mddividnally, The probability indicates that there are portions of links that do not
carry cells. In other words, link bandwidth is not flly utilized. This contributes to

the reason that the maxinnim throughput of CRDP is less than SRbp.

Deflection Probability

The deflection probability of CrDi* is plotted in tigure -1.9. Compared to the results
ol SRDP ihe values of SRDP are slightly lower. This is because every routing decision

15 made for two slots in SRDPE, hat in Cror. some of the routing decisions are made
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for just one celll As with SkDP. node arrangements bearing o smaller preferred port
probability yvield lower deflection probability, The results convinee ns that. hesides
the load of the network. the preferred port probability is the most important factor

contributing to the deflection probability.

Additional Hops and Their Distribution

The enrves in figure 4010 and 101 are the performance of normadized additional
hops and its distribution of Crpr. Similar to SRDE. node arrangements having larger
deflection probabilities also resnlt in Larger normalized additional hops. Congpared
to SKDP, the values of CrOE is a bit lower sinee fewer colls are deflected, "V hepefore,

more cells arrive at their destination with none or one dellection,
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4.3 Performance of SRDP and CrDP for Irregular
Topologies

In the last two sections. we have presented the operation of SRDE and CRDE as well
as their performance under uniform tratlic for square and rectangular node arrange
ments. In this section. we brietly give the performance of the protocols for irresular
topologies.

We have presented two derivations of an 8 <8 CTRDAIN in ligure 2.3 (£61) and
in Figure 2.1 (£61). As we stated previously, £61 is a wayv of tuning £18 into a
symmetrical configuration but with non-uniform traflic hecanse some of the switches
do not generate or absorh traffic.

In £48, we assume uniform traffic so that every switeh has the same weight prob
ability of seuding and receiving slots/cells. Since the topology is not svimmetrical,
the resulting ronting distribution is not svmmetrical cither in the sense that the
source-destination distance has geographical sense: some switches have smaller aver
age source-destination distances than others.

In £64, since we assume the 16 dummy switehies do not generate or absorb any
traffic, the absolute sonrce-destination distance is the same for every switel if we do
not consider the weight of traftic, but the traflic distribntion amone 61 switehes is
different.

The simulations are done for both SRpP and CroP with the assunmiption that all
the transmission rates are the same.

In figure 4.12. L48.slol stands for the results obtained for SRpr and £185.00 11
stands for the result obtained for Crop. L64.slal and L64 0l are defined similarly.
From the figure. we find that introducing 16 dummy switches inercases throughipt,
by about 20%. The achieved throughput for Skpe is quite close 1o that of the 8 - 8
configuration with SKRDP, and so it is for CrpP. This is bhecause by introducing

dummy switches, the total number of links increases a lot, from 96 to 125, hut the
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average source-distance inercases relatively hittle (fer to table 2.1).
Figures .13 to -L15 present other performance measares for £18 and 64, 1w
found that the additional throughpnt gained by adding 16 dumimy switches is at the

cost of incurring more deflections and incercasing the end-to end delay in the network.

4.4 Conclusion

CRrDP can be regarded as a non-slotted extension of SRDEP. T sniproves the miessape
access delay under light traflic load and decresses the deflection probability, the
decreasing the average end-to-end delay. The quality of routing is also inproved
in the sense that more cells reach their destinations by cavelling shorter distanees

(comparing figure 4.5 and 4.11). On the other hand, it trades the global thranghipin
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becanse the orecw e can not utilize the whole link bandwidth. It also inherits the

drawback of SRDP that the overall delay of a cell has no upper-bound.
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Chapter 5

A Vertical Deflection Protocol

ln chapter 10 two protocols using Random Deflection are presented. Deflection in
these two protocols takes place at every intermediate switeh if there is a necessity, It
is symnetrical in the sense that a cell/slot may he deflected to cither a row ring or
a column ring with the same probability. Since multiple paths exist between a pair
ol source and destination, it is impossible to predict along which ronte a cell/slot
will reach its destination. Therefore, this property fails to gnarantee a bounded delay
between communicating switches.

In this chapter, we present a new slotted protocol Svpr  which stands for Slofted
Viertical Deflection Protocol. The protocol uses Vertical Deflection which means that
only column-to-row deflections canse slots to travel a longer path to their destinations.
The dellection is an asymmetrical one but ensures a bounded delay between any two
switches.

In order to simplify the discussion, we define three traflic patterns:

e row traffic: a switch communicates with another one which is in the same row

ring as the source.

e column traffic: a switch communicates with another one which is in the same

colummn ring as the source.

|9 9
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e remote trzafhic: all other communications.

5.1 Operation of SvDp

SVDP uses a slotted access scheme. The structure of a <lot in SVDE s the sanme
as that of Skpr and so is the handling of the pagload status (1s) Hag.  Dilferent
syuchronization methods have been discussed in previous chapters. In Svor, we
adopt the buffering method to synchronize slots from different vings. althongh nsing,
ol aligning method will yvield the same performance except for the delay within a

node.

5.1.1 Description of Protocol

SvDP is a slotted protocol. A number of non-overtapping slots cirenlate in cach ring
in the same way as in SRbP. These slots are not necessarily synehronized, which
means that column and row slots arrive at a switeh at different moments.

A switch willing to transmit a segment awaits an cmipty slot. Then il the cnipty
slot is a column one (l.eo coming from the column ring), the switeh fills it with
payload of column traffic. otherwise. the switch lills it with payload of cither row
traffic or remote traffic.

Each switch buffers a certain number of bits of every slot passing throngh it, to
(l';;‘)]

receives a full sloi from the row ring. Suppose that this slot is addressed to a switeh

decide how the slot should be ronted. Assume that an intermaoediate switeh

(71, ¢)| attached to the same colimn ring. Switeh [ (r.c)

transinits the row slol into

the column ring immediately after it completes the transimission of the last colmm
slot and deflects the next, column slot to the row ring. Otherwise, the switeh just
relays the slots independently on both rings.

There may be a delay betweero the thme a switeh detects o row slot 1o he ronted

to the column ring and the tiime when this operation can actually take place without
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damaging the columm slot enrrently in transit. The delay tarns into a gap in the slot
streain in the row ring, becanse while the switeh is waiting to insert the row slot into
the column ring, it has nothing to relay 1o the row ring. Conscequently, the next row
slot will have to be buffered hecanse the deflected colnmn slot is Leing processed.

In order to synchronize the transmission of row and column slots in the above
situations, the buffering method introdaced in chapter 3 is adopted. Upon deflection.
a switch moves the row slot to the RDB and generates an empty slot going into the
row ring. When the colnmn slot arrives at the switceh. it is bulfered in ¢pi prior to
transmission into the row ring. Since a new slot is generated whenever a deflection
takes place, to restrict the munber of ontstanding slots in the network to avoid running
ant of bulfer space, only full slots are buffered and empty slots arve discarded.

The collection of the processes that perform the function of the protocol is de-

scribed in the next section.

5.1.2 Operation of Protocol Processes
The protocol of SVDP can be modeled by four interacting processes of two reccivers
and two Lransmitters. The synchronization of slots from row and column rings is
carried out. by STG(DEY) sent from row recciver to column receiver.
Row Receiver

I. Receive the header of a slot from the row ring.

2. A slot s discarded il it is empty. Otherwise, if it is addressed to one of the
stations attached to the switch, the payload of the slot is copied, and the slot

15 discarded,
3. Otherwisedif the slot is a full slot but 1t is not addressed to the switch:

(a) i the destination of the slot is attached to the same column ring as the

switch does, the slot is shifted to RDB and a SZG(DEF) is sent to column
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A

receipor,
(b) otherwise. the slot is shifted into v,
Column Receiver
I. Receive the header of a slot from the column ring,

2.0 A slot s discarded i 1 s empty. Otherwise, i it s addressed to one of the

stiions attached to the switeh, the pavload of the slot is copied, and the stot

is discarded.
3. Otherwise, if the slot is a full slot but it is not addressed to the switeh:
(a) if a STG(DEF) is received, the slot is shifted to cpis

(b) otherwise, the slot is shifted to CR.

Row Transmitter

LI ¢DB s not empty, transmit the slot in ¢bB via the row port.
2. Otherwise, if RB is not cmptyv, transmit the slot in BB via the row port.

3. 11 both buffers are empty. a new slot is generated, filled with payload bits of

row and re- - Tlie and transmitted via Lthe row port.

Column Transmitter
L. If RDB Is not empty. transmit the slot in RDB via the colnin port.
2. Otherwise, il B is not cimpty. transmit the slot in B via the row port.

3. If both buffers are empty, a new slot is sencrated, filled with payload hits of

column traffic and transmitted via the row port.

The SMURPH sonree code modelling the processes is provided in appendiz A2
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5.1.3 Length of Deflection Buffers

During synchronization, every slot is delaved for a period of time. The duration of
butfering within cach buffers, two deflection and two delaving butfers. is studied in
this section. We assume that all switches use the same transmission rate.

When the network starts operation. all the bullers are cleared.  The network
starts by inserting empty slots via the onpat ports. The minimum requirement of
the maximum capacity of RDB and ¢DB is two slots. [t can be illnstrated with the

help of fignre 5.0 which is similar to ligure 3.3,

R R

- 1 B RB switching
. NN h —
B
§ ; = RDB §

C, ¢ | .

| . 1 = B, CB : . '
= CDB

Fignre 5.1: Operation of Svpp.

In tigure 5.1, £y and Ry, and ) and (', are two consecutive slots coming from
the row ring and the columun ring respeetively. #; stands for the arriving time of cach

slots. For simplicity, £; is measured by bits. We make the following assumptions:

e Ay is the lirst row slot that is to be routed to the column ring at the switch.

The gevneral case of row slots is therefore same as Ra.
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e When /s ready for routing. RO and ¢ ave cmpty. And BR and ¢l contain
o, and &, bits respectively,

e The difference hetween 4,4 and 1, is strictly less than one slot,

e All of the slots are full slots hut not addressed to the switeh.

It is important to know that &, and o, are shorter than a slot, In o svnchronous

network. before any deflection take place, the vow ring and the colmmn ring a

i
switch are decoupled. The length of ®y ()i sal to the remaining bits of a slot
that being transmitted via the row (colimmnt o+ hen the first incoming row slot is

ready lor routing; the minimuni requirement o the length of ®B (CB) is shorter than
a slot and satisfies equation 3.1. Since cmipts vas well as destined) slots ave discarded
belore RB and ¢B, it is possible that when i is ready or routing, RB or ¢B or both
of them are empty but the output port s wae transmitting slots, In this case, o, and
0. are extended to stand for the length of the remaining bits of the row and column

slots being transmitted respectively.,

Delay of /7, in RDB

1 s shifted to RDB after the routing information is extracted. [2, is transmitted
= I

immediately after the transmission of the 8, bits which is currently stored in o the

remainder of the predecessor of (Y0 Note that if 12, were not routed to the columm

port, the column trapsmiticr would transmit €'y instead of 2, therelore, the time 12,

is delayved in RDB is equal to £, — 1) + 6,

Delay in ¢npB

When R is shifted into RDB, there are 6, bits in kB waiting Lo be transimitted, There

arc two possibilities:

LI 6, = (1, — ty), which mcans when €0 s ready for ronting, there is still a

porticn of the predecessor of 127 being transmitted. In this case, €7 s shifted
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into CHB first. and 1= transmitted immediately alter the transmission of the

remaining ¢~ (F — 1) bits. Therefores the delay ol € in e s o. (r, 1),

2. Otherwise. &, -2 (o — ) which mdicates that before €7 1= shifted into con. the

row transmittor has started the transmission of a locally gencrated slot (possibly
empty). When ) s shilted imto cpioonly (42 £) &) of the new eencrated
slot has been transmitted. therefore, € has to be delaved for 00 1. 1 &, bits
before its transmission commences. Since the ditference hetween £ and 1 s

exactly one slot long, 14 — 15 + 6, is thus cqaal to s, - (1, 1),

So. the delay ol 'y in DB s &, — (12— 1).

Delay of /£, and (",

If 7, is ronted to the column port, since the transmission of 17 has not nishied . 12
has to be buffered in ’DB. When 2, is ready Tor routing, the length of ko e
portion of /#; that has not bheen transmitted is 75, - 1 1 o Therefore, 18, s also to
be delaved for the same amount of time as 2.

On the other handoif 12, s routed to the row port and when it is ready for ronting.
the transmission of (7p has not finished. Sinee € ds delaved Tor £ 1, 1S, bits, ¥,
is delayed in kB for é,.

The action for (%5 is the same as for €'y and is nat repeated here.

Conclusion

From the above analysis. we draw a conclusion that the maximum delay e the de
flection buffers RDB and ¢bB can be minimized 1o less than two slots,

The above deseription of routing processes and length of delay s based on the
assumption of the minimum buffering requircment. By inercasing the delay in o by
numbers of slots, some slots from the cobimn rings can be shifted into e oinstead of

¢DB during a deflection, which results ina lower deflection probability.
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=2.1.4 [Filling Rulec of SvDPp

When using Virtical Deflection. every deflection is triggered by oa row slot that s
ronted to s colinnn ring. It deflects o colmmn slot to the row ring and consequently
the colinnn slot causes another deflection to go back to the right cohimn ring if 1t is
a full slot. It s apparent that if a remote slot is sent ina wrong column. i.e. the
column of the destination is different from the colnmn ring the slot is transmitted.
there is i chanee that the slot will be mnning along the column fore vor for it is not
allowed to trigger a deflection to steer itself from the column ring onto the correct
row ring.

To avoid the above happening, a restriction is applicd when filling a slot. When
a column lransmilor generates an empty slot, it can only fill the slot with paviload
of cohimu traflic. On the other hand. a row transmiticr can fill a new generated slot
with a pavload of cither row or remote traflic, It is uscless for a row transmittor to

Bl an empty slot with colmmn traflic pavioad for it is just a waste of bandwidth.

5.1.5 Asymmetry Among Traffic Patterns

Unlike Random Deflection used in SRop and CRde. Vertical Deflection causes a col-
umn slot to traverse a whole row ring bhefore going back to the right column ring again.
The protocol thns adds more load onto row rings even thonugh only row and remote
trallic is initiated on the row rings. As a result. row rings are saturated much car-
lier than column rings. For square and rectangular node arrangement under uniform
traflic. the asymmetry is visible and is studied in the next section by performance

measures of diseriminating performance and slot utilizations.

5.1.6 Asynchronism

In Svor, problems caused by the asynchronism of distributed transmission clock rates

and link irregularity also exist. These problems have already been discussed earlier.
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and can be solved by the similar approaches. such as using 4 master clock, increasing
buffer capacities and nsing excess bitse As stated carlier, the routing peiformance of

the protocol does not change with the master ciock approach or appending, hits,

5.2 Uniform Performance of Svbyp

The performance of SYDP is presented below for square and rectangalar node
rangements under uniform traflic. Unlike cither SRDE o CRDEDSVDE s not abde to

take advantage of topologies of unidirectional rings. such as a shorter AS D hronein

by CTRDMN. The reasons are:

For every full slot carrving column traflic, it is first transmitted jnto the colnmn
ring no matter how far (or ncar) the destination is. Similarlyv, every fulf slot of

non-column traflic is first transmitted into the row ring anvway.
Every deflection is anly bhased on the knowledge of the index of a columin rine.

I a fudl slot s detoured from a colummn ring 1o o row ring. the slot traverses the
whole row ring and goes back to the right cobimmn ring, resardless the fact that
the distance traversed by the slot can be reduced hy i row to colinmn followed

by a column-to-row deflection at some nearby switches,

In the simulations conducted. we assume nodes are arranged into a CoDys. i
fact, the performance of SVDP remains the same for all such unidirectional meshes.
In the figures presented in this section. 1 2 9 indicates a confignration that there are
1 switches in a row ring and 9 switches in a colunmnn ring.

Besides the measures introduced carlier. we measure the deflection probability of
Svor by dividing the number of deflected full colmian slots by the mnnmber of total

full column slots. The column slots here include slots with o payload of cither column

traffic or remote traffic. but never row traffic.
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One more measure introduced to study the asvmmetry of SVbe is the utilization
of slots. The column slot utilization is measured by dividing the number of full slots
by the number of total slots observed at the column rings. The row slot utilization i
measured inoa similar way.

| =4

5.2.1 Global Throughput and Message Access Delay

Figure 5.2 shows the throughput and message access delay performance under uni-
form traflic. Again, mesh networks prove to have a very useful feature that increasing
the dimension of networks will increase the thronghput. However. an exception is
that 1 X 9 vields less throughput though this arrangement has more rings than 6 x 6.
This is because: first, 1 X9 has larger ASDyy, and second. the amount of remote and

column traflic of 1 x 9 is larger than 6 x 6, which potentially increases the number
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Table 5.1 The maximum thronghput of SvDE with respect 1oy 7

of deflections under high load as shown in Figure 3.8, Table 501 deseribes thie rela
tionship between the uniform throughpunt (7)) and VA7 Let ¢ \.’—(-.. the table shows
that ¢ decrcases as A7 increases.

The thronghput of SVbE is smaller than that of Skpr and CrROP Tor sane node
arrangements (consider table 50010 101 and 1.3, There are two reasons for this, The
more important one is that Random Deflecltion used in SRDE and CrROP causes the
penalty of deflection not to exceed 1 imore hops, but Vertical Do fleclion used by Sy
canses a detoured colummn slot to travel a whole row ring hefore comine back to the
right column. The difference does not decrease the throughput signilicantly of Sy
for 1 x -1 but does so for other node arrangements. As an indircet consequenee, the
slots can not bhe 100% atilized even when the maximum thronghpat is achieved, A
second reason is that the impact of Rando. « Peflection is local in the sense that the
detoured slot/packet is capable of getting on che shortest path at the next switeh, o
SRDP and CRDP can take topological advantaze sneh as shorter diameter in meshes
with adjacent opposite-directed rings. But the itnpact of Vertical 1 floction is plohal.
Every detoured slot has only one correcting site which is the switeh where the slot
was previously deflected. Therefore, it can not take advantage of the topologies as

Skpr and Crpr do.

Discriminating Performance

Figure 5.3 illustrates the asymmetry among different traflic patterns, In the sim

ulation, we assume two message quenes, one for colmmn traflic and one for row and
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remeaete traflic. Figure 5.3 plots message aceess delay for messages of colunmm teatlie
and non-column traflic respectively.

The enrves indicate that row rings saturate muach carlier than column rines, sinee
the column message access delay is mnch lower than its counterpart. For leht load,
the two are close, hecanse there are fewer deflections to detone full colinnm slots, When
the load increases, the message access delay of non-column traflic increases mach
faster while the message access delay of colmmn traflic still maintains at comparatively

low level.

Slot Utilization

Fignres 5.1 to 5.7 plot the slot ntilization as a funetion of normalized throughput.,
In all three figures, the column slot utilization incrcases abmost lincarly with the
normalized throughput, while the row slot utilization inercases maeh faster. When
the network achieves the maximum throughput, alinost all the row slots are full, bt
a large number of column slots are still observed empty. In contrast, in SRDE, alinost,

all the slots are full for the maximunm load.
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For square topologies, the coliimmn slot atibization is alwavs lower than the row slot
utilization under sey foo’ 3t for 1< 9. with 9 row rings amd 1 colummn rings, for light
load is low, since there s grvorecolumn and 12 < el the colnmn utilization is a
little higher. While the load increases, more eobzin and cemote traflic implies more
deflections so that the utilization of row slots inereases deamatically and exceceeds the

column slot utilization

5.2.2 Deflection Probability

The deflection probability is plotted in figure 5.8, There are very few deflections for
light load because most. of the column stots deflected are cimpty. As the load inereases,
more coliumun slots become full and the deflection probability increases. The detlection
probabilities of 4 x 4 and 6 » 6 are very close with the latter a little lower, But 4 -9
has the highest, probability. This is because 4 2 9 has the largest amonnt of remote
and colnmn traffic that potentially inercases the chances of deflection. Besides, the
column distance between a sonrce and a destination of a column or a remote traffic

in 4 x 9is larger than that of 4 4 and 6 « 6, which again inereases the chances of o
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slot being detonred along its ronte to the destination.
Unlike Skpp and Crpr. the deflection probability is only decids o by the amonnt.

of combined column and remote traflic and the colimmn distance to the destination.

5.2.3 Additional Hops

From tigure 5.9, when the load is heavy. it is found that the 4 x 1 arrangement has
the fewest normalized additional hops and 1 x 9 has the most. In a 4 x 4 network,
a deflection canses fewer penalty hops (2 less) than 6 x 6. although the deflection
probability is slightly higher. But for -1 x 9, the deflection probability is significantly
higher than 6 X 6 and 1 x 4. so that on average slots have to travel more hops

(.69 X< 5.657) than 4 x4 (0.32 x 3.2) and 6 x 6 (0.45 x 5.14).
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5.3 Non-Uniform Performance of SvDpP

As we deseribed in previons sections, a major weakness of SVDPE is the asymmnetry
existing among the different traflic patters. The asymmetry can bhe improved by a
skewed traflic distribution or a rectangutar node arrangement. The simulation results
presented bhelow desceribe the performance of Svpe under non-uniform traflic. The
weight of three different traflic patterns is specilied as: for any topology. the remote
traflic weights 20%; the row and colummn traflic shares the rest SOY% traflic and it is
uniformly distributed among nodes. For example. Tor a 1 > .1 arrangement, suppose
there is a message generator at a switch, for every message it generates, the message
is destined to 9 remote switches with a 20% probability, to the 3 row switchies and to
the 3 column switches with an even 10% chanee respectively.,

The purpose of such a skewed traflic distribution is to investigate the performance
ol Svbr in the presence of communities-of-interest as well as the asvinmetry among

different tratlie patterns under such a skewed distribution.

5.3.1 Global Throughput and Message Access Delay

FFigure 5.10 shows that in the presence of communities-of-interest traflic distribu-
tion, mesh networks exhibit better performance. The throughput of Svpe under
skewed trathic is much larger than that under uniform traflic. As an extreme. it is not
diflicult. to imagine that when all the traflic only has local signiticance. i.c. either local
row or local column, the combined throughput inercases to the sum of the maximum
throughput of all the row and column rings.

Fignre 511 presents the diseriminating message aceess delay perlormance of Svpp
under skewed traflic. It is noticed that for 4 x 9 configuration, the non-column message

access delay is lower than than column message access delay for most loads.

5.3.2 Slot Utilization
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The slot utilization of SVvDP under the skewed traflic distribution, as shown in
figures 5.12. 5,13, 5,11 and  5.15, is similar to the uniformm tratlic case: the increment
of column slot utilization is almost lincar and the utilization of row slots increases
faster. but the difference between utilization of row and colummn slots s mnch less
significant especially when the maximum throughput is achieved.

Figure 5.15 shows that under such a skewed traffic, for a particular configuration
such as 4 x Y. by inereasing the number of row rings. it is possible 16 improve the
balance between the load on row and column rings. In ligure 515, the utilization
of row slots is mostly less than the utilization of column slots. When the maximim

throughput is achieved, alimost all the slots  row slots and colummn stots in the network

are utilized.

5.3.3 Deflection Probabhility and Additional Hops

The deflection probabilities shown in figure 5.16 are smaller than those under
uniform traffic since there is less remote traffic that triggers deflections. The deflection

probability of 4 x 9 is larger than the other two for the same reason as in the nniforim
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Slot
Utilization

Figure 5.14: Slot Utilization of SVDP under skewed traffic. 8 x 8.
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Figure 5.15: Slot Utilization of Svbr under skewed traffic, 4 x 9.
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Figure 5.16: Deflection Probability of Svbe under skewed traflie.
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Figure 5.17: Average Additional Hops of SvbP under skewed traffic.

trallic case.  On average. for these arrangements, the reduction of the deflection
probability brought by the skewed traffic is about 5 percentage points.
Considering the normalized additional hops presented in figure 5.17, it is about

0.1 less than for the uniform traflic case for each configuration.

5.3.4 Conclusion

IFrom the simulation results, we {ind that, under a skewed traffic distribution that
favors local column and row traflic, the performance of SvDP is enhanced in the
sense that the global throughput increases while the deflection probability drops and

the balance among traflic patterns is improved.
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5.4 Conclusion

This chapter proposes a new protocol of two-connected mesh networks. Compared to

SRDP. the strength of the protocol includes:

1. The deflection strategy used by the protocol ensures a maximum distance he
tween any pair of source and destination a slot traverse. Therefore, the protocol

can be adoptad for a real network.

2. The control of routing is much simpler. In SRDP (as well as CrDEP). selection
procedure is very important during routing to avoid dellection prejudice that
causes deadlock and livelock[Max91]. In Svbre, the direction of defiection is

predetermined so that the overhead related to performing selection is eliminated.

3. Routing of SVDP requires much less information than Sepr and Crpre. It is

very useful when there is constant changes in the network.

On the other hand, SVDP introduces asymimetry among different traflic patterns,
But the flaw can be improved by skewed trafllic or adjusted topologies.

The performance of SVDP may also be enhanced by inercasing huffer capacitios
at the switches, such as incressing the capacities of CB. Thus a switeh will attempt
to deflect with higher priority the column slots that are empty (e.g. by delaying the
shifting of a full column slot to ). Inspecting figures illustrating slot. utilizations
(figure 5.4, 5.5, 5.6, 5.12, 5.13, and 5.14) tells that a large amount of column slots

are empty, and deflecting these slots costs nothing but increasing the throughpat.
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Summary

In the thesis, we have studied deflection routing protocols for two-connected mesh
networks.

Two kinds of deflection strategies are compared: Random Deflection and Vertical
Deflection. Random Deflection is distance-based. Packets are routed to their preferred
ports which minimize the distances to their destinations. Each switch decides wlhiere
to route a packet basing its decision solely on the relative location of the destination of
the packet and possibly on contention for the output ports, but irrespective of the ring
from which the packet is received. It is completely unknown. at the moment a packet,
is inserted to the network, which route a packet will take 1o reach its destination, and
when and how the packet may be deflected at intermediate switches.

Vertical Deflection, on the other hand, is direction- or position-based. A packet
is routed from one row ring to a colnmn ring only at the switch where the two rings
intersect. At other switches, a packet is routed to the same ring from which it is
received. Routing depends more on the topologies than on the distances. Although it
is hard to predict a deterministic route of a remote or a column packet, it is possible
to know the column ring which the packee will for sure traverse, and the row rings
which the packet will probably go through.

We also deseribed synchronization techniques in the thesis. Synchronization is
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used to improve the routing quality by getting more information of incoming packets
from both rings. For slotted rviugs. aligning and buffering technigues are discussed.
A method of appending excess bits is also studied for adjusting thwe slof rate in a
slotted network with non-zero clock tolerance. For a non-slotted network where ouly
equal size packets are used. it is indicated in the thesis that quasi-blocking works more
cfficiently than non-blocking'.

Three protocols using different deflection and synchronization approaches are pre

sented in the thesis. They are summarized as follows:

N

e SRDP is a slotted protocol that uses Random Deflection and aliziing technigue
to synchronize incoming packets. The protocol also takes into account different

clock rates at different switches.

e CRDP is a non-slotted protocol. The deflection and synchronization technigues

used by CRDP are Random Deflection and quasi-blocking vespectively.

e SVDP is a slotted protocol that employs Vertical Deflection and bufJering syn-

chronization.

In fact, for a slotted network, buffering and aligning work the samne from the point
of view of deflection? since the two synchronization technigues do not change the
sequence of the packets arriving at a switch, thus packets dellected using one syn-
chronization method will also be deflected using the other synchronization method.

With respect to performance, Random Deflection, sinee it is based on distanee,
yields a smaller average distance that a packet traverse to its destination. So, on
average, protocols using Random Deflection ave able to achieve larger throughput. In
addition, since it is distance-based, it can be applied o irregnlar topologies where

some row rings do not intersect some column rings.  Protocols using Randone 1e-

'In fact, non-blocking also has its applications where packets of variable lengths are used,

“alihough the requirements of buffer capacities are different.
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Jlietion arc also more robust in the presence of node failure in which case. after the
failing node is disconnected. the whole network connectivity can still be gnaranteed.

Sinee Vertical Defleetion is based on topology, it is not able to take the advantage
of distanee information of the node arrangement.  In most cases. protocols using
Virtical Deflection yield a smaller throughput®. It is also vulnerable during node
failure, in which case, all the switches connected to the same row (or column) ring
as the failing node is connected to can not send packets to cach other. and other
swiltches cain not send remote packets to switches attached to the same column ring
as the failing node is connected 1o, More connections are lost for protocols using
Vertical Deflection if there is a node failure. Besides. the protocols can not work for
topologies with some row rings not intersecting with some column rings.

As stated carlier, protocols using Vertical Deflection guarantee a maximum end-
to-end delay of a packet once it s inserted into the network. The feature is useful in
the sense that onee a proper timeout interval is set, no packet will be discarded due to
their time-to-live exceeds the limit. Protocols using Random Deflection, on the other
hand, although achieving a shorter average end-to-end delay, fail to gnarantee any
bound and they are prone to packet loss. In table 6.1, assuming time-to-live is set so
that no packet will be lost in SVDP. we give the rate of the packet loss in SRpP and
CrbrP {or uniform traffic and square node arrangement when maximum throughput
15 achicved.

Many efforts have been put on the performance study of doflection protocols for
mesh networks. Most of the studies rely on simulation models. To derive an analytical

dependeney for mesh protocols will be an interesting and challenging subject of future

FThis can be seen by comparing the three tables 4.1, 4.3 and  5.1. The results of simmulations are
presented in the thesis given that a deflection takes place immediately after a packet’s preferred port
s occupied, e, the packet will not be buffered any longer for the availability of its preferred port.
In addition, if assuming all deflections can be avoided by introducing a LARGE buffer, throughput
of SVDr is at asost half of SRDP for the shortest average paths of Svbp double their counterparts

of SRDP for uniforin traflic and square topologies.
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Topologies SN 6\ 6 S NN

time-to-live (in hops) 11 31 62

Loss Rate of SrRDP 1o~ 1078 O3 <~ 107 110~ o ”

Loss Rate of Crpp 135 ~ 107 { 2.56 ~ L0 2

Table 6.1: Packet loss rates of SRbP and CRDP with vespect to the time-to-live hounds

set by Svbp.,

rescarch. From the point of view of the protocols, sinee most deflection protocols
share the same drawback that packets are not received in the order they are sent, an
cfficient. deflection protocol that overcomes the drawback will he ol interest and will

put deflection protocols further to be considered for use in real world.
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Appendix A

Source Code

We provide the SMURPH source code for SRDP and Svppe. Since CRDP is very similar

to SKRDPE. 11s code is not inchuded.

A.1 Source Code for SRDP

The SMURPH source code of using appending bits to svuchronize slots in SRDP s
provided helow. The code includes three parts: receiver process (RP). transmitter
process (XP) and switch process (s1). Since there are two RP. one for cach inpat
port. and two X, one for cach ontput port. The following code just contains RP and
XP for row rings. For colunm rings. the code is the same. except for the buffers and

ports.

A.1.1 Receiver Process
RReceiver:perform |
stale Wait:
/ Wait for the start of transmission of the next slots/

S—RIPort —— wait (BOT. Act);

state Act:

1]
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[ Detect the first bit of a slots,

S — RDelayv.enter ( (SLOT )Y ThePacket );
/xShifc the incoming slot into the buflers/
Timer — wait ( Deltal. Rec ):

[+ Delay the incoming slot tor a number of bitss/

state Rec:
if ( (SLOT #)ThePacket — isMy (1))
JHIf the switeh is the destination of the slots/
S — RIPort — wait ( EOT. PRev ):
(‘IS(‘
[xOtherwise. wait for the end of the slots/
S — RlIPort — wait ( EOF. Wait )

state PRev:
[xReceive the slots/
Clieut — receive ( ((SLOT *)ThePacket, S—RI1PPort ):
proceed Wait:

A.1.2 Transmitter Process

RXmitter:perform {
SLOT *eSlot:

state Init:
[xInitialization. start to transmit empty slotss/
S — RXMTE — wait { NONEMPTY, Xmit_F);

state Wait:
f#Wait SIG(INSERT) signal+/
S — RXDN — put ():
5 — RXMT — wait { NONEMPTY. Rly ):

state Xmit_[:
[xCreate empty slotss/
eSlot = create SLOT;
setFlag ( eSlot—Flags. EMPTY ):
eSlot — fill(NONE. NONE. SSize+SkFrame. SSize, NONL):
S — ROBfr = *eSlot:
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delete(eSlon):
proceed Rly:

state Rly:
[t Transmit empty slots«f
S - RXMT — erasef):
S — ROPort — startTransfer { A(S — ROBIr) ):

Timer — wait { ( SSize+SEFrame ) + S — ROPort — get_TRate(),

Xmit);

state Xinit:

[+ Complete the transmission of header and payloads/
S5 — RDU — put();

JrSeud o SIG(EX ) and start appending excess bits+/
Timer — wait ( ALPHA + S — ROPort — get_T'Rate(). Done ):
S — RSTOP — wait { NONEMPTY, Done ):

[+ Wait for the SIG(STOP) signal +/

stiate Done:
[rEither add the maximum number of excess bits «f
[ror be notified by SIG(STOP )/

S — RSTOP — erase():

5 — ROPort — stop();

proceed Wait;

A.1.3 Switch Process

Switchzperform
SLOT #eSlot;

state Init0:
[+ Decide a starting times/
Timer — wait ( toss ( SSize+SFrame ) « I'TUinBIT. Init );

state Init:

[+ Notily transmitters to start inserting empty slots+/
S — RXMTE — put():

— CXMTE — put();

— RDU — wait ({ NONEMPTY. Wait );

— (DU — wait ({ NONEMPTY. Wait );

oL
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state Wait:
if (S — RDelay . empty() # 1) {
maxR DIy = LDLine ( 8 — RDelay ):
[ Find the nummber of bits stored in R Delayvs/
RDelt2 = ( d2 < maxRDIy
70
2 (d2 — maxRDIyv ) ):
}
else

RDelt2 = 10 + d2 + I'TUinBIT:

if (5 — CDelay . empty() # 1) {
maxCDIly = LDLine (5 — (Delay ):
CDelt2 = ( d2 < maxC'Dly
70
:(d2 — maxCDIy ) );
}
else

CDelt2 = 10 # Jd2 + I'TUimnBIT:

if((RDelt2 == 0 ) || ( CDelt2 == 0) )

proceed DELT2;

else {

Timer — wait ( ( RDelt2 < ODelt2 7 RDelt2 : CDelt2 ), DELT2 );
S — RXDN — wait {(NONEMPTY. RDone):

S — CXDN — wait (NONEMPTY. ('Done):

}

state DELT?2:
/%One buffer has reached the second thresholds/
if (S — ROPort — busy())
S — RSTOP — put();
if (S — COPort — busy())
5 — CSTOP — put();

5 — RXDN — wait (NONEMPTY, RDone);
S — CXDN — wait (NONEMPTY, CDone);

state RDone:
S — CXDN — wait (NONEMPTY, Both);
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state CDone:
S — RXDN — wait (NONEMPTY. Both);

state Both:

[+ Route two slots+f
S — RXDN — erase();
S — CXDN — erase();
S — RDU — erase();
S — CDU — erase();

route_r = ROW;
romte_c = COL;

iF((S — RDelay . empty() # 1 ) && ( LDLine ( S—RDelay ) > d1 ) )
[ Remove one slot from the bufler /
S — RDelay . remove ( &(S — RSBIT) );
else {
[xOr insert a new empty slot+/
eSlot = create SLOT;
setFlag ( eSlot—Flags, EMPTY );
eSlot — fill ( NONE, NONE, $Size+SFrame, SSize, NONE );
S — RSBir = seSlot;
delete(eSlot);

}

if ((S5 — CDelay . empty() # 1) && ( LDLine ( S—CDelay) > d1 ) )
/¥ Remove one slot from the buflers/
S — CDelay . remove { &(S — CSBfr) );
else {
[¥Or insert a new empty slot/
eSlot = create SLOT;
setFlag ( eSlot—Flags. EMPTY );
eSlot — fill ( NONE, NONE, SSize+SFrame, SSize, NONE ):
S — OSBfr = *eSlot;
delete(eSlot);

}

if (S — RSBfr . isMy ())
[+ Reuse received slotx/

setFlag ( $ — RSBfr . Flags, EMPTY );
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if (S — CSBfr. isMy ()
[ Reuse received slot/
setFlag ( S — CSBfr . Flags., EAMPTY ).

if ( flagSet (5 — RSBfr . Flags. EMPTY ))
if (S — rReadyToTransmit () ) {
[+ Fill a slot+/
5 — RSBfr =5 — RBuffer;
S — RBuffer . release():
}

if ( flagSet (S — CSBfr . Flags, EMPTY ))
if ( 5 — cReadyToTransmit () ) {
[+ Fill a slots/
S — CSBfr = S — CBufler;
5 — CBuffer . release();

route_r = S — route ( &(5 — RSBfr) );
route_c = § — route { &(S — CSBfr) );
& Route two slots+/

switch ( route_r ) {
case —1: switch ( route_c ) {
case —1: route_r = ROW:; routec = COL; break;

case COL: route_r = ROW; route_e = COL: break:

case ROW: route_r = COL; route_c = ROW; break;
}
break;
case COL: switch ( route_c ) {
case —1: route_r = COL; routee = ROW; break;
case COL: fxDeflection happenus«/
switch ( toss(2) ){
case 0: route_r = ROW; route_c = COL; break;
case 1: route_r = COL; route_e = ROW; break;
}
break;
case ROW: route_r = COL; route_c = ROW; break;
}
break;
case ROW: switch ( route_c ) {
case —1: router = ROW; route_c = COL; break;

1o
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case ROW: /¢ Defloction happenss/
switeh ((toss(2) )
case (0: route_r = ROW: rome_c = COL; break:
case 1: route_r = COL; route_c = ROW; break;

\
!

break;
case COL: route_r == ROW: route_c = CQL; break:
}

break;

}

[ Ready to transmits/
if ( ronter == ROW ) {
S — ROBfr =5 — RSBfr;
S — COBfr =85 — CSBfr;
!
else |
S — ROBIr =5 — CSBfr;
S — COBIr =S — RSBIT;
}

I

S — RXMT — put ()
S — CXMT — put ( );
JeSend SIGINSERT )+/

S — RDU — wait { NONEMPTY, Wait );
S — CDU — wait ( NONEMPTY, Wait );

A.2 Source Code for SvDpP

The source code for SvpP includes four parts, two for receiver processes and two for

transmitters.

A.2.1 Row Recelver

RReceiver:perform

state Wait:
S—RIPort — wait (BOT. Act);
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state Act:
S—RIBfr = »ThePacket:
Timer — wait {recDelay. Ree):

state Ree:
if ( flagSet ( S—RIBM. Flags. EMPTY ) ) {
feDiscard empty slots/
ENTER_REQ:
S—RIPort — wait(EOQT. Wait):
}
else {
if ( S—RIBfr . isMyv() ) {
ENTER_REQ;
S—RIPort — wait (EOT. PRev):
}

clse {

if ( (getCident(8)) == get((S—RIBIr.Receiver)) L&

getR(ident(S)) # getR(S—RIBIr.Receiver)) §
ENTER_CDB;
S —5SYN=1;
[xSend SIG(DEFR)+/
if (5 — ROPort — idle() )
S — XGAP.put();
M Transmit an empty slot to remove gaps/

else
ENTER_RB;
S—RIPort — wait (EOT. Wait);

}
}

state PRev:
Client — receive (&(S—RIBfr), ThePort);
proceed Wait;

A.2.2 Column Receiver

CReceiver::perform {
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state Wait:
S—CIPort, — wait (BOT., Aet):

state Act:
S—CIBIr = «ThePacket:
Timer — wait (recDelay. Rec);

state Rec:
if ( flagSet ( S—CIBfr.Flags. EMPTY )) {
[¥ Discard cmpty slotssf
ENTER_CEQ;
S—ClIPort. — wait (EOT, Wait):
!

“lﬁ“ {

iF(S—CIBfr . isMy() ) {
ENTER_CEQ;
S—ClPort — wait (EOT. PRev);
}
else |
ifF(S — SYN == 1)
S receive SIG(DEFR )y
ENTER_RDB;
}
olse
ENTER_CRB;
S—ClPort — wait (LEOT, Wait);

}
S — SYN = 0;
state PRev:

Client — receive (&(S—CIBr). ThePort);
proceed Wait:

A.2.3 Row Transmitter

RXmitter:perform {

state Wait:
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S — XGAP . wait { NONEMPTY. X_GAP )
if( (S — RDB.empty() # 1)1 {S — RBiempty() # 1))
proceed Rel:
else
[xInsert new empty slots+/
proceed Act;

state Rel:

[+ Transmit slots in deflection bufler prior to delay bullors/
if (5 — RDB.empty() £ 1)

S — RDB.get ( &(S — ROBIr) ):
(’IN(‘

5 — RB.get ( &(S — ROBIT) )
proceed Rly:

state X_GADP:
[+ Remove gap by inserting empty slots/
S — XGAP . erase();
Slot_(i = create Packet;
Slot_GG — fill (NONE, NONE, Plrame, Plrame, NONE ):
sotFlag ( Slot GG — Flags, EMPTY );
S — ROPort — transmit ( Slot_G. X_LGAP_Done):

state X_GAP_Done:
S — GAPF = 0;
5 — ROPort — stop();
proceed Wait;

state Act:

if (S — rReadyToTransmit () )

[xInsert a new slot with non—column payload+/
S — ROPort — transmit (S—RBulfer, TDone);

else {

[xlusert an empty slot+/
S — REQ.get ( &(S — ROBfr) );
setFlag ( S — ROBfr . Flags, EMPTY );
S — ROBfr.Sender = S — ROBfr.Receiver = NONI;
proceed Rly;

}

state Rly:
S—ROPort — transmit (&(S—ROBfr), Done);
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state T'Dane:
5—ROPort — stop ():
S—RBufler.release();
procecd Wait;

state Done:
S—ROPort. — stop ();
proceed Wait;

A.2.4 Column Transmitter

CXmitterzperform {

state Wait:
if((S — CDB.empty() Z 1)} (S — CBempty() # 1))
proceed Rel;
else

proceed Act;

state Rel:
if (S — CDB.empty() # 1)
S — CDB.get ( &(5 — COBIr) );
(‘IS(‘
S — CB.get ( &(S — COBfr) );
proceed Rly:

state Act:

if (S — cReadyToTransmit () )
S5—COPort — transmit(&(S—CBuffer), TDone);

olse {
5 — CEQ.get ( &(S — COBfr) );
setFlag (S — COBIr . Flags, EMPTY );
S — COBfr.Sender = S — COBfr.Receiver = NONE;
proceed Riy;:

}

state Rly:
S5—CO0Port — transmit (&(S—COBfr). Done);

state TDone:
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S—COPort—stap():
S—CBuffer.release():
proceed Wait;

state Done:
S—COPort — stop ():
proceed Wait;



