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Abstract

Opti('s is l'eœiving increasing attention 'L' an attractive technology to implmnent high l'cr­

lill'lnanre barkplanes, The growth in the fields of digital telecommnnications and parallcl

ronlpnting is dl'manding backplanes with ever-increasing interconnection densities and data

I.l'allSrer l'ates (2, 5].

/ls a pŒsible solution to the limitations of electrical backplanes [9]. researcb into free­

Sl);u'e photonic backplanes is nnderway at McGiII University [1]. The field of research

into photonic Illlckpiane architectures is neW and relatively small amounts of literature arc

availabl" on the snbject. Hence, tbe research effort at McGiII represents one of the first

al'l'hitectnrallevel studies in the field of free-space photonic backplanes.

As part of the research program underway at McGiII, a photonic backplane arcbitecture

IllIs b"cu proposed [2i] and is currently under construction [1]. Duc to the novclty of the

bal'kplanc arcbitecture there was a need for a preliminary investigation into its feasibility

and capabilities, Il large analytic performance model which couId analyze the numerous

ardliteduml variations of tbe backplane has been developed [25]. In this thesis a software

tool, b'L,ed on tbe analytic model in [25]. has been developed for broad design space ex­

ploratious of the backplane architecture. Tbe modelling approach is general and can be

l'xtl'lIdcd to the analysis of arbitrary networks and backplane architectures. However, this

thl'sis will focus 011 the desigu space exploration of internally nonblocking ATM switches

011 varions backplane architectures. Throughout the thesis, the synchrononous smart pixel

army dl'sigll from .Iune 1994 will be assumed.
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Résumé

De plus cn plus, la. technologie optique sc dévoile ('OIUII)(' éta.nt. Hill' solutioll \'ia.hlp a.IIX

systèmes d'interconnexions il hi1.1ltC performance dcs Cilrt.cs tllecl.rollÏ«llIPl'i. l,PH ilVilll('PIIU'Ilt.S

dans les domaines des télécommunications digitales et <le l'illfnrlllat.iqlw <!ps ()l'(lillat.Plll's pa.l'·

allèles requièrent des systèmes d'interconnexions à dellsités gratldissiwl,Ps Pl. <!ps I.ra.llsft'rt.s

de données à débits croissants [2, 5].

Les recherches entreprises il. l'université M<:GilI [1] slIr les syst{'lIIes d'in!.f'I'('OIlIU'xiOlIS

optiqnes offrent une solution potentielle aux limitations tedlIIologiqn,'s des sysl.i·mes d'inl.!'r­

connexions électriques [9]. Le domaine de recherche a.xé slIr l'af('hitedUf(! d(·s syst.imu·s

d'interconnexions optiques est récent et jnsqu'iL présent très peu de travaux ont él.b puhli'".

Les recherches iL McGiII représentent donc un des premiers errorts dans le domain!' de

l'architecture des systèmes d'interëonnexions optiqnes.

Un des éléments de la recherche iL McGill consiste iL la wncepl.ion [:.171 cl. la Inise cn

œuvre [1] d'une architectnre pour un système d'interconnexions optiques. "/",iol'; UI'"

étude de raisabilité était nécCbs'Lire étant donné 1"L,pect pionnier d'uu tel pro.i"1.. UII III<J(ièle

analytique complexe a été develcppé [2.5] pour permel.trc UII" évaluation cl,' la perrorlllanfl'

s~us divers paramètres architecturaux. Cette thèse prés"nte un logici'" l''L''' sur 1.. ""J(Ii'II'

aualytique de [25]. Le logiciel rournit uu outil d'exploratioll it l',,"s..mbll, cles wn,,,,pl.s

possibles pour un système d'interconnexions optiques. Le modèle utilisé s.. vellt g',néral cie

sorte à être applicable à l'aualyse de réseaux arbitraires. Ccpelldent, cette t"èsr' port.. pllls

particulièrement sur l'exploratioll du desigll de commutatenrs ATM iL congcstioll intcrnr,

basés sur ronds de paniers variés. Tout au IOllg de cette thèse, le clesign clII snlitrt pix'"

array synchrone datant de juin 1994 sera sous-elltendu.

ii
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Chapter 1

Introduction

A uew research program, the l'hotouic Systems aud Devi<'('s Majnl' l'l'llj('''I.. has 1)('('11 uu­

dertaken al. McGiII Uuiversil.y uuder the ausi,ices of CI'I'1I., the Call1llliau lusl.il.ul... fnr

Telecommuuicatious Research. The goal of this Major l'rojed is 1.0 ('Ousl.rucl. a fr....·spal·..

opl.ical hackplaue with a terahit/s aggrega.t.e haudwidth. COII<'UI·r..nl. wil.h il.s d..v..lopUII·UI.,

il. is desired to ideutify uovel, large scaIe ATM swil.l'hin~ al'dlil.(·dul'l·s mad.. possihl(· hy 1.10('

high l'Ouuectivity aud throughput euvisioued for the hackplaul'. SUl'h a ha<'kplam' would

Imve applicatious for large scale systems iu the lields of iufol'lllatinu l'rn('l'ssiup;, 1...1""oul­

mlluicatious and parallcl computing [1].

Over more thau one yeu's time, a preliminary con<:l'pt,ual modd of th.. fl'l'('-sp",'" pho­

tonic backplane gradually took shape. During its l'volution, tlll' 111",,1 arOS(' for aualyl.i<'

material to model the backplaue. Duc to the extremely large uumhl'l' of dilf"r<!IIt ardlit.,I'­

tural configurations and operating conditions for the hal'kl,laue, il. hl'I'aml' vital tn have a

software tool which could implement the analytic material.

The goal of the work descrihed herein was to produCl' this soflwotrl' lool for llll, purpllSl'

of performing an analysis or design space exploratiou of the ImckphUll'. IInw(!VN, th"rl' was

a deeper purpose behind devcloping the tool. BertseklL' aud Gallap;l'r of MIT haVI' statl'd:

~'Thc analytical malcrial is uscd to gCflcratc il. dccpcr and more I)rcd:m IIl1d(!rHtalJdill~ of

the concepts. Although the analytical material l'an he uSl'd 1.0 alll,lyze the ,"'rformalll:l' of

various Ilctworks, wc bclicvc that ils morc importallt tise is in stuLrrU!lIillg: Ollfl'l; COIlCopptllal

and intuitive Ilnderstanding of the field; that is, analysis shollid preeede d"si~u rath"r thau

follow it [3)." It is under this Iight that the value of the software too\ l'an 1", aPllr"dated .
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A new rcscarch program, the Photollic Systems and DevÏf(IS Major ProjPt'l.. ha:'> IU'('11 1111­

deltakeu al. McGill Universit.y IIIl<ler the allspires or CITR, th" Cil.llilllian Institllte rlll'

Telecommllnications Research. The goal or t.his Majol' l'roje('1. is t.o (,lIIISt.I'IIC·1. a rl"'I'.spac·1'

optical backplane wit.h a t.erahit./s aggregat.e Imndwidt.h. emll'IIITeut. wit.h it.s dI'VI'llIl"UI'IIt.,

it. is desired ta identiry uovel, large scale ATM swit.chinl-\ al'l:hil.l'c·t.nl'l's lIIad,' possihll' hy thl'

high connectivity and throllghpnt envisioned l'or t.he hackplanl'. SlIch a harkplalll' wllnld

have applications for iargc senle systems in t.he fields of in fOI'IlHl.lioll pr<I('('SSillP;, lf'h'('OIIl­

IIllluications and parallel computiug [1].

Over more than one ycar's lime, il. prclimillary COlH~cpt.lIal lundi!} of I.lw fn·(··spa('ll l'ho­

t.onic backplane gradually took shape. During its evolntion, the Ill'cd a l'Os(' l'or a,nalyt.il'

matel'Îal ta model t.he backplaue. Duc ta the ext.rcmcly largl' n'lIuhc'r or clill'I'rl'ut. al'l:hit.I"'·

t.ul'al cou figurations and operating coudit.ions l'or t.hc hackplanl', it. h''''''IIII' vit.al t.lI havI' a.

sort.ware tool which could implelllent. the analytie uHll.cl'ial.

l'he goal or the work descrihed hel'ein was t.o prodllCl' t.his sort.wal'" t.ool l'or th.' i,"rp"s('

or perrorming au aualysis or design space exploration or t11l' ha<:kplaul'. Ilowevcr, t.1,,'rl' was

a dccper purpose hehind developiug t.he 1.001. BertsekiL' aud Gallal-\cr or MIT IIlLVI' st.at.l·d:

"The analytical matcrial is uscd to gcncratc a. c1ccper and lIlore pred~H! IIllderst.allllillJ!. of

t.he conccpts. Alt.hough the analytïcal material "'lU he uscd t.o aualyzc the 1",rrOrlllaUCC or

varions Ilctworks, wc bclicvc lltat ils marc important lJS(~ is in shiLrpcllill~ olle'" eOIlCI!ptual

aud intuitive underst.anding or the field; that is, aualysis should pr"""de dcsigu mth.'r I.ha"

rollow it. [3]." lt is under this Iight that the value or the sortware tool "a" )", appr,,.:iate,1.
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Th" mot.iv"t.ioll for t.he projel't. is desl'rihed helow. As dock fre'luencies and the demand

fOI' I!;r"'lI."r 1/0 have risen, lhe limitations 10 lhe lhronghpnl of electrical hackplanes have

IJflcorllf! appa.rent. Thc!ic limitations have provided the impctus for lllrning to an alternative

I.""hnolol!;y, nanwly, pholonics, 10 implemenl Imckplanes. A review of lhe some of the pasl

l'I'sl'al'ch un free.space oplical hackplanes is presented following a discussion oft.he dHHcullies

of l'ie"trical ledlilOlogy,

1.1.1 Electrical Backplanes

The indllslries of compuling and lelecommunicalions have seen much growth over the past

d"",ule or so. 'l'he computing field Ims moved from single processor machines 1.0 massively

p"mll<'1 machines operating on multiple data streams. 'l'he telecommunications industry

has moved towards integrating voice and data transport functions into one packet switched

lIetwork in the form of ATM switching. Both of these applications are fueling the demand

fOI' high speed hackplanes 1.0 interconnect large numbers of nodes al. very high bandwidths

[."i].

Cllrrenl c1ectronic hackplanes arc capable of very high bit transfer rates while maintain­

inl!; a reasonable level ofinterconnect. However, as an ever-increasing number of transistors

are intcgrated onto a single chip, the number of associated pin-outs necessary has not in­

<'l'eaRed proportionatcly as shown by Rent's rule [2]. With the emergence of very high speed

GaAs dmlitry, the physicallimits of electronic interconnects are being reached [8J.

Among the issues that limit the throughput achievable using electrical backplanes are

transmission line limitations, crosstalk, clock distribution and skew, power distribution,

tlll'rmai dissipation [6] and interconneclion density. When VT (where v is the signal prop­

al!;"tion speed :Uld T is the signal rise time) is comparable 1.0 the distances between ICs,

tl'ansmission lines arc necessary for clock and data distribution [9]. At several GHz, losses

are on the order of 0.1 dB pel' cm [9J. Another limiting factor is crossta!k that worsens as the

0p<'mling fre'luency increases. The clectrical interconnect density is limited by severa! fac­

tors: lhe number of 1/0 pads on the chip boundary, minimum spacing required 1.0 prevent

l'apadtive and indnctive coupling between lines [7] and increasing loss due 1.0 decreasing
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\Vil'l~ cross-section \\'hich increases rpsistaul'p dllP t.o tlHI skill ('fl't'l't. al hip;h fl't'l(t1t'lu'Îl's.

Among commercial buses. tlll' highest dm'k ratl's arl' iu Il,,· IOll Mllz raul';" with a

paTallelism of 256 lines giving a :1.2 Gbyt,·/s throughpui. at a "V Inl';Ïl' 11'\'1,1 III].

1.1.2 Free-Space Optical Backplanes

Due to the aforementioned ohstacles opticaitedllloingy for high Sl)l'l'd haàplalll's has hl'I';un

to recl'ive considerable attention. The various typl'S nf f...·e-sp'''·,. harkplaul's W'ul'I'ally fall

into oue of three different. categories: bulk optical. mÏl'rn-nplÏl'al aud hnlllgraphil'. 'l'hl'

dHriculties with these allproaC!ll's are the packaging of l'Ompllnl'nts. alignm,·ut. ,,,·,·u\';,,·y

needed and l'l'solution of the op tics [7] while the maiu advanlag" is Ihl' vl'ry high iulNr''''I,,·,·t

deusity.

Bulk Optical Implementation

A free-space optical hus. which uses hulk optical wmpouenls. has I,,·l'u ...·porl.l'd iu [121 .

The inlcrconnccts bctwcen boards arc donc \Vith ft laser arrilY SOlll'('(~ whi(~h Ï1l1ap;(ls 0111,0 HII

mray of SEED [20] devices. A beam splitter is used 10 dirl'd the la.,,·r arra.v llulllthl' llutpul

pad where it is modulated aud then reflected hack up. The beam split.t.er theu dl'llel'ls th,'

signal to a mirror that directs the signal down to th" iuput 1',,,1 of Ih.. u..xl board. Ihus

estahlishing board-to-board interconnect shown in Fig. 1.1.

boat~IPUIPlldll~Y
input pad llrruy

Figure LI: Board-to-board interconnect with bulk optks

A live stage free-space optical switching network wa., reported ill [1:IJ. A flllly illt"r<:Oll'

nected 32xl6 switching fabric was built with ail array of SEED devkes and l",":ro.uptk

compollents. The stages were reported to operate at 50 Mhits/s with 15 ,,,:tiv,, inputs and
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outputs.

,1

Tlu~ main diHicultics with thcsc implementations are maintenance of the alignment

1IlTIlr;tcy and the IHu~kilging of such a system for mass production. The cOllnectivity is

pll',!di vdy j lll:rcased th rough the lise of the third dimension as opposee! to two for electronics.

A Hilllilar HclwlIle was propolled in [1,1] that used rnicroprism coupiers instead of bulk opties

tu tntllsluil. signais hetwecn boards with polymcr based buses.

Microw Optical Implementation

l1sillp; ail army of selfoc microlenses, a free-space optical bus \Vas rcported in {15]. The

H'yS1.1'I1I con[o;i[o;ts of a backplane into which peBs can he mountcd as shown in Fig. 1.2.

Th(' 1.1'<l1lsceivers (photodetcctors) on the boards consist of thin layers of amorpholls silicon.

Thcs(! are tmllsp:lr(~nt, allowing optica.l signais to propagate through ta a1l boards.

@,@.@',@J',,' ~'.. •
, f

Figure 1.2: Board-to-board intcrconnect with micro-opties

l1[o;ing selfoc lIIicrolcnses of 4 mm diameter, 190x190 channels can he supported in a

:l.a 111111 [o;qllare .trea [16]. Among the advantages are alignment which is simpler than for

hulk optical [o;ystems due to fewer degrees of frcedom, improved thermal stability and a

large spac(.'-bandwidth I>roduct.

Holographie Implementation

Ueport.ed in [1 il is a holographie method of interconnect between integrated circuits and

IIIl1ltichip modules shown in Fig. 1.3. A computer generated holographie plate is suspended

1 mm aho\'e the les and a mirror 2 cm above that. The GaAs transmitters eontain surface



CIf.I\PTER 1. INTRODUCTION

clllitting lasers which generate an array of optkal l'ip;nllll'. Tht'l't' lasl'I' arra)'l' pasl' thl'ouV;h

sub-holograms which fan-ollt the signal and n'lIl'l·t 011' the lIlirror down I.hrollp;h ut.hl'l' l'lIh­

hologmms that aet ilS single lenHes to focus thl' he.ulIl' onl.o dptt'rtorl' Iwlnw. Ex pt'I'i lIU'lIts

Imve shown tlmt a dcnsity of over 1100 t~onnl'(:\.ions/l'Il1:.! mil Iw ilchh'\,pd. Wlti!!' aliV;1I11U'1I1

cOllcerns arc less thall that of hulk Optieli, w.wl'll'ngl.h variations dut' tu tl'lIIlwl'atun' and

power sOllrce fluctuations need to he eOlltrolled.

MllTur

holOCl11phlc

PlI11Cc:=f::::f==:~lé===Fr-==:-R

OuA.
InIn~mll1cr

Figure 1.3: Board-to-board illtcreonnect with holographie eh'llH!nts

Even more powerful holographie desiglls have he<'n propos(~d ill [1 xl, whklt (~a.n 1)('

accessed dYllamically, where the hologram cali support differenl. illtCl'<:onIH~(:\.iun patterns

within one plate.

1.2 Author's Contribution

The author's contribution to the CITR Photonic Dackplane prugmlll [1] Ims heml foll 1'­

fold. The first has been in aiding the dcvelopment of the analytk lIlod(!1 hy ret:o~lli1.ill~

mathematical constraints, defining new performance measures. adding refinülIIŒI1.s and im­

plementing new operational schemes. The second has Iwen in dnvelopillg il sofLwart! toul,

based on the analytic model, with which a brOiul design S(HLCe eXplUl'fLLioll cali he perforlllnd.

Much effort was devotcd to creating a well-structurcd, hiemrchiml tool which muid he nas­

i1y revised and expanded in order ta accornmodate future modificaLiolll; to the Im<:kplarl(!.

Much effort was also devoted ta optimizillg the code in arder to Il l'ovide 'L tool Lltat iK

computationally efficient. Having written the software, the thir<1 contribution Ims hef!ll in



• (:IIAI''I'/,;II 1. IN'I'IWfJUC'/'ION 6

•

•

pNforlJlillp; a hroad d"sigll spae<! "xploratioll with the tool. With the kllowledge gained

frolll th" "xploratioll, the allthor IHL' hclped to optirnize the throughput of the hackplane

hy hip;hlip;htillg its "fficiellt operatiug Iloint. The 1:L,t and most important contrihution has

Iw"n th" p;r"ater cOllceptual and intuitiv" understanding gai lied into the subtleties of the

op"ratiou of the various hyperplane architectures.

1.3 Overview

III order 1.0 descrihe the software tool, its design goals, hierarchy and its capacity to model

1.1", various hackplaue architectures, the backplane, hel'cafter called the hypel'lJ/cme [28, 26]

is first descrihed. A review of the hyperplane is presented in Chapter 2. The first section

wlltaills a description of the structnre and the main components. The second section

then presents two variations on the basic hyperplane. They arc the single-stream circulaI'

and dual-stream circulaI' hyperplanes. The third section presents the hyperplane when a

nUlllher of iuternally non-blocking networks arc embedded. They are the Crossbar switch,

the dilMed Crossbar switch, the I\nockout switch [19], the Fully Connected network, and

two uovel uetworks called the Crossout and th" dilated Crossout switches [25, 26].

ln developing the software, a number of goa.ls ha.d to be set. They described in Chapter

:1. The 1.001 should be powerful enough to perform Il thorough design space analysis and yet

h" ClL'y 1.0 use. 1'0 this end, the high level functionality and user interfaces are described.

The software tool is divided into two parts: a numerical analysis section followed by a

ulln",rical visualization section, which l'l'ovides the user with a simple method of viewing

1.1", nUlllerical results. Lastly, the hierarchy of the software is presented revealing the ease

with which functious can be added or modified. With this logical strncture, future variations

1.0 the hasic hyperplane, operating modes and emhedding schemes can be accommodated

wit,hout difficulty.

The nurnerical analysis portion of the software is based on a large analytic model,

dt'rived iu [25, 26J 1 and reviewed in Chapter 4, (If the different hyperplanes and networks.

The lirst four sections l'l'ovide the derivation of the various performance measures related

to th" unbuffered hyperplane. These measur"s include, the packet time-slot duration, the

1TIlt! pnpcl'8 arc prL~nt.l)· in the journal submiliSion proccHS which t)'pically takes D. rew ycars to complete.



• CHArTER 1. INTRODUCTION ï

•

•

prolmbility of packet. blocking and network t.hrollghplIl. 'l'Ill' last. Sl'ct.inll prnvhit's nll'

derivation of the performancc measllres fo,' t.he blllfl'rl'd hyperplalll' (with illpllt. 'I"1'11'S),

These mensllres inclllde the expeded nllmber of packl'I. in tlll' 'I"l'"l' and t.hl' l'XPl'I'\.('11

delay, The bllifers considered arc F1FO inpllt 'I"e"es of ill fi nitl' and fillit.l' SiZl'.

The analyt.ic modcl of the hyperplane is illlplement.l'd by a snft.warl' t.ool. 'l'Ill' allt.hnr

present.s a guide to it.s operation in Chapt.er 5. The sel'Ond and t.hinl sl'dions dt'snihl' t.hl'

tlulllcrical analysis and Ilutncrical visualization parts of the tool, rPHl}('l'tivdy. 'l'hl' \'a.riolls

assumptions made in implementing the model ltre st.at.ed Itlld just.ifil'd. 'l'Ill' last. st,t·t.ion

describes the system re'lllirement.s and some practical consid"rations wlll'n p"rforminp; a

design space exploration with the t.ool.

llaving developed the software tool, it is IIsed to p"rform a dt'sip;n spacl' t'xplorllt.ion

of the phot.onic backplane. Chapter li presents the nllmerieal reslllt.s of I,hat l'xplorlltion.

A t.horollgh analysis of the linear hyperplane's abilit.y to "mbed six dilfer"nt nl'l.works is

presented. A similar analysis is donc with t.hree specific Clc'es of t.he dllal stream eirt"lIar

hyperplane. The variations between t.he dilferent networks simllla.ted hy tlll' varions hyp"r­

planes IInder dilferent operating conditions and confignrations ar" shown. 1\5 a rl'slIlt of

the initial analysis, ail causes of any degradat.ion of t.hrollghpllt. were fonud. It. is shown

that. the model provides an excellent nnderstanding of the design spac" of t.h" hYPl'rphLlIl'.

Chapt.er ï draws conclnsions about the work .
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Chapter 2

Overview of the Hyperplane

2.1 Structure

The free-sracc rhotonic backplane, rresented in [22, 27, 28], is reviewed in this charter.

The hackplane consists of four main components: nodes, smart pixel arrays [24], an opto­

lIIechanical snpport structure and parallel optical channels shown in Fig. 2.1. The individual

nodes arc printed circuit boards or multi-chip modules which arc slotted into the support

s\.rllet.nre at regnlar intervals, in an analogous fashion to boards being slotted into an

e1ectrical blls.

COllllllnnications within a node are electrical, white those between nodes are accom­

plished through the free-space optical channels in the backplane. These optical channels

illlpinge IIpon each node's smart pixel array. The array acts as an opto-electronic interface

which converts the optical signais into electrical ones for the processing element.s of each

nod(' and vice versa.

The backplane is envisioned to have between 10 000 and 100 000 parallel optical chan­

nels, each carrying a seriai bit-stream. These optical bit-channels are to operate between

100 Mbit/s and 1 Cbit/s yielding an overall peak capacity in the terabit/s range. This

connection intensive, high capacity interconnection network is called the hyperplane.

2.1.1 Parallel Optical Channels

The hyperplane is a linear structure where the N nodes in the backplane are lliaced in a

row. A set of Z free-space optical bit-chanuels, implemented using laser beams, originates

8
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les

0lllmncchunicul SUPllurt
slnlclure

Smart pixel o.nuY!'i

Figure 2.1: Free-space Ilhotonic hackpl:ulC

at node 1 and traverses the backplane to node N. This enables no<ic i to transmit diü" tu

node j, where 1 ~ i < j ~ N. Communications in this direction mc knowu 'L' lI/IS17"/IIII,

Similarly, there exists another Z optical bit-channels which originatc at nodc N and tmv"rse

the backplane in the reverse direction to node 1. This permits tmnsmissions from nod" j

to node i. Communications in this direction arc known 'L' I/01lltlS/.I'CII1II.

2.1.2 Nades

The nodes are composed of two parts, a processing clement and a message prOCI'ssor. The

proccssing elements can be general purpose processors snch 'L' thosc found in nHL,sivcly

parallel processing machines or more specialized components snch as the switching c1emcnts

fùund in telecommunication switches.

The optical interface for each node, described below, is implemented with a SllHLrt IIixci

array which can modulate the outgoing optical bit·channels and sense the incoming 0l>tical

bit·channels. Dy setting the state of each ccli in the smart pixel array, signaIs or (Jackets

of information can be received or transmitted through the backplane.

The message processor is t.he interface between the I>rocessing c1clllent ami the smart

pixel array of anode. lt is responsible for implementing the backplane communication

protocol by controlling the transmission and reception of data to and from a node. If the

backplane is operated with input queues, the message processor ha., the additional task of

managing the queue.
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tCs

Oplmncchllniclll SUPPl.lrt
slmCluTC

Smnn pixel arrays

Figure 2.1: Free-space photouic backplaue

at node 1 and traverses the backplane to node N. This elmbles node i to tmnsmÎt. dal.l' 1.0

node i, where 1 $ i < i $ N. Communications in this direction are kuown IC' "1","'mm.

Similarly, there exists another Z optical bit-chanuels which original.e at node N and tm"erSl!

the backplane in the reverse direction to node 1. This permits transmissions from node j

to node i. Communications in this direction are known lC' ([onms/n:am.

2.1.2 Nades

The nodes are composed of two parts, a processing clement and a nwssage pmc('ssor. 'l'Il<!

processing clements can be genera! purpose processors such IC' those fonnd in mlc,sivdy

parallel processing machines or more specialized components such as the switching e1eull!lll.s

found in telecommunication switches.

The optical interface for each node, described below, is implemeuted with a smart pixel

array which can modulate the outgoing optical bit-channels and sense the incoming optical

bit-channels. By setting the state of each ccli in the smart pixel Itrray, sigrlltls or packets

of information can be received or transmitted through the backplane.

The message processor is the interface between the processing clement and the smart

pixel array of anode. It is responsible fcr implClllenting the backplane communir.ation

protocol by controlling the transmission and reception of data to and from "node. If the

backplane is operated with input queues, the message processor has the additional task of

managing the queue.



• C/fM''I'I';1l 2, OVEIlVIEW OF 'l'IlE IlYJ'EJU'[,ANE

2.1.3 Smart Pixel Arrays
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A smart pixel lLrray [2~] is composed of an array of smart pixel cells. Each ccII is capable

of trlLlIsmittillg alld/or receiving one bit through the one optieal bit-channel that is in its

path. 'l'he cells arc implemented using GaAs ba.~ed FET-SEED technology [la]. Each ccII

l''L' 1L receiver and a transmitter along with sorne minimallogic. The receiver operates with

dilfereutial signais and so is composed of two multiple quantum weil (MQW) photosensitive

diodes [20]. The transmit ter is also differential and composed of two MQW diodes whieh

l';,u 1lI0dullLte two incoming laser beams which arc then sent out. The cells arc grouped into

,'ows of 111 cells. The rows are referred to as logical optical communication channels or simply

logiml c1ulllneis [2~]. Transmission and reception of data arc done through these channels, 10

hits at lL time. The logieal channels are grouped C at a time to form a communications slice.

lu addition to the C optieal channels, a basic slice has two electrical access channels which

art! '1/) hits wide. One electrieal channel is used to receive data from the message proeessor

to he transmitted over a specifie logieal channel in the baekplane. The other electrieal

channel is used to send incoming data from a logieal channel to the message processor.

Fiually, JI slices arc assembled to form a complete smart pixel array. A smart pixel array

theu hlL' a total of J(·C logieal channels which corresponds to a total of Z = wJ(C optical

hit-channels. A representative example of a basic smart pixel with 111 = 8 bit wide channels,

C = ,1 logical chaunels per slice and J( = ~ sliees is shown in Fig. 2.2 for a baekplane with

Z = 128 optical bit-ehannels.

basic
communications sUce

•••••••• •••••••• 1-
00000000 00000000
00000000 00000000

~- 00000000 00000000
00000000 00000000

•••••••• •••••••• i-

•••••••• ••••••••00000000 00000000
00000000 00000000
00000000 00000000
00000000 00000000

•••••••• ••••••••

elcclrical ncccss chonnel (rccciving)

logiCl1l opticnl channels (w bics)

clcclricnl Decess channel (scnding)

•
Figure 2.2: A basic smart pixel array
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The basic communications slice is able to injcct alld exlract on(' row al a. lilllt'. ŒV('II a

Hxcd nnmber of optîcal bit-channcls, the nllmbcr of slicc's can bl' v;~ri(ld within a smart pix('1

array by changing the combillation of logical c1mnucls pl'r slice and width of HU' illdividllal

clmnnels. Since cach slice represcnts ûlectric;~1 accûss 1.0 tlll' logical dlalllll'is of t.hat sli('p,

incrcasing the nllmber of sliccs per array incrcasûs the ratio of l'Il'drical 1/0 haJl(\width t.u

optical 1/0 bandwidth.

Alternately or in addition to increasing the number slices, the n\.lmhilitics of a slin' rail

he cnhanced. The basic slice aUows for one tran!1ll1ission ;ü ct Ume. By Imvinp; .~ ('ledl'kal

access channels for rcceiving data from the message proccssor, multiple rows of dat.;, l'ail

be sent out through s logical channels. Similarly, the basic slice allow!1 for ollly OIW dmllnd

out of C incoming logical channcls to be reccivcd and sent to th<l IIIcssagl! prO(~cssnr. Thiti

can be expandecl by having b electrical access channels for scnding data 1.0 tlU! II\l'Sl'lage

processor. s is known as the input dilatioll of a slice iLlld b is known as t1H! output dilatioll

of a slice. Several variations of the basic smart pixel array ;,re shawn in Fig. 2.:1.
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00000000 00000000
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::::;::: Il::::::
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00000000 00000000
00000000 00000000
00000000 00000000
00000000 00000000·....... ·........Il:::::: ::::::::·....... ·.......

(c) Kc4. c..Il, .....2. /.-.4. wd

Figure 2.3: Variations of the basic smart pixel array

ln the backplane, aU nodes have identical smart pixel arrays. The smart pixel ~LmLY

allows anode to aceess the J(. C logical channels in the haekplallc. The chaulleis arc

assigned to nodes in sueh a manner that communication betwcen Rodes ean t~Lke place

without collisions. Each node has a sender·reserved channels llscd for the simllltaneollK

transmission of data. a is known as the input dilation of a uocle. The Orst node may



• CIIM'T/·;U2. OVEUVIEW OF 'l'liE IIYI'ERI'DANE 12

•

•

t",,,,,",it uv"," 1.1", first Il challllds jll the first slic", the second node may transmit over

th" ,"'xt Il channels in the first slice, etc., and the last node may transmit over the last a

channds in the I,~,t slice. In this manner the rI transmitters of the N nodes are assigned to

th" '\·C logiCllI c!llLnneis. In order to receive data, a node will listen to ail A"·C channels

in 1.1", h,,,,kpla,,,, except for its own set of rI channels nsed for transmission.

Vnrious operating configurations of a smart pixel array

The smart pixel array in Fig. 2.3c is worth further consideration. The A" slices of an array

are always operated in parallel and normally independent of one allothor. 110wever, this

nl'ed nol. always he the case. Each of the four slices has a channel width of eight bits. In

pradice, the slices can be grouped in pairs to form an array with, effectively, two slices

whose clllLnnel width is now 16 bits. Instead of pairing the slices, ail four slices may be

v;rollped so thnt the channel width is effective!y 32 bits. In general, any number of slices

cali he grollped to form one effective slice, with a greater channel width.

Insl.ead of, or in addition to, grouping slices, the transmitters within a slice or across

slicr's may hl' grollped. The slice is set for an N = 16 node backp!ane with a =2 transmitters

pel' lIode, 1\ = 1 slices, C = 8 channels pel' slice and a channel width of 10 = 8 bits. It is

possible to change the effective width of a channel, by l'ai ring the two transmitters within a

slil'!' 1.0 transmit. two halves of a packet (a packet typically being several bytes of data). The

"'fedive nllmber of transmitters pel' node then becomes rI = 1 and the effective number of

dllLnncls pel' slice C = '1. A wide variety of configurations are possible which can change the

elfe(·I.h·e nnmber of transm:tters, slices, channels pel' slice and channel width. Among the

possihiliti('S are (Il = 1, N = 32, C = 8, A" = 4, W = 8), (a = 2, N = 8, C = 4, A" = 4,10 = 8),

(ri = 'I,N = 8,C = 8,A" = 1,10 = 32), (a = 8,N = 1,C = 8,A"= 4,10 = 8).

2.1.4 Mode of Operation

The hyperplanes described in this thesis are synchronous and operate on a 1Iigh speed clock.

'l'his dock governs the transfer of data between nodes in the backp!ane. Each optical bit­

dmnncl operates at the clock frequency of the backp!ane. During each clock period, the

data on the 1\C channels of one smart pixel array is transferred in paralle! to a neighbouring
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smart pixcl array, i.c., from onc nodc ta its Ill'ighbouring nod.,. Whil., th., fundanll'ntalunit.

of timc is thc pcriml of thc hackplanc's dock, timc is gl'oul,,'d iuto hll'gl'r units "al\l'd l'lId'l'/

li7lle-slol dumlions [2;1 madc up of scvcral c10ck p"l'iods. DUl'ing a tillll'·slot, a nod,' is ahh'

ta tl'ltnslIlit an cntirc packct (normal\y scvcral hytl's) 1.0 anol,h"I' nodl'.

2.2 Alternate Structures of the Basic Hyperplane

2.2.1 Single-Strellm Circular Hyperplane

•

The Iincar hypcrplane dcscrihcd sa far has two strcallls for wlIllllunimtion and nl'cl'ssaril.v

sa. If node i wishcs ta transmit ta nodc j, whcl'e i > j, it dol's so t,hl'Ough 1.11<' upstl'I'alll

channcls; ta rcach nodc k, whcrc k < i, it lIlust usc the downstl'ealll dlanl1<'ls. If 1.11<'1'1' was

a Iink tlmt c10scd the Iinear structure, i.e., lUI optical conne<:t.ion fl'olll nod" N 1.0 nnd., 1

then there would he no necd for two separatc channels. The hardware l'l!SoUI'('I'S of thl' two

channcls could bc combincd into a unidircctional channel of twice th" handwidth a._ shown

in Fig. 2.4. Closure will require some additional hardware in the forlll of hulk optics al.

bath ends ta steel' the Iight around the 1001' [28, 2ü] .

PCB
'ï

• • , , •• , 1 • •• • • • •• • • • 1 ,
• • • •
• , • • •

Bulk oplics

Figure 2.4: Single-st l'cam circulaI' hyperplane

2.2.2 Dual-Stream Circular Hyperplane

•
Instead of combining the upstream and downstream channels into one unidire<:t.ional l'in!!;,

they can be 1eft as separate streams and conligured as two counter-rotatin!!; rin!!;s [28, 2(jl.

Each ring then has the same number of optieal bit-channels as each stream in the Iinear
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v"rsioll. This <:ollfigllratioll has sigllilicallt advantages over both the Iillear and single.stream

hyp"rplan"s as will be shown in t.he following section.

bulk optics PCB optieal channels

•

•

& 1
1 ---

~l 1:
~ 1 • "--

Q" hJ
~l Il~

~
•

lJ

Figure 2.5: Dual-stream circular hyperplane

2.3 Embeddings

01'" of the strengths of the hyperplane is its connection intensive nature and ability to

etricient1y embed any other conventional network. The hyperplane can be modeled as

a hypergraph with a number of vertices and a large number of edges which qualify the

backplane as being connection intensive [25].

A nnmber of common networks are embedded into the hyperplane to demonstrate its

performance and nexibility. The networks can be modelled as graphs or hypergraphs [33].

'1'1", task of embedding corresponds to mapping the graph or hypergraph of a network onto

t.he hypergraph of the host, being the hyperplane. '1'0 illustrate the embeddings, a model or

t('lIIlllat.e of the hyperplane is described [21,25]. It is upon this template, shown in Fig. 2.6

that varions networks will be embedded.

The telllplate represents a backplanp. which can support up to 16nodes (the nodes corre·

spond to vertices). Each node has a smart pixel array in both the upstream and downstream

channels. The arrays, as an example, have f( =4 slices and C, an undetermined number of

channels l'cr slice. There are 2f( verticallines emanating from each node which represent

eledrical access channels of width IV bits.
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Figure 2.6: gmbedding template of the hyperplane

The K verticallines on the left half of each node represent the eledrkal dl,uln!'ls (OIW

for each of the K slices of the smart pixel army) used to reccive p,u:kets from otlll'r nodes.

The packets arrive over the logical channels in the hackplane. gadl one of t.lw 1\ litws

represents 2b electrical channels since each slice has b reccivers (t.he factor of t.wo is t.o

accommodate for the two smart pixel armys necessary for the npstream and downst.ream

communications). The packets received at the slices of a node's sma.rt. pixel army arc scnt.

to the node's message processor through the electrical chanuels.

The K vertical lines on the right half of each node represent the c1edrkal d,annds

(one for each of the K slices of the smart pixel array) used to scud packets oVl!r tlll! 10gi",,1

channels in the backplane to the oUler nodes. gach ouc of the 1\ lines represeuts 2.• dcctrical

channels since each slice has s transmitters and must accommodate the two snmrt pixel

arrays for the two streams of communicatiou. The packets originate from a uode's IIIl,ssage

processor and are sent through the electrical channels to the slices of the node's sllmrt pixel

array.

The horizonta1lines represent logical channels that traverse the length of the Imckplanc.

The channels are divided into two sections. The upper half is for downstream commnnica­

tions, i.e., from right to left, while the lower half is for npstream communications, i.e., from
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il-ft t.u rif.\ht.. 'l'he logical channels are composed of 1lJ oplical bit.-channels, i.e., t.he same

widl.h as the {!Iüctrical acccss channcls.

Conn"ct.ions between nodes are represented by bold circles, solid squares and bold hori­

Zllnt.allines. A bold circle represents a logical channel on the slice of a smart pixel array of a

no<l" when. a packet can be extmcted. Similarly, a solid square represents a channel where

a packet C1U, he injected into the backplane. A bold horizontalline connects one transmitter

(a solid sqllare) to one or more receivers (bold circles) and represents a two-node or multiple

Ilode c:ollllcctioll.

2.3.1 Linear Hyperplane

l'1II1,,,ddings in the linear hyperplane arc straightforward. There arc two streams of Z free­

space optical bit-channels each: one for transmissions upstream and the otller downstream.

Consider one of " edges emanating from node i which spans nodes l to N. The portion

of the edge which spans nodes 1 ::; j ::; i will be embedded into the downstream channels,

whil" th" portion of the edge which spans nodes i ::; j ::; N will be embedded into the

IIpstrealll channels. Thus, aU "N nodes will have a part of an edge in both the upstream

ami downstream channels except for the edges emanating from the outer nopes 1 and N.

Since "N edges slmre Z optical bit-channels, the width of an edge will be Z / "N bits.

Consider a transmission of a packet from node 1 to node N. It will take N - 1 clock

cycles for the packet to traverse the intermediate nodes and arrive at node N. This delay

is referred to as propagation delay.

Crossbnr Switch

'l'he hypergmph model [33] of an N = 16 one dimensional Crossbar is shown in Fig. 2.7~..

'l'h,, network has N inputs and N outputs. Each input can send packets over a broadcast

hns or hyperedge. Each output may receive from exactly one of the N inputs at one time.

The embedding is shown in Fig. 2.7b. There are only two vertical lines from each node

which represent the two electrical access channels: one for transmission and the otller for

reception of packets. Recall that each line actually represents 2 lines to accommodate for

the 2 smart pixel arrays necessary for both streams of communication.
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(n) Hypergrnph model of nn N= 16 crossbar
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(b) Embedding of nn N=16 crossbar

Figure 2.7: An N =16 Crossbar switch

Node 1 uses only its upstream transmitters while node N nses only its dowllstream

trallsmitters.

•

The smart pixel array of a Crossbar would have II' = 1 slice and C = N c1mllnels l'er

slice. In other words, ail the logital channels would reside on one slice. Since the Crossl",r

has input and output dilations of one, the slice would have .• = 1 transrnitter lUld b = 1

receiver. The logica.! channels are Z/N bits wide. Il is not strictly necessary ror the smart

pixel array ta be configured in exactly this manner. As mentiolled earlier, any array that

effectively has one slice and a single transmitter and receiver will he suitahle.
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Knockout Switch

18

TI)(! Knockout switch, proposed by Yeh, lIluchyj and Acampora [19] is similar to the Cross­

har hut h'L" an N·to·/' concentrator on each one of the outputs, where L is the number of

r"""ivers per output. The advantage of this schellle over that of the Crossbar is that each

output is able to receive up to L packets sillluitaneously. The hypergraph model is shown

iu Fig. 2.8.

Figure 2.8: Hypergraph model of an N = 16, L = 8 Knockout switch

N·lo·L \ /
conccntmtor '-....-.,-1

1 •••

•

1
2

3

N

• •• •• •
... ••• ...

\'-r--.-'/
1 •••

N

•

The embedding of the Knockout switch is virtually identical to that of the Crossbar

from the point of view of the embedding template. The output dilation is not explicitly

shown iu the figure. In order to accommodate the L receivers, each vertical line should

he considered as being b = L electrical channels operating in para1lel instead of a single

channel as is the case for the Crossbar and other networks with an output dilation of one.

The snmrt pixel arrays for the Knockout switch would be similar to that of the Crossbar

except tlmt the slice must have b = L receivers. The L receivers increase the complexity of

the array rather significantly. The logical channels have the same width as in the Crossbar

switch.

Dilated Crossbar

The dilated Crossbar is similar to the Crossbar and Knockout switches, except for the

lIIultiple transmitters per node. This allows for a > 1 packets to be sourced by each input.
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(a) Hypergrllph mode! ofan N=16, 0=2. b=4 diluled crossbllr
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(b) Embedding of an N=16, a=2. b=4 dilnled crossbnr

Figure 2.9: An N =16, a =2, b=if dilatcd CrosSb;tf switeh

Each output has an aN·to-b eonccntrator which allows for the reccption of IIp to b IHleket

simultaneously. The bypergraph model of a dilated Crossbar with (L = 2 transmitters ;md

b = 4 receivers per node is shown in Fig. 2.9a. The upstrcam channcls of an cmhedding

are shown in Fig. 2.9b; the down&tream channels would be similar, just as the two r;trmullfl

of the Crossbar are symmetric. As with the Kncckout switch, the output dilation cannot

be explicitly seen in the embedding. The vertical lines should he considered H.8 b dmnnels

emanating from the smart pixel array to the node's message processor.

The smart pixel array for the dilated Crossbar is similar ta that of the CrolislH1r and

Knockout switches but has intermediate complexity. The array would crrcctively hHNc one
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slic" <:ontaining C = "N channels per slice, b receivers and 8 = (L transmitters. The number

of "dges to be embedded is aN as opposed to N for the Crossbar and Knockout switches.

COllsequelltly, given a fixed number of optical bit-challnels, the width of the logical channels

will he redllced hy a factor of a, i.e., W = Z/"N bits, to accommodate for the input dilation.

Fully Connected Network

A graph model of an N = 16 Fully Connected network is shown in Fig. 2.10a. Unlike

the other networks presented in this chapter, the Fully Connected network is a graph and

Ilot a hypergraph. The edges are direct links between exactly two vertices (or nodes) and

not broadcast links su~h as those in the hypergraph networks. Every node has an edge

to every other node in the network. The embedding is shown in Fig. 2.10b. Since every

node is directly connected to every other node, there must be a = N transmitters per

node. This is implemented using a smart pixel array with l( = N slices, C = 1 channel

per slice and 8 = 1 transmitter per slice. Node 1 uses 15 upstream transmitters and none

011 the downstream array while the opposite is true for node N. The intermediate nodes,

1 < i < N, use N - i - 1 upstream transmitters and i downstream transmitters. This

means that N +1 transmitters per node remain unused, i.e., just over half which represents

a significant inefficiency in hardware utility. The same could be accomplished by having

an array of J( = 1 slice, C = N channels per slice and 8 = N transmitters for the slice.

As N grows large, the number of transmitters per node will be limited to sorne number

less than N due to hardware costs. The transmitters can be mapped to several outgoing

chan nels to maintain full connectivity. However, each node will only be able to sonrce a

Iimited number of packets less than N. Since there are N(N - 1)/2 edges embedded in Z

optical bit-channels, the width of an edge is 2Z/(N(N - 1» bits.

Crossont Switch

The Crossout switch is a novel network proposed in [25]. Its hypergraph model ls shown in

Fig. 2.11a. It is similar to the Crossbar and Knockout switches but unlike the latter which

hus a single N -to-L concentrator per output, the Crossout switch has J( concentrators per

output each of size N / J(-to-b and has inlermediate complexity. Thus each concentrator
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(a) Graph model ofan N=16 Fully Connected nelwnrk

(b) Embedding of an N=16 Fully Connected network

Figure 2.10: An N = 16 FuUy Conncctcd nctwork
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OPPr"tl" on " ,ub,et of the N incoming logical channels. The embedding is shown in

Fil!;. :l.11 b. The '"l',rt pixel array used for each node bas J( = ,) slices, C = 4 channels

))1'1' ,Iil:(', .• =1 tran,mittel' and b =1 receiver pel' slice. Since the Crossout switch has N

,·dW", 1.1", wid th of the logical channels is Z/ N bits.

Dilnted Crossout Switch

TI", dilated Crossout switch is similar ta the Crossout switch, except for the multiple

tmusmitters pel' node. This allows for a > 1 packets ta be sourced from each node. The

I!;raph model of a dilated Crossout switch with a = 2 transmitters and b = 4 receivers pel'

node i, ,hown in Fig. 2.12a. The embedding is showlI in Fig. 2.12b. The smart pixel array

u,ed for each node has J( =,1 slices, C =4 channels pel' slice, 8 =2 transmitters and b =d

l'l'n'iver, pel' slice. Given the same number of optical bit·channels, the width of the logieal

dl't11I",I, will be l'educecl by a factor of IL over that of the Crossout switch ta accommodate

the dilation. As with the Knockout switch, the output dilation cannat be explicitly seen in

the embeclcling. The four verticallines on the left half of each node should be considered

a' b chanuels emanating from the smart pixel array ta the node's message processor.

2.3.2 Dual-Stream CirculaI' Hyperplane

Embedclings in the clual-stream circulaI' hyperplane can be accomplished in three distinct

nl'Ulller' [2(;]. As with tbe linear hyperplane, there arc two streams of Z free·space optical

bil.-chanuels each; one for transmissions upstream and the other downstream. However,each

,1. l'cam i, actually a ring duc 1.0 c!osure of the ends. Nades arc then able to send packets over

the N ·1.0·1 link which clid not l'xist previously. This capability, which is not present in the

Iinear hYllerplane ancl may not seem significant, leads ta the different embedding schemes.

Three ,chemes are presented below for the Crossout switch, of Fig. 2.11, to ilIustrate the

impact of the clual stream hyperplane. Although not shawn explicitly, these embedding

,d",mes apply equally ta the other networks presented above.
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(a) Hypergraph model ofan N=16. C=4. K=4 Crossout

(b) Embedding of an N=16. C=4. K=4 Crossout

Figure 2.11: An N = 16,C = 4, Ii = 4 CrossouL swiLch
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(al Hypergruph model of an N= 16, C=8, K=4, a=2, b=4 dilnted crossout

(bl Partial embedding of an N=16, C=8, K=4, a=2, b=4 dilnted crossout

Fignre 2.12: An N = lG,C =8,I( =4,a =2,b =4 dilated Crossant switch

Mnximized Edge Bandwidth Embedding

24

•

ln the first scheme, the embedding can be donc snch that the channel width or edge band­

width is nHtximized. By embedding half of the aN edges of a network in one ring and the

other Imlf in the other ring, the aN nodes will share a total of 2Z bit-channels. The channel

width is then 2Z/aN bits. In the worst case, the propagation delay will remain ta be N-l

c10ck cycles since transmissions from node i ta node i - 1, where i < N /2, in the npstream

channels will reqnire traversing N - 1 other nodes. The same is truc in the downstream

channels for transmissions from node i - 1 ta node i where i > N /2.

An embeddillg of an N = 16,C = 4,K = 4,a = l,b = 1 Crossout switch where the
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Figure 2.13: Maximized edge bandwidLh eml.edding or a Crossoul. swit,l'h

edge bandwidth has been maximized is shawn in Fig. 2.13. DespiLe Lhe Lwn Lransmil.L..rs

per node in the diagram, they are effecLively one transmil.l.er. They should h.. Lhou~hl. or 'l.'
Lwo halves or one transmitLer with an effective width which is twice I.haL or I.ransmil.t.t·rs or

the Crossout switch in the linear hyperplane shawn in Fig. 2.11. In order Lo ac""m,uodlLl.e

the two coupled transmitters, the number or reccivers per slice must hl' aL h·,,,-1. I.wo. Thl'se

two receivers are effectively one receiver or twice the chlLnnel width as lL sin~le n'cdVl!r.

It should be noted that this embedding corresponds Lo Lhe siugle.sLrmLln dn:ullLr hYI",r·

plane with 2Z optical bit-channels. Thus, the single.stream CÎrcullLr hyperplane, o(l'l'rs no

advantages over the dual-stream architecture.

Minimized Propagation Delay Embedding

ln the second scheme, the embedding can be done such t1IlLL Lhe proplLglLLion ddlLY is mini­

mized. An embedding of an N = 16, C = 4, l\ = 4, (1 = l, b = 1 Crossout swiLch umler Lhis

scheme is shawn in Fig. 2.14. By embedding all the (IN edges in hoth rings, Lransmissions

never have ta traverse more than N /2 intermediate nodes. Consider IL transmission l'rom

some node i ta sorne other node j, where 1 $ i < j $ N. Ir the distance in onu ring is

rIl > N /2, then the distance in the other ring will he N - ri! < N /2. Sincu 'LII ed~e l'rom

a given node aIways exists in bath rings, a transmission sorne node i can be sunt ouL usin~

that ring in which the distance is shorter. In the worst case, the propagation delay will 1",
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Fignre 2.14: Minimized propagation delay embedding of a Crossont switch

26

•

•

N/'2 dock cycles. Since ail aN edges are embedded into each of the Z optical bit-channels

of both rings, the width of the logical channels is Z/aN bits pel' edge.

Maximized Edge Bandwidth and Minimized Propagation Delay

ln the thircl scheme, the ernbeddings can be done snch that edge bandwidth can be max­

imized and the propagation delay rninimized simnltaneonsly. An embedding of an N =

Ifi,C,,= ·1,1\ =4,a =l,b =1 Crossout switch where the bandwidth has been maximized

and the propagation delay minimized is shown in Fig. 2.15. Consider the second scheme,

descrihed ahove, which minimizes the propagation delay. Each embedded edge spans N /2

nodes. Half of each logieal channel remains unused since there is no edge or portion of

an (·dge whieh occupies it. These edges can be packed twiee as densely so that two edges

occnpy the sam\J set of logical channels without overlapping, e.g., from node 1 to node N/2

and from node N/2 +1 to node N. The aN edges would now occupy only half of the logical

dlltnncls in each ring. This now means that the width of each edge can be doubled by

allocating two logieal channels instead of one pel' edge. In this manner, the edge bandwidth

is nlltldmized, i.e., 2Z/uN, while maintaining the minimized propagation delay of N /2 c10ck

l'ych's.
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Figure 2.15: Optimized bandwidth and propagation delay embedding or a Crossont. swit.eh

2.4 Summary

The hyperplane was reviewed in this chapter. lts strnctnre and main compoll<!nt.s Wl!fl'

described in the first section. Two variations or the IHL,ic linear hyperplmlC, t.llf! sinl';l,'­

stream and dual-stream circular hyperplanes, were then descrihed in the s""ond s<,<'tion. In

order 1.0 illustrate the connection intensive nature or the hyperplane, a nnmher or wmmon

networks were embedded in the linear hyperplane. Finally, three special embedding sch"'nl!s

which apply 1.0 the dual-stream circular hyperplane were described .
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Chapter 3

Design Goals of the Software Tooi

lu desiguiug the software tool, a number of goals were kept in mind. As stated by Bertsekas

aud Gallager, aualysis should precede design rather than follow it [3]. The motivation

Illlhiud this is that a thorough understanding of network or system operation should be

gaiued prior to auy attempt being made to design and optimize a network based on educated

guesses or past experimentation \\'ith similar systems [4]. This understanding removes

some of the uucertainty which is Inherent in the design process. Thus, above all else,

the fuudamental goal in designing the software is to provide a tool which will allow the

uctwork desiguer or system level architect to develop an intuitive understanding for the

elfects that various parameters have on design and operation. Given this understanding, a

Iwtwork cau be developed where the available hardware resources are used efficiently and

the ideal operating point has been selected which meets all applicable constraints related to

l.cchuology and specificatious related to standards. It can then be stated with reasonable

wufidcuce that the highest level of performance possible has been achieved.

lIaviug established the primary goal, a number of secondary goals which are necessary

to build the software tool are identified. Due to the complexity of the hyperplane there

arc mauy dilfering configurations related to architecture, various possibilities for network

lmlbedding schemes and an Infinite range of operating points and conditions under which

it may function. To fulfill its role as a tool capable of being used for broad design space

explorations, the software must have a flexible mathematical model to analy~e the numerous

incarnations of the hyperplane. In developing the model, the suitable level of abstraction

ueeds to be determined. For the system level architect minute or very intricate details are

28
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neither needed nor desimble as they would detmct from the mltiu pllrpOSC of modcling lit

the system leve\. Along the slune lines, there lire a htrge uumber of Ill'rformll.l\cl' ml'IISnr<'s

which characterize ail aspects of the operatiou of the hyperplaue. Ouly a suhset of those

which arc of relevance arc actually calculated.

lu writing the software code to implemeut the mathl'lnat.ical model, steps must Ill'

taken to eusure that the computations arc relatively unintensive yet still he sullil'iently

accnrate so that incorrect conclusions arc not drawn. At the t011 level, Itl\ of the inllividual

routines should be assembled in such a way tlmt the software Ims a souud logkal iut,l'rlml

structure. This would allow for future innovations, he they related to the architl'dnre,

device technology or the operating conditions, to the hyperphulC to hl' acwmmOlhül'l\.

Finally, the user of the tool should not be uunecessarily burdened with th" uuderl.viug

functions, file handling etc., of the software. A suitable front end which hides these 'L'peets

is needed. The following sections in this chapter discuss in greater detail till'He goals.

3.1 Hardware Configurations

Firstly, the software must model two different types of hypertllanes: the linear and dual­

stream circular. The single-stream circular is not modeled since it offers no ndvantages over

the dual-stream version. The dual-stream circular hyperplane under the nmximized edge

bnndwidth embedding scheme is equivalent to the single-stream drcuhtr hyperplane.

The linear hyperplanes can be operated in two dilferent modes. Recall thnt each node

transmits over a channels which arc reserved for it. For each node, the assignment of

the subset of the a transmission channels to the availnble aN clmnnels is arhitmry. 'l'wo

particular channel assignment schemes, one denoted scqllcntirll and the other intr:l'!cavcr!,

presented in the following chapter, are considered. The software should model the illl(mct

of these two schemes.

The dual-stream circular hyperplane has sorne advantages over the linear version. AH

outlined in the previous chapter, three different embedding schemes arc possible for the net­

works being considered. Dy varying the manner in which edges of a network arc e",h",lded

into the two counter-rotating rings, the bandwidth can be maximized, the propagation de­

lay minimized or both achieved simultaneously. The software should allow for each dilferent
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Second, lhe soflware musl modellwo paramelers, related to the hardware, which define

the cal'acily aud scale of lhe hyperplane. The first parameter is the number of free-space

0l'lical hil challuels delloted by Z. For eilher hyperplane, the peak capacity is directly

l'roporliollal lo lhe lIumber of optical bit channels. The capacity is limited by the optical

hardware used lo gellerate the parallel beams of light, whcre each beam carries a single

hil. As optical lechnology improves, the densily and number of optical bit channels will

i1lne;L~e. The second hardware parameler is N, the network size given by the number of

uodes. Scalability of the architecture is an important concern as future systems may require

l'ver iucreasiug number of nodes lo be supported by the backplane. The software should be

ahle lo model the effecls of incorporating varying numbers of nodes into the backplane.

3.2 Operating Conditions

Ollce the hardware configuration is decided upon, there are three parameters which affect

the operaliou of the hyperplane which the software should allow to be altered and modeled.

The dock frequency, B, of the backplane determines the rate at which bits are trans­

ferred from one smart pixel array to an immediately neighbouring array, i.e., between adja­

ceut nodes. The operating frequency of the dock depends upon the maximum rate at which

lhe 0l'tical receivers in the smart pixel array are able to switch. Presently, GaAs/AlGaAs

multiple quantum weil diodes are being used in the smart pixel arrays as receivers. As the

fabricaliou process matures or alternate clements are used, the maximum dock rate will

chauge. The software should model operation of the backplane at any dock frequency.

Transfers between nodes are donc using a fixed packet size. For ATM standards a ccli

is defiued a.~ 53 bytes long. The packet size, P, directly affects the time duration of a

lime·slot, which in turn affects the throughput of a network. The software should model

lransmission of packets of any arbitrary size in bits.

l3ackplanes, whether part of a telecommunications switch or the interconnection net­

work of a multi-processor machine, will face varying loads at different times. Ideally, the

hyperplane should be able to carry traffic regardless of the offered load, denoted Ct, without

significant loss of packets. The software should be able to model the hyperplane under any
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Any software tool which is to be used for a design space exploration ror tlll' devl'loptllent

or the hyperplane must compnte aud preseut ail the relevaut perfOrtlHUlC" tIleaSUfl'S. 'l'Ill'

optical backplane being an entirely new endeavour, there arc a large uutlllll'r or dHtraetl!r'

istics to be explored. The relevant aspect or the hyperphtlle tIlust be examÏlll'd ill ord,'r to

achieve a thorough understanding of its operation. These meltHUreS should h,' Cümplltml as

a function of the number of nodes in the backplalle, the lIumher of optical bit-dmnllels, the

operating clock frequency, packet size and the trallic load where ltf,propriltte. The hard­

ware configurations and operating conditions can then he set so that the hest performalll,e

can be obtained for various applications. The software models the hyperplalle under two

conditions: unbuffered and buffered.

3.3.1 Unbuffered Analysis

In the unbuffered analysis, several important mea.~ures are identified, along with their rl!'

lated ones, which the software should compute. These arc the packet time-slot dllration,

the probability of packet blocking, the loss rates and throughput.

The packet time·slot duration, described in Clmpter 4, is a crncial Imrameter whidl

affects the throughput of networks embedded in hyperplane. It is dependent upon tlll! type

of hyperplane and the particular embedding scheme being used.

Ali of the networks examined here are internally nonblocking. In the presellce or permn·

tation trafflc no blocking occurs at any of the output ports since there is lIever more than

one packet destined for any one output. However, given random trallic, the possihility that

multiple messages are destined for the same output port or 1I0de exists. The prolmbilities

of blocking and acceptance in the cireular hyperplanes arc dependent UpOIl the emheddillg

scheme and are different from that of the linear hyperplane.

The final measure is the capacity of the networks embedded in the hyperplalle to carry

traffle. Among the aspects to be examined arc the aggregate bandwidth, the 1I0de halld·

width, the edge bandwidth, the unused capacity of the backplane and the loss rate due to
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3.3.2 Buffered Analysis
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N{·tworks, sllch ;L' the hyperplane, may be operated with sorne type of buffering, in prac­

I.k". 'l'Ill! software should be developed with the capability ta modcl the hyperplane's

l'''rformance when nodes arc buffered with FIFO input queues.

The software models two types of queues, a hypothetical infinite size queue and a real­

iZl,bl" one with queues of finite size, Q•. The parameters of interest arc the throughput of

the quenes, the expected number of packets in the queue, the expected delay of a packet

through the queue. For the finite size queue, losses can occur when the queue becomes full,

IlCnC", the probability of packet loss and the packet loss rate are of examined.

3.4 Modeling Accuracy and Computation Complexity

For the software tool to be practical, a balance must be found between modeling accuracy

nnd computation complexity. A very low level of abstraction will result in a highly accurate

mode! of the byperplane but will incur the penalty of excessively long computation time.

Sincc this tool is intended for the system level designer, a number of simplifications can be

made which will not unduly compromise the correctness of the analytic model but allow

for significant savings in computation time. The tradeoffs used to achieve this goal for the

unbuffered and buffered analysis of the hyperplane are presented below.

3.4.1 Unhuffered Analysis

ln considering the unbuffered analysis, the bulk of the computational complexity will lie

within the fnnctions needed to calculate the probability of packet blocking and acceptance.

These Jlrobabilities arc modeled exactly using binomials and involve large summations, as

will be shown in the following chapter. While this binomial model is exact, the computation

time can become exccedingly long. This difficulty can be addressed in a couple of different

wn.ys.

One approach is to truncate the computation of the probabilities once a certain error

tolerauce has been reached. In this way, the computation time can be drastically shortened.
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At the saille time, it ca.o be gllarantecd lltat tl1{' rc!'mlt is ac('uratl' wit.hin il ('l'rt.ain, knowlt.

percentage. The other approach is to approximat(' 1.11(' hinomial mod"1 with a Poisson

mode!. Il provides a less accnrate analysis hut is computatioually murh I('ss int('usi\'.,. Th.,

sUlllmations have finite bounds in practice and avoid nsing rombinations.

It has bccn decided that the software shonld allow the nser 1.0 sded h(,tw('('n thrl'l'

dirrerent probability or compntational models with a.n inCrt'I~,ing Sl)('('d v.'rsns d('rWI~,ing

accuracy tradeorr, the first being an exact binomial mod('I, the s('cond an appl'oximat('

binomial mode! which uses truncation and the thirtl beiug lt Poissou mode!.

3.4.2 Buffered Analysis

ln the software tool, the hyperplane is operated in a synchronons fashion; paàet l.mnsmis­

sions are initiated only at the beginning of a packet, time-slot dumtion. The tmnsmissions

are governed by the clock which l'ont rois transfers of packets betwe('n nodes in tlll! hack­

plane. When analyzing input queues, the ltppropriate mode! would then Ill! a disn..te-time

Markov chain. As is well known, this tyre of analysis requires solviug syst..ms of Iineltr

equations for the state of a queue [25J.

A much more tractable solution is to itmtlyze the input queues through 1.11(' use of

continuous·time Markov chains. The solutions to the state of the queue are weil kuown

closed form equations. The continuous-time mode! ",,~nmes that the inter-arrivai times of

packets to a queue are random and OCCltr throughout a continuous time p..riod. Despit..

this misrepresentation, the model provides a very good approximation to the belllLviour of

the queue over time periods which are much greater than one packet time-slot dumtion.

Wil,h this approach the goal of keeping the software routiues for th.. input qllt!lling analysis

relatively simple l'an be met.

3.5 Software Interface

ln order that the software tool be simple to use yet powerful enough to carry out a thorough

and wide design space exploration, the interface should mect certain criteria. It should

require little or no knowledge from the user of the internai software fnnctions or structure.

This goal is achieved with an intuitive, fully automated menu driven interface which hides



• CI/Al'TEIl :1. DESIGN GOAl,S OF 'l'IlE SOFTWARE 'l'DOL 34

•

•

the underlying operation. The second criterion is that the interface provides full control

OVl!f the hardware configuration, operating cor.ditions and the computation model.

An obvious division of the software is into two parts according to the intended function.

'l'he first part is an interface which allows the user to set up an analysis of the hyperplane

,ulller a particular hardware configuration and a set of operating conditions. The second

part is an interface to control the visualization of the numerical results.

3.5.1 Numerical Analysis Interface

As stated previously, the design space for the development of the hyperplane is large. Of

the large number of the parameters which characterize the hyperplane, several of them are

interdependent and cannot be set arbitrarily. Here, the goal is to provide the user with

ml interface that is intelligent and presents ail the parameters in an organized manner. A

sampie of one of the windows used for the numerical analysis interface is shown in Fig. 3.1.

This particular window allows the user to set the packet size, queue size, clock frequency,

number of optical bit-channels, etc. With similar windows that complete the interface, the

liser is provided with full control over the architecture type, network embedding scheme

and the computational model.

Figure 3.1: A window of the numerical analysis interface
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3.5.2 Numerical Visualization Interface

:15

The numerical analysis section cncompasscs over 2'1 dilferent perfornmllce mensures, lIlost

of which are computed ovcr a three dimellsiollal design spacc. The gall.1 in develaping

the numerical visualization interface is to facilit.üe handling the large .unount of d.üa

generated. The interface providcs a set of windows which 'Lllows the user ta HIHJcify CL

particular range over which graphing should he donc 'Lnd then Heleet a ImrticuhLr lIIe'l.'lIIre

to he graphed for cach of the networks. A sampie willdow of the nUlIleriml visualhmtioll

section of the software tool is shown in Fig. 3.2. The window il' used for plotting the

performance measures calculated in the numerical allalysis section. The window inc1udcs 'L

set of interactive controls among which includc options for resc'Lling and rCHi1.illg the 'LXes.

Details on the functionality of the visualization part of the tool ,Lre provided in Clmptcr 5.
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Figure 3.2: A window of the numcrical visualization interface
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3.6 Hierarchical Design
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'l'hl! software cali very rapidly Jose its usefulness n.:; a tool for design space exploration if it

ellllllot model future innovations ta the hardware and changes to the operating modes and

l:OllditiollS.

fil arder ta delay the eventual obsCllescence of the tool, the software should be written

in .1 highly structured and hence hierarchical manner. The goal is that changes to the

tcchnology can be easily reflected in the software by modifying the particular function

or functiolls which model the change. The software must be carefully structured sa that

changes C.lO be made to specifie routines which have a global effect. In this manner an

upd'1te Ileed not be made over a large number of routines and can be kept relatively isolated.

3.6.1 Numerical Analysis Software Structure

The structure of the nurnerical analysis section of the software tool is shawn in Fig. 3.3. The

Flnile queue ,Ize
Infinite qucuc ,Ize

Archllœlun:
Embcddingschcmc
Ouanncllll5ignmcnl
Compuullion model
HunJWlml conngurulion
Opcnlling conditions

Crossbor
DlIlIlcd ClO55blll'
Knoc:koul
Fully Connc:c:led
Crououl
Dilaled Cnmoul

Puckcllimc ,lot dUlUllon
Proboblllly
Bllndwldth
1.lm mIes

Blnomlul· cxuc:l
Blnomilll • approximlilc
Polllllon

Bloomlol· cxue:t
Binomial- approlllmole
Poi5'On

Binomial· Cllue:t
Binomial· approxlmolc
Poisson

Figure 3.3: Structure of numerical analysis section of the software tool

first half under Interface gives the user complete control over the parameters of the design
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space exploration 1.0 he performed. Ali of these parallleters arc organizt'd into differl'nl.

sections. The second part under Networks contains t.he routines us",1 1.0 l'ltlculate tlll'

various performance measures for each one of the elllhedded networks. The lumlysi:; is

divided into three sections: unhuffered and huITered operation, and prohahility routÏlIl'S.

The unhuITered section contains a set of functions which calculatl' various lIIeltsUrt'S sueh

as handwidth. The huITered section coutains the routiues for analyzing perfornmuœ uudl'r

input queuing. The prohahility section is suhdivided into three parts t.o al,,·ollllllmlat.e

three diITerent models: circular, Iinear-sequential and Iinear-int.erleaved. Within l'adl one

of these, three diITerent probahility computation lIIodels arc stored.

This hierarchy facilitates future revisions an,: odditions 1.0 the software t.ool. New net.­

works, output queuing, diITerent hlocking probability lIIodels, other performance lIIel~""'l'S,

etc., may he added with case. Even diITerent hardware configurations, elllbedding sdlCnll's,

operating modes and points can he analyzed hy adding or lIIodifying the neeessary fUlle­

tions.

3.6.2 Numerical Visualization Software Structure

~
HardwDrcconfigunuion
Operating conditions

Interface Computation model
Oruphing point

{
FinitC queue: Sil.e
Infinite queue sii'.c

Performance Mensures

Ornphing Uliliti..

CrossbDr
Dilnlcd Crossbnr
Knockoul
FuUy Conncclcd
Ccossout
Dilatcd Crossout

Axes
Scaling
Font
Orid

Pncket lime slot durntion

ProbnbililY
Bandwidth
Loss rate.'i

Input Qucucing

•
Figure 3.4: Structure of the numerical visualizatioll section of software tool

The structure of the numerical visualization section of the software tool is shown in
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Fi~. :lA. The firsL parL under Interface organizes the routines for displaying the parameters

of 1.111' last atllLiysis in a logicalmanner. The second part under Performance Measures

or~anizes the performance meH.Sures that were calculated under lùgical sections. The last

part ulllier Graphing Utilities stores the graphing Iltilities under appropriate sections.

/ls wiLh Lhe numerical analysis structure, the goal of having implemented such a struc­

LUr<' is to allow future revisions and additions to the tool. The addition of new networks,

pcrforJtHulce measures, three dimensional plots, graphing utilities, etc., can be done by

sim ply adding routines under the appropriate sections.

3.7 Summary

The design goals and considerations of the software tool were presented in this chapter. In

order for the software to be useful as a tool for performing design space explorations, the

tool must be capable of modeling the numerous architectural configurations and operating

points of the backplane. The too1 must then present the results in an informative manner

so Lhat an insight can be gained into the opera tion of the backplane.
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Chapter 4

Analytic Model of the Hyperplane

In this chapter, the mathematical model and varions ll<'rrOrnmIlCl' nll'll.'llr<'" rnr th., hy·

perplane, which was presented in [25, 26J, is reviewed. The anthor thell id,,,,tilil's snnl!'

modifications ta those measures that allow for lt somewlmt dilrerenl. l'ersl',·r.tive nn t.he

operational characteristics or the hyperplane. The allt.hor also I,resellts a. IInvell'mlll·ddinf,\

scheme and accompanying analysis for the Crossant. alld dilat.ed Crossnnt. swit.dlCs.

4.1 Theoretical Performance Analysis

A generalized model for the dilated Crossout is derived in Iirst live sl'ctions. Sl'l'eilk

instances of this model arc derived in arder ta provide models for the Crossbar, dilated

Crossbar. Knockout, Crossout switches and the FlIlly Connected lIetwork. '1'0 dev..\0l' 1.1",

generalized model, the following parameters arc defined.

• Z = the number of free space optical single bit·channels in eaeh direct.ioll, nJlstrmun

and downstream

• P =the size of a packet in bits

• B =the bit rate of the backplane

• N = the number of nodes in a network

• J( = the number of communications slices on a smart pixel array

• C =the number of logical channels on a slice
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• " = tl", Ilrolmbility a 1I0de has a packet to Helld ill a lime-Hlot

• IL = the illpllt dHatioll of a lIetwork

• .< = th" IIl1mber of tranHmitters per slice

• b = tl", lIumber of packets which a sliee cali simultalleously extract

• " = the lIumber of edges in a network

4.2 Packet Time-Slot Duration

4.2.1 Embeddings in the Linear Hyperplane
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The packet time-slot duration [27] is the time during which anode may transfer a packet

tu allother node. The time-slot is composed of two parts: the transmission delay and the

propaga1.ion delay. The transmission delay, T, given in Eqn. 4.1, is the lime required for

anode to inject a P bit packet into the backplane over an edge of width Zle bits. Once

illjected into the hackplane, the packet must travel, through intermediate nodes, over the

edge to its destination node. In order to accommodate the worst case, Le., transmission

b"tween the two furthest separated nodes, the propagation delay is set ta (N -1)1B seconds.

The packet lime slot duration, 5, is given in Eqn. 4.2.

T = r~l seconds

r~·1+(N-1)
5 = seconds

B

(4.1)

(4.2)

The propagation delay portion of the packet time-slot duration represents an inefficiency

in throughput. During that time, the sending node is idle and no longer transmitting.

ConHequently, the channel is partially unused. The efficiency and inefficiency of the packet

time-Hlot duration are useful indicators of the hyperplane's operation. They are given in

EqnH. 4.:1 and 4.4.

•
r~lelliciency = ,,-...,,--'--=--'---

r~1+(N-1)
(4.3)
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N -1
irlûlliciency = .,...,.,...,.-----

rJt:l+(N-')
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It shonl<1 be note<1 that the IIIHllytic mo<11'1s in [25, 26. 27. 2S] have hl','n ItIll<1ili"<1

to rellect the .1 It ne 1995 smart pixel army <1esign. 'l'he net l'iIi''''' 01 tlll' nl'W ,I<'siv;n is

that the propagation delay is "prograltllltable" an<1 the throuv;hput mn appr,'al'h 1.. 'l'hl'

reader is relerred to [25, 26, 27, 28] lor the fiualanalytÏ<' models. ('l'lll'sl' pap"rs al'l' in th,'

journal submission proccss whici; can ta.kc il. fcw ycars 1.0 (~{)mplct.c.) llo\Vc\,('r, tht' H-1li\lysl's

presented in this thesis are concerned solely with the .Iulte 1!J!J.1 Slll'"'\. pixel 'lI'Cay dl'siv;n.

4.2.2 Embeddings in the Dual-Stream Circular Hyperplane

The circular hyperplane, with two counter·rotating rings 01 II, optical hit-channels ,mdl, ,'lUl

support three dilferent embedding schemes [26] as described in Clmpter 2. Jo:lIl'h l'mbl'ddinv;

affects the packet timr.·slot duration as ontlined below.

Optimized Edge Bandwidth Embedding

The edge bandwidth can be maximized, Le., don bled , il hall the edv;es 01 a network are ''In­

bedded in one ring while the other half arc embedded in the second ring. ')'11l' tmnsmission

delay is then halved and the packet Hme slot duration becolIIes

[Pol +(N - 1)
S = 'fZ seconds

B

Optimized Propagation Delay Embedding

('1.5)

Instead 01 maximizing the edge bandwidth, the propagation delay ,:an be minimizl'd, i.e,

almost halved. With two counter rotating rings, when ail the edges are embl'dded in both

rings, the distance between lurthest nodes is only hallway around the appropriatl! ring. 'l'Ill'

packet time slot duration becomes

•
[POl +(H -1)

S = y 2 seconds
B

(1.li)
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Optimizcd Edgc Bandwidth and Propagation Delay Embedding
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/11 the <:ase of the lIetworks allalyzed here it is possible to realize an optimal edge bandwidth

alld propagation delay embedding at once.

rfzl+(~-I)
" = B seconds

4.3 Probability of Packet Blocking and Acceptance

(4.7)

•

•

Ali of the networks analyzed arc internally nonblocking. For any given node blocking or

pa<:kl,t loss occurs whenever the number of packets arriving at a slice on a smart pixel

army excceds b, the number that can be removed from that slice (26). Conversely, packet

al'<:llp1.ILllce occllrs when a packet is received at a smart pixel array and forwarded to the

mcssa.gc proccssor on the node.

ln this section, three distinct blocking probability models are presentedi one for the

single-stream circular and two for the Iinear hyperplane. The derivation for the circu/ar

hyperplane was presented in [26] and is reviewed here. The first derivation for the linear

hyperplane is based on the sequential assignment of nodes to logical channels presented in

(25). After reviewing that derivation, the author presents a refinement where it is assumed

that anode may no longer transmit a packet to itself. The author then presents a second

derivation that relies on the novel interleaved assignment of nodes to logical channels. It

is demonstrated that the probability of blocking is decreased for the Crossout and dilated

Crossout switches. Having presented the probability analysis for the tinear hyperplane,

the requirements for accurately calculating probabilities of blocking and acceptance for the

three embedding schemes in the dual-stream hyperplane are discussed.

Ali the derivations are for the dilated Crossout switch. Though the other networks have

unique blocking probabilities, they are al1 special cases of the dilated Crossout switch.

4.3.1 Single-Stream Circular Hyperplane

Consider the embedding of an N =16, C =4, J( =4 Crossout in the single stream circular

hyperplane shown in Fig. 4.1. Since there is only one stream, each node has one smart pixel

army instead of two as is the case for linear and the dual-stream circular hyperplanes. As
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Figure 4.1: Embedding of an N = 16, C = 4, J( = ,1 Crossout in the single.strelun dmllar
hyperplane

a very important consequence, ail the incoming packets to IL nade arrive on one army and

are not distributed over twa arrays. The derivations of the prolmhilities of hlorking ami

acceptance are based on this embedding for which the followiug a.,slllllptiuns lm, Iluul"

• tramc is random and uniform

•
• ail nodes are independent and statistically identical

• anode is equally likely to send a packet to any other node iUc/1U/iUg ilsdJ

The probability that anode has a packet to send is a. The probability that pal,ket is

destined for a particular node is a/N. A slice can receive at most C packets at 0I1l,". The

probability that exactly j packets, in a particular combination, arc destined for the slice is

_(a)i (. a)C-i
Pc = N I- N

(4.8)

(4 .!))_(C )(a)i( a)C-iPi= j N I- N

The probability that any j out of C packets arc destined for a slice is given hy the following

binomial

The probability that j ::; b packets arrive at a slice and can therefore he received without

10ss is

•

Pri==t(;) (~Y(I- ~r-i
The probability that j > b packets arrive at a slice and hence only b are received is

C(C) (O)i( O)C-iPrb == ;~l j N 1 - N

(4.10)

(4.11)
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The expected Humber of packets that arc received al a slice and sent to the message·

processor is the sum of the expected number of packets, j ~ b, received without 1055 and

tl", expected Humber of packets, j > b, received with 1055 and is given by

, b .(C) (O)i( O)C-i C (C) (O)i( O)C-i1~l'r<r.eiued ;:?:J . N 1 - N +,L: b . N 1- N (4.12)
J=1 J J=b+1 J

The expected number of packets that arc received at a slice and not sent to the message·

prol'essor are those arriving beyond band is given by

C. (C ) (O)i( O)C-jEP/.o1=,L:U-b) . N 1- NJ=b+1 J
(4.13)

The conditional acceptance probability of packets over all J( slices at a node for the dilated

Crossout switch is given in Eqn. 4.14.

The conditional blocking probability can be calculated as l·PA or directly from Eqn. 4.13

lL' follows.•
I(

PA = -EPreceived
ao

J(
PB = -EPI.o lao

4.3.2 Linear Hyperplane - Sequential Channel Assignment

(4.14)

(4.15)

•

Consider the embedding of an N =16, J( =4, C =4 Crossout switch in the Iinear hyper·

plane and its smart pixel array shown in Fig. 4.2a (only the upstream channels are shown).

The second assumption, made for the single-stream circular hyperplane, which states that

nodes are statistically identical, no longer holds. Consider the smart pixel array of node

x in the upstream direction where 1 < x < N. It can receive packets from nodes 1 to x

bu t not nodes x +1 to N. Thus, each node has a dilferent number of incoming packets.

ln the single.stream circular case, this situation does not arise due to the closure of the

rings; every node has the same number of incoming packets. The probabilities of blocking

mlll acceptance must now be calculated for each node individua11y. An average over the N

nodes will give the network'5 overa11 blocking and acceptance probability.

Assume that the nodes arc assigned to logical channels sequentia11y as shown in Fig. 4.2b.

Starting with the first node, its transmitters are mapped to the first logical channels of the
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(n) Up51renm c1umneiR ofembcdding of N.I6. K..... C-4 cmuOU! with lIequtllllul clumncl m~pplnll

·15

••••••••nodc 1 00000000
node 2 00000000
node 3 00000000
node 4 00000000

••••••••

••••••••node' 00000000
node 6 00000000
node 1 00000000
node8 00000000

••••••••

••••••••node 9 00000000
node III 00000000
node li 00000000
node 12 00000000

••••••••

••••••••node U 00000000
llode 14 00000000
node U 00000000
node 16 00000000••••••••

(b) Smart pillel nrruy for the cmMoul wllh llCqucntlal cllllnnci mnpplnll

Figure 4.2: Sequential assignment of Hodes to logical c\HlHneIR

first slice. The transmitters for the second node are mapped tO adjacent logicëll c\Hlnnelll 011

the sarne slice. When the slice is full, mapping proceeds to the next slice. 1 This n.sHiglllllent

can aIso be seen in the embeddiilg of Fig. 2.11a. Consider uode four. The fonr incoming

channels from nodes one to four arc mappcd to first slice white the otiler sliceH rCIIULin

unused.

The probabilities can then be calculated as follows. Consider node x that mëty receive

packets from nodes 1 to x. The number of possible iucomiug channels a.t uode xis ctx.
Since each slice has C channels, the number of full slices is giveu by Lax/CJ. If the Humber

of incorning channels does not fit on an integral number of sliccs, there will be one slice

that is partially full. The number of channels, W, on the pa.rtially full slice is givell by

w::ax-Clc;J
The expected number of packets received at a full slice is given in Eqn. 4.12. 8illlilarly, the

expected number ofpackets received at the partially full slice, ERPr , is givcn by 1~{IIi. 4.11.

(4.11)

IThe ordering ohlices is actually irrelevantj the sequentiaJ assignment. Bcheme rCCluires only thllt. trlUlM­
mittcrs from neighbouring nodes are mapped 1.0 the Bame alice until full.



• C'IIAI'TI';1l '1. ANA/.YTIG MODEI, OF 'l'IlE IIYI'ERI'I,ANE 46

'l''''' l!XI",etl!d IIl1mber of paekets received at 1I0de x, in the upstream, is the number of

fllil slin,s times the expected lIumber of packets received at a full slice plus the expected

IIIlIlIl",r of paekets received at the partially fllil slice and is givell by

l/XJERx == C EPrecdved + ERPx (4.18)

'l'III' ,'xpeded IIl1mber of packets received in the downstrealll is derived similarly. il is

'"'Sllllled that anode lIlay transmit a packet ta itself in the upstream but not in the down­

stream. The expected uumber of packets received at 1I0de x over bath streams is given

by I~ /lx + E RN-x' Hence the probability of acceptance over the N nodes at a normalized

offered load of cr is givell by Eqll. 4.19.

(4.19)

(4.20)•
The bloekillg probability can be ca1culated simply as 1-PA, or directly as follows. The

,'xped"d nUlllber of packets lost at a full slice is given by Eqn. 4.13. Similarly, the expected

nUlllber of packets lost at a partially full slice is given in Eqn. 4.20.

ELPx == t (j - b) ( l~ ) (~)j (1 _~)IV-j
j=b+1 J N N

The expected nnmber of packets lost at node x is the number of full slices times the expected

number of packets lost at a full slice plus the expected number of packets lost at the partially

full slice and is given by

ELx == l~JEp/oot +ELPx

'l'hus, the probability of blocking, PB., is given by

(4.21 )

(4.22)

•

The author now presents a refinement ta the above mode!. The third assumption,

which states that anode may transmit a packet ta itself, is changed - it is now assumed

that anode may not transmit ta itself. This refinement brings the model doser ta what

an netual implementation would be. The criN terms in the previous equations are changed

ta n/(N - 1) since anode may transmit ta only N - 1 other nodes rather than N. In

the upstream, node 1 will no longer receive any packets. Nades 2 ta N, will then receive
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packets from nocles 1 to N -1. ERr. given in Eqn, ·1.18. which dl'lilll'd t.\w (·XIW('\.('l! 1It1I1\I)('r

of packets received at node x cali 1I0W he thollght of as d('finill~ t.\H' ('XP(·('t,('11 1II11l11wr uf

packets received at node x + 1. The dOWl\strl'illll is id(~lItkal. TI\l'rl'fnr(', t h(' prnha hility nf

acceptancc and blocking arc givell by

(4.24 )

4.3.3 Linear Hyperplane - Interleaved Channel Assignment

The author now presents a novel embedding seheme that relies on an interll"Lved dmllllel

assignment seheme. There is an ineffieiency in assigning I10des to challIll'ls in 'L f\l'quelltiai

manner. Considcr a smart pixel array for an N = 16 I10cle network that has l\" = 4 tilice!! 'LIId

C = 4 channels per sUce. As expiaiucd ahove node live wOllld sce its first sliœ lilll'd. The

bloeking experienced on the first slice would he equivaiellt to that of il. i\x4 ~1';~!lI)iLr. The

otller three slices have no incoming channels and eonsequently thcir rcccivcrs arc IIl11lsml

whieh is an under utilization of resourccs.

This premature filling of slices can be avoiclcd if an intcrleaved chanllel assigllUlcnt

scheme 15 followed. The embedding of an N = 16, J( = 4 , C = 1\ Crossollt switch with

an interleavecl channel assignment is shown in Fig. 4.3a (only the upstrcam ChêLfIIlCls êLfC
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(n) Upstrcnm channels of cmbcdding of N=16. K=4, C=4 crossout with interleavcd channel mapping

48

••••••••node 1 00000000
nnde S 00000000
nnde 9 00000000
node 13 00000000

••••••••

••••••••
node 2 00000000
node 6 00000000
node 10 00000000
node 14 00000000

••••••••

••••••••
node J 00000000
node 7 00000000
node Il 00000000
node 15 00000000

••••••••

••••••••
node 4 00000000
node 8 00000000
node 12 00000000
node 16 00000000

••••••••

(4.25)

(h) Smart pixel ntm)' for the crossout with inlerlcllvcd channel mapping

Figure 4.3: Int.erlcaved assignment of nodes ta logical channels

lihown). This cmhedding should be contrasted with the embedding shawn in Fig. 4.2a of

the fmmc Crossout switch with a sequential channel assignment. The transmitters from

ncighbouring nodes are mapped ta channels on adjacent slices as shawn for the smart pixel

array in Fig. 4.3b. In the interleaved exarnple above, the fifth node has one incorning

channel 011 cach of the four slices. Since there are four slices, blocking will be altogether

iwoidcd \Intil Ilode six, where the first slice has two incoming channels, from nodes one and

rivc on the first slice (assumillg that there is only one recciver per slice).

Consider Rode x + 1, where 1 :5 x < N. Of the slices on its smart pixel array, sorne of

thcm will have W1 == lax/KJ incoming channels white the others will have W2 =fax/l(l

incomillg challncls. The number of slices with Wl incoming channels is

1,.' _ { ax - K * lax / K J ifax > l(
J'\ 1 = 0 ifax:5 l(

'l'Ill' number of slices with W2 incoming channels is

J.• - { l{ - (ax -le * lax/J(J) ifax ~ l(
\2 = 0 if x < J{

(4.26)

The interleaving scheme is optimal for the Crossout network, but is Bub-optimal for

the dilated Crossant switch where there are a > 1 transmitters per node. From the above
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equations it can be seen that interleaving is implemented in groups of Il trllllsmittl'rs from

a 1I0de. In other words, the Il transmitters of a node arc mapped to a si ligie slice. In ordl'r

for the scheme to be optimal for the dilated CrosSOllt switch, trllllsmitters 1ll'lolIgillg to

the same node, as weil as those transmitters from adj11cellL nodes, shollid Ill' mapped tn

channels of different slices.

The derivation of the expected number of packeLs 011 the slices with ""1 alld W2 illwmillg

channels is analogous to that of the circular hyperplalle's Imrtially full slice. The expeded

number received on each one of the K\ slices and similarly, 011 each olle of the /\2 slices "w

givell below.

The probability of packet acceptance is then

2 N-l
PA; =-N 1: ([(\ .E[PRi\,l + [(2' E[l'Ri\.ll

acr :=1
(4.2!l)

The expected number of packets lost at each one of the [(1 and 1i'2 slices "re givell by

•

EPLi\.:; .i: (j - b) ( ~2 ) (N ~ I)i (1- N~ It·-i

J=b+1 J

The probability of packet blocking is then

2 N-l

PBi = aaN 1: (/(I • EPLi\, +[(2' EPLK.)
:r:=1

(4.:10)

(4.:11 )

(4.:12)
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Nurnerical Cornparison between the Interleaved and Sequential Channel As­

signrnent Schemes

The deerellse in bloeking probability produced by the interleaved scheme with comparison

10 the sequenlial channel assignment scheme is shown in Fig. 4.4. The network is an

N =ri4, l( =8, C =8, iL = l, b =4 Crossout switch under full load (Cl! = 1). The four

graphs examine the effect on blocking probabilily when varying b, iL, C and N.

ln Fig. 4Aa, lhe number of receivers per slice, b, is varied from one to seven. With seven

reccivers PB. = 2.82xl0-14 and PBi = 3.53xl0- 1S• The improvement is almost an order

of magnitnde. With an increasing number of receivers per slice, the inter1eaved scheme

shows greater improvement over the sequential scheme. The improvement is due to the fact

lhat the inlerleaved scheme will have no blocking until there are more than Kb incoming

channels to anode whereas the sequential scheme will block a.~ soon as there are more

lhan b incoming channels. The reduction in blocking probability provided by interleaving

is proportionallo the number of receivers per slice when the number of transmitters is one.

For example when b =5, PB. / PBi =4.86.

ln Fig. 4.4b, the number of transmitters per node, iL, is varied from one to four (the

number of channels per slice is increased by a factor of a to compensate). For a = 1,

PB. = 3.90xl0-7 and PBi = 1.03x10-7 which shows a decrease in blocking by a factor of

lLlmosl 4. As iL increases there is a decrease in the advantage provided by interleaving. The

decrease is due to that fact the granularity with which interleaving is done is increasing,

i.e., in gronps of a channels instead of a single channel at a time. If the interleaving was

donc with individual transmitters and not a simultaneously, the interleaved scheme would

nminlain lhe same advantage as the number of transmitters increased.

ln Fig. 4.4c, the number of channels per slice, C, is varied between 8, 16,32 and 64. As

C increases, or conversely the number of slices decreases (given the fixed network size), the

mlvantage of the interleaved scheme decreases. At the extreme when C =N, the Crossout

degenerales into an NxN Crossbar. When there is only one slice. both schemes produce

idenliral resnlts. This is expected since no interleaving is possible with a single slice.

ln Fig. 4.4d. the network size, N, is varied from 64 to 8192 nodes. The number of

channels is increased to compensate for the increase, i.e., the number of slices is kept
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Il. :L'h 51l 111201 lU'. 011'''' 'l'I~
N: ncl...~ .11e

III" r-----------...,
u.'

1II'''!-1---:--)~--:-~--:-~-~h--:!
h:~I~ P='r ..Ih,:r

(u) Probabllll)/ of blocklnll VI. numbc:r of n:c:clvcl1I
forunN-M. K.H. Cd..._J. ad Cro511OUI

(c) Probllblll.}' of blocklna VI. numbc:r of channcl5

for un N-61, K-NIC. ".J. h_.,r. a -1 Cfm50Ul

u..1r---.......---...----..

(bll'robuhlllly or hlllfklnll VI, numllfr nf ""II'II1II1CI1I

fuI' IU\ N.fI.I. K.H. C-HlI, I>• .,r,ll ./C""'''III

---
~---

lIl) l'robu.bllll)/ uf bl<M:klns VI. nelwu,k .lte

for an K-H, C.NIK. "./. h• .,r.u./ cru"11lI1

Figure 4.4: Bloeking probability for interleavcd versus scquclltia\ c1nLIIIlCI a..'iliigllltlellt

constant at 8. For N = 64 nodes, P8 5 = 3.90xl0-7 and PBi = I.Oax 10-7 j for N = 8192

PB:J = 1.70xIQ-6 and PBi = 6.25xl0-7 • Thus, as thc network size inercalîcs, the advanlag(!

of the interteaved seheme over the sequential seheme deerea.'iCS and does so to a conslant

factor. This deerease is due to the faet that as the Ilumber of channcls per slicc illCrea.'lCIl and

the number of slices remains constant, the relative 'amount' of illterleaving decreilses for the

given network size. This can be inferred from Fig. 4.4c where the N / J( ratio is incrciUlillg

as C increases (and ]( deereases). The same is truc here as the N/ f( ratio illcn!asell by

virtue of increasing N rather than C. If on the other hand the number of ehannelll IJcr

sUce is fixed at 8 and the number of channels per slice increased with the nctwork size, the

interleaved seheme would maintain its advantage over the sequentialscherne.

The interleaved scheme decreases the packet loss rate for Ilctworks. This dccreasc is
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•

•

<In" t.o t.1", fact. t.hat the loss rate is <lirectly proportional ta the probability of blocking,

l'/J, H" will lm showlI ill Section 4. Ilowever, t.he benefit ta t.he aggregate bandwidth is

lIIilli",al. Th" Imlldwidth is directly proportiollal ta the probabilit.y of acceptance, PA, as

will lm shawn ill Section 4. Consider t.he following. Snppose t.hat a reductioll in PB from

10-.1 t.o 10-' iB achieved wit.h the interleaved scheme for a given Crossout switch. The

mrrl'"polI!lillg illcrc;lSe ill PA will be from 0.9999 ta 0.99999 and sa, represents an increase

of only 1).009% for the aggregate bandwidth.

4.3.4 Dual Stream Circular Hyperplane

I~adl 1I0de in the dnal·stream hyperplane has two smart pixel arrays per node as opposed

t.o olle for the single-stream hyperplane. Packet arrivais from ail the other nodes in the

hackplane arc Ilot uniformly and identically dist.ributed over bath arrays similar ta the

Iinear hyperplane. Consequently the nodes arc no longer statistically independent as was

H.,sllllled for the single-stream circular hyperplane.

Maximized edge bandwidth

ClllIsider the minimized propagation delay embedding of the Crossout in the dual stream

circllim hyperplane shawn in Fig. 4.5. Il. can be seen that the probabilities of blocking and

acccpl.ance derived for the single-stream hyperplane do not apply. The second assumption

Iming invalid as is the case for the linear hyperplane. In either stream l'very node cannat

r('c"ive packet.s from any otller node. Thus, ail nodes arc no longer statistically identical.

Consider t.he smart pixel array of node 7 in the upstream direction. Il. may receive

packets from nodes 1 to 8 but not from nodes 9 1.0 16. Despite the fact that half of the

node" in the npstream arc no longer transmitting, ail of the slices on the arrays of each

1I0de me full and not half empty. They remain full because each node from 1 ta 8 now

transmits over two logical c1Htnnels al. once instead of one. This doubling of edge bandwidth

or channel width results in elfectively halving the number of logical channels on a slice from

(' = ,1 ta C = 2.

If it is assumed that anode may transmit 1.0 itself the calculation of the blocking

probability would require that C =2 instead of C =4 and ail nodes could be considered
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Figure 4.5: Maximized edge bandwidth embedding of the N = lfi, Il = 'l, C = .1 Crossou!.
switch in the dnal-stream circular hyperplane

identical. If the assumption is made that anode may not transmit a packet to its"lf, two

situations would have to be considered for nodes in either stream. COllsicler node i, wlwre

1 ::; i ::; 8, in the upstream. !ts smart pixel array will sec three out of four slices full but

the last slice only partially full since the node does not transmit to itself. Consid"r node j,

where 9 ::; j ::; 16, in the upstream. Its smart pixel imay will sec ail of its slices lille<l. Thus

an exact calculation of the probabilities would have to take these factors into aCwllllt.

Minimized propagation delay

Consider the minimized propagation delay embedding of the Crossout in the dllal stream

circular hyperplane shown in Fig. 4.6. As with the maximized edge Imndwidth elllbeddin~,

the second assumption (that all nodes arc statistically independent) made for the sin~le

stream circular hyperplane does not hold. The nodes in either stream cannot receive packets

from ail other nodes. The nodes are then no longer statistically identical.

Consider the smart pixel array of node four in the upstrearn direction. It rrmy receive

packets from nodes 1 to 3 and nodes 12 to 16. The packets arrive on the lirst three c1mnnelH

of the first slice, the last channel of the third slice and ail four channels on the last slice.

In general, half of the channels will not have any incoming packets while the other half will

cover a contiguous group of channels over several slices. The situation is sirnilar for the
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Figllre 4.6: Minimized propagation delay embedding of the N = 16,]( = 4, C = 4 Crossout
switch ill the dual-stream circular hyperplane

dowlIstream direction.

'l'he embedding shown can be considered to have a sequential assignment of transmit­

ters of nodes to 10gical channels. 'l'his embedding couId be optimized with an interleaved

assiglllllent as presented earlier. In either situation, an exact calculation of blocking prob­

ability would require careful consideration of t.he pattern of arriving packets onto the slices

of the slllart pixel array for each node.

Optimized propagation deIay and edge bandwidth

COlisider the optimized edge bandwidth and propagation delay ,'" .>edding of the Crossout

in the dual-stream circular hyperplane shown in Fig. 4.7. As with the previous two cm­

beddillgs, the second assumption made for the single-stream circular hyperplane does not

hold. The nodes in either stream cannot receive packets from ail other nodes and are thus

no longer statistically identical.

The doubled edge bandwidth causes the effective number of channels per slice to be

lmlved as was the case for the maximized edge bandwidth embedding. Furthermore, each

node in the upstream cannot transmit to any other node, but only to those within a distance

of N/2. Thus the probability that anode has a packet destined for another node in a stream

is n/(N/2). The analysis necded for an accurate calculation ofblocking probability would
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Figure 4.7: Maximized edge bandwidth and minimized propagation deh~y embedding of the
N = 16, J( = 4, C = 4 Crossout switch in the dual-stream circular hYJlerJlh~ne

have to take these factors into account.

4.3.5 Poisson Model of the Binomial

The binomial model for the probability of acceptance and blocking for the dilated Crossont

switch tends to be somewhat computational1y intensive, eSJlecial1y for embeddings in the

linear hyperplane. The binomial can be approximated using a Poisson model which Jlrovides

sufficient accuracy for a first order model [26]. The fol1owing wel1 known theorelll is (Iuoted.

Theorem 4.1 A binomial distribution lVitli paramctel's Il, l' converye.• ta tlie l'oi.•.wJIl di.•­

tribution lVitli parametcr À if n ..... 00 and l' ..... 0 s.t. nI' = À is COIl••ttlllt.

Proof

•

(4.:1:1)
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Single Stream Circulnr Hyperplnne

(4.34)

For the statistically independent nodes in the cireular hyperplane the Poisson approxima­

tions of l~lIn, 4,14 and Elin. 4.15 yield

PA = J( [ b ,e-oC/N(aC/N)j 00 e-oC/N(aC/N)j]-:LJ " +b :L "
na j=l J. j=b+l J.

PB
J( .0 , e-oc/N(aC/N)j

= -,-'a :L (J - b) j'
• j=b+1 •

(4.35)

For the linear hyperplane with a sequential assignment seheme, the Poisson approximations

of Elin, 4.23 and Eqn. 4.24 yield

(4.37)

(4.36)2 N-l [l J
naN]; a;
(
~ ,e-oC/IN-I)(aC/(N -l»j ~ e-oC/(N-l)(aC/(N -l»i)
LJJ " +b LJ " +
j=1 J. j=b+l J.

(
~ ,e-oW/(N-l)(aW/(N -l»j ~ e-oW/IN-l)(aW/(N -l»j)]
L"J " +b LJ .,
j=1 J. j=b+1 J.

2 N-l [lnxJ 00 , e-oC/(N-l)(aC/(N -l»j
= N:L c :L (J - b) " +

na ..=1 j=b+1 J,

00, e-o_W_/_IN_-_l).>,:(a7:-W,,-,/~(:.;.N_-....:l~»,--j]:L (J - b) "
j=b+l J.

Pli =

PB

Linear Hyperplane - Sequential Assignment

•

•
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Linear Hyperplane • Interleaved Assignment

5ï

For the Iinear hyperplane with an interlen.ved aHsignlllcllt sellt.'llle thl' POillllOIl étpproxillmtioll

of F.qn. 4.29 and Eqn. 4.32 yicld

PA

PB

4.4

4.4.1

Network Throughput

Linear Hyperplane

(-1.:$0)

The hyperplane is clocked at a rate of B bit-clock cycles per secolld. ))uring olle perioc1,

a bit 011 a single optical bit-channel can be transferred from one RlIlétrt pixel army to ail

immediately neighbouring array. By operating Z bit-clmnncls in pamllcl, a IHmk thcoreticitl

bandwirlth of zn bits/s exists in both the upstrcam and dOWlIsl.rearn directiontl. If the

backplane is clocked at 1 Gbit/s and an array of 1024 optical bil.-c1Hlnncls is miel! l.hen ft

capacity of 1 Tbit/s i5 realized.

As mentioned previou51y, the analyses in [25, 26, 27, 28] have been reviscd to model

the June 1995 smart pixel arrays, which allow a variable propag'l.tion delay. The varhl.blc

nature of the propagation delay aUows the throughput to al>proach unity. The rcad(~r iH

referrcd to [25, 26, 27, 28] for the revised analysis. The reader is remillded that this thetlitl

coocerns itself 50lely with the June 1994 smart pixel array design.

For any given network that is embedded in the synchronous hyperplane, time i~ divided

ioto packet time-slot durations. During each time-slot a packet can he transfcrred from olle
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u"de to auy other uode in the network. For a single node with a transmitters, the number

of hits per clock cycle that arc trausferred in a time·slot is given by al'/ S where l' has units

of hits/packet aud S secouds/packet. For ail N nodes operating at a bit rate of B, this

then hecornes aN 1'/8. With contention at the output ports, sorne fraction with probability

l' IJ will not be delivered. The probability of acceptance derived in the previous section

is conditional, i.e, it assumes that anode has a packet to transmit. The unconditional

probability is found by multiplying byo. The complete expressior. for p.ggregate bandwidth

[25] is giveu by Bqn. 4.40. As the architecture is scalable and able to accommodate large

nurnbers of nodes in the backplane a more relevant measure of throughput is the bandwidth

l-vailable to iudividual nodes, BWn , given in Eqn. 4.41.

While HW. and BWn arc measures of actual carried traflic, they do not necessarily

iudicatc of the peak capacities available which arc useful measures an.1 the author identifies

lUI follows. Thc peak edge bandwidth, BWe, which is defined as the maximum throughput

supportcd pcr edge, is given by Eqn. 4.42. It is a measure of the maximum available

blUldwidth for each transmitter on any given node. Each of the networks has a maximum

possible throughput based on their embedding. The peak capacity, BWe, for a network is

dcfiued as the aggregate bandwidth at full load in the absence of blocking. It is given in

E'IU. -1.0\:1.

Cornplel1\enting the measures of bandwidth are the measures of loss rates. The loss rate,

8W,.... is defiu~d in Eqn. 4.44. It is identical to the equation for aggregate bandwidth

except that PA has been replaced by PB. The SUffi of the loss rate and the aggregate

blUldwidth does not equal the capacity of the backplane (as will be explaiüp.d later). The

uuused capacity, HWunu.ed is defined as the peak available bandwidth of the backplane less

the peak capacity at a given offered load.

•

•

BW: oaN(PA)Pb' /• = S ItS s

BW: oa(PA)Pb' /
n = S ItS s

BWe = ZB bits/s
e

BWe =a~P bits/s

BW: oaN(PB)Pb' /'0.. = S ItS s

(4.40)

(4.41)

(4.42)

(4.43)

(4.44)
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BW"nuoed = fi (Z8 _ rl~P) bits/s

4.4.2 Dual-Stream Circular Hyperplane

There are two embeddings in the dual-stream circular hyperplane that maximi1.c the edge

bandwidth. Half of the e edges of a given uetwork are embedded into the Z Ol'tical bit­

channels in the downstream ring while the other Imlf are emhedded into the otlll'r ring.

Thus the e edges share 2Z channels unlike the Iinear hyperplane where c edges shart' Z

bit-channels, in both streams. Thus the aggregate bandwidth for the nHLximi1.cd cdge

bandwidth schemes is considered to be 2ZB bits/s.

4.5 Input Queuing Analysis

The nodes in the hyperplane can be bulfered with the addition of FlFO input qneues which

the message processor has the task of controlling. Each quene is modeled lL~ lL continuous

time M 1M 1y 100 queuing system, with memoryless inter-arrivai lime distribntion ILlld

memoryless service lime distribution [25]. The arrivaIs are modeled by a l'oisson process

and the departures are assumed to be adequately modeled also by a l'oisson process. Each

queue can have Y ~ 1 servers and either an infinite or finite si1.e. The packets arrive at

the queues at a rate of À packets per second defined in Eqn. 4.46. The maximum service

rate is 11-m.~ packets per second given in Eqn. 4.47. It is defined as the mlLXimum rate ILt

which the servers can inject packets, which will be accepted into the backplane, in packets

per second.
oZ8

À = PN packets/s

PA
11- = S packets/ S

network

(4.4li)

(4.47)

•

While the queues should be modeled as discrete-time queues, the continuous-time model

suffices. The former requires iteration to arrive at a solution while the latter analysis yields

closed form solutions [26].

There are a number of measures of importance in the queuing model. Among them are

expected number of packets in the queue, expected packet delay, packet loss probability

and packet loss rate. First the infinite queue will be analyzed then the finite size llueue. It
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i" ci""ireci to "olve for the "tate of the queue under equilibrium couditions, from which the

"forelllelltiolled lIIeMures can he calculated.

4.5.1 M 1 M 1 y 100 Queue with Y Ser"ers

'l'he nllllly"i" for the illfillite size queue was presellted in [3) alld is quickly reviewed here. Let

l'; dl'llote the equilibrium probability that the queue has j packets. Under the equilibrium

"""ditio"", the forward rate of fiow must be equal to be hackward rate of fiow. The rate of

n forwnrd trausition from stat.e Pi to state Pi+l is always equal to the arrivai rate À. The

rat.e of Imckward transitiolls depends on the state from which the transition takes place.

For "tates P; where 0 ::; j ::; y the rate is j/t. Astate with only j packets in the queue can

ouly lose ,mckets at a maximum rate of j/l despite the existence of Y > j servers. For the

relllaiuillg states }' < j the rate is Y Jl. An illustration of the Markov chain is shown in

Fig. '1.8.

• "' ..

Figure 4.8: Markov chain model for an M 1M 1y 100 queue

Siuce t.he fiow balance property mnst hold (under equilibrium) between any two states,

t.he following C'LlI be written.

•
(4.48)
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Oy rcarranging to isolate Pi

()1

Oy allowing p = À/l'Jl

J" -1 -

}'l'
J, j. v
Oy!/Jl>l (.\.l'i2)

It rcmains that Po be round explicitly. Knowing thrü E~o Pi = 1 lmuls tn

l' 00

L: Pi+Ln=l
i=O i=l'+1

l' (l'p)i ) l'l' 00 i
PoL-·,-+JoVï L p = 1

i=D l. 1 • i=)'+1

Po = ~l' (\'p)' + O'/)p'-L
L....=O iî --vr-I-/I

Eqll. 4.,53 is mathematically cquivalent to that round in Kleinrock [:12}. lIa.vill~ round the

probability or an empty queue explicitly, the probability that the quell(J hn.'; i packets is

then a1so known. The expected number of packets, ExpIe), ill the queue il! round by tiLking

the expectation over the queue states.

l' 00

Exp[e] = E iPi + L iPi
i=O i=Y+l

(4.5.1 )

EXIJ(C]

Exp(e] (4.5,5)
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TI", "XI",c:tf.!d pa<:k..Ldelay, Exp[D], of a packeL Lhrough Lhe queue can be found using

LiI.LIf.!'s Law [20]. IL sLaLes LhaL Lhe expecLed delay is equal Lo the eXJlecLed number of

paek..Ls in LIli.! 'Ineuf.! over Lhe LhroughJluL. For an infinite size qneue Lhere arc two discrete

cas..s of LhroughJluL. If Lhe arrivai rate, À, is less than Lhe aggregaLe service rate, YIL, the

l.hroullhpuL Is À. l'ackeLs cannoL leave Lhe queue aL a greater rate Lhan at which they arrive.

If 1.1", arrivai raLe is greater LhaL Lhe aggrega,e service rate, the LhroughJlllt is }'IL. Packets

e"'lInol. leave Lhe queue at a greaLer rate Lhan can be serviced. The expected delay is then

Exp(C] .
Exp[D] = À IfÀ~YIL

EXTJ[C] .
Exp[D] = If À> Y,L

YIL

(4.56)

(4.57)

•

•

Since Lhe queue size is infinite Jlacket loss cannot occllr. Even if the arrivai rate is

gwal.er Lhan Lhe aggregate service rate, packets are never dropped bllt rather added to

LIll' queue. In such situaLions, Lhe nllmber of packets in the qllelle grows indefinitely and

conse'luenLly so do Lhe expected Jlacket de!ay and nllmber of packets in the quelle.

4.5.2 !vi 1 !vi 1 y 1 Q. Queue with Y Servers

lIaving reviewed Lhe analysis for the Infinite size qllelle, the analysis for the finite size

qneue [:lI] is brieOy reviewed. While the infinite queue mode! provides an indication of

perfoTIIHLnce in the presence of input buffering it is a hypothetical one. A more realistic

lIIodel is one IIsing a queue of finite size, Q.. The Markov chain model [32] is shawn in

Fig. -J.!l. NoLe Lhat Q. > Y. Let Pi denote the equilibrium probability that the quelle has

Figllre 4.9: Markov chain model for an M 1M 1y 1Q. queue
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i packets. Let À denote the arrivai rate of parkets to t.he quelle alld l' is t.he dl'IHtr\.IIr<' raI<'

from each server. Let p = À/P'I').

..\1'0 = IlL/JI

..\ 1'1 = 21,1'2

,\J1'_1 = }' l,l'l'

,\J1' = }'l,l'l'+1

('l.!iX)

•
The probability of ail ernpty qllene is given by

Po = "y (l'pl' + (\",)" j_"q.-l'
L.",1=O~ -vrP 1-"

Having fOllnd the probability of an elllpty queue, the expected nnml"'r of packets ill tlw

queue, Exp[Cj, is given by

Exp[Cj

Exp[Cj

l' Q,

= 1: ipi + 1: il';
i=O i=}'+l

[
;.. .(Npli (Yp)Y (1- ((J. _ }')pQ.-I'-1 +«(J. _)' _ 1)pQ.-I'

= Po LJ 1-',-+}7IP P (1- )2
i=1 1.. P

(Y +1)1-1~Q~-Y)] (4.liO)

The expected packet delay, Exp[Dj, is, again, fonnd IIsing Little'" Law. For the finit"

size queue, nnlike the Infinite size quelle, there is on\y one C'L,e for thronghpnt, [';X/I['[' l'j.

It is defined as the product of the arrivai rate and the probability of the 'Inene not beinll

full.

•

Exp[Tpj = ..\(1- l'Q.)

The expected packet delay is then

Exp[D] = Exp[C]
..\(1- l'Q.J

(Hi! J

(4.(i2)
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4.6 Internally Nonblocking Networks

64

•

•

TI", pNformance rneasnres derived in the previons sections arc general in natnre, applying

t.o 1.1", dilated Crossont switch. The Knockont switch, Fnlly Connected network, Crossbar,

dilal",1 Crossh'tr and Crossont switches C,ln be considered as special cases of the dilated

Crossont switch. The differences between these networks are detailed below [25, 26J.

4.6.1 Crossbar

The hypergmph model of an NxN Crossbar has e = N edges (33). The Crossbar is a special

e,e,e of the dilated Crossont switch where (N,C, [I,a,b) = (N, N, l, l, 1).

4.6.2 Knockout Switch

The hypergraph model of an NxNL Knockont switch has e = N edges (33). The Knockout

Hwitch iH a special case of the dilated Crossout switch where (N, C, Il, a, b) = (N, N, l, l, L).

4.6.3 Fully Connected Network

An N node, Fnlly Connected network has e = N!~-ll edges in both the npstream and

downstream channels. Unlike the other networks considered here, there are no broadcast

dtanncls . ail the edges are direct links from a transmitting node to a single destination

node. The Fnlly Connected network is a special case of the dilated Crossont switch where

(N, C, K, li, b) = (N, N2, l, N, N). lts blocking probability is identically zero since every

node can acccpt ail N - 1 packets arriving simultaneously from the other N - 1 nodes.

ThnH, no packet 1055 due to blocking will ever occur.

The aggregate bandwidth of the Fully Connected network depends not only on the

emhedding bnt also the number of transmitters available on each node. In theory, each

node ~onld have a maximum of N - 1 transmitters, one for each outgoing edge. However,

t.his wonld be impractica! due to the hardware costs of implementing N - 1 transmitters

l'cr node and complexity in controlling them. Instead, a sub·optima! but practical number,

l"~ < N - l, transmitters per uode are used.
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4.6.4 Dilated Crossbar

An aNxbN dilated Crossbar .witch is very .imilar 1.0 the regular Crosshar, !ts hyperl!:mph

model has e =aN edges [33]. Each node has an input dilation allowinl!: ror th" transmission

or a packets simultaneonsly and an ontput dilation allowing ror th" re""ption or /, IHIl'k­

ets sil11ultaneously, Th, dilated Crossbar is a spedal ,',\.,e or the dilated Crossout wh",'"

(N,C, 1\,a,ô) = (N,aN, 1,lI,b),

4.6.5 Crossout 8witch

The Crossout switch has nodes with input d'lation or one. J,ike th" Cl'Osshar il. IH\.' " = N

edges. The Crossout switch is a special or the dilated Crossont switd. whme (N, (.', Il, Il, b) =

(N, C, K, l,b).

4.7 Summary

In this chapter the general analytic model and various perrormance nWl\.'l.rt!S ror 1.1", hYJl"r­

plane were described, The packet time-slot duration, the prolllLhilities or Jlarkel. hlorking

in the single-stream circular and linear hyperplanes, the thronghJlut and loss ml,,,s wer.'

described. Two input queuing models were then brielly reviewed. Finally, the spedlk

instances or six internally non-blocking networks were discussed,
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Chapter 5

Software Operation

5.1 Introduction

The analyLic model of the hyperplane, described in the previous chapter, is implemented in

software, The author presents a guide for operating the software to facilitate its future use.

The tool is divided iuto two sections: (i) numerical analysis and (ii) numerical visuah~~.­

lion, The first section provides the user with the tools to perform an analysis of dilfereut

hyperplaue architectures under a variety operating conditions. The latter sectior, allows

the user to view the output of the previous analysis and assess the results.

5.2 Numerical Analysis

The aualysis portion of the tool is started by typing analyze_hp at the Matlab command

line. In order to provide a simple method of performing a design space exploration, a fully

'U1tomated, meuu driven interface is presented. Upon startup an initial title window is dis­

played. Siuce there arc a large number of parameters relating to the hardware architecture

1.0 he coufigured and operating conditions to be set, a series of menus are presented which

~uid(' the user through the choices. Once all the choices have been made, the analysis

proceeds to compute the performance measures described in Chapter 4. Upon completion

Ihe Cl'sults are saved iuto a siugle data file. They can be viewed using the visualization

portion of the softWare tool described in the uext section.

66



• CHAPTER 5. SOFTWARE OPERATION

Hyperplane Architecture
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Following the title window is the first menn, shawn in Fig. fi.l. II. pft'sl'nts Iwo ehoil','s

for the architecture of the hyperplane which al''' th" Iinl'ar an" I.hl' "nal·stft'alll l'ireular

mo"els. The selection is made hy dicking 011 the ",'sire" hyperplalll' typ". 'l'Ill' singll"

stream hyperplane is not modeled as il. does not ImVl' any a"vantag('s (JI','r th"lin"ar mo""'.

Th" analysis of the Iinear hyperplane l'an he of two (}l'''ers of mllgnit.u"l' slO\Vl'r thlln

that for the circulaI' version, dne ta the dilference I",tw,'ell 1.111' fundions thlll. '·II.I<-IIII1\.<' 1.111'

prolmhilities of acceptance and hlocking fOI' the twa hYPNplanes .

Figure 5.1: Hyperplane Architectnre selection menll

Channel Assignment

If the Iinear model is chosen, a choiee mnst he mad" r"gllr"ing tlll! no"e (or transmitt",· ill

the case of dilated networks) ta logieal channel 'L,signlllellt schell\!!. TI", two dmb·s al''' tlll!

sequential assignment and the interleaved 'L,signll"'"t (Fig. 5.2). The latt"r ""cr"'L"'s the

prahability of blacking for the Crassaut alld dilated Crossallt switd",s that hav" lIlultipl"

illdepelldent slices. The channel assignment has no erfect 011 the other networks.

Embedding Scheme

If the dual-stream circulaI' model is chosen instead of the lh",ar model, 011" of thr"" mn·

bedding schemes, as discussed in Chapter 2, must be selected. The three choiees ',re shown

in Fig. 5.3. The first scheme maximizes (doubles) the edge bandwidth of the eml",dde"

lIetwark. The second scheme minimizes (appraximately halves) the propagation dclay and
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Figure 5.2: Channel Assignment selection menu
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the thinl scheme achieves both simultaneously. The highest throughput is achieved with

the third setting at no addition cost to hardware as compared to the first two schemes.

Figure 5.3: Embedding Scheme selection menu

Probability Model

There are three choices for the probabiüty model as shown in Fig. 5.4. They represent a

trade-olf iu sJleed versus accuracy. It is recommended that the second setting be used when

very accu rate, bu t not exact, results related to throughput and blocking probabiüty are

required. The accuracy is almost always identical to that of the exact model but is far less

cOIllJlutationally intensive. The accuracy is maintained due to careful rounding off which,

in sOllle cases, results in sorne error in the 15th significant figure, but often produces no

error whatsocvcr.

The third setting should be used whenever reasonably accurate results for ail measures

exceJlt for those that are directly JlroJlortional to the probabiüty of blocking are required.

The Poisson model is the quickest and produces very good results with regards to ail the
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Figure 5.4: Probability Computation Model seledion menn
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measnres that arc not directly dependent on the probability of hlocking. '1'111' prolmhility

of blocking may be incorrect by an order of magnitnde when it is on the order of Ill-r. or

less. However the corresponding error in the prohahility of accl'ptancl' will 1", Hmall, l'.g.,

less than 10-3 %, since PA =1 - PB,

ln addition to the three settings, the probability model depl!lldH on the hyperplalll'

architecture selected and the embedding scheme as described in Chapter '1. 'l'hl' al.propriate

model is automatically selected once the architectnre is chosen. In the Cl~'" of thl' dnal·

stream hyperplane, the probability model used is that of the single·strmLln hyperplane which

assumes that every node receives packets from every other node. While this is not trnl' dne

to the nature of the embeddings as described in Chapter 4, the accnmcy is del!llll!d snllidlJnt

for a first order analysis for design space exploration purposes.

Hardware Settings and Operating Conditions

Having tlecided upon the architecture, channel assignment or emhedding scheme, anll proh·

ability computation model, there Il0W rcmain a number of hardware parameters and oper·

ating conditions to be set. The menu presented in Fig. 5.5 Hsts the Heven pammeters and

shows their default settings. These can be changed to the desired vain", acwrding to the

particular exploration being done. Rudimentary checks arc performed to enSllre that the

numbers entered nre within their proper respective ranges.

1. The packet size, P, is the size in bits of the packets of data that arc tmnsmitted

between nodes. The minimum size is eight bits. 5hollid a vaille less tlmt this be
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Fi~ure 5.5: Hardware Settings and Operating Conditions window
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(·IIt.ered. the seUing will be forced to ei~ht. The upper bounded is unlimited. The

default seUing is 432 bits; this was chosen as it is represeutative of a 53 byte ATM

('l'Il d,,(inul by the SONET standard [3) plus an 8 bit header.

A new value is entered by first clickiog once on the number and then typing ove!' the

"utry. In order for the update to take effect the mouse pointer should be moved off

t.h" window as typiug ReturJl does not work.

2. Th" '!ueue size, Q., defines the number of packets an input queue can hold not

illl'\uding the one with the server. The size is lower bounded by 1. No upper limit is

s"t. Should a value less than this be entered, the seUing will be forced to four. The

d"fault setting is a '!ueue si?e of 32 packets.

:1. The clock rate, JJ of the backpIalle i~ 5p~dfied in MHz. No bounds are enforced on

t.he clock rate except that a zero is not accepted .

.\, Analyses of the networks are performed over a range of offered loads. Since the

nrr"red Imul is normalized the range is a1ways from zero to one. The user can specify

t.h., lIumber of increments to be taken. The inverse of the number of increments is

usl'l1 as the illitiaI load value as weil as the step size. The default setting for the
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nnmher of increments of load is 100. This wn\'l'rts to a stl'p si1.l' of 0.0 1 whi<-h is also

nsed as the initial vaine in the range. (Using an initial valtu' of idl'ntil'ally l.l'ro won1<1

have necessitated t1<e special handling in thl' '1nl'ning analysis l''1l1alions.) TI\l' l'angl'

over which the itemtions arc 1.0 he perfornled is shawn in thl' linl' Ill'Iow 1.I\l' l'ntry for

load. If the nser sets the nnmh,'r of increments ta ·10, for l's.unpll', thl' rangl' display

wonld renect the new seUing hy displaying the valtll's of 0.02[,,0.050, .... O.!)i[" 1.

The lIefalllt of LOO was chosen since il. providl's for smooth l'IIrVI'S wl\l'n plol.t.ing

the measnres, snch as the expected paàet dday, whi<-h vary vl'l'sns oll'l'I'I'd load. Il

second reason relates to the fael. that for certain networks, infinitl' 'Il\l'IIl'S satllratl' or

'hlow up' at very 1011' vaincs of ofrered load. If 1.00 few in<'l'en\l'nts arl' SI'1<'I·tl'd, LI'.,

the step size is tao large, the point at which the 'Inelle satnratl's may Ill' hypassl'll.

When plotting curves, the one for that particnlar network may not appl'll!' al. ail. 'l'hl'

minimum number ofincrements is 1.11'0; the networks wonld 1", analY1.I'd al. normali1.l'd

oITered loads of 0.5 and 1.

5. The numher of free.space optical hit-channels Z, is 10wer·j,c"IIl1<'d hy lli. Sholl1<1 a.

value less than this he entered, the setting will he forced 1.0 Ili. No npp"r hllllui is

placed on Z. The default setting is 1024. 'l'hi! vaine was eilllsen so that l''"n:,illl'd

with a clock frequency of l Gllz, the peak c'LlJ'lcity of the hypel'l,I;(IIi' wOllld 1", !

Thit/s.

The number of optical hit·channels is an IIpper limit 011 the nllmhl'l' of 1I0d"s that """

he supported as each node (or transmitter in the C'L'e of dihL!ed I\l'tworks) 1II.ISt haVI'

least one optical hit·channel. Should Z be decrmL,ed to a vaille whiei. is less than

the cu l'l'l'nt maximnm network size, the maximlllll network size will 1", d"<'I'm,""d tu

the largest integer multiple of the minimnlll network size, less than Z. Sholl1<1 1", Z

he decreased to a value that is lower than the minimnm network size, it will hl! sl!l.

ta half of Z and the maximum network size will he set to Z. These adjnstml!nts arl!

done automatically and the changes arc reflected in the appropriate hllttons.

6. Analysis of the networks is donc not only over a range of olfered loads hnt alsu OVI'l' a

range of network sizes, i.e., the numher of nodes in a Iwtwork. The rninimnrn nl!twork

size has a default setting of 64 nodes. This vaIne is nsed 'L' both the incrl!ment and
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iuilial vahw for it(~ratillp; ovcr iL range of Ilctwork sizes.
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'1'1", lIIillimllm ''',lwork "ize i" lower hOllllded hy olle alld llpper houllded by Z/2. The

IIpper boulld i" lo allow for a maximum nelwork "ize equal lo Z. The range is thell

from Z/2 to Z node".

It i" rewmmellded that the millimum lIetwork "ize be "et to approximately olle six­

t"',"th lhe IIlltximllm nelwork "ize. This "ize l'l'ovides for reasollably smooth graphs

when plotlillg Cllrve" Versu" lIetwork size alld avoids excessive computation.

7. 'l'hl' IIlltximumllelwork "ize is the IIpper Iimit for the iteration3 over the range of nodes.

The maximum nelwork size must be an inleger mulliple of lhe minimum nelwork size

allli bl' "11per bouuded by Z. The upper bound is sel since every trallsmilter 011 each

1I0de IIIU"t be ;L"igned its OWII c1lltllnel. 1 Network sizes elltered that are IlOt integer

IIInlliple" of the minimum are rounded to the nearest multiple.

'l'II<' Bne below the entry for maximum network size displays the iterations over the

range of network sizes. The starting value is the minimum network size and continues

• ill increment" of the minimulII size until the maximum is reached. The display is

anlonllttically updated to renect any changes in any of the associated parameters.

5.2.1 Embedded Networks

A f,'w aS""l11plioIS have been made for the networks, except for lhe Crossbar, descril,ed in

Chailler 2 which are embedded in the hyperplanes. For each one of the networks, on~ or

lIIorl' parallleter" "uch as the input dilation, the number of slices, etc., has been fixed in the

"ofl.ware to "ome arbitrary value. The settings are described below.

ln ord"r 1.0 change these values, the user will have to modify the code for the l'articulaI'

'H'l.work in question. The routines are found in the /dse_tool/analysis/netwoI'ks/ path.

Ea"'l routine IHls the prefix switch_ and is followed by the name of the network 'lnd a suffix

of . III. The parameters are fOUllll at the beginning of each routine.

1This h~ 1I0L strictl,.· lnlc for certain cmbcddings whcrc multiple transmiLtcrs USe the same logical channcls.

•
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Dilated Crossbar

'l'Il(' input dilation, i.e., transmittcrs pel' uode, has lw(,tl St't. t.u·1. Input. dilatiuns Il > 1

imply that the maximum uetwork si1.e that (';UI 1)(' "ml)('lili('li is IV = ~/'" siu('.' th.· lolal

1111111 ber of trallsmittcrs, nN , cannat l'xcccd, Z, the Il tlll1her of npt.ical hi t.-rha 1I1lt'!S ê\.\'ailahlt,.

Thus the maximum uetwork si1.e that cau he supporl.eli is l'''lill<'('li hy a ra<'tol' or" 0\'('1'

the rcgular Cl'ossbar. The softwitrc, howcvcr, dues ilOt. Illodpl this litllit.a.tioll. Tht.' dmllllt'i

width is takeu to be Z/cIN which may he a rrac'tioual uuml><'r, This ('au 1)(' l'Ol'I','('I.('d, ir

desil'ed, by skippiug the caicuhltious wheu the limit or N = ~/" has Ill't'u l't'adll''l.

The output dih,tiou Ims beeu set 10 b = Il, For N :s X tht'n' is uo hlo<,kill~ sill('" th"

1I11mbcl' of packcts destincd for il nodc cali never (!xc(~('d t.1lt' 1I1ltl11wr of rt'('pivt'rs.

Knockout switch

The Kuockout switch has the same prop~rties lL' au NxN Cl'osshar ex""pt roI' ail N-to-l,

couceutrator 'lt each olle or the N outputs, Ali output dilatioll or l, = X has h('t'u St'1.. For

au iufiuite si1.e Kuockout switch, this produces a hlockiug prohahility ou tlll' ordt'r or 111-7

at rull load,

Fully Connected network

The Fully Couuected network is different rrom other uetworks ill that it does not hlo<'k

given any trallic pattern. Thus no calls to l'outilles are made to calcuh,te prolmhilities; tlll!

acceptance probability is set to 1 and blocking to l.ero, The wmputatiou titue ueeded is

very short.

As with the dilated Crossbar, there is a limitatioll 011 the lIumher or 1I0des whkh !:ail 1",

supported by the backplalle, The Fully COllllected network II1L' N(~-I) edges whkh must

be less than Z since each edge must have its own logical challnel. This limitatioll is not

modcled by the software. For a hyperplane wit.h Z = 102~ logical channels, the largest Fully

Connected network that couId be supported h 15 nodes which would requin.! N(~-I) = !l!){)

olltical bi t-channels.

The number of transmit.ters pel' node is set at ~ in the sortware. This <:ould he ilu:re",;f,d
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ul' t.o N - 1 whkh would show ail illcre;.~e ill t.he throughl'ut but with greater hardware

('ost.

Crossout Switch

'l'Ill' Crussuut switch cali have several differellt cOllfiguratious. The uumber of slices, J( has

1",,," fix"d 1.0 8. The lIumber of challuels l'cr slice is determiued by the uumber of nodes iu

t.he llei.work, i.e., C = N/8. The number of receivers per slice has beeu fixed 1.0 4. Wheu

u"t.work sizes are small, Le., :12 or less, the IIU mber of challlleis per slice will be less thau

or "(l'ml to 'l, ill which case the probability of blùcking becomes idelltical1y Zero.

Dilated Crossout Switch

'l'hl' dilated Crossout switch is idelltical 1.0 the Crossout switch exccpt that each 1I0de may

haVI' multiple trallsmitters. As with the dilated Crossbar, the maximum nnmber of nodes,

j,l·., lIetwork size, permissible is Z/tt. The illput dilatiol\ has been set 1.04. The number

of slices have bccII set 1.0 8, while the lIumber of challlleis per slices is dependent on the

IIl'l.\vork size, Le., C = aN/8.

5.3 Numerical Visualization

lu order to provide l, simple method of visualizing the results of a design space exploration,

a fully autonmted menu driven interfacc is presented. The visualization portion of the 1.001

is started b.y typillg visualize_hp al. the Matlab command line. Upon startup an initial

tit.l" willdow is disph,yed. The data from the last lIumerical analysis is loaded into Matlab's

wnrkSIHtce.

Parameter Display

Followillg the title Willdow, the parameters used in the design space exploration arc dis­

played ill the willdow shown in Fig. 5.6. The upper half of the window contains the choices

made ill the lIumericai al1lùysis routine regarding the hyperplane architecture, channel as­

sigllment nmpping or elllbeddillg scheme, and probability 1II0"cl. The lower half displays
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Figure 5.6: Parameters of the Design Space ExploraLion window

the pa.cket size, input queue size, bit raLe and Lhe nllmlJer of 0I,Lkal hit.·dl'UII",IH in t.11<'

single·sLream.

Network Size and Offered Load Point

Following the parameter display window, Lhe window Hhown in Fig. 5.ï "ppearH. MnHL of

the performance measures calculated vary wit.h both net.work Hize and ofrered load, i.e.,

they could be plotted as three dimensional graphs. 1I0wever, Lhl' graphing rOll Lit", 1,IoLH

the performance measllres as two dimensional graphs, i.e., againHt. eiLher neLwork Hiz" nr

offered load. When graphing a given measnre versns neLwork size, Lhe ofr"red load at. whkh

the plot is generated must be fixed and vice versa.

The range of network sizes over which the analysis was performed iH Hhown. lIy d"fanlL

the selected network slze is the largest one. The user may change Lhis Lo any neLwork Hize

within the range. Should a value which is lower Lhan the minimnm Hize he enLeMl, t.1",

seLting will he forced to the minimum network size. Similarly, if the vaille enLered iH ahove

the range, the setting will be forced to the maximum neLwork size. Any vaille enLered LhaL

is within the range must be an integer multiple of the minimum neLwork Hize. If Lhe value

is not a multiple, the setting will be rounded to Lhe ncarest mulLiple.

The numher of points of offered load over which the analysis wa.~ performerl is also
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Most altIle~e metr1Clludl as _tg..~

P'~al bIlKlJng. ete. lit WtIcn. al bOlll_llIe

lIIld _Id laid. WlItn pIalllng tIle.._. as 2D 1II1jl/lt VIBUt

-.. tlte, tIle llItrtd laid IIKltlllt bI~ lIIld vll:e v.....

Figure 5.7: Network Size and Offered Load Point window

:;!lOWIl. By default the offered load point is set to the maximum or full load. The user may

change thi:; by entering any integer within the displayed range. Upper and lower bounds

ar(! cllforced in a manner identical to that for the network size.

Curve Menu

Plottillg of the illdividual curves is donc through a menu shown in Fig. 5.8 which appears

Ollce the lIetwork size and offered load point have been set. There are a total of 21 per­

fornmllcc cu rves. Th~ user can select any one by clicking on the desired menu item. The

llIenu is then closed and a graph window, shown in Fig. 5.9, is opened.

On(' curv(' is plotted for each of the six networks. The curves are plotted one at a time

:;0 tlmt. the tiser can place a label by clicking beside the associated curve. The network ta

which the ctlmmt curve belongs ta is shown in the command window along with its colour

ô\('wrding to the list below.

1. Dilated Crossbar switch - yetlow

2. Dilatcd Crossout switch - magenta
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1. Transmission de11')'(T) vs. net\tIOtk sile

2. Propagallon delay (PI VI. MtwDrk Kil

21. Packet la" l1lle vs. oIllred laid

,. Probablly of blllcklng vs. oIllred load

20. Packet la" prabêlllty vs.•rtd load

lS.lalS f1llO due ta blocldng vs. 08'lred laid

9. Aggregatl banlWdth vs. oIlred laid

1B. Expactad tICIllr1ln !he lnInIIe QUtlJl vs. oIered Ioad

16. &peeted , of packm ln lne~e queue vs. otrered laid

B. ÀlKIl1tgate banct.llldlh vs. nlllWOl'k slze

19. Expocttd dol..,. ln the lnKe queue vs. ofered tou

6. ProbllbDy of blœklna vs. MtwOrk sil.

3.p~ Ilmll aIDt duratlon (SI vs.1'oIltWoIt silo

4, Indlcltney(PIS) \II. net.wrk lIze

S. Elklency crIS) vs. nlltWottl. ,Ize

14.loss rata due ta blocklng vs. nlllWOl'k slze

13. Los' f1llO vs. okred Iaad

10. Nocleb~ vs. netlM:lrtr. 'IZe

11. Node bancWdlh vs. oll'ered Ialld...;.;;;;;;;;;,;;;;;;;;;;;.;,;;;=;;;...--_._,-­
1Z. Lass rate vs. netwark sile

1

1

1

1

1

1
1
1
1
1

1

1

1

1
... _. .. - . ~ '.' 1

1 1
1 1
1 1
ID! 1
œ 1

L
,

•

Figurc 5.8: Curvc MCllu

•
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Figurc 5.9: An output graph window

:1. I\nockont switch - rcd

'1. Crossout switch - cyan

!i. Crossbar - ycllow

li. Fnlly l'ouncctcd network - green

On("(' ,hc six curvcs have been labelcd, the user can use the tools to modify severa! of

t.h!' gmph and ligure propertics. Thc range of either x or y axes can be ehanged. A new

vain!' is cntered by c1ieking on the eurrent value of the axis and typing over the Clltry. For

tlll' new value to take effcet the mouse must be moved orr the graphies window.

•

There arc live pulldown menus at the top of the ligure window. The Grid Setting menu

has t.wo choiccs, On and arr, which a!low the grid to be turned on or orr. The X Axis Type

and Y Axis Typc mcnus have two cntries - Linear and Log. The axcs can be independently

dlanged to achieve lincar, semilogarithmic or log-log graphs. The Font Namc and Font Size

nH'nus allow thc typc and sizc of the numbcrs >ln the axcs to bc altered.
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Once the sixth curve of the graph has heell lal"'ll'd, the IIWIIU for sl'iel'till!!: l'Un'l'"

rcappcars. If a new performance mcasllrc is sclcd<'d tlll' rurrt'ntly displayt'd ~I'aph is ('l"iUwd

and the new one plotted, Otherwise the graph mil hl' c1OS1'd,

5.4 Analysis Considerations

As mentioned in Chapter 3, the analysis is performed OVl'r a thn'e dimensiollal SI"Il'I', 'l'hl'

performallce measures are plotted as two dimensiOiml graphs versus l'ithel' oll'l'red 1O:1l1 or

lIetwork size, These cali he viewed as slices ill the x-z alld y·z plalles, of the plot showlI ill

Fig. 5.10.

•
,

1
:i'

i'
1

• •

•

Figure 5,10: Three dimensiollal analysis space of the lIumerical allalysis rolltill"

If a set of graphs versus a wide range of network sizes (al. full loacl) is d"sirecl, tlll'

number of increments of orrered load should be set to a minimum, L.,., two. 'l'hi" minimiz"s

the amount of unnecessary computation. Similarly, if a set of graphs versUs o(f.,rl,d Im,,1 is

desired (for a particular network size), the number of iucrements of olfered Im,,1 should h"

set high, e,g., 100 to obtain smOI ,1 h curves. 1I0wever, the range for the network sizes shoul,1

be set to the smallest possible. For example, if curVes versus olferecl Im,,1 are lwecl"d for

a net.wol'k size of 64 nodes, the minimum net.work size should he set t.o :12, the maximum
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IINwork si~e to (j~ alld th lIumber of increments for olfered load to 100.2 Even if both sets

of ru rve", i.... , those versus lIetwork si~e and o[fered load are required it is often better to

1"'1'f'JI'In t.wo separate analyses. Covering an entire two dimensional space of network size

a'I<1 o[J"reel loael is unnecessary nnless three dimensional plots arc being generated.

5.5 System Requirements

The software tool was devcloped on a Unix platform using Matlab ~.2. The software

enCOmpl~qSeSOVer 150 routines totaling over 10000 lines of commented code. To illustrate a

repr('selltative portion of the softwar~, the first section of the appendix contains the Ma.lab

coele which calculates the performance measnres for the dilater! Crossont switch. The

se",,"d section of the appendix contains the Matlab code for the calculation of blocking

prolmbility for the dilated Crossont switch in the linear hyperplane with an interleaved

challllei assiglllllent scheme.

The memory reqnirements depend on the extent of the analysis which is user-defined.

Ca1culations over 16 network sizes and 100 dilferent olfered loads result in 5 Mb data files.

Regarding computation time, exact calculations for the linear hyperplane can be extremely

illt('lIsive. As a representative figure, the calculations of the probabilities of blocking or

acceptancc for lLll N =102~ Crossbar, at a fixed olfered load, take upwards of one minute to

('omplete on Snn Sparc 5 workstation. The amount of lime required for a complete analysis

of the hyperplane depends on the architecture type, probability computation model and

t.he mnge over which the design space exploration is carried out.

:lThc minimum lUul maximum nctwork size cannat. he set equal ta each other due ta sortware coding
n'I\SUlIS.



•

•

•

Chapter 6

Numerical Results

6.1 Introduction

In order to assess the usefulness of the software t.ool, a dl'sign space ,'xplorat.ion of t.hl'

hyperplane is carried ont. One of its intended applications is heing t.hl' hackhOlIl' of 11 largl'

ATM switch with an aggregate bandwidth exceeding 1 Thit/s. Ils sndl, I.IIl' ana.lysis is

performed around an operating point of P = ,1:12 hits pcr pack"t, 7, = 1112,1 oplokal hil.·

channels in the single·stream, il = 10° c10ck cycle/s and a 'In"ne sizl' of q, = :12 paàd,s.

The analysis examines the hyperplane supporting from N = !li to N = 1112'1 nod,'s, ov"r

normalized offered loads from 0 to 1 and is presented in the following two s"dions.

The results of the exploration for the Iinear and dual-stream hyp"rphulCs arl' pn'sl'utl'd

in the next two sectious. The last section eXamines the impact of varying tlll! hardwar,' pa·

mmeters of network size and the number of olltical bit-channels aud the opl'rat.infl points of

orfered load, c10ck frequency and packet size, upon the p<ifket t.ime-slot dnrat.ion, aggl'"gat.e

bandwidth and their efficiencies.

Ils mentioned in Chapter 4, the analytic mnde!. ill ['25, 2fi, 27, 2H) hav" 111'''" ",,,,lin,,d

to renect the final design of the June 1995 smart pixel lmay. The lIet. erfect. t.h" n"w dl'sign

is that the propagation delay is "programmablp " and the throughput. cau approadl 1. 'l'Ill!

reader is referred to [25, 26, 27, 28J for the final analytic models. The reader is r"lnind"d,

however, that the analyses preseuted in this thesis arc concerned solcly with tlll! .Iuu" I!)!),I

smart pixel array design .

81
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6.2 Linear Hyperplane

6.2.1 Unbuffered Analysis

The capacity of the Iinear h.\'])(,I'I)I:\II(· is li 1hl'ulIp;h])lll lIr I.ll1·lx lOi'.! hiIs/s. 'l'hl' plot tif

aggregate lmlldwidth ill Fig. (LIa rcvcals tha!. ('a<'11 lIl' 1hp six Ilpt\\'OI'ks hm'(' I.hl'tlll/!;hpllts

tha.t. are bclow the maximlllll. 'l'Ill' thl'Ollghputs are virl.llally ('ollslalll fol' nll llt'I.Wlll'ks

exccpt the Flllly Connected. The dila.tcd Crosshar and dîlatcd Crllssolll. swit,<'11l's l'arry a

greater amollllt of traHie tlm.n their ,single trallsmitt('r colllllPl'par\.s. 'l'Ill' I·'ully (:olllll'('lt'd

lIetwork ha1'i a. throllghpllt whîch i1'i compara.hle to the utlwr networks, hut. ollly fol' IIPl.wol'ks

with a. very snmll Illlmber of 1I0des. Thcre are 1'0111' fac\.OI's whkh l'olltl'ihlltl' \.0 I.ht' 1l1l1lSI'II

capacity.

Dllntell cro"SI1Ul: k=K; h=4. 11=4

,.Dillltcdcrusshllr: u=4, h=lI

Knuckuu\: 1.=11.
Crnssnul: k=lI. h..4

, Cmsshll\"

10' '--_-..-__"'-_--'__-L::::-._--.J

200 4()lJ MIO 1I00 1(KIO
NClwurk ~Îï'.c: lIodes

Nude hllUdWilllh
101~~-....---~--,--.--

1000200 400 600 800
NClwork Si7.c: nodes

Aggn:gllle bllnuwiulh

Dilllieu cr05soul: k=8. b=4. 11=4

DillIled crosshllr: 11=4. b=8

Knockoul: 1.=8 CrosSDU\: k=1I, h=4

Crossbllr

r~IY C~miec\c~ y'~ ,
2

o

li

JI 10"
10

(a) aggrcgnlc bnndwidlh vs. nclwork size (h) packcllirnc-slo\ uurnlinn vs. nclwl)rk si/.c

fo'igure 6.1: Network throughput in the Iinear hyperplanc usillV; tlw .1 ulle H)!J11 HlImr\. pixl!1
array design

The first factor is the probability of hlocking, shown in Fig. O.:.!a, tllat arises frolll

the inability of nodes ta accept all the packets that lIIay he rcccivcd si lIlUltiLllcously. 'l'hl!

dilated networks are seen to have greater blocking prohahilities than those with iL Hillgln

transmitter per Rode. Since the former sources more packets thorc ilre greator IItllnhcrfi

of packets arriving at any given destination. The I~ully Connectee! lIetwork IHLS il hlocking
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Il l'oha hili1.y of ic1('lItkally ~PrO fi Ild sa lIeVür expPriellccs <IllY packct loss. The Crossbai' has

l' IJ =O.:W 1Gï wllid. il; less t1HLIl l'Il = (~-l (= O.:JG7XH) as N - 00 for the c1assical Crossbnr.

This l'I'dlld,ioll ill hlockilll!; is dlW 1.0 the l!lIIheddilll!; ill the two separat.e strcams of the lincar

IIYlll~l1llalle. For IIctworkli other thall the CI'OSShêLr this is Ilot the critical compollellt for

Joss of t.hl'Olll!;hpllt as the hlockill/!; 1.(!Jl<ls to he relativelr low. III other words, PA > 0.99;

sf'l.l.illA l'Il ellllai 1.0 olle wOllld ollly illc['(!asû the throughpllt hy less than L%. The loss

l'al.l!S IJ 11(' 1.0 I,l()(:kinl!; shown in Fig. G.2h, howevcr, arc! directly pl'Oportiollul to P il. The

<:l'OSSOIlI. .\.1li1 J\ 1l0ckoll1. switches expüriellce the least loss.

Crosshur

1

IJihllcu erossbnr: n=4. h=8

Dilutcd ~ros.~out: k=8, 1'1=4. n::4
Ir

Crossout: k=8. 1'1=4
.--

I(f Knoekout: L=!1

, ,

IO-{) 1'" ,; :" :;crœsouii;'~8;;b=4,:!;:;;,,' ,,;,,:, ::;

-1
10 "" l,:' ICronbnr,,·'" "!' "l"" ':'" ''1'''',''

l'rohnhility of l'nekel blocking
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Ill"
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TIlt' secoud factor is the propagation delay portion of the packet time-slot duration for

t.hl' Ill'tworks showu in Fig. 6.3a. This coustitutes an idlc time after a packet has lert its

odgillêttillg uode is being passcd through intermediatc nodes while the destination node

\ViLi\.s. The impact cali be secn by considcril1g Eqn. 6.2 for aggregate bandwidth at full

Joad lIuder the as:mmption tltat the propagation delay is zero. The result shows that the

hypcrgraph lIetworks except the Crossbar would have tltroughputs virtually equal to the

mpacity of the backplane.

b d 'd 1 aN(PA)P b' /aggregate an WI t 1 = JP2~'J. ItS s
8
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The ullused capacity of the backplane rcsults allllost clltirely from tlw l'wl':LI!::Lt.ioll c!(!lay.

The efficiency of the packet time-slot duratioll, i.e., the fradioll which is trallsillissioll d(~la.y,

is shown in Fig.6.3b. A close correlation can he seclI in cOlllparing this I!:rill'h with tlml.

of aggregate bandwidth for the dilated Crossbar, dilatcd Crossout, I\lIockollt alld Crosslmr

switches. The fraction of aggregate handwidth over nmximlllll capaci1.y of tlw hackplall'~ iK

the sarne as the efficiency. The dilated nctworks arc at apllroxinmtely (H)% cUici(!fu:y, tilt!

Kllockollt at 30% cfficicllcy and the Crossbar slightly lower dlle to its Illodcrate hlol:king

probability. While the Fully COllnected network disl>lays very high cUidcllcy, its throll~hllllt

is very low. The caUSe is addressed next.

The third factor concerns the lisage of the cdges cmbeddcd into the hypcrphuu!. If a

nctwork has fewer trallsrniUers thall cmbcdded edges, the nUlllher of packets tlmt can he

transrnitted (in cach packet time-slot duration) is Iimited by the number of tranlHlliUcrs

available. Consequently, a nllmber of edges will be idle. Depending on the collner:tivity of

the particular network, this can cause the throllghput to he sevcral times IiJJlallcr than it
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otlir'l'wiSf! wOllltl 1",. TI", only netwol'k wliieli snrfers tliis inelficiency is tlie Fnlly Connected

nf'twork. Witli 'Jtransmittel's pel' node, N!~-J) -IN etlges are always idle which represents

il. SPVfH'l! Illuler lItilization of resollrccs. The Humher of transmittcrs ca.n he incrcasecl but

1101. wil.!Iolll. additional hardware (~m;t.

·1'1i.. fOIl rtli factor is the transmission delay which is given by rPI El. If the packet size is

not an inteJ.\er mllitiple of the cliannel widtli, then an extraclock cycle is needed to transmit

1.1", he't word of partially complete bits. This inelficiency is insignificant compared to the

ol.her l,hrc!e.

ln OI'der from the most to the least significant l'anses of low throughput are, propagation

ddny, the probability of blocking, the unused edges in the case of the Fully Connected

Iwtwol'k and the extra c10ck cycll' needed to transmit a partially full channel.

6.2.2 Buffered Analysis

Tl", performance of the Infinite size queue is seen in Fig. 6.4a,b. As the packet arrivai rate

aPPl'oaehes the rate at whieh the servers on the quene are able to handle the incoming

pllekets the number of paekets in the queue approaches infinity. For a given network the

nornmlized orfered load at which this occurs is analogous to the fraction of peak aggregate

bandwidth which the network is able to carry. For example, the dilated Crossout has a

Jmndwidth of approximately 0.65 Tbit/s which is 65% of the peak capacity of 1024 Gbit/s.

ft, sliould he recalled that the analysis was performed using the June 1994 smart pixel

array design. The final design of the June 1995 smart pixel array al10ws the throughput to

approach 100%. The queue for the dilated Crossout is seen to saturate at a load of .6. Thus,

the saturation point for each one of the networks refil'cts its throughput; the abscissa l'an

Ill' considered as the fraction of maximum throughput (1024 Gbits/s) rather than olfered

lo:ul. The eXllected packet delay through the queue is proportional to the packet time-slot

duration. The delay is on the order of 1 Ils when the olfered load is below the saturation

point.

Fig. 6,o\c,d plots the performance of the finite size qneues which is similar to that of the

Infinite queue. Whl'n the olfered load exceeds the saturation point, the queue l'l'aches its

maximum capacity of 32 packets. The expected packet delay peaks at approximately 32

times the packet time-slot duration. At this point, the packet 10ss occurs unlike the infinite
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eal;c which never 10ses packets. The probability of packet 10ss is shown in Fig. 6.5. The

dihLlcd lIelworks arc seen ta have a very low 10ss probabilities and loss rates for offered loads

tlml are less titan 0.1. Even under full 10ad the lasses are low - this should be contrasted

wilh the loss rates of Fig. 6.2a, for the unbuffered Ilctworks, which are severa! orders of

llIiLgnÎtude larger.

6.3 Dual-Stream Circular Hyperplane

III order ta compare the linear and dual-stream architectures, the latter is analyzed under

the similar hardware configurations and same operating conditions. The number of optical

bit-cIliLl1l1cls in a single-stream is held constant at Z = 1024. The packet size is held at

P = '1:12 bits; the dock frequency is held at B =1 GHz; the queue size is held at Q, =32

packets. The tltrec embedding schemes described in Chapter 2 are analyzed below.

6.3.1 Maximized Edge Bandwidth Embedding

The ma..'<imized edge bandwidth embedding results in doubling the channel width of the

cmbedded Iletworks. The performance of the networks is shawn in Fig. 6.6a,b. The dilated
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""I.work. "xl",ri,,"ce th,· ~r"al.,,"1. ~aill ill throllghput (Fig. fi.fia) due to shorl packet time·slot

ciur"l.ioll•. Thdr I.ralislIlissioli delay is relatively large iu comparison to the propagation

liI-IOlY ,,"d so derive t.he greatest henefit from the reduction of transmission <lelay. The

(:r-ossout. and !(nockollt switches experienre a silllilar gain, but smaller. This gain is due

1.0 t.hdr propagation delay being greater that the transmission delay for the Iinear case.

Th,' Crosshar, curiollsly, does not show any improvement at ail. While the packet time·slot

duration do"s decre;L,e, there is an increase in the probability of blocking which offsets the

pot.ent.ial gain in Imndwidth. Recall that the Crossbar has a higher blocking probability in

Ihe (single·slream) circnlar hyperplane as opposed to Ihe Iinear hyperplane (0.36 versus.

O.:lfi). overall , the thronghputs arc a 1010er fraction of the peak capacity, which is 2.048

Thits/s, due to the 1010er transmission delays which decreases the elliciency of the time·slot

duration (Fig. (j,(jh). This decrease is seen in comparison to the graph of elliciency shown

in Fig. fi.:!h.

6.3.2 Minimized Propagation Delay Embedding

TI", lIlinimized propagation delay embedding approximately halves the delay. The pero

formanre of the networks is shown in Fig. 6.6c,d. The throughputs (Fig. 6.6c) for all

networks increase due to shorter packet time-slot duration. In contrast with the ma:<imized

edge bandwidth embedding, the dilated networks do not benefit as much as the Crossbar,

I(nockont and Crossout switches. The undilated networks have a relatively short trans·

mission delay compared to their propagation delay and so derive the greatest benefit from

t.he redudion in the latter. The dilated networks derive a similar benefit but less so. The

t.hroughputs are a greater fraction of the peak capacity, which is 1.024 Tbit/s, due to the

higher elliciency of thp. time·slot (Fig. 6.6d) which is expected due to the shorter propaga·

lion delays. Compared with the maximized edge bandwidth embedding, the throughputs

for the undilated networks are greater and that for the dilated networks is comparable.

6.3.3 Optimized Edge Bandwidth and Propagation Delay Embedding

The simultaueously maximized bandwidth and minimized propagation delay embedding

Tl'.ult.s in donbling the edge bandwidth and approximately halving the delay. The perfor·

mance of the networks is shown in Fig. 6.6e,f. The packet time·slot duration is the shortest
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of ail the embeddings. This results in approximately douhlinp; IIll' I.hrnup;hputs (Fip;. (Lli..)

when compared with the Iinear hyperplane l'mheddinp;s. As a fra"linn nI' p"ak l'aparil)'

which is 2.0<\8 Tbit/s. the efficiency shawn in Fig. G.Gf is ahllost id,·nt.i<'nl ln thal. nI' th..

linear case. The decrease iu propagation delay whi<'h would raisl' l.h,· "'Ikil'll('y is nlfs"l hy

a compamble decrease in the trausmission dday timl'. Hl'spitl' this. t'rom tlll' pninl. nI' \';"\\'

of usage of hardware resollrces this embedding sl'heull' l'l'ovides tlll' hip;lll'st thrnup;hplll..

6.4 Effect of Hardware Parameters and Operating Condi­
tions

As part of the design space analysis, five parameters are l'x:uuilll'd for till'ir Î1upad. nI' thl'

performance of the Iinear hyperplane. They arc

• N: number of nodes on the backplane

• cr: offered load

• Z: number of free·space optical bit-channels

• B: dock frequency of the backplane

• P: packet size in bits

The Iinear hyperplane architecture is assumed ta support N = (i'! nodes in the h:u:kplane,

operate at a load of cr =1, have Z = 102<\ optical hit-channels in each stream, opl!1"LI" al. a

clock frequency of B =1.0 GHz, and transmit packets of size P =,1:12 hits. In each of the

following subsections, ail the parameters are held constant except for one which is varied

over a wide range. This allows the elfects of one l'articulaI' panuneter ta he isolated and

studied carefully for its impact on throughput.

6.4.1 Effect of the Network Size on Performance

The aggregate bandwidth of the networks except for the l'ully Connected network is p1'llcti­

cally independent of the number of nodes embedded in the hyperplane as shawn in Fig. li. l".

As N becomes large, i.e. N 2: 64 the aggregate bandwidth for the hypergraph networks is
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lIiv,," hy 1';'111. n.a. For th" <!ilat"d ,,,,t.works t.his valu" is "pproximat."ly o.n,la Thit/s aud

.:llH 'l'hi t. / s for t1", Crossou 1. alld klloekou t ",,1.works.

,,"N(I'A)I'
aflfrr(~ftrLtc ha.ndwidth =
"" n ~

all(PA)P·lJ l' / / (6.3)
~ .1' 1 lits s

z+
Th" l'ully COIIII"e[,,<! IIetwork is differellt wh",e iner"asillll N severely <!egrades perfor­

""'""" ILS it.s throullhput is proportional to I/N shown in Equ. G.4 and Fig. G.la. For a

''''t.work size of N = [(j nodes, the throughput is OA19 Tbit./s but drops to i.9i Gbit/s for

N = 102,1 no<!"s.

(GA)

aggregat.e handwidth
aN P

= JNf~iIlP]+(N_I)
8

ap.JJ
~ NP bits/s

27.+ 1

Of "quai importance is the node bandwidth (Fig. 6.1 b). Sinee the aggregate bandwidth

,,',uains almost constant w.r.t. N for the hypergraph networks, the node handwidth must

t.hen <!ecrea.e as a fllnetion of I/N. The node bandwidth for the FulIy Conneeted is similar

hut. dene'Lses as a function of I/N2.
•

6.4.2 Effect of the Offered Load on Performance

A <:furial 'Lspect of a hackplane's performance is the ability 1.0 carry trallie under different

(llft'red loads. The aggregate handwidth for networks of size N =64 is shown in Fig. 6. ia.

'l'Ill' l'esults show that the carried trallic is linearly dependent with the offered load. The

hl()('king probability is shown in Fig. 6.ib. For offered loads below 40%, the blocking

prohahility is helow 10-5 for alI networks exeept the Crossbar.

6.4.3 Effect of the Number of Optical Bit-Channels on Performance

•

Ilandwidth is arfected by the transmission delay portion of the packet time-slot duration.

The transmission delay (in clock cycles) is given by is given by Eqn. 6.5, where c = aN for

hypergraph networks and c =N(N - 1)/2 for the FulIy Conneeted network.

transmission delay = r~cl dock cycles (6.5)
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If Z is increased ta the poillt whcre il. eqllals Pt, 1.11<' tra,lIslIIissinll tI.·I;L,Y portioll tif

the }Jacket time-slot duratioll can be rcduccd to <l si ligIe clark cyele. 'l'ht' ('h:llllll'I width

will hilve increased to the Iloint where 'tll entirc packcl. cali Il{' I.rallsllli1.l.t'd ill 011(' r1Ol'k

cycle without having to he divided into several pieces. For hYPNJ,!;1'aph Ill'tworks tif fi,j

1I0des with an input dilatioll of olle, this occllrs ;Lt Z = 27(}ilS opl.ieal hit.·('ha.lIlll'ls. For I.h(~

Full:; Connected network, this occurs ollly at the lIIuch larg(!r V;tllw of Z = X700 1~ "l'I.int!

hi t-challlleis.

][owever, the propagation delay remains const;tnt since, re~ardh!ss of tl)(' dmllud width,

il packet must still travel the lCllgth of the backplanc, i.e., from nude 1 1.0 lIod(! N in 1.11('

worst case. With a sufficiently large Z, the trrulsmissioll del;ty reachcs a low('r hlllllld of

one. Increasing Z beyond this point is of no use a.s the p;tckel time-slat dllr<Ll.ioll (~(}lIsiJ;tN

almost cntirely of propagation dclay and is cqua\ ta N/ B seconds, givell hy Eqn. G.G, <Llld

is shawn in Fig. 6.8b.

5' =

=

r~~l+(N-l)
'il secouds

(1) +(N - 1) seconds
B
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(6.6)=
N
B seconds

The l'nicicllcy of the packet t.ime-slot duration, given by Eqn. 6.7, reaches a lower limit of

1/N a.ncl is shawn in Fig. (j.Sa. II. should be Iloted that titis is an extreme case; such a

cun figuration wOllld not. be used in practice.

efficiency =

=

=

r~l
r~I!l + (N - 1)

1
(1) +(N - 1)
1
N

(6.7)

(6.8)

aggregate bant'width

The transmission delay being equal 1.0 one, the aggregate bandwidth reaches a peak,

givell by Eqn. 6.8, and is shawn in Fig. 6.9a. The aggregate bandwidth peaks al. 0.173

'l'hits/:; for the dilated and fully connected networks, 0.432 Tbits/s for the Knockout and

Crossout networks and O.3l5 Tbits/ for the Crossbar.

aaN(PA)P= l+(N-l)
B

= aa(PA)P·B bits/s
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The peak theoretical bandwidth of the backplallc, Z Il, illnclIHeH IilH'arly with tlll' Il Il 1Il­

ber of optical bit-channels. Increasing Z beyolld Pc caURCS the friu~tinll of p('ak (~;lpadty

IIsed ta successfully deUver packets ta decreasc as l/Z. This fmdiollal dncÏl~lIt.v iH ~iVl'1I

in Eqn. 6.9 and is shawn in Fig. 6.9b.

fractional emciellcy =

=

=

=

aggrcgate balldwidth

ZIJ
lHtN(PA)P

ZJ1(~)
('((1N(PI1)P

Z(Lt(N-L))
on( PI\)P

Z

6.4.4 Effect of the Clock Frequency on Performance

As is expected, any change in the dock frequellcy has ~~ dif(~ct erfect OH tht! I.hrullghp"l..

The relationship is one-ta-one where any change in il results in exactly the saUle dlful~e in

tbroughput. Fig. 6.10a shows that the aggregate bandwidth is dircctly proportional to the
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(6.10)

cfficieney =

Figure (UO: Effect of il (dock frequeney) on the aggregate bandwidth using the June 1994
SlIlllrt pixel array design

ol>tical bit rate. In Fig. 6.IOb, the carried trame is seen to he a fixed fraction of the total

capacity.

6.4.5 Effect of the Packet Sîze on Performance

As the packct sizc P is increased, Fig. 6.11a shows that the paeket time-slot duration in·

crcases and docs so almost linearly once the transmission delay is rnuch larger than the

proprtgation delay (Eqn. 6.10). The efficiency of the packet time-slot duration asymptoti·

Crtlly rtpproachcs one (Eqn. 6.11) as shawn in Fig. 6.11b.

Spa.cket = r~el +(N - 1)

~ r~l dock cydes

r~l+(N-I)

r~el
~ r~l
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~ 1 (lU 1)

An increase in P is renected in an increase in throughput duc to the higher eUiciül\(:y

of packet transmissions. The aggregate bandwidth is givell by E{III. (U 2. The aggre­

gale bandwidth for the dilated networks is ahnost cqual to ZJl hits/Il which il' the !)C1Lk

throughput of the hyperplane. At the current operating point of P=4:l2 bits, the throllgh­

put is 0.650 Tbits/s for the dilated networks, 0.310 Tbits/s for the Crossollt iLlld Kllockout

switches and .235 Tbits/s for the Crossbar. From the graph of Fig. Ci.12 it cali he scen

that any increase in packet size, from P = 432 bits, wOllld produce iL sigllilicallt illcrc;Lf!ü in

throughput. Dy doubling the packet size to 864 bits, the throughput hecomcs 0.780 'L'hit/s

for the dilated networks, 0.468 Tbits/s for the Crossout and Kllockout switchcs, and 0.350

for the Crossbar. Tripling the packet size to 1296 bits results in throughputs of .8Sa 'L'hits/s

for the dilated networks, 0.574 for the Crossout and Knockout switches and 0.'132 'l'hitK/s

for the Crossbar. The Fully Connected network does Ilot benefit grcatly from an increasc

in packet size. The efficiency of its packet time-slot dllration is qllite high due its very

long transmission delay and is not affected much by increasing packet size. As mentioncd

previously, its low throughput is due to the large number of unused edges.



C'llAIJ'J'I·;n (j. NUMIW.ICAL IŒSUl:rS

Erreet or P on bllndwidth

. Dill1lcd crOSiiOUI:·k=8,1ID4. ba4:
Dillltooerossbllr: 0=4, b::8

10
3

10
4

10
5

Poekel size: bUs

97
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aggregate bandwidth

6.5 Sumnlary

oaN(Ptl)P
:::::::' +
~ o:(PA)ZB

~ (PA)ZB bits/s at full load (6.12)

The nllltlericai results of a design space exploration of the linear and dual-stream circu­

lar hypcrplancs were prcsented in this chapter. The analysis was performed around an

opcmting point of a packet size of P = 432 bits, Z = 1024 optical bit-channels in the

single-strea.m, a dock frcquency of B = 1.0 GHz and a queue size of Q, = 32 packets.

'1'11(' ilIuùysis cxmnincd the hyperplanes supporting from N =16 to N = 1024 nodes, over

lIormalized orrcrcd loads from 0 to 1.

The impact of varying the hardware parameters of network size and the number of

0l)timl bit-challncls and the operating points of offered load, dock frequency and packet

size, upon the packet time-slot duration, aggregate bandwidth and their efficiencies was
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thcll cxamincd. Each pnramctcr \Vas varicd one at a. til11l" while holding t.1H' 1'(,lIul.ining UIll'H

constant. ln this manner, the effects of each parallleter on t.hrollghpllt. W!'r" isolat."<i,

As a result of the design space exploration, an ellid,'nt. al'chit.,'d.III'" nn<iop"ra~ing point.

fol' the hyperphtne were identified .
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Chapter 7

Conclusions

The analytic model presented in [25, 26] describing the hyperplane architecture [2i, 28) has

heen implemented in software. This software has provided a tool which greatly facilitates

design space explorations of the hyperplane by automating the numerical analysis and

subsequent visualization of the results.

Validation of the software tool is two-fold. Firstly, the numerical analysis portion of the

tool allows the user to specify the:

• hyperplane architecture: Iinear or dual-stream circular

• network embedding scheme for the dual-stream circular hyperplane

- nHLxilllized edge bandwidth embedding

- lIIinilllized propagation delay embedding

- optilllized edge bandwidth and propagation delay elllbedding

• channel assignment scheme for the Iinear hyperplane

- sequential assignment

- interleaved assignment

• l'robability computation model

- exact binomial model

- approximate binomial model

- Poisson model

• ollerating l'oint: clock frequency, packet size, offered load, queue size, etc.

• the range and granularity of the analysis

99
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Secondly, the numerical visualizatiou portion of the 1.001 al\oll's the user 10 "Ïhualizl'

the results in a manner such that a deeper insight ratl 1)(' !!:ained into the ol"'catiun of Ill<'

hyperplane. These results Imve hclped in identirying a more l'lIidl'nt operatin!!: point.

The software was nsed to perform a design spare l'xplocation of thl' hyp"rJ,lanl' 1.0 ('val­

uate its suitability for applications surh a.' large smic ATM switdles. The aualysis WVNl',1

the unburrered and buITered linear hyperplanes, the nmximized ed!!:" handwidth, the min­

imized propagation delay, the simultaneously o(ltimized edge handwidth and propa!!:ation

delay embeddings in the dual-stream circnlar hyperphUle. l'rom the n'snlts of tlll' analysis

it mn be concluded that:

1. The dual-stream circular hyperplane with the optimized ed!!:e Imndwidth and propa­

gation delay embedding provides the highest throughput. 'l'hl' t.hroughput is appl'(lx­

imately twice that of an l'quivalent linear hyperphulC. 1I0Wl'VN, the latter does not.

reqnire the extra bulk optics need to form a ring [26, 281.

2. The addition of bnITering with 1'11'0 input queues greatly rel!t",,'s thl' Imrkct loss ratc.

3. The throughput of the embedded networks in the hyperplane mn hl' improv('d hy

modifying the packet size to the m1mber of 0lltical hit-clmnncls ratio. This ratio

should be made as large as possible relative to the numher of nodes in the Ill'twork.

This increase has the eITect of maximizing the transmission delay lUld ltIiniltlizin!!: t.11l'

propagation delay, which makes packet transmissions between nodes more ellici(mt in

their use of the logical channels.

4. The novel interleaved channel assignment scheme for the Crossont and dilated Cross­

out switches produces a significant reduction in the prolmhility of pal:ket hlocking

and hence loss rate. Depending on the particular configuration of the switch, i.e., the

number of sUces, channels per slice, transmitters per node and receivers per slice, the

improvement may be an order of magnitude. 1I0wever, the increase in thronghput is

negUgible.

In conclusion, it can be said the software tool is invaluable for performing design spacc

explorations which will aid the continued evolution of the free-space photollic hackplalle•
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Appendix A

N umerical Analysis Software

A.1 Top Level Routine for the Dilated Crossaut Switch

The top level routine which analyzes the dilated Crossont switch is preselltcd bdow. 'l'Ill!

routine calls a nnrnber of subroutines which ca!cniate varions 'lnalltities snch 'L' t.he packet

tirne-slot duration and the probability of blocking.

Yo --------------------------------------------------------------- 7.
Yo Dilated Crossout

Yo --------------------------------------------------------------- Yo

fprintf('\nDilated crossout\n')

a_dxout =4;
b_dxout = 4;
k_dxout = 8;
Y_dxout =4;

Yo four transmitters per node
Yo output dilation
Yo 8 slices

•

for x =l:N_points

fprintf('Netvork size = Yod nodes (Yod of y'd)\n',x*N_step,x.N_points);

N =x*N_step; y. let number of nodes range from [N_lov:N_highJ
C = a..dxout*N/k_dxout; Y. let a..dxout*N = C*k

104



derivation of packet time slot duration
- transmission delay, T
- propagation delay, P
- packet time-slot duration, S
- inefficiency of packet time-slot
- efficiency of packet time-slot

APP/';N/)JX A. NUMEIUCAL ANALYSIS SOFTWAILE

%.----_ ...•. _-.---._._---._.-.--._.-._-- %
'1.
1­
'1.
'1.
'1.
'1.
r.

105

T_dxout(x)
P_dxout(x)

=transmission_delay(B,P,Z,edges_dxout);
=propagation_delay(HP,scheme,N,B);

[S_dxout (x) ,
ineff_dxout(x) ,
eff_dxout(x) J =packet_time_slot(T_dxout(x),P_dxout(x»;

~ ...--_._-----.---.- ~

'1. peak edge bandddth
~ ...---.---.--_.-_.- ~

%------------_._.-•• -----._.-_._._-----.---_•. -.--.---••---- ~

'1. carrying capacity of dilated crossout embedded in hyperplane:
'1. the throughput at full load in the absence of blocking
~ .-.----_..._-------_._--_._-_.-._---_ ..._---------_.-----.- ~

capacity_dxout(x) =capacity(a_dxout,N.P.S_dxout(x»;

%__ .w._. ._. • %

y. expected service time
X.-.---.----------.--. ~

PA = acceptance(HP.accuracy,channel.N.C.k_dxout.a_dxout.b_dxout,1);
mu_dxout(x) =a_dxout*PA/(Y_dxout*S_dxout(X»i

for y =1:alpha_max.
alpha =y/alpha_max;

~ ---------._.- .. -.---_.---------.--.---...._.-.- X
Xprobabilities of packet acceptance and blocking
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APPENDIX A. NUMERICAl, :\NAlNS/S SOFTII':\/Œ

PB.dxout(x.y) = blocking(HP.accuracy.channel •...
N.C.k.dxout,a.dxout,b.dxout,alpha);

PB =PB.dxout(x,y);

PA.dxout(x,y) = 1 • PB.dxout(x,y);
PA = PA.dxout(x,y);

%------------------------- %
%aggregate, node band~idth

%------------------------- Y.

[aggBW.dxout(x.y),nodeBW.dxout(x,y)] =
band~idth(a.dxout,alpha,N,PA.dxout(x,y).P,S.dxout(x));

%-------------------------- %
%unused capacity, loss rate

%-------------------------- %

[unused.dxout(x,y),loss.dxout(x,y)] =
10ss.unbuffered(alpha.Z,B.aggBW.dxout(x,y),PB.PA);

%----------------------------------------------- y.
%lambda =offered load in packets/(node*seconds)
%rho =normalized load
%----------------------------------------------- %

lambda = alpha*lambda.max(x);
rho.dxout(x,y) = lambda/(Y.dxout*mu.dxout(x));

%-------------------------------------------------------- %
%expected number of packets in the infinite queue
y. expected number of packets in the finite queue (size Qs)
%expected delay of a packet in the infinite queue
%expected delay of a packet in the finite queue
%rate of packet loss in finite queue
%probability of packet loss in finite queue
%throughput of infinite queue
%throughput of finite queue
%-----_._-----------------_._---------------------------- %

[Exp.C.inf.dxout(x,y) •...
Exp_C.Qs.dxout(x,y) , '"

HlIi
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Exp_D_inf_dxout(x,y) , .
Exp_D_Qs_dxout(x,y) , .
lr_Qs_dxout(x,y). '"
lp_Qs_dxout(x,y). '"
tp_inf_dxout(x.y), '"
tp_Qs_dxout(x.y)] = qstate(Qs.lambda.mu_dxout(x),Y_dxout);

end Y. for y = l:alpha_max

end y. for x = l:N_points

\07
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A.2 Probability of Blocking Routine for the Dilated Cross­

out Switch

Th" routiue which calculates the probability of blockiug for the dilated Crossout switch in

thc Iinear hyperplanc under the interieaved channel assignment scheme is presented below.

This routiue is an implementation of Equ. 4.32. The routine takes advantage to 1001'

unl'olIiug techuiques.

y.----------------------------------------------------------------------y.
Y.
Y. Unbuffered Dilated Crossout Svitch
y. Binomial Formulation
y.

y.----------------------------------------------------------------------1.
y. N = number of nodes in the Hyperplane
y. C =each optical crossbar Blies has C channels
y. k =number of crossbar alites on each smart pixel array
y. a =the number of transmitters per node; also input dilation
y. b = each Blies can extract b packets simultaneously
y. alpha = Prob [node has a packet to transmit]

function x =pb2i_other_bin_fast(N.C.k.a.b.alpha)

•
y. The
y.
y. pb
Y.

acronym for naming the function stands for:

probability of blocking ('pa' vould indicate probability
of acceptance)



lOS

for the two streams of the linear hyperplane
(no number is used for the single-stream circular hyperplane)
interleaved channel assignment ('s' would indicate the
sequential channel assignment scheme)
assumes that a nodp does not transmit to itself, i.e.,
transmits only to other nodes
binomial model ('pois' would indicate the Poisson model)
the routine optimized for speed by loop unrolling
('apprx' would indicate the approximate model

'slow' would indicate the slow and direct implementation)

API'ENDlX A. NUME/l/CAT. ANtHY.'!/S 80/0''1'11',111/';• Y- 2
Y-

Y- i
Y-

Y- other:
Y-

Y- bin
Y- fast
Y-

Y-

Y- Returns the conditional probability of acceptance for the
Y- dilated Crossout switch in the Hyperplane, based on the binomial model

if C*k -", a*N,
error(' C*k does not equal aN'),

end

•
Y- ----------------------------------------------------- Y-
Y- if the output dilation, b, per slice is greater than
Y- the number of channels on that slice, then all
Y- packets will always be received; having b > C is
Y- pointless since only up to C packets will ever arrive

Y- ----------------------------------------------------- Y-

if C<b,
fprintf(' Warning: C should be greater and or equal to b\n');
x"'O:
return

end

Y- -- all packets always accepted -- Y-

if C"''''b,
x"'O;
return

end

•
x----------------------------------------------------------- Y-
Y. in all other cases, must compute the acceptance probability

X----------------------------------------------------------- X
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y. ~--~_._------------------------------- y.
y. this optimized version does not return
y. valid results if a>1 -- calI
y. the approximate version instead
y. -------------------------------------- y.
if a>1,

x=pb2i_other_bin_aprx(N,C,k.a,b.alpha);
return

end

y. ------------------------.------------------.---- y.
y. let's handle the cases where the slices are full

y. ------------------------------------------------ y.

here = alpha./(N-1); Y. store repeatedly used value
not_here = 1 - here; y. store repeatedly used value
balance = here/not_here; y. store repeatedly used value

y. ------------------------------------------------------------- y.
y. computs and store the binomial values that will be needed;
y. each successive combination can be computed from the previous
y. value by multiplying by (C-j+1) and dividing by j
Y. each successive (alpha/N)-j * (1-alpha/N)-(C-j) term can be
y. computed by starting with (1-alpha/N)-C and then multiplying
y. for each j by (alpha/N) / (1-alpha/N)

y. ------------------------------------------------------------- y.

partial_W = zeros(1,C);

for W= b+1:C

W1 = W+1;
binomial = zeros(1,W1); Y. dimension binomial vector
binomial(1) = 1*not_here-W; y. initial value of binomial at j=O

y. --------------------------------------------- y.
y. precompute value of binomial at j=b; this is
y. used as a reference value to break out of the
y. loop below which calculates aIl the binomials

y. --------------------------------------------- y.

binomial(b+1) = choose(W.b)*here-b*not_here-(W-b);
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APPENDIX A. NUMEIUCAL ANALYSIS SOFT\\~·\l1E

%••.•••••••..••...•. _•.••• _•. -•• -_•••.•.••.._••..••• -_ ••..•. _- %
%compute and store the binomial values that will be needed;
%each successive combinat ion can be computed from the previous
%value by multiplying by (W·j+1) and dividing by j%•.-•• -•••._•• -_.••••.•._•._••.••.••• _••.••••••-- •••.••.._.. _. %

for j = 1:W1.

binomial(j+1) = binomial(j)*(W1-j)/j * balance;

%_•••••••••...••••••.•••••.••..•-•••.•••.•••••••.• %
%if the current binomial is 16 orders of magnitude
%less than the largest relevent binomial, i.e.
%binomial(b+1) then exit the loop;
%
%Using this ratio to exit the loop is better than
%setting a fixed limit. since it will accomodate
%any pb to be calculated no matter how low
%•••-••••••••••••••••.••••••••••..••.••••••._•••-. %

if binomial(j+1)/binomial(b+1) < 1e-16 break; end

end

y. ---------------------------------- ft
%for b+1 to Wpackets arriving only
%b packets can be received
%•••.••.•-•.••_••••••••.•.•••••.••• %

for j = b+1:W.
partial_W(W) =partial_W(W) +(j-b)*binomial(j+1);

end

end Y. for W= 1:C1

partial_slices = k*k,
full.slices = k*(k+1)/2 - k,

packets_partial_slice =partial_slices * sum(partial.W(b+1:C-1» + ...
full.slices*partial_W(C),

Il ()




