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COVMUNI CATI ONS NETWORK BACKGROUND TO THE | N\/EI\FI'I ON The present invention
relates to a conmuni cations network, and in particular to the routing of
packets in avoesosok. 5 There is a need for hi gh speePCTEBNR62160
networ ks for use, for exanple, in |ocal area networks for interconnecting
conputer systens, or for use as part of the fnternal infrastructure of a
mul ti processor conputer. It has been proposed to inplenment such networks

using ultrafast photonic technolo network, the-
provi sion of an appropriate routing nmechanrsmitor € packets has 10
proved to be a Wmmgn problem There are a nunber of

potentially conflict "ﬁ% | C&gﬂg@% nvw}ka%tbshqxe?teg?rﬁﬁ\fﬁ@%{rﬁs érk nd in

routi ng nmechanism In par esirab e pr
overhead at eacperticaler whthel rduting &Epacketsiin dhéwvorkse, the time requr red to

Pebvork. HouBor i1 Therd i Bodell BN spsi bl SREBRE O ., B o, n

mechani smis asroeSrfarrsa ﬁetwaﬁs porSntebdohnebtitg bempites sydtemsor for ake B@bb& of the
packets froma source to a given,destination. If the effrcrency of the

routing mechani8imal iNEFtructHEs, of & GUUHPLOSeSSer (SAmERR otk has sheen Rrepesedy e n

serves to |in tindimédtr suetletivons uts Weraydet bhotdRiteBhAdISd S Nh idpRINMAGHE thé O
packet routing have been proposed a 20 studied [1-31. By selecting a :

sui t abl e net wor REWSHIG| thgyProNisianeef §‘|" GIPPFRREiatR, r%@@cmae'w'sm der thaupeckgts has

be greatly Sigmplobé®to BB & pteeuIametiitiche dbsigRt prablekdle Tﬁé’iﬁ'él@”ﬁnﬁrﬁnber of
i dentified above, by ensuring a | ow processi ng overhead. Sonme network

t opol ogi es al | onptepiallydcaRfligting, seauiremants gvhick diavextambresatisfied, tynjany routing
directional ringet :sﬁﬁuﬁﬁﬁaﬁi'cmalr Yie B @R tﬂﬁpﬁﬁtpreéﬁégnﬁg%eméag #Ach HSde

packet 25 eventually reaches its destination w thout requiring any routing
deci si on by i ntshowisibetkerh invesotheyydseli thenting ratiuireditoi prgcessythel paskelimisedhe -

for exanpl e, nmba%%u%f m&devrw n%lcadéfrtﬂﬁtﬂemailk,ll"!%éverm‘f‘?\éﬁsﬁ de@r'réd?@

one di nensi onal ng o ers of attractive features, 1t suffer
a serious | it tensupn that thmroqtmsr chbatppemr iss g8\| gfficjenst as teessibleair selecting |thrg

efficiency and gaxjm {ng%pg Qﬁ%sq lﬁ@en&{?ce @@ta\’&\{% aéstﬁwgﬁ?rpurﬁ)ﬁ'{e SficiBRESS

in the networkrsrnc ease noalter rve
one- di mensi onal ofhewouting oechanisreds paod, ithen cengestiormimathemetrworkloisesa y hiscagain

used. The main saq\\,/ {Oalg_g Qheﬂ-%@@-npt%t@f”ﬂ%%net%onﬁnm onal network, such as a |
t wo- di mensi onal ¥ Orus het hat erel1s a

Many different approaches to packet routing have been proposed and
20 studied {1-3]. By selecting a suitable network topology the decision making
associated with routing can be gréatly simplified. This then meets the first of the
requirements identified above, by ensuring a low proces;ing overhead. Some
network topologies allow "one-dimensional” routing. For example, in a uni-
directional ring the source simply places a packet onto the ring and the packet
25 eventually reaches its destination without requiring any routing decision by
intermediate nodes. One-dimensional routing may also be used, for example, on
buses or rings with bi-directional finks. However, although one dimensional routing
offers a number of attractive features, it suffers a serious limitation in that there is
poor scaling of the relative routing efficiency and maximum throughput of the

30 network as the number of nodes in the network is increased.
As an alternative to the use of one-dimensional network topologies, multi-
dimensional networks may be used. The main advantage of using a muiti-

dimensional network, such as a two-dimensional torus network, is that there is a
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2 multiplicity of paths avail abl e between any pair of nodes on the network.
It is therefore possible to adopt a routing nethod that selects the

short est W@W’e path, and such a method in general wll have a hi gher
relative efficiency and a higher value for the maxi ML et hput .
However, existing nethods of 5 routing onamulti-di nmensional networks have
their own serious drawbacks. Because the routing nethods can select froma
mul tiplicity of paths through the network it i's possible for two or nore
packets to: amléwzitc'tb'oofoeeﬁbsyawaﬂﬂﬂ%Mwwmlanz A @fan@ms@ry thermetwerkholt is

therefore negglgefdie %@sg.gréam gdﬁf 5%@9&:\@3 P&tﬁ%? 18N élgﬂe tsh?ﬁeﬁr \ﬁaexame

this case. This may one el I ng
network to spethe andesugh aumethod in msngat hodill havetai h!ghérerelatnk roatifg efficieticyby

def | h, .th

cnown as. det PEacd iReE BB (Bt Ind Wl inobnBlt TRkt fiieds B1; e

packets i rbt hautingowy maiti- dmmqvawnele'i&tworksgﬁvleahecr joownr sesipusi dravtsack$le Beeduser K.
ff ' £ k '

Sl 119,10 ARAAE S b il M PG, P e

contr ol corrpl:samdsyublmdocasto drnntdne parketsofto panémpt conetsupyk she tdaaiee lmke
severe technol o ‘gl cal |.imtati ong to the, constr.ucti n of Euffers Defl ecti on

routing does SBYtANgPYsly. { Jbe.me 65’?5§ﬁ°5%1lnqefjﬁ1tt°a £ oFRPaBIgqof Jesplying he er

to control, leghtettibhahht aised MOt Baas %@(%& BeDd6nE BRRerVEy baihbeo@fui’mg
unpr edi ct Ie clyoaﬁ/%ﬁ The packets mau% therefore be delivered to

desti nati stWRrls 1P Stere ang I eere ofthe Rackets untihthedinkgs ffﬂe or by
convent i onal darﬂé&tingdbﬁeas e |pabiiteQidey RO itOublimal ﬁﬁiﬁ el &eﬁmhﬁe fkha&m' t

Is difficult to gchl eve broaﬁg?s% 8% to the nodes w thout usin

| evel transp@Fdelgsonfoutingd HHe(Rg.can sygagRefully E\?B'Fa't"rtﬁ?lﬁ'p%?eﬁs !fbﬂ‘lerfol

| ayers is Un@Sﬁ'béta&l%eﬁée Hénrid"ﬂfei?g A8y S %H&b&&@ﬁ@ hébwdrk. 0 Bafngishdvidier af>
The paper by Yener OF THE GLOBAL TEL COVI\/UNI CATI ONS

CONFERENCE ( GD@RFactivg scanmAm*medewoﬂ@ begpuse ip intiaguges ariablg aptl 3,
| EEE, pp %9 vuhgredicittle RRIKNEnd Sady ﬁ?%?el@gntnﬂ'W&l&h&djéﬁstoﬁnmﬁletdagbeof

spanning trees to enhance the fault tol erance a swtch-based network
The use of tRHoANG G%Hqukﬁ§§e’esafﬁlsBW§é€Fh"EéR9'Fai limigatiensctiettbe iceastpction a0

edge- di sj oi ntbuﬁfefmn'uwe&ﬁ&erajtmb%&%Mmfe@r{ﬂe&a{é&hmé.ué\' lna.&mm&fa%eisor e

spans every node of the network. It is therefore not possible to route a
pac ket ef fi cineyah gasier to control, but deflection also causes packets to suffer variable and

unpredictable delays. The packets may therefore be delivered to the destination in

20 an incorrect sequence. A further limitation of conventional multi-dimensional
networks and routing mechanisms is that i; is difficult to achieve brbadcasting to
the nodes without using higher level transport control layers. The use of higher
level transport control layers is undesirable as it introduces substantial processing
delays. o

25 The paper by Yener, B. ét al., PROCEEDINGS OF THE GLOBAL
TELECOMMUNICATIONS CONFERENCE (GLOBECOM), SAN FRANSISCO, NOV. 28
- DEC. 2, 1994, vol. 1 of 3, IEEE, pp 169-175, and patent US-A-5297137, discuss
the use of multiple spanning trees to enhance the fault tolerance of a switch-based
network. The use of two virtual rings is proposed. Each ring is embodied by an

30 edge-disjoint spanning tree of the network and each virtual ring therefore spans
every node of the network. It is therefore not possible to route a packet efficiently

éimply by choosing one of the virtual rings ‘at the outset. As a packet passes



simply by choosing one of the virtual rings at the outset. As a packet
passes . WD 98/09403

PCT/ G897/ 02160 3 through the network, routing is carried out in a
convent i onawd gs#%e31 by nmaking a |l ocal routing decision at i rpcr/GBsienie
nodes. The paper by ZHENSHENG ZHANG et al, published in NETWORKI NG I N THE
NI NETI ES, Bal Harbour, Apr. 7-11, 1991, vol .33, 7 April 1991, |EEE, pp
1012- 5 1021 discloses a network which is synchronised so that the

transm ssi ons Ghegiigh ﬁ\@%é@%ﬁ@ rB@GHd s EarkiBd odt M b hvéntidndPfath %H-bm’ﬁﬁr

al though the switching of nodes is to this extent pre- sched
swi t chi ng bet wdegal dgeytng dapisian at ivtermediate npdesiet er ni ned. That is to say, it

is not possible to prggi ssperrb@ﬂuénsﬁﬁmaz mﬁ‘“‘ﬁ'&* al, %mﬁ&iﬁmwﬁmkmﬂeam

certain state at a given Instant er or not 10
changes from orkHENINETIES, &aididnmun Aph Tillei 901 meols Bo7 Apsil 4898/ EEEcpp ND12- -

| ocal routin Si,on madeu ot ato or | swi.t ch st.at

t herefore degen 1oﬁ'sf:'88?ﬂ tra P cwch(')ﬁ.'dfstof’()%i‘ ‘E‘tﬁ%wh‘h%"%fh?gﬁ'\ haﬁk?ﬂsdxia alf

According to a the rrmueaaqagmtmonhetdtertmfes ginte slov.erHovoever! bitioighsthprewitohitg of

met hod of 15 routin n a,c nj,cati.ons networ k ri ses

i ol i bt y e BB ExEhr -2 GOTR g nifhing Hesitaer affproh statoR, g not

lcoml‘( i gured as Eplrﬂdétéirﬂhba.l t Yhaaf isCtor @8y,eit isr wot possitde o Giredict &fl ativaride that a
i nki ng sonme on

M} plicity,.of nodes and the directed }, ?ﬁls in
conbi nati on sp&s aHbs‘ﬂ%rl‘ YW, 884D greertain Fiatear @ Q'Y%'"ﬁ?f‘ﬁo@ag'vﬁ'pw ethsp or oet
a) sel ectingoa fswReh eHaridediftonl ohé @fatelts amétﬁdrmk a@iven fithe Qidt 9§ He@rrhingd by 4 N
dependence upon the destination of a packet, the selected trail includi ngB

the source noddoaahdrodEag | Feeisiofh mastse using: AchompRtate algerithm. o theuswitsh $%

packet at the &ﬁweﬁaeraagenmrmohbleu@nk%aﬁloaae of the nultiplicity of .
directed trails. 25 The present invention provides a fundanent at I y

new approach t i -di mensi onal conmmuni cati ons -

networks. It po{&atdiag ty aOfrkehspedt bf the pAREANIRBRIdH, tRES I8 bFBviddOs flethod of
routing, whilst overcom ng the crucial disadvantage of poor scalability of

routing ef f 18i ¢autingandpasket ieamemmunicationsugenvark whick compdesspanultiplicityortis
the need for cqpiLERGENATNkESHE N QRicH thBi fbded SR dfe configured as a multiplicity

of directed trails, each directed trail linking some only of the multiplicity of nodes
and. the directed trails in combination spanning every node of the network, the
method. comprising:

20 a) selecting a directed trail T from the muitiplicity of directed trails in
dependence upon the destination of a packét, the selected trail including the
source node and destination node of the packet; and

b) outputtlng the packet at the source node onto the selected one of the
multiplicity of directed trails. .

25 The present invention provides a fundamentally new approach to packet
routing in multi-dimensional communications networks. It potentially offers all the
advantage of one-dimensional routing, whilst overcoming the crucial disadvantage
of poor scalability of routing efficienéy and of the maximum throughput. It also
completely avoids the need for contention resolﬁtion within the network.

30 The invention uses a method termed by the inventor "directed trail
routing”. This takes advantage of the fact that a network having an appropriate
topology, as further described below, can be divided into a set of distinct trails,

such that no one single trail spans all of the network, but there is always one trail



30 The I nvention uses a nmethod ternmed by the inventor "directed
trail routing"”. This takes advantage of the fact that a network having an
appropriate topol ogy, as further described below, can be divided into a set
of disti n&? such that no one single trail spans all_ of the network, =«
but there %%s one trail WO 98/ 09403 PCT/GB97/02160

PCT/ GB97/ 02160 4 which leads froma givengsource node to a given
destinati on node. Routing can then be carried out sinply by selecting the
appropriate trail linking a source node to the desired destination node.
Once on the twhith leadsefrpmok givepzaouine nede tdaigiven destiniatiom eode.nmRwiting adan

LS O o aReBE LR TR R 8Raky o elddfing W adbrofrfidh 1A inking W dolyde e 1o
$ &9 % J?ag 37 SOUfFNACS fPce

art approaches in t ener
node sel ects thheieemd ldesmrmloh rﬁadsm Onge smuthaetram tHeepctﬂmt |caatbeomubaf e

sendi ng the £ d e tati o) ention offer the
advant ages o%% \%ér qres fﬁ‘%ﬁg%aﬁo%aesg@bngﬁ %n@' ?'8{11?1 s'r?oglego P An Genfsaste g
on sinpl e Heawdeh tlmpdociﬁrt appam;hes irnthe pasa by \daier\eeray #rid"EZharfy 6040, NeHecd
by the speed of ant ent.i uired within the netvvork
there is no rf@@ﬂ’ef é%lff‘*"@% e \ﬁf‘f"?ﬁ frajl fo°"ﬁeﬁ\ﬁo?‘a"ﬁ?lcf°tm§ festingtin jheforece’
of deadl ock (yenamgei\@gbcke%lodes in the network can be naned in an arbitrary

fashi on. Networks odyi n resent_invention offer efficient routing
and good thr oughpu?> refgered H'ggt? fﬂ“&g%fs”%?r WvaRtan, gaffar the; adyantages °fn15?'h’od

is scal ed f orsithgte 3bcdaingOdries routing Hbdeld AVHIEH Ayl ¥ badddesre sintplé PeSdd?Sherd
vari atlon r‘_egis;{;‘kets can be delivered in the correct sequence.
a

The
i nvention? pian  Msstraeofriivety tmeds dominated by e &HEP“ of light delay. No
connect i on- OrdoRfdnbAGs PRfIMED wehm m&ﬁaﬂﬁﬁklmar&rslrﬁnﬁ&h% BRderidy QithfiCthe

guar ant eed bandw dth. The nethod al so nmakes XSI cal -l ayer broadcastl ng
practical . 2@etwork and ﬂeéTeéW&H?‘fff%eOfrﬁﬂH@ka veleeks Neé‘iﬁ inghe inetwork can

destination aplofAsey aa.tarﬁasnrmdssrﬁ&avﬁsﬁe&kbkﬁbbﬁwna%@hresle& Qc&ttﬁ,rnr&?er

i npl enentations of the invention, the only processing require t he node
i s that neededfigientgeutingiond caed thiauohputrand these pﬁmegmmée@nmdmsmehe

node addr ¢§5.m&Rod is scaﬁdpf’o?flﬁ(gﬂmn&\ﬁ&’ig 'Uéuﬁég‘iﬁg'nﬂ&ﬁwti\%ﬁd%érgrn@’a%gf ddla

packet which is receive é I nternedi ate hode an IchIs éssed to
anot her node veriation]pnad petksts wan bp delivered in the correct sequence. The invéntion can

support both connectionless ldatagrém) and connection-crientated modes and in
connection-orientated mode provides guafanteed bandwidth. The method also
makes physical-layer broadcasting practical. ' _

20 Preferably the method includes reading the destination address at each
node traversed by the packet.

In preferred implementations of the invention, the only processing required
at the node is that needed to determine whether or not the packet address
matches the. node addresé. | |

25 Preferably each intermediate node forwards a packet which is received at
the intermediate node and which is addreséed to another node in a direction which
is predetermined and independent of any information carried by the packet.

An important advantage of the present invention is that it enables
intermediate nodes to function without requiring any processing of the pécket

30 beyond that necessary to determine whether or nbt the packet &estination address
corresponds to the node address.

Preferably the packet is an optical packet carried on a photonic network.



I's predeterm ned and i ndependent of any information carried by the packet.
An inportant advantage of the present invention is that it enables

i ntermédi ate nodes to function w thout requiring any processing of the
packet 30 hwposgodoBat necessary to determ ne whet her or not PCE/GRITOZAE0
destinati on address corresponds to the node address. Preferably the packet
is an optical packet carried on a photonic rfetwork. WO 98/ 09403 :
PCT/ GB97/ 02160 Al t hough the present invention is by not neans limted in -

applicability to syst ' | \ | Miend
speci al  advant ages m‘g@h@@gﬁﬁ’ﬁgﬂf tghr\jaeﬁgg?@%%?{ c?ﬁ?ﬁé%estq \’A’B?rt_idsﬁpﬁp@fﬁgﬁfyego
efficient use aiystelves bperatingltim theé foptical dgmainciit dessoffRs spediall adventagss nyheme

di sadvant ages of usi.ng. ctd : N0y '

assoct ated i « Heeh ST ylfeef PsRohiE nekl Che UneblaE HfGEROLA0bF Sho REATWERE
trail in the neffspsk byssuchsndtgronkd) whiletavbidingt thendissdvantapedi ofcusieg defieation
and consists_of a_di rec%;d CéC| e or unibﬁm of a pluralLty.of connecfﬂ(;d .
directed cycPesoutingnos thenjechnalpgical Prabjems @5%‘5&% WisothFo BIqvision & ontical
0 network. Prefya¢i.y the step of selecting a directed trail T includes
synchronising the initial despatch of .the packet w th preschedqul gd ,
switching at an intef Mra&é\éegﬂuéveqtﬁd it?"f'gﬁhﬁ "FH’&?'E‘ sﬁa?‘%%?ﬂ%???‘ least one
effective way QiodeBUliirétded tRACKRS cohsifg of bl ditdctdd cytlar srednibhooh a pluratiey obf
directed cycles is to switch the optical out put $_f th{ icjterrredi at.e no ﬁé
at preschedul econnegtgddigcted; ¢yeles tromea lipkdjsiintcdifsptedgyele degomppsition of the
cycle to anpbhel, G4l € The source node then determines the trail followed

by the packef by outputting the packet at a tinme deterninped in relation to
the switching schedulRseteratinnshe stap af selertieg) andimeted trajlsT dnghydase SYRahERRigRE

cycle to 20 thg, naxL) gé(éﬁlgﬁ:ﬁ B¢ ifepd H'eglwitinF@(s%éMIéﬂ EQRcHing tfht M Bnérfediste

at a point of connection between cycles froma |ink-disjoint directed-cycle
deconposi ti on aofodehe network. Preferably the nodes switch in synchronism

t hroughout the netmrlkisbﬁ%\éﬁﬁ%fpefEéniéﬁllaﬂ?%frﬁgﬂﬁ ) B F60HrReS padiet lindGa trail

states. For exanple, Tnt torus. ne descri bed bel ow, a crossbar
switch is assodbahed fuirt fa arhemotidiregted evtescisotos puitcip3he \gptigplegutg of the

normally set tomtterr]%egiraPeS o ésa%{a pmghéﬁﬁgfttﬁmsye.g%ﬂim Samledy H;ﬂ?d#city, so as to

connect one cycle to another cycle. The source nodé then determines the trail

followed by the packet by outputting the packet at a tirﬁe determined in relétion 10

the switching schedule so that, at a desired node, it is switched from one cycle to

20 the next cycle in the trial. Preferably the switching occurs at a point of connection

between cycles from a link-disjoint directed-cycle decomposition of the network.

Preferably the nodes switch in synchronism throughout the network between pre-

scheduled pre-determined switching states. For example, in the 4;(4 torus network

described below, a crossbar switch is associated with each node. All the crossbar

25 switches are normally set to the cross state and repeatedly, at predetermined
intervals, the crossbar 'switches are set to the bar state.

Although the use of temporal switching is preferred, the invention is not
limited solely to such techniques. The invention might be implemented, for
example, using wavelength-switching instead.

30 Preferably a timing sequence for the prescheduled switching of
intermediate nodes comprises a frame divided into a plurality of time slots_, and a
source node outputs a packet onto the network in a selected one of the plu'rality of

time slots within the timing frame, and the length of the link between successive



i nterval s, the crossbar switches are set to tthe bar state. Al though the use
of tenporal switching is preferred, the invention is not limted solely to
such techni ques. The invention mght be inplenented, for exanple, using *

wavel engt §:-Syy i ng i nstead. 30 Preferably a tim uence for
t he pres@ﬁg%&g switching of internediate nodes conpri 33‘%%'?%8

divided into a plurality of tinme slots, amg a source node outputs a packet
onto the network in a selected one of t he plurality of time slots within
the timng frage and.the | ng}h of the |ink between successive WO

98/ 09403 es in a trial is suc at a packet leaving one node in a first timglatRyvesat60 6

nodes in a tkhéhekxSsiotebsivé Abde iPa@eebnd GiMe S18t.ORGr BRGRpIb: nthf% Jdek%t mby Be

slot arrives at the next successive node in a second ti
exanpl e, t he 3g¥@nGed ardgtarded by, apr titnegslot as i passesifyorn ne Node ta thetnext. it

passes from one nogechRiidd o E%Eonﬁﬁﬁﬁcg lof Iht Er&eﬁ?ﬁﬂ@%(ﬁfﬁfeﬁins C]Im\tng?%a

present invention there i's provided comuni cati ons
a) a mul ti®l |cew'}urmatwol@§t\awd$ qqmm§lnm| ch are configured as a- mJI tipl | Ci ty

of directed trailsgp %,g{,héﬁ? déf}\rogjg?gﬁd?iﬂ@ RrYarg’ nhﬁﬁur?yl ! 'ag'bt'gﬁ Ichté' Avery

nodes and the rrult|p|C|ty tra| 'n Co
node of "t he qéreetedkrailsceachsifunbioly spens eape mlwoﬂtheumnmlueumof nodeskdndothgach

d . h t f
cel'ccting o GurARRY drardiig) At of boRRiflol draRp(iE s o pad of % Betiok
dependence upod inhludihgsiat Negstonnef dicecpert kedil; linking SedohC s6dtce riode and | asdhng
t he sourcgon%ggt"?aqgnq‘%%% .R?ﬁé R&v&gg’e of the packet; and c) neans for,

outputtlng t he pac et at the source node onto the selected 15 one of the
multiplicity of di bbnieadstfbasélactudgzcmuﬂedstgdttaanla'rtfhjnﬁ dh@ sididlicRy olf me@feesent

I nvention th I rovided a cq cations, network conpri sing

nul tiplici ty‘%c?fs r‘i’b&gge"é#r?ﬁc? iYRRY "&Hu t"é?@’b%%?l"@ﬁk%‘d the, s%fe?ﬁﬁfjttﬁffl 'F‘E'Pf"iﬁgof
directed traithssamce notie whd dbstiation rbde®f @Ré padKet il Mul tiplicity of nodes
and 20 the n’u|tlp|lfm% of, directed trails in conbi nati on spanni ng every

node of the networR ng fef BH‘DH&'%Q t'feeﬁg‘i eb 38 the savrce pode gnto It'i‘%R'F'ﬂ'{z}eéach
source note and ot s miiplicitpbf cdiredtsttrails. t he net wor k;

According to a third aspect' of the present invention there is provided a
communications network compriéihgz '
a) a multiplicity of nodes and links which are configured as a multiplicity
of directed trails each of which spans some only of the multiplicity of nodes and
20 the multiplicity of directed trails in combination spanning every node of the
neiwork and including at least one directed trail linking each source node and each
destination node in the network;
b) a routing controller arranged to select, in dependence upon the
destination of a packet, a directed trail T from the multiplicity of directed trails,
25 which directed trail includes the source node and destination node of the packet;
c) an input for receiving packets for transmission on the network; and
d) an output connected to the said input- for receiving packets and
connected to the routing controlier and arranged to output a packet received at the '
said input onto a selected one of the said m'ultiplic.ity of directed trails.
30 According to a fourth aspect of the present invention, there is provided an
optical communications network comprising: '
a) means for selecting a time slot for a packet in dependence upon the

desired path for the packet through the network; .



b) a routing controller arranged to select, in dependence upon the
destination of a packet, a directed trail T fromthe multiplicity of
directed trails, 25 which directed trail includes the source node and
desti nat i onWoASM94A3 t he packet; c¢) an input for receiving padiR/6BIZN2160
transm.ssion on the network; and d) an outp connected to the said input
for receiving packets and connected to the routing controller and arranged
to output a packet received at the said input onto a sel ected one of the

said nultiplicity of uirmedisefdr t suwplitting3he packet ontdBE M@tWErki & £ sb@rdk idde in
aspect of the present inventian, %here IS grcivi ded an optical :
ghe Ass§

communi cat i ons He{iRE ROt seipcted by ghe fyeans Bf"9e| ecting a tine slot for. a

packet in dependence djRAsardsh@r dasich {odidafly thé CroRBRY Statkd ity of
het wor k: "o 98/ 094&03 r GAFIchR Petiddidafty & Stat Qo‘?tégﬂluitl_b‘ﬁclty of

PCT/ GB97/ 02160 FoutH)g pedess for outputting the packet onto the network at a
source node gn the t!cﬁeI %Qf{x%%@tﬁ%?ﬁoé% RGardeRR Swi hirﬁeh?egfx%ﬁgt tﬁ)%iﬁgx%'ﬂ?

for switching periodica e routing states of a multrpli y of r I'ng
nodes; 5 outpijts agcordiag e ithe reuting) state o ghe réspective inote riny thé ainpen slottin

to different o%ﬁigﬁQvﬁﬁgﬁ{egiﬁgg,ﬁtg%ﬁngnw&tgdag state of the respective node

in the tine slot I'n et arrives at the node; and e) neans for
recei ving the packet edtmeanddet fegalvingrtheqdeket/arndebtingtioronaedd.i ft h aspect of

backet Trom a sour ce NeEafe 1§ HEEH Aok ot to FMAL Rl naR RpRldea%
comruni cat i ©0s methad rof routingpan eptical pagketdtans i soyrae nodeetosa déstination npde irean -

i n dependence u g.n 'the desired sEath for_the. packet through the network; b)
out put ti ng the‘%'&ﬁe‘f""&'ﬁ‘f‘ﬂ'cﬁ%’ ISSr % S RsNGir ce node in the time 15 sl ot
sel ected in step (a);a)®Eeledtihg @htimg sfutrfood markbt int dependende migprsthet éssirel path

mul tiplicity of, rquti ng nodes: as the packet traverses the network, at
the different ri8H Q%Q‘Ff:ﬁ?'ﬁbérlﬂ% MPMOEE: t o different outputs according to

the routing state of g)hsutp@singahe \acket onto the network at a source node in the time
15 slot selected in step (a});

‘c) switching periodically the routing states of a muitiplicity of routing
nodes; | - | '

d) as the packe_t traverses the network, at the different nodes switching
the packet to different outputs according to the routing state of the respective

20 node in the time slot in which the pac;.ket arrives at the node; and |

e) receiving the packet at a destination node.

The present inventio'n also encompasses multiprocessor computer
systems, local area networks, metropolitan area networks, campus networks and
communications switches using networks in accordance with the preceding

25 aspects of the invention. ' ' |
BRIEF DESCRIPTION OF THE DRAWINGS

Systems embodying the present invention wili now be described in further
detail, by way of example only, and will be contrasted with the prior art, with
reference to the accompanying drawings in which:

30 Figure 1 is a schematic of a first example of a communications network;

Figure 2 is a circuit diagram for one of the nodes of Figure 1;

Figure 3 is a diagram showing the partitioning of a packet time slot;

Figure 4 is a diagram showing the topology of a 4x4 torus network;



20 node in the tine slot in which the packet arrives at the node; and e)
recei ving the packet at a destination node. The present invention also
enconpasses nul ti processor conputer systens, |ocal area networks, )
met r opol i net wor ks, canpus networ ks and comuni cat i ] es
usi ng net%@ﬁﬁs accordance with the preceding 25 aspectsrgﬁ??w&%&

I nvention. BRI EF DESCRI PTI ON OF THE DRAW N§5S Syst ens enbodyi ng the present
i nvention will now be described in further detail, by way of exanple onl Y,
and will be contrasted with the prior-art, with reference to the
~acconpanyi ng dr awi fdurerS \ihiacsiagram showing' the; topplogy ofsa AHxdcManhattan Streat
first examl eyQivdix ¢ i cati ons netwerk; Figure 2 is a circuit .di agram
for one of the nodes of Figure 1; Fi gure 3 is a diagram show ng t he
partitioning of a Jdawet6 is arsraﬁhoshomngmhfeeifmmcu of ditferam emmgrsgherhes in

t opol ogy of _

PCT/ GBO7/ 0212’8‘%?&%5#%" e a %‘5’#‘%‘%‘5%%9°n§§%“‘ Patfoyting in the nxry MSN
Manhat t an 8t rwwd\memWO(Mmensiﬁngure 6 is a graph shovvr ng the efficiency

of different routi n relative to
shorltest-path rlcj)ult ir\'ﬁ%&rrg dlhgrn%ﬁv@kg%? ectf‘ﬁ"%@ﬂ%ﬁf"&? r?gf’ i Inv
Figure 7 is addi agrmgurghcsm B @bnmcdsaglrabnsnkhdmg (tbl;(lis ﬁbtnmﬂtsedszﬁygire&bar
Figures 8a and 8h are a torus networks usin ossbar
Enehes i ¢ rewRshe et Mo diEhe ot 1B Y kS 2 bRCHete RpotelRcr  vel .
Figure 9 i s a tl m rRigulepisantimiigydiagrappsiorting ipatket itiie slots’ @diged i adrdme e

10 struct ure 10 is a diagram showi ng the Iengths of |inks
connect i n HMAE: nodes; Fi gure 11 shows exanples of directed-trail
routings USI ng SWi trHireT1 O WeRsgraRy sHoWAhg| thaNéhgers of Ginks ehrﬁ:kaes;n?rhoséeem
network of Figure 8; 15 Figure 12 shows a two-di nensional 3x3 nesh

wi th bidirectMse8! |inks; Fi gure 13 shows the network of Figure 12 with the
switches in the croS§ure 11 shows examples of directed-trail routings using switching

between horizontal and vertical cycles in the network of Figure 8;
156 Figure 12 shows a two-dimensional 3x3 mesh with bidirectional links;
Figure 13 shows the network of Figure 12 with the switches in the cross
position; _
Figure 14 shows the network of Figure 12 with the switches in the bar
position; '
20 Figare 15 shows a 2-ary 4-cube hypercube network;
Figure 16 shows a packet switch; and
Figure 17 shows a multiprocessor computer.
DESCRIPTION OF EXAMPLES -
An optical communic.atio'ns.network comprises a LAN 1 linking a number
25 of personal computer workstations 3. Each.workstation is connected to the LAN
via a network interface 3a. The workstations and LAN tcgether provide a
distributed computing environment which may be used, for example, for the
visualisation of complex data. Each workstation is connected to a respective node
2 of the network. Packets of data 4 are communicated between the workstations
30 3 via the nodes 2 and links 5. In this example, the links 5 are formed from_optical
fibre and transmit the packets 4 in the optical domain.
Although, for ease of illustration, only a few nodes are shown in the

Figure, in practice, the network may comprise many hundreds of nodes.



position; Figure 14 shows the network of Figure 12 with the switches in the
bar posjtion; 20 Figure 15 shows a 2-ary 4-cube hypercube network;
Figure 16 shows a packet switch; and Figure 17 shows a nulti processor
comput er. Dehid¥030N OF EXAMPLES An optical communi cati ons nepCYWEBS7/02160
conprises a LAN 1-linking a nunber 25 of personal conputer workstations 3.
Each workstation is connected to the LAN via®a network interface 3a. The
wor kst ati ons and LAN together provide a distributed conputing environnent

which may be used, [g SXATRLE exhoid, "t/ mids! 374 ' 2 HrefedAR dg h
wor kstation is connected to a reé(spgct'i ve node 2 g‘? ft}ﬁe ngtmri&mﬂagkgﬁssgo _
data 4 are comeanfiguredasgatmaderushretwarkst ati ons 30 3 via the nodes 2 and

links 5. In this exagpl e |ij e for tic fibre. and
transnit the packets eie)ﬁx{lﬁgr sp'?#%’éﬁk 3%_%:;%9'%9?%{886]”&8\‘% 'gilé%qg'@"ﬁ'ﬁ'"%s' and
i |l ust lr< ation, ané pso@_es‘lﬁaaVeriadkg?h deaand s?ulaga?mot be L%igglg/eggé g%wmmgid bfighe
net wor my CO rrse n undr.e or . Noades : . .
RCT! CEo 7] 05 160 SBrase phActersh: SRacIoHR A3 A othe J1 B, 85 m SrlumRE are sogiesctipne)

fibres are confiiuk&Apiaofdd 4%4 Adtiverk TEEHOWK in g 4. XEdin! RIdéScARAND K2k a
regul ar network wth unidirectional |inks, and the nodes have 1 ndegree and

out degree of 2. cresynarapwitch andty logian! eauivalentyr il the arers configuratisncthef switch
torus, and all o Rfedk S ian'G_t cBRinth £€¥Re Blitgt ColudiH) Sarid’ e GRR BW tPBR outlt
exanple of a 4 X 4 network i's shown in Fig. 4. Each node contains a 2 x 2
' crossbar' swi trew: iy thethar copfiguration dhe knpuh column isipenpecied te dhe pypPLtirOWNnanhe

switch conngct ' t. col u t ] . o
the output | Tovin 1Pk B8 s SBhiiERed o eRE oBHAR ok, P Ble) oABwe AU st it
t he out put rowjn avidcH @ll swigchespare setwta she crosscpasitiare tlhahaUcpsd, thel network

Figure B(2) ShouRtioor bl A" boBal Aol SNl be IGHFIC® 18160 IRhorh, BB, SHE%E

position. In th case, t consi st s es, éac

length n. Int g,i%g,;&\eggegwg.reg?e@%? fsm%ﬂe;grmad,l,c.xﬁl-ﬂ%_ AHChdEN Obfiftal By dids

where [err], an rtrc

are denoted Cf* where J=0.L...n-1 This link-disjoint directed-cycle

16 decomposition of the network graph is wel!lsuited to the routing method of the

. L .
present invention. The 72 X7 torus network contains M distinct closed directed

trails, defined as T"i = C""UCF, with HJ =0’]""’”“1. The cutpoint of trail _Tii

occurs at the intersection of the component cycles, at the node (ij}; in other

2 . . .
words, each of the # nodes in the network is the cutpoint of exactly one of the

20 closed directed trails T!"i . This cycle-decomposition of the network is well suited to
the directed-trail routing method of the present invention, because a packet can be
routed from its source to its destination, both located anywhere in the network,
along a directed trail consisting 6f a vertical or horizontal cycle or the union of one
vertical and one horizontal cycle; therefore the packet must be switched between

25 cycles a maximum of once (at the cutpoint which is the poiﬁt of connection
between the vertical and horizontal cycles}. A different cycie-decomposition of
the network is obtained when all the switches are set to the bar position, as
shown in Fig. 8(b); in that case the network consists of n cycles, each of length
2n. However this cycle decomposition is less well suited to directed-trail routing

30 because a directed trail leading between a source-destination pair may, necessarily,

be the union of many cycles.



are denoted J[err] where [J[err] This link:=disjoint directed-cycle 15
deconposition of the network graph is well suited to the routing nethod of
the present invention. The n x n torus network contains [err] distinct
closed directed . trails, defined as [err] with [err]. The cutpoint of trail
[err] ochros”g{”%e i ntersection of the conponent cycles, 7192160
[err]; in other words, each of the [err] gpgdes in the network is the

cut point of exactly one of the 20 closed directed trails [err]. This

cycl e-deconposition of the network is well suited to the directed-trail
routing nmethod of tThe switchbimg pperetionsonhatbewintsip a packiettoncits belectedt wéil

fromits source,to . its .destinatjo .h ] ocated anywhere in the network,
Ll ong & di rodFang a5 3buR eols di3hlrlof” BAT bpBRIE ST hlhomagic, Bsiony
uni on of one wighéutCedquiring tivee intemaiaeahodescie intelregatkotte bBcke addstinatior t
be sw tched befween 2 cycles a. i mum of once.(at .fthe cutpoint which is
Dhe mot ot or s o T pEESE and iffRod Hobte SRS, ThE LMo pheraies iR @
di }‘fe[1 ent - gy cdigxtét dasHiors iviitto pacKets ansrdingd ko i soned nfrixitecmWaRgthalile. ttie is
switches are

et, to the bar position, as sho in Fig. 8(b); in that case
The network cBHYPS o regulay i Slope. whikBy rp diigens onec i AH 2 Racket ot oe
deconposi t i OMmbainluf$ allaWable Sitelt8dether ithes heskdidant! THUrbEhad QwikREaHSEN 2
directed trail |eading between a source-destination pair my, necessarily,
be the uni on He eHHyg dWP%é’.‘ the ngpwork; aresaranged to operate in a regular, coherent

PCT/ GB97/ 0216@stiBn,Tia8kédtd & lgidbal RRWAIk LRER ak A4 tiffeLdldtiath. SWRAKAL sitchps
selected trail leading fromits source to its destination can operate in an

~aut onat i ¢ 1Pastiapae sentigytAtioneteyr 4o o Auring the raugrdithand otre @5t 004 R COryRtLt e
the packet desfkpali AGuRS§LS Iinky dibGraRPEHd H?QWPh%ej?ltHéJQQ . 'e3bH Bf ‘length
ed tas packet s

, i
sel ection. The network operates in a 5 slot ion wt
constrai ned t7, stamget frammes|of heyighh nitinte slbtsyelni the dirsti tled tiné slots ineg) frafve,
tinme slots whjich are di manﬁi oned to contain a é)ack

f th i ) :
ol lovabl e si Z0CEaRPREPWIFDR 38 Gl APk oA Fross ROsaT: GRaFted P dHB SAGFRaY in ¢ he
][ou:] i ng nf)deith'grfirtahﬁmlesl%nfﬂ(tharf&n&f( ttﬂT\g@iﬁ:He? aaﬁen ta_betd thleat;ar@guiﬁah \}\%@f&itedrl] ent
asnl on, C 0] a netLwor OCK a ne-.s I . en . e
Lo chas 18780 AS shelnitiivel & Sednbn Hiods Whins IRertof etk senregung
not to corrups painokadjacert riides iPtheSnawori sblettddiand Bawtolgd sbahaeshiéaligrial me

slots, each of length T, arranged i? fr rrei of length n tine slots.  I'n the
first [err] tgroep sinve-ef-flightiisf equabto 9"+ =B)T | where g is any integer, and A is the

phase difference between the clock signals at the two nodes, expressed as a
fraction of the time slot period 7. In other words, apart from the clock phase
20 difference AT, the Iength of every link in the network is egual to an arbitrary

integer number of frames plus one time slot. Thus a packet which exits from a

node in the jth time slot of a frame will arrive at the next node in the (Jj+ Lith time

slot of a frame. More generally, the packet may be advanced or retarded by a

fixed integer number -of time slots. The packet may be advanced/retarded by any

25 fixed integer number of slots which is not a muitiple_ of n, if n is odd, or by a
number which is odd if n is even.

Figure 11 shows how a 4 x4 torus network might appear to some of the

packets travelling inside it. Suppose, in Fig.11, node A wishes to transmit a

packet to node D. The source node A will use a look-up table or some other

30 algorithm to determine that it should transmit the packet along the outward link in

the horizontal cycle Can using a vacant time slot in the third position in a frame (in
this example each frame contains 4 slots). On arrival at the next node, B, the

packet will find itself in the fourth (i.e. the last) slot in a frame, and therefore the



the crossbar switches are all set in the cross position (denoted c in the
diagram; in the final tinme slot of the frane the swtches are all set to
t he bar position (denoted 15 b). As shown by way of exanple in Figure 10,
the | engt h wbosmedo3l i nk connecting a pair of adjacent nodes PENGRI7RGROr k
I's selected and controlled so that the sigr]lq group tine-of-flight is equal
to [err], where g is any integer, and [err] 'is the phase difference between
the clock signals at the two nodes, expressed as a fraction of the tine .

sl ot period T. ersuam%teh%ds,wmw&oﬁﬂgmd heted eakposinies, 2P shélvh i FRyICEr.
[err]T, the Iength of every link in the network is equal to_an arbitrary

i nteger nunberygf JapREETs RhetefcrBeswiteReds ifth. tHd Wericapasjons hi skt @rbgresdesom
a node inthe jth'time slot of a frane wll arrlve at the nexft node 1 n the

[err])th tinme enwardsithrpughAede cM‘J‘f‘Be'Qe'ﬁ& apYyin thedirsh ime; slotof adrame, S9ck -

or ‘'retarded by%v’a‘n o 5@@': |5 i FErody EB4te), Yvehtuly ThadHing 8 YeBaRdtRIn BN DE Not
advanced/ ret ar (5 fixed integer nunber of slots which is not a

nul ti pl e of 5n, shorwmmi Elgodd is @p %V"'&?‘WGrfﬁ'&'P"%@éﬁ'ﬂgsf’%d“|al'°'}9 the yaftical cycle
Figure 11 sho how a 4 x 4 torus network night a%pear to sone of the
packets travel [Pnig thaseeend ime sigy o aframg, yipfodes £afddfe A wi shes to
transmt a packet to node D. The source node A w Il use a Ioolqvu,pct apte or
sone other 30 al gorlptthmtersdetwprk direetesitralk routipg Uaing BRSTANE e Packbt s

al ong the out wah@ll g Elehfl |tJ]QhQ(a‘irhEﬁHIt?éll R)Yﬁihﬁ difds’ iheuﬁid?ﬁs@PKﬁPB&Webhrﬂ?\y
slot in the third position in a frame (in this exanple each franme contains

4 slots). On asqureextiestinatine paisx it ¢rsdee skown thatstheiaveragel shortestipathLlistange,in
the fourth (i.e. the last) slot mafragel(ﬁapfStherefprethe WO
98/ 09403 10 the 7X7 torus network is equal to hops. Since themaxigumsteady-11

crossbar swi tCL}aEée 1 ﬁowbl?%eref re s U{h%dl g@glleléeopi‘l‘ie PBdkd 'd%e@ﬁysth@%el'dbe

Fig. 11. The pac tched Tnto the vertical cyc [err]

and progr esses, gl daybr AUGTLqIANEo PHBY o | TharoRGY 1 HhEuHbLE schiodas

slot of a frang, %0 in the cross state), eventually

reaching its dggfNRpt Wﬂ@renmnbts Tqé rﬁ:mﬁelﬁqwnnédbs':hﬂ .cohfrabtS with Shé-@iféttionle
routing: exiting fromA al ong the verti cal XCl e [err] in the second tine

sl ot of a frantoutipgavheseske thrapghpot scales e HUd)s net work, directed-trail
routing usifg the trgit ﬁncﬁd%&éd éa?hew%ﬁf birsét8Brail rSutinglCtil [y Cshobéstirg

routing gives the shortest path between any source-destination pair. It can
be shown that bheratiorrthgt ashetwasktngsig: fs deairgdcto ipgrform on incoming packets is

simple: the destination address of every incoming packet is examined, and if it
corresponds to the address of the node the packet is removed from the network,
otherwise it ié forwarded. The process of .comparing the packet address and the

20 node address is a simple' single-word matching operation, and can be performed at
high speed; for example, optical recognition of 6-bit address words has been
demonstrated recéently at a peak rate of 100 Gbit/s [11]. Since the directed-trail
routing does not use an algorithm that relies on any particular sequential numbering
system for the network nodes, the nodes can be labelled in an entirely arbitrary

25 fashion. This can simplify the tasks of planning, administrating and evolving the
network.

Although the description of directed-trafl routing in the torus network has
assumed, until now, that the network is a complete X1 structure, it is also
possible to cope with the situation where a node is missing or a node or link fails.

30 If a node is missing, it is necessary only that the links that bypass this vacant
position maintain the correct timing relationship, as shown e.g. in Fig. 10, i.e. in

this case the link that bypasses a vacant node position_ should have a signal group



10 the n x n torus network is equal to [err] hops. Since the maxi num
steady- state throughput is given by the indegree of the nodes divided by
the average di stance taken, it is equal to [err] . Therefore the throughput
scales a where J[err] is the nunber of nodes, in i th
one-dire???gggk routi ng where the throughput scal es as CXl.?@# l%%

As indicated earlier, wth directed-trailyzouting, the only processing
operation that a network node is required to performon incom ng packets is
sinple: the destination agddress of every incom ng packet is exam ned, .and
if it corresgaiaisf ’lf"f'ﬁe drles sntegert uemiseychf ftamespplok eivoitiing SIBEY MfhusiAl t he

network, otherwise it..is d. Th Qcess of co arln t he packet
addr ess and ‘?‘T‘F@ e fPrrestan %@Gm@@ﬁ? ong- dg'f‘g’?ﬁ iFAYAing Msthpdsy tive pReration of
operat i on, anﬂmarehetwf.@weﬁoaérdmeafbysdhaqéss 04 iRk 8 Rbde, PREEBY ause
recognition of 6-bit addr&ss wor ds has been denonstrated recenfly at a peak

rate of 100 'B5r& Ate tw9 availphle direptediraibrautes betyveen: any ngc&destlmionm an
al gori t hmst hsrovided i e %hréé%nﬁaﬂédtﬁi&laﬁ a?@%nfobﬂednﬂnhﬁrk % [ the

net wor k nodes, the nodes can be |abelled in an enti reI
fashi on. Thiertigal evcie| | i yonendirected strajk failsarthe rrgheradmlhbbt traillaag ber dised

VoI VI NG tena@buor it ol SAMEH dia® SUESERR! pA sl CRCLRI ! Lol 10 11

the torus network has assumed, until now, e net &e n
X n struct urkerizpatal §val|estbe1yol§smq)a@ewt-wpeemdnramrreuemg.m.ma oyl earnbaode

i's m ssi ng qliea‘?ed’@?%yﬁéssd fl’.étl l(?odeI ér ﬂ':kn ﬂdt%e nne? é"fs? %Sﬁcrm rff' EH]FI t he

necessary only th pass s vacan _
correct t1pm¢ageroélaamsemmqu as shovvn e.g. in Fig. 10, i.e. in this case

{Agegg; gg 4})gat by Pagifir As 1P S8y RES 85 HdrOeS TN Geh3N% & B %%%'egg;fgggm_

12 del ay of gxample,(directen-trgit routingbean bé u‘sedmrea ret1adghiad néiwtrk SVieh n FOWS'S
t he phase COJr{deﬁté |[‘ser\;;lh%' I |é<e o] SI onal routing nmethods, the
operation of 'the en re ne vvork 1ot q’ﬁﬁ T%"th"ﬂetal"béfée sEmbef ohk or
node. This |Mb$@ﬁ$@rmhmrehra§ 0 the® geaster cﬁbieﬁsrdhr(ﬁﬁtrﬁdné badd), A3 tifsre et Ween
any sour gg- dgsty qﬁ%gion ai,r % rovided the sour ge estination are not
located iR the samE>R8r PLokiatod, caimps dp 3 fome et?f o - giucdieree d Paskets
fails, the ardweillingvalohgld eowriai & wrae dltﬁ H&ﬁdspbﬁ&'h@&@ a pHantd® cuepbive camd
destlnatlon are. Ioc'ate .on _the same tlcah
remain only within the row is reduces the network efficiency, but ensures that
all the mn real nodes can be accessed.
~ The network_ can support both connectionless and connection-oriented
20 modes of operation simultaneously. In connectionless mode, a source can transmit
to a chosen destination by inserting packets in a vacant time siot corresponding to
a directed trail that leads to the destination. There are no guarantees on the
availability of suitable vacant time slots, and communication between the source
and destination is transitory. In connection-oriented mode, prior signalling is used
25 to reserve a regular sequence of suitable time slots allowing a connection to be
established between a source-destination pair.

In one-dimensional networks, broadcasting from a given source to every
other node in the network can be achieved in a straightforward fashion; a packet
which is to be broadcast is copied by each node as it traverses the network. In

30 multi-dimensional networks that do not use predetermined routing tables {such as
self-routing algorithms with deflections for contention resolution), broadcasting is
not efficient if physical-layer mechanisms are used alone. Unless higher transport-

layer protocols are used, to broadcast a packet it is necessary to transmit an



hori zontal cycle there is no alternative directed-trail routing, but the
cycle can be heal ed by bypassing the defective node or link in the manner
just described in the 10 case of a mssing node. Neither is it strictly
necessary f o égw@adsor us network to be square; for exanple, diPeT/GBo?62160 |
routing can be used in a rectangular network with mrows and n col ums,
where nmen, say. Then the frame nust contain %he number of time slots
corresponding to the greater dinmension (min this case), and there are 15

[err] m ssing, AgividddR oY to 0N TREdE NintHeO RBAAK; [iﬁr6the§tv06ﬁg,urpﬂysi§§ﬁ§férs

travelling along a rowin a tinme slot corresponding to a phantom cutpoi
can remai n onl ybreaddasting He afoepmpiaxity rQidMic sheredV s tthe rmunlieri ofi podss, B hilst

ensures that alJ]_t e e C ed.. tywork can support
bot h connecti onﬁraer’ssg Sgﬁgvécrdﬁlﬁte%t% %o‘?ﬁrgrglgelﬁ?é'g ag%%?r'gge'g %‘&%’géﬁe{&gﬁ& f %rp‘[')e'y.
si mul t aneousl! y. higinspesthaetworkihg $he radditional delays evayave unacteptdbld.o Physibaldayer
destination hy ,nserti.ng.packets i ant ti sl.ot .corre ndi.ng LO -

i rectod trapl WHAGCAsHARIR H6E e RePotiCBA be' ddhinan Rleiteh rEHER ARl dubity, By
t Ee avai | abi | ijttéarﬁ;ini&lﬂgt cdpies va@aser dfi tnaiissthat spamuitick dudhestent af ties nbwiokke dfor
the source an estination is transitory.. Ln connectjon-qrjented de, .
ori or si gnal | i rikample, o proadcas, HomL a npde;in the, i Apweat,a Hos" Prus, PRSSY Sopiete
slots allowing a connection to be establishedchey@een a sour es} L.pat L.on
pair. In one- di R4 PBHEANS 'tt%gﬂ?st,hetﬁ éwézjs‘bti ng fr’om"‘é{‘eé?vj#lg'gb%?'é;é '?o This
every other node in e network .can chi e\ Uk &St a3y forward
Faehion . pao iy s{ial el Gopatatung s BF cARBIRET LI, it N AW K HR fimber of
traverses the neidesrk. In 30 nulti-dinensional networks that do not use

predeterm ned routing.tables (su as self-routing algorithms. with . .
er ) ottt ona for cont TR sudt it 3fetks 58 2Pl hhat Thrgtie for ipsprion
physi cal - | ayer iFaB8anSNEhodncinUEigtead.OMe a pHVLENIE N2t Wb iniplémentation, theytesavy
protocols are used, to broadcast a ack?t, it .ne_f;esga}ry to trapsmt .an
VO 9/ 09403 lines shown in Figure 2 are optical fibre paths. The delay unm}&gyyvezgws

13 individual c@pelhddRViRbYidE IHE nebedshfy AgiL¥MIdht ontheliBgthy/Rf dRe two incoming
physi cal -1 ayer broadcasti n%s of CorrFI exity where N is the nunber of

nodes. Wil 3B tlinkRgtgotatishalhg repuienes §eeg#eeeemié;'h|t9ﬂew &aeh Jigkgennecting 2

| ow speed net WOidfS of frfdbey,Cthe biglh- sidRBOtiMmelofdfidHtNaloAd @hadiikt siiuid bdetqss to
may be unacceptabl e. Physical -1 ayer
(gn+1-A)T \\nere q is any integer, and A is the phase difference between the

clock signals at the two hodes, expressed as a fraction of the time slot period 7.
By providing two delay lines {(one on each input) with independent compensation
20 for phase différenc_:es, Iit is also possible to ensure that the packets on the two
incoming links are correctly synchronisgd relative to each other and to the time-slot
clock at the node. Each delay unit could consist of a combination of: i) a length of
fibre cut to a suitable length to provide coarse timing adjustment; ii} a step-
adjustable delay line consisting of a chain of 2x2 space switches and fibre delays
25 (such as described in ref [12]) to provide timing adjustment to within a few
hundred picoseconds; and iii) a free-space adjustable optical delay line {such as
optical delay line type ODL-300-15-SMF manufactured by Santec Corporation) to
provide fine adjustment to within a few tens of picoseconds. It may be necessary
also to compensate for slow drifts in the optical patﬁ length of the incorhing links.
30 These drifts may be caused by environmental factor acting on the fibre - for
example, movement causing st_retch, or temperature Variatjons. This continuous
environmental compensation can be achieved by detecting a variation in the

relative timing of incoming packet arrivals and the time-slot clock at the node, and



5 Dbroadcasting in the torus network can be achieved using directed-trail
routing by transmtting copies on a set of trails that span the full extent
of the network (for exanple, to broadcast froma node in the ith row of an

[err] tor%gmet copi es could be transnmitted on the n tr ’Mﬁé{ where -

[err] physical-Tayer broadcasting is of conplexity Q([err] err|
I's the nunber of 10 nodes. Figure 2 showsqfhe structure of a 2-connected
node suitable for insertion in the MSN shown in Figure 4. In a photonic
networ k i npl ementation, the heavy lines shown in Figure 2 are optical fibre
paths. The d@F%d'ﬁ%l"t‘se'%&t"‘Eﬁﬂée?%‘* e0tre! $ignalite the stempdivstakle detayriivecndar y

adj ust ment ORhd fiBe-LEAH Adjusthble MRidyIMelul@M Ng 15 links to satisfy the
requi rement described earlier, that on each link connecting a pair of

nodes, the signal dhe hsadermaroegssing units aerdergna the fallawinghtasks: Lk deteats! theo
[err], where EPes'eﬁc@BV shLrRS 3 ggékek% al titn8 S0I¢ iPBERRL e’ GhERT Bl BFS"

the clock signals at no expresse lon O )
sl ot peri cal Packsy: pndiii) dieragmings whether br net af dmeming mcketimpdﬂﬁessddti@ the

i ndependent ¢ E@eggﬁétsﬂg "%dh@ |t[ ﬂ%@ﬁcngﬁgg el ences,‘ g:"% ' 7 ald&ﬁ pslo o%epec?ortq _

ensure that t ep I'ncom ng G ks
synchr oni sed to aletectva ftastioacdf thehpacketdsigmall hé‘helmeseﬁcetofch signahtfrdmmahisode. -

Each del ay unj S b of, fibre cut
Fo a ol  xol EnpioRStaEhrclighadig s FRF b e Bfesebdn At ARk, o phess

adj ust abl e deélatybdshfpebetweensthe rtgnefsloa clotRi andothe2eotnsdreat of this Phetodetedtdri br e
del ays 25 such a escribed . in re 6‘“24 g rovide timng adjustnent to
within a smﬁ'd?”’i'bcqbfscﬁgé'&%ﬁ'ﬂ?‘ slgt, fate; % e rdetected 4Sing 80 (pigciionic BRASecal
delay Ii ne ( deteRtion caplit,Cand da}cmgélmepdmaﬁalQBLm?sOQhaseSmfiMéna@%ﬁﬁsU{rﬁd by
Sant ec Cor por at rovi de fine gdétﬁbstrrent to wthin a few tens of

on
pi coseconds. P?tlr?fa%)gﬁg gsary for Ahe Jeedpacknzmeo icirepis mentinned -abeve. | Fert he

optical pathtaskngl it & nebésshAC edVicathpardfhie addresthifSehelpadiet HEBYerORithagheed
by environnent al fact or acting on the fibre - for exanple, novenent causing

stretch, or PEMHEETF ATuthe Nodeat ifghsan M?’Efaébrﬂh%%‘ils‘“‘éﬁ'ﬁi‘i‘%?ﬂ%htfﬁﬁ can be

conpensat {®n peABrrst 85iRg AHE tndtrod dF Qltrafact Binkey Wakd Qébdgﬂnfohedéseh@éd Wethe
timng of incom ng packet arrivals and the tine-slot clock at the node, and
WD 98/ 09403 Present applicant's international patent application PCTIGBS4/0039?Q(y|rytIg§gyIpQ§2160

14 provi di ng tayhnlaP WethifsaiscRBEDARK WON85H33240N2Thd Gohtihts [dtPuriedk Usdrfdd! ©
delay line aggphcatlons -are incorporated herein by reference An experimental demonstration
of this technique is described in ref [11).  As described in the above-cited
20 applications, address words for packets are selected from the subsets of binary
words for which the following condition is true for any two words A, B in the
subset: | '
A®B = Oonly if A=B,
and A®B = 1 otherwise,
25 where A®B is the Boolean operation
.
Za,.bi.
i=|
Word recognition is then carried out using a simple AND operation:
between an address word from a packet and the complement of the node address.
A suitable AND gate is a semiconductor optical amplifier supporting four-wave
30 mixing (FWM). _
This method of word recognition provides a binary output signal indicating

whether or not the header destination address matches the node address.



the free-space adjustable delay |ine units. The header-processing units
perforns the follow ng tasks: i) detects the presence or absence of a

packet in a time slot; ii) detects the tine of arrival of a 5 packet; and .
iii) deter nWQIBAMEX her or not an incomi ng packet is addr esseﬂ?’{’ﬁl’?’fml%de.
For tasks i) and ii) it is sufficient to us - 1 GHz-bandw dth

photodetector to detect a fraction of the packet signal. The presence of a
signal fromthis photodetector during the time slot indicates the presence
.of a packet. The phasthe bhsit i spasérswitobingeaperation tsi pgrfoimed by abé thred trlessbar

t of this phot
can’ bo- det act oP BTG ol AR Rl 8 SHEGESJatEE thah oBly L IF ehetCie prayies e

proportional tosighklSpsthaSheddiel§ & @BARedYr €/ idhds frole aC totfal Qiosﬁlmut&e%?ﬁﬁﬁf y-
for the feedback control circuit maai7 oned above, For ta

necessary to cotiitable sprReesiitehes capablgcot opatation, in,g time,p Ili B I)E&araéégt'lﬂ‘l'm |

the node. Fgr {gnate! IdabRes BOGH Oz cwpeplxeasimmom blippte€ 2By DGED Advanced
performed using the nethod of ultrafast binary word recognition described

in the present GQPPPREME: s international patent application PCT/ GB94/ 00397,
Wi th further technicag, .@meabsﬁ.oﬂinacaf%%dcnem&wé%%howmﬁ FﬁiBu%eé‘t 9n @his

these earlier applications are 1 nCorporated herein by reference.
experiment al desxample it hambegn asnuquetmmttqwmessfqtegl@pk tie @t gh arrate PfLIF5 Mhz

described in thg @R%?eﬁb&)edn%g nsaQBJ:én%%P SQI?ék uaﬂdjéﬁnﬁéﬁmga%ﬁ AbtWakK Gha aht

sel ected fromthé su of Dbinary oW ng condition
is true for 19nybe distrioutdd oAer Bvide mmr@umraph[c@r récions @ntb!ntuynng‘ jiter Bf lessd

Alerr]B = 1 ot aI Ss?ﬁ]gg‘r’lt MRl Cas %Erl]'l%\é §x££ﬁp%@9kﬁgﬂ 56§ }eR the \Rélzket

Wrd recognitio n carried out using ration bet
an addr ess wor dednsizts af ﬁ@ck\aes and 00H@bit/s dﬁl%nmdumwnhehmgumhjc gwitch band

Shl Lo AN, St b G A AR e g SRR o
si gnal indi catitg ke Basrdosandst esch cofhsized 016 dest\Withini the Batid; abs mainohem‘ thee
ECC)(_Ij_/eC%g(;/r 82%@0 cur}'/é\?\tgt?éxg g'slllogc?’in the frame can be tracked by an electronic modulo n counter
{for a frame n time slots long) which counts the time-slot clock pulses. During the
initial start-up phase of the netWork, and subsequently when time slots are
available, one node in the network (designated a master node) can broadcast
packets in one fixed position in the frame (such as the first position), so that the
20 counters in other nodes can be reset to the correct phase in synchronism with the
master node.

The space switches in the node are activated by the electronic switch
controller unit shown in 'Figure 2 which acts on the basis of the following
information: i} whether or not the position of the time slot in the frame corresponds

25 to a 'cross' or 'bar' cd_nfiguration in the directed-trail routjng- cycle (1 bit); i)
whether or not an incoming packet 6ccupies the current time slot (1 bit per input
port); iii) whether or not the destination address for an incoming packet matches
the address of the node {1 bit per input port); iv) whether or not a packet that is
waiting in the host's output buffer wishes to access an output port in the current

30 time slot {1 bit per output port). On the basis of this information, (total 7 bits) the
electronic switch controller unit sends electrical drive signals to the spacé switches
in correct synchronism with the time guard bands between packets, and in this

way performs the following tasks: i) routes incoming packets to the host or to one



15 The basic space-switching operation is perfornmed by the.three crossbar
switches. The reason for 3 switches rather than only 1 is that this

provi des the signal paths needed to connect to and froma |ocal host

conput er 94/69%p3 SUi t abl e space switches capabl e of operatj ' { me of
1 ns or PZ%S are lithiumb5 niobate devices such as type Y%gﬂg%mégd
supplied by GEC Advanced Conponents. Suiti@l e partioning of the packet tine
slots is shown in Figure 3. In this exanple it has been assuned that the

time slot clock is at at a rate of 155 .45 ns periqQd). This is a
standard cl o®ktNgsUHPEY,PPES: ) Fortes %ﬁﬁﬁ%(kg‘eifﬂft Eﬁpr?"f(?? %—E YR RS B
over w de (nNgieireqdited @he Slod M vacint) A eaimple iof thé Mgidrequiréd to _ﬁéﬁér&ﬁ&e’fséan

500 ps.. It is also assuned in the exanple shown in Figure 3 that the packet
consi st's of *5kHiPasToUPWED0 Ghit/s (4.24 ns duration), that a suitable

swi tch band §{prndpqeatiemt Afimehe16t ed NAsePPbSiCIRL AnSramdIgs is 1 ns, and
In addition there are two tine guard bands each of size 0.6 ns. Wthin the
node, the5position‘=’&ﬂ°the 15 current tine slot in the frane can be tracked
by an el ectronic npdul.o pogeunter (for a frame n tinme slots long) which
counts the tine-slot clock pulses. During the initial start-up phase of the-
net wor k, andifulisddBeAmiyg whew FiRe Hlots if coesumieddl @éndoRetnotiddoRipge
network (desg ¢ iteMBIbe" i5008dusfdl)b RRA0GRY! (PAGKShSnd e Sack¥edis
position in the franme (such as the first position), so that the 20
counters in adfrasseddss Best be anssch a BoshePacketechs Waiséng nte et SAPHmM

with the S he..s e ] N L o] age | ysikhe
el ectroni1(r§9i S\I;'\nﬁ%c{umg%rﬂr}oﬁfereﬁgn?‘?%%géqmﬁdﬁ E}ggrg gge\hiqc?lagéétes/%%a%%te Eel asi s
of the foll owahgingnftor exit ofrom )thehetlemnoportotin Hdhepovirrentn wime: [sdoti e

slot in the fr esp . . ; ' L bar. .0 lon.ipn the
directed-t ra} I Pp%ﬁ“ %%é’ cyg{%ﬁ(‘%%ﬁ%% ;Qd‘lh%sos\?\/%eft %é?algg lr{ﬁ%%g%bi ﬁ%%%%bng 1t')'gc ket
occupi es t hestor risntoti defglegt }( thent per input port); iii) whether or not
t he desti natLoniﬁaddress for an incom ng packet matches the address of the
node (1 bit p%? I nput port); iv) whether or not a packet that is waiting in
t he host'tb out put baffercreasshes to access an output port in the current 30
time slot (1 bit p% output port). On the basis of this .information, (total
ic

7 bits) the electr ‘fch controller unit sends electrical drive

signals to teadspace switches in correct synchronismwth the tine guard
bands between PACkeLs: o ibile! SR rREA S Bark S, S ARG S8l tnat
can be executed using hard wiring together with a fast 8-bit decoder chip, without

- 20 the need for f.arithmet'ic, ‘registers or look-up tables. It is purely é “logical
combination circuit, and therefore the decision time depends only on gate delays.

The switch controller unit can therefore operate at high speed, suitable for routing

packefs in multi-Gbit/s networks. )

The .routing method described above offers high efficiency and low

25 latency, and these édvantages. are maintained as the number of nodes in the'

network is scaled upwards. Figure 6 shows the efficiency of various routing

schemes in nxn torus and MSN networks, relative to shortest-path routing in the

nxn MSN, as a function of the network dimension n. The various curves are:A,
hamiltonian-cycle routing in nxn torus network;B, directed-trail routing in nxn torus

30 network; C, directed-trail routing in nxn MSN; D, dead-reckoning routing in nxn

MSN; E,routing in nxn MSN using a routing rule that provides a shortest-path route

(Maxemchuk's "first rule"[5]). It.can be seen that methods B and C implementing

the present invention maintain a relatively high efficiency of 80% or greater as the
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of the putput ports; ii) routes packets fromthe host to one of the output
ports if the required time slot is vacant. An exanple of the |ogic required
to perform Wes0903sks is as follows: if not (current tine sIRET/GBINORIG0
position in frame 5 then S1 : = cross; 7if ( (incomng row tinme slot
I's occupied) and not (incomng colum ti me ‘sl ot is occupi ed) and not (

i ncom ng row packet is addressed to host ) and ( a host packet is waiting

to exit from 10,dtiW@rk e Qs t sddled pwEatEs.eNtTHe re¥fisibidy )is mdriedfy predteP ahisRt
~is waiting to exit fromthe colum port in the current tinme slot

comment - dest i hpmiltepjancgyelgsouting ydich is pRsHAimEN3igN3) Futinggechnigue; @éﬂ'ﬁ?b'e

defined } then {gadidiud Retwork. AsHoted iff k19 introddction BSdvie, WelpreSBRt inQbiitidiPmay
| ogic, of which this is an exanple, is sufficiently sinple that 1t can be

execut ed usi ng teapepligdy ifefgexasoplenisr a\packetyswitsh. Figire Hesbaws athMNsN bufferedt
20 the need gor ' IKCin! G & T €§-r | S :

| ogi cal conblf'snag[a?%%lt %P;E%:dl?ftly g‘ﬂ%&{ Egre@gﬁrg&?ﬁgv?e%?g%oﬁ ??twe?r%e%@ﬁé 'o%ﬁgl‘e
on gate del ays.invéngionwi t Bhfurther r applicatiomiis dlustratedr i dligurept? awbicht shogh a

speed, suitable f [ ' L. ks 01 L/ tmor Qutin _
net hod descri be u@éﬁo\?gg%%&g@%ﬁéﬁghﬁ%é’g? g&l é:tr?(%floq;g'n'&i‘e 8\%’2@#&%%%&’9@3 r{sh%ge
advant ages ar e comnedtai rtedespectives nodasbelr a oétword @employind direntedvtrall rogtirgcal ed
upwards. Figure 6 sho th ffd ciency of various, routing_schengs in nxn
torus and MSN networév,am @ﬁa‘ﬁfvf:'er% ngﬁgﬁt%essf:f'%%#l%b?‘éeuf’?%sga‘l‘ r?xf'@"f'ﬁ(ﬁ" Y.
as a functi 00 dafirecteri nadilwvesdtingi cemsbeorused With wawideuSraciety @f differeht network
ham | t oni an-cycl e routing, i,n nxn rorus neiviork: B, di.rected-trail routing jn
nxn torus 30 Hepalaaks. BengnepelsBiesavieh R Mesust N IRVSIE the sections which
dead-r eckoni ng foeij 8JFoirialipenetdbliesdriptiont of@reéctedirail kaMirigSis Hiveh a8diekérBples

rul e that provides shortest-path rout :
P oq furtﬁer antematisve etwork topo?ogies are described.

15 This section gives a general, mathematical description of the directed-trail

' routing method. The following terms that appear in this section, and elsewhere in

the description and claims, are those commonly used and defined in graph theory

(see, for example, 18]), and have the meanings normally accorded them in that

field: graph, digfaph, ‘subgraph, strongly-connected, directed, points, arc, path,

20 trail, to span, indegree, outdegree, eulerian, hamiltonian, cycle, link-disjoint, cycle-
decomposition, cutpoint.

The communications network' is represented by a strongly-connected
digraph [8], denoted G, in which each point uniquely represents a network node,
each arc represents a one-directional link befween a pair of distinct nodes, and

25 each node is assigned a unique address. In such a digraph, a trail is defined as an
alternating sequence of nodes and finks, beginning and ending with nodes, in
which each link is a directed link from the immediately-preceding node to the
immediately-following node, and all the links (but not necessarily all the nodes) are

S; of distinct trails such that no

S, that leads from ™ to any

distinct. For every node 7 in G, we define a set

30 _single trail sbans G, but there is at least one trail in
other node in G. To effect the transmission of an information packet from its

%iinG (" * ".i), the source merely attaches the

destination address to the packet and despatches the packet on a trail 7, selected

source P to a destination node



(Maxenchuk's "first rule"[5]). It can be seen that nmethods B and C
I npl enmenting the present invention maintain a relatively high efficiency of
60% or greater as the WO 98/ 09403 )

PCT/ GBI7/ 0818 /e network size is scaled upwards. The effgl <
mar kedl y ‘graeat e‘ﬂ’zt han ham | toni an-cycle routing which is ab?ﬁ&%mﬁgi onal

routing technique applicable to a torus mgwrk. As noted in the .
i ntroduction above, the present invention nay be applied, for exanple, in a
packet switch. Figure 16 shows an NxN buffered 5 packet switch, in which

the i nterconfgri S16Qhich conbdhavdi K mIFRAE HorthIsRerAnANIbP B a Sadidf FHIRS its

application is illustrated in Figure 17 which shows a mnultiprocessor

conput er i n §PHrER 1o jts destination, thensnle routinp desisiands thatcmadeby the source when
connect ed t 07ieSBREtdd’ € TR 65T inforntdtidR" | QY4 ' ~fail
routing. Althc;ugh t ée fi rstggtiﬁagrri)_l'e esc_r'%ggaggoﬁlﬁégfjdg}ééseegﬁgg?és 5%%%" a

t opol ogy, 10lookiupetahiel tThe pagkalt itself camiepenqigeuting informatione apart &b dis

di fferent gne : k€ Ie ke | Qi ] e_irrequl in
farm in EholbingrbRle Spd ShHANAS AoRa' Olen thh SouReCeld (8 gnaton

di rect ed tr apérforputriongoutingg furetionnith eeastipheto dhe fpackéter The enhatproeessimgwor k
t opol ogi es a r| | | e -trail routing - a general .descrjption 15
This secti onB ?r\g/tzé&éhgtgg'gF%& %@%e%t’#é(%’frgéet c??rﬁ?ri"b Tof"ePHung packsts' i3

directed-tray préegtlé%iéﬂ'vgr\pﬁ&ﬁ?gf H:Taetrteo dstiatign tagﬁrrégs E)P%g?rgggﬁ%rgigb??@%g%ﬁsy

section, and e ere n estription and ai s,

used and def| ' I : . e gﬂﬁ H
reani ngs norﬁa ilﬂag]:cg(;?ggaél{éﬁg%&l‘élé?ﬁa?&?%sesl ﬁﬁmék’g%# wd?hger a ?gzqurkgﬁ'ﬁ,
strongl y-1€onpeeketds removed dtom pibienneswask.c otheswise i20s forwadded: o Mashanisms

| ndegr ee, OULAGRL Hiat §'HaBkdtd Bncl AELDALMABY i) Edifcs 'ohfl a Urdkh Hair, WiFf'bE™
deconposi tion, cutpolnt. & ComminT catT ons Het work I's represented by a
st r ongl y- confaswaededdalgng phat[ 83il uotintemeyed ati the\gackét destinapion.ntCruciatiy)ethe

- . - di ' | i nk;
et veen ' parbasioh;or ficse AEGhiRss SROUPTET oS00 nEHRER Lo vse
address. | n presknce o ghsaptes ohany padket or padkenedntest.an al t ernati ng sequence

o e N " o8, DRk "Wk bRl bt Wkl RS Raribfe Y ClreBRC Rt ' °

a directed link from el'y-precedin ) The

I rmmedi at el y- tapologiesniy mow elesenitibdal It is heckssaky thdiuthe migrapb a2 sepresdntingl thet he

nodes) are netwoark is eulerian {i.e., at every point in G the in-degree and out-degree are

equal). In fact, as described {ater, most practical communications networks are

eulerian. According to a kriown theorem in graph theory [9], an eulerian dfgraph is

20 the union of a set of lin_k-disjoint directed cycles (a directed cycle being a closed
alternating sequence of nodes énd links, in which each link is a directed link from
the immediately-preceding node to the immediately-following node, and all the links
and nodes are distinct). This set is a Iink-disjoint directed-cycle decompositiqn of
G, denoted D(G). We now introduce a further theorem:

25 Theorem: If two or more arc-disjoint directed cycles are connected, their union

~ is a closed trail.

Proof: Two arc-disjoint directed cycles are connected if they share a common
point x, and their union is a closed trail in which x is a cutpoint {as is self-evident
in Fig. 7 in the case of the two cycles CKLAC and CDHJC, for example, which

30 share a common point C, and whose union is the closed trail CKLACDHJC). If this
closed trail shares a common point y with a further arc-disjoint directed cycle

(where x and y may be the same or differ), then their union is a further closed trail

in which y is a cutpoint. {For example, in Fig. 7, the closed trail CKLACDHJC



distinct. For every node [err] in G we define a set [err] of distinct
trails such that no 30 single trail spans G but there is at | east one
trail i'n [err] that leads from[err] to any other node in G To effect the
transm ssi owoods08403i nf or mati on packet fromits source [err] PCTAGBI702160
destination node [err] in G [err], the source nerely attaches the
destination address to the packet and despal%hes t he packet on a trail T,
sel ected WO 98/ 09403

PCT/ GB97/ 02160 h&reb a0 Pﬁ]pom% WRhCPRtRicRSDEFED | and MeirtUifort RNEAk Yidked trail
transni ssion of 'a packet fromits source to its destination, the sole

routing deci si @KWREF&DH@G& By extrapclaiane shetheqrem issproved dercarbitrany "P@GFTsng
i nformati on nee rce may be stored in a | ook-up table. The
packet itself cgﬁérg?@sét%% %%tul ng information, apart fromits 5 desti nat i on

address, and inter meg %ﬁxSWQQH&SaAv%aﬁg&aﬂhecﬁ&%ﬁﬁswamsarohgsﬁgIter&ha%i Fm

no routi ng function in reaction pac ket he onl Y processi ng

operation that (gelwprkingsess Qﬁgrﬁﬁﬂ‘&frﬁ%é& OPEdI6¥el 174l ESHESTING DFRAEYAE,Sor S
sinple: at every node |err] destinati on address of. every incom ng

packet is exanitheadmpidnf ot awq@dmeq@ét cvelas, drem G sIFep exampiends Rig, {hthe
address of [er erg'ttE den WACHEH )ﬁ FAL N { CORAH) §s Qesruﬁrﬁféﬁh d?tthﬁrdmsiﬁ thdil

i s forwarded. ani'sms ensure t at a pac once despatched by
source onto a QIIFEDERBAMJC which isthe uninncidhe apenegtecheycles QKLAGnQPHJC and

removed at the Qﬁgﬁde%ﬁ,ﬂn@%ﬂ; ?gf c%éégeﬁ'hﬁé’ oc&h‘eatogﬂrgt &dHheBling PORR of the

mechani sns at endent fromthe presence or _
absence of aQy ceathoeentorygies keﬂeatrengnment ob the internal sohnesrtiont dretwegn iewpidg

Such rout 09 Mol iR Je Rt 1R G B0 08k S ot PR3 Wl BBhcoh!

is necessary t Retwork 1 s eul
at every point (Fér éxdniifle,l in-Rigure €& thadnteoial d:egnemvoas ewuﬁqmado)ie Q nar gevse each

d bed | at t t

Accordi ng o a SIBRAEHEIREhA A U a5 ested SffdEh 3 B AsTl 8 of ey,
the union of aipRs o¥, CAnbindliCh.pi Mo etablecawdmayic| wail-(oatidg roefcma:uet;ycslmd@mmg
i Fectod 11 1R (PENEN HALRIRd? 1) canienforiar prothler pfelamifds tihed

i medi at el y- f ol A guhdtal iRERg nkdthamibin fohdoiviattiing anpadket alonar  seleated nodil) T thign s

set is a link-disjoint directed-cycle, deconpositiaon of denot ed Ve
now i ntroduce £oNsistshé enpwiHigethatothe initial, digpatch qf; ﬂ'le\/\BGg?e nﬁ?’@ fts Yodhce ¥

ar c-di sj oi nt didRek@Hised VR prétheOnBE CSviitshiid1@t lthe!ldul@bbints. This prescheduled

switching is arranged to occur in a synchronised, temporally coherent fashion

20 throughout the networ"k. This method of packet routing is illustrated by the
examples described in the preceding and following sections.

| As already stated, for this routing mechanism to work, the network must

have an eulerian topography. It turns out that this is true for a very wide range of

communications networks. Many netwofks are symmetric in the graphical sense

25 (a digraph is symmetric if, for every link uv within it, there is also a link vv [10]},

and are therefore eulerian. In a symmetric network each pair of symmetric links

connecting two adjacent nodes forms a cycle, and according to the theorem stated

above, the union of an arbitrafy number of such cycles, provided they are

connected, forms a closed trail. An example of a regular symmetric network is an

30 n-dimensional mesh with bidirectional pairs of links. The links in all router

networks and wide-area telecommunications networks occur in symmetric pairs,

and so these networks could in principle support directed-trail routing, aithough the

network topologies are usually highly irregular and therefore this method of routing



Is a closed trail. Proof: Two arc-disjoint directed cycles are connected if
they share a comon point x, and their union is a closed trail in which x
is a cutpoint (as is self-evident in Fig. 7 in the case of the tw cycles
CKLAC andy, for exanple, which 30 share a comon point C__and whose
uni on i s%ﬁ?ed trail CKLACDHIC). If this closed trail PSHGBIZ02I69 ormon
point y with a further arc-disjoint direcggd cycle (where x and y may be
the sane or differ), then their union is a further closed trail in whichy
is a cutpoint. (For exanple, in Fig. 7, the closed trail CKLACDHIC WD
98/ 09403 is likely to be inefficient. However, many of the topologies of BahtésBterbat 6r 19

shares a con Nola)l | C ) their union i's the cl osed
trail WLACBEE‘BB%?%SSQng%{LF gﬁ%l‘%%‘i %)% %Eg Pt%ugéo}ggn{'?tgv%kj%v & oPYmmsNG ar y
nunbers of cdswricesthegalinensidral freshexwithiidirevtipnalpinks) s0boMieritsd §.4, HiAhg?S 2
trail bel ongi-gog to tPe set {grr%di Lor .agy [?"r:’J I n szis a subgraph of at
| east one cl S PMEFIC RBhET recigd Upks, sugh)as the X-pnycn-gibesh and arethersfore
connect ed Byokelssuitsdoto Dirégted-4ai roetiryID ERamples Fof &he %-ary R odHar 418Sthe ABRR
trail fromA teg)HB narrq_lf_% ACEEFB, is a subgraph of the.closed trail
CKLACDEFBDH) P and hvperaiRes, of ‘the connected cycles CKLAC, CDHIC and
DEFBD. ) Cut poi nts iThetrbatisg AeeRarisriis BuReds beloveBE VAN OBRIIET #R %Ln,of
the 10 conponent cycles. Rearrangenent of the .internal connections between

i nwar d and owewhed (FiXfkstoss treswork)i dbe rewersei kiasy c2osime d¥PT/er mversertailss t 0
be sel ected. L n. Figqu : Lnt ernal, . connect i . Wi thin
node C can cé&g‘gs%kzcﬂ o#‘ R?‘ﬁ‘érklsn%/'\%r gﬁpllzantﬁésrp%é&ﬂ%tyﬁgdﬂe 538"{95{%5'@8?@83' |
onwar ds 't $0a e goeshl watte bidiredtiomal limkss aGl th€l2-anydn-€libe (hyperubb). e TABttoARL i C
trail-routing,.gf { ' i . befween the trails in G may be
arranged to %8§J?P%% é(%;eréﬁ In§M$rg$gE%%%n§fdr%per$}e'8 5t°ﬂ$e%°§a‘5« general routing
mechani sm f or f or wilimkictegl trajp acktirig affersgmanyg alferhieecabiviantiges Toft dradigRASIoBES | N

ensuring tha tkl}e? initial dis at\(,:\{ o_h t h cket fr muiﬁbs source is
synchr oni sedtr(\?\'nsf P ié'}sec%’e"&[f‘io ng ihec T"htﬁga ﬁ'_[cffé’%u?goﬁ s tecpgiayes.  One-
pr eschedul ed diménsidrial goutinga My Be Gatried LR UA onB-dimensisH ARIvERs —eRTRMAIL] v
coher ent ; sg'i on .20 .t hro_é hout {jge network. This, nmethod of packet routing
is illust?3t Syepyonaher & ﬂf)‘i‘é’é‘a WREF (REJ"OA oh SHeRRMBHtRBIaA Ry clest | BPey
sections. As direcraeyails raliting, afd lonelirmeristotal Tgutiy; MRl §60rE® nWeKselbdt8 the
net wor k nust . . . .
entire trail from the source to the destination before sending the packet.
Intermediate nodes need perform no routing function in reaction to a packet, and
this greatly simplifies the_ design of the nodes. This also efiminates contention
20 within the transmission path; this removes the necessity for contention resolution
-using internal network buffers .or deflection-routing strategies, which introduce
delay variations and can undesirably rearrange a packet sequence. Because neither
complex processing of packet-header data. nor buffering is required at routing
nodes, the networks are also well suited to all-optical implementations, which
25 allow higher transmission bandwidth and lower delay. However, the disadvantage
in the case.of one-dimensional routing is that the source must make a choice
between at most two available paths, each of which span all the network nodes.
This results in a relatively high average source-destination distance of O{A), where
N is the number of nodes in G. Since the theoretical maximum throughput in the
30 steady state is inversely proportionat to the average source-destination distance,
the throughput is relatively poor. On the other hand, in the case of directed-trail
routing in a well-chosen network topology, there can be a multiplicity of directed

trails leading from the source, each of which spans only a subset of the nodes in



have an eul erian topography. It turns out that this is true for a very w de
range of communications networks. Many networks are symetric in the
graphl cal sense 25 (a digraph-is symrétric if, for every link uv wthin
there i vab809483| i nk vu [10]), and are ther ef ore eul er i arPCT/GB27/02160
syrmetrl c network each pair of symetric |inks connecting two adjacent
nodes forns a cycle, and according to the t ¥dor em st at ed above, the union
of an arbitrary nunber of such cycles, provided they are connected, forns a
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topol ogies o grea es or I - processor erconnectron are
regul ar eul eri anodsst vafr lmmmulmcafrorsymnt rclonn(camo#omatddhemda;ll aality afaervice
meshes with bidirectional havi,n tric pair
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of directed |i ri@raniges, ofs by n{ﬁbtor?‘gr I"E@Hggi"( b&nﬂ“’éﬂd@d ﬁcl' o%@’ cHing 1S
suited to direaddimglfiedai | routing. Exanples of the k-ary n-cubes are-the

t orus networks h cubes, The ting mechanismis illustrated bel ow

by vari ous exar@?@?ﬂmwm = ([err] torus network); the reverse

k-ary 2-cubego([err] rrneensen tmsus|snetrégmhr n%hﬁ@rkkmwnuﬁ&trédﬁﬁnal finks, and the

Manhatt an- St reet networ k 2\ a regul ar nsional 10 J[err], nmesh w
dagée a0y

bi di rect i onal 119988 hayg yurf’e(sa%’e 4y pkrgicaiy) therlinks; formsa QHG oh the

reverse-torus neyies k¥ 2tctus.0NTHedRISRA differs #dn ¥4 fdrls nAWEKTIRNEE mé links_in
routing offers many of the advantages. of one-di nensional routin
M%%r%ﬁaﬁmed

over coni ng t he adjafePkaCWE far Galegs dravel,ihoprasitai djirstions. gl the;

routing may be iy i hd Adb chdt R UAIDERNSH RNA afiLéhks aPe &rensi AWbRampie of a
directional or bidirectional busses or rings-or using hamltonian cycles.

In both dirda8t e%|><€rmtwcarbm$m§wam!=l9n§ dTheeteytiog acheraifarrthe M$ usivgrdirectasde

sel ects the entire fraic fomthe Source to the destination before sending
t he packet. | nttegilgedi at é Gleis clessly simnifaprtm the towistrietyofkitbe inain idifferencs ison

to a packet, ar&ﬂa{ Q’:esm%%tr&é’nt%l SRV erlibAityERE HdGS bfbsRE JridfabigHes. This also

el i mnates conten
Unlike in the torus network, the relative routing efficiency of directed-trail routing

in the MSN {compared to shbrtest-path routing) is less than 100%. H_owever, the

20 average shortest-path &istance in the MSN is less .than in the torus network of
equal size {approaching a factor of 2 shorter_ for large networks). The shortest
directed-trail distarices between source-destination pairs in the MSN depends on
the relative orientations of the inward and outward links at the nodes, and the
formulae are set out in Tabie 1. Using these formulae, the relative routing

25 efficiency (relative to shortest-path routing) can be calculated, and the results are
presenied in Fig. 6. These show that directed-trail routing in the MSN, although
less efficient than a shortest-bath algorithm (such as Maxemchuk's 'first rule’) or
the dead-reckoning method, is still good. In particular, the routing efficiency for
directed-trail routing in large MSNs is around 0.65.



20 within the transm ssion path; this renoves the necessity for contention
resolution using internal network buffers or deflection-routing strategles
whi ch introduce deiay variations and can undesirably rearrange a packet -
sequence._ Because neither conpl ex processing of packet-header data nor
bufferi ngVPIM¥BYi red at routing nodes, the networks are 31 BRI, t o
to all-optical inplenentations, which 25 22l | ow hi gher transm ssion

bandwi dth and | ower delay. However, the disadvantage in the case of

one-di nensional routing is that the source nmust neke a choi ce between at
nost two avail abl e pat hs, each of which span all the network nodes. This
results.in g TV a0e tamee—ot—6
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source, eachl of which sp : he node AD . 98/.00403
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guar ant ees opn bandw dth @and del ay ca |d . broadcasting is
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directed trajls [err] isjclosely sin|ligsd)ndds 4 Airss) mabwr k; the mailn
difference i :

v)

up and.right {dc-sc) mod n + n - {dr-sr) mod n

n - {de-sc) mod n + {dr-sr} mod n

down and right | (dc-sc) med n + n - {dr-sr) mod n

n- '(dc-s_c) mod n + (dr-sr} mod n

up and left down and left |{dc-sc) mod n + n - (dr-sr}) mod n

_{dc-sc) mod n + {dr-sr) mod n

up and left {dc-sc) mod n + ({(dr-sr) mod n

up and right ldé—sc) mod n + {dr-sr) mod n

n - {de-sc) mod n + (dr-sr) mod n

down and right | {dc-sc) mod n + n - {dr-sr) mod n

{dc-sc) mod n + (dr-sr} mod n

up and right down and left (dc-sc.) modn + n-(dr-sry modn -

n - (de-sc) mod n + {dr-sr) mod n

up and left {dc-sc) mod n + (dr-sr) modn

n - (de-sc) mod n + {dr-sr) mod n

up and right {de-sc) mod n + {dr-sr) mod n




that alternate horizontal or vertical cycles have opposite orientation.
Unlike jn the torus network, the relative routing efficiency of
directed-trail routing in the MSN (conpared to shortest-path routing) is

| ess than 10V0P89MPkver, the 20 average shortest-path di st arRE/GRINA2E60\/EN
Is less than in the torus network of equal ?ir_,ze (approaching a factor of 2
shorter for large networks). The shortest difected-trail distances between
source-destination pairs in the MSN depends on the relative orientations of

the inward and pABuEnd | i Skcrtedt dirbereBakiiSdisiantes betviernnadurce-@éRinsabn Pirs iif
Table 1. Using these formulae, the relative routing. 25 efficiency

(relative to shiet2&/ MaN, Fauthe,pyrresss gk these formvlag onlyw dhe ews @ad| qolumns .
presented in Figre SachTh@hBersl Wqbbitiallyi 6,201 9511 aiven! Rithbdied irmh&e“@%{nﬁ(’ |
nchuk' s

al though less efficient than a shortest- patﬁ al gorithm (such as Maxe
"first rule') otowaids dbgdughickesd Rumbered@ws aresprigntedidewardsnthealieft'cul Even
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PCT/ GB97/ 02160 orengediircthe 'upbdisectinn. | Hhe isowrce is Binatedoat the interseationr fi fow sr
di stances orien ' n . (t.he.| [, if [Fessd ons ,are
51‘% éogﬂmn sc ! Ima% ,Ethe( 8est|r&§lgl$ is dl%?}?t_%d (aa thé g?er%%m?]‘ %‘lor&xv grnand

given) orientation down ah r-sr) no Cc-S
ri ght down and d¢addrnn dedrif.sfioy exaropla, sr i§ dvers ahd sois odd; the Gourcs mpdedentation is

(dr-sr) nod n u qd .+ .(dc-sc) nmod n + n - (dr-sr) nod n n - (dc-sc)
nod n + (dr-sr)gar'rlgg ‘f#g{ﬁ&gﬂ'&t?ight (dc-sc) mod n + n - (dr-sr) nod n
(dc-sc) nod1e + (dr - SFigurerGlalso dbbows arcdmpagibon belwvenn)thawéficiencidsdof-directedsatain
n - (dc-sc) nod n

n + (dr-sr) nmod DHﬁa?)(ig:lt&%Ir'gﬁﬁD gngl(tgrg’-gg %Q‘g?ﬁ%%&ttreﬁg%]? %nyggrl?sfeg'{’?bd('ﬁ%bé@%s%) |
mod n + (dr-sr)ndtiédthep alibe ARk in Fiduile -65mdicats] the afficiencledrofS¥arioll® Golting -
(dc-sc) nod n +sc gltn-eg rr)alag\?g tg] the efficiency of shorteét-path routing in a MSN. Although (as
described in the previous example) directed-trail routing in the torus network
16 successfully finds the shortest-path routing with 100% accuracy, this routing still
has a lower relative efficiency than directgd-tréil routing in the MSN; this is
because the average shortest-path distance in thg MSN is significantly less than
the average shortest-path distance in the torus network (by a factor approaching 2
for large networks). - '
20 The maximum ‘theoretical thrdughput in the steady state for the MSN is
_equal to the indegree of the nodes '(2)' di\)ided by the average shortest-path
distance. The throughput obtainable with directed-trail routing is equal to 2
divided by the average -distance travelled, or expressed another way, the
throughput obtainable is equal to the maximum :theoretical throughput muitipled by
25 the routing efficiency (around 85% for large networks).
Figure 12 shows a two-dimensional 3x3 mesh with bidirectional links.
This is an example of a network which is symmetric in th_e graphical sense {defined
earlier) because for every link there is a corresponding link with the opposite
30 orientation, forming a symmetric pair. Each node contains a space switch that can
be configured in the cross or bar position. Figure 13 shows thé cénf—iguration of
the network when all the switches are in the cross position. In this case, the

network is composed of a set of closed trails {775, T1v. and so on}, each trail



down and right (dc-sc) nmod n + n - (dr-sr) nod n n - (dc-sc) nod n +
(dr-sr) nmod n up and. left down and left (dc-sc) nod n + n - (dr-sr) nod
n'(dc-sc) nod n + (dr-sr) nmod n up and | eft (dc-sz:éI nod n + (dr-sréI m)d)
n up and i (dc-sc) nod n + (dr-sr) nod n n - c-sc n .+ r-sr) .
rmdpn domﬂ an 4r°?ght (dc-sc) mod n + n - (dr-sr) nod n (dc)-’g@?;gmlfé+ '
(dr-sr) nmod n up and ri ght down and lefg (dc-sc) nod n + n - (dr-sr)
nod n n - (dc-sc) nod n + (dr-sr) nmod n up and | eft (dc-sc) nmod n +
(dr-sr) mod n n_-, gdc- c) nod 8 + gdr-sr) mod n up and right (dc-sc) nod
n + (dr-sr) GIsistin of eginien g gvcl s formed from symmetric pairs.” Figure 14 shows
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up_and right'. 10 Fi g _ |
a conpar i son"THkthe ﬁﬂn%ﬁ’\g@? é‘ngit&gak’tﬂi PR thefremai qonpista phén-tncrass’ VSN
and torus netimersiotefandhnesar GnERNRl OTis allbws HrekdbrainRLtifG Be gy the
curves i tOFigure 6 ndicate the efficiencies of various routing schenes
0

rel ative PECe:pnd BNk ARSHINGtion i Fhe-RqtWesk-n routing in a MSN. Al though (as’
descri bed i nHvercpgvi ous exanple) directed-trail routing in the terus
network 1 5 successfully finds the shortest-path routing with 100%
accuracy, this rodi9¥s§ z%,ith"‘ﬁag Zranyoftesubpe vehich is enfexample pf teh hvpercube

directed-trahdiworll | (ile ithe lddfusVaNe BhRattah-street networks, the hypercube is an
example of an oriented graph {one not having symmetric pairs of links). The nodes

15 are all 2-connected, and contain 2x2 crossbar space switches. Figure 15 also
shows a directed-cycle decomposition of the network. The network is composed

of 4 cycies: 1,2,3,9,10,15,16,8,1; 1,13,16,12,10,4,3,5,1; 2,7,8,6,15,14,9,11,2;

and 5,6,4,7,12,11,13,14,5. A set of closed trails that can be used for directed-

trail routing in this network consist of tlfie union of'ény 2 out of these 4 cycles.

20 Directed trail routing is the obtained with a timing scheme similar to that described
for routing in the torus network. In this example the frames should be of length 4
time slots, and the frame consists of 3 'cros's‘ time slots and one 'bar’ time siot.
This allows directed-trail routing between any source and any destination in the
network. For example, supposing the node labelled 1 in Figure 15 is a source of

25 packets. Then a packet transmitted from the source node 1 along the link towards
node 2 in the first time siot of a frame will be forwarded along the closed trail
1.2,3,9,11,2,7,8,1. A packet transmitted from the source node 1 along the link
towards node 13 in the first time slot of a frame will be forwarded along the
dlosed trail 1,13,16,12,11,13,14,5,1. A packet transmitted from the source node

30 1 along the link towards node 2 in the second time slot of a frame will be
forwarded along the closed trail 1,2,3,5,1,13,16,8,1. A packet transmitted from

tHe source node 1 along the link towards node 13 in the second time slot of a

frame will be forwarded along the closed trail 1,13,16,8,1,2,3,5,1. A packet



because the average shortest-path distance in the MSNis significantly |ess
than the average shortest-path distance in the torus network (by a factor
approaching 2 for 1arge networks). 20 The maxi num t heoreti cal

t hroughput WO 98/08403 cady state for the MSN is equal to the i REEGBIFO2IH0t he
nodes (2) divided by the .average shortest-pgth distance. The throughput
obtainable with directed-trail routing is €qual to 2 divided by the average
di stance travell ed, or expressed anot her way, the throughput obtainable is
equal to the mardnsphitéd rofmethie salrdeicalegh piohg the tinkptaddhrby ndde 2tihahé ehitd tighe

efficiency (around 65%for | e networks). 2-dinmensio it

bi directional 1S9 &iffRmpe “ﬂ'g%grfémgafgg{’\ﬁz&'@i ﬁ\?ng'f’ﬁ‘ﬁiF’a@%zxé%-ﬁﬂH'BJ- A
bi di rectional Ijagkét trdflintitted fdfh B1e288Uree Abdé 1NAbNY the kN tdwarls THEEAIT inCthen
t he graphical sense (defined earlier) because for every link there is a

correspondi ng Ithisk §imen siat sbpasiftamesowilh, benferwasded f sicRg nghe slpsadt itrail

pai r. Each ngde, ¢9Ruad 8M,8,5P2AGE padiet Hransmitteds fBmDthe CodkdednddRA1 I aibrghe QirRS S
or bar position. ﬁL?ure 13 shows the configuration of the network when al

the switches arewpfs: nede Roigsthgoiouethotime siot: of 3 (reree willhke ferwasded plong the
composed of 2 idseBltrdil £38016, 1210715, 7681 A Facket randiiitretOrroi) the 286" die
PCT/ GB97/ 02160 R 4langnthes lihk gowardsheodenildninothe: feurths tinog raiat of enfremenwill ibe
pairs. Figure 14 ' i t he switches are in the
bar position. i?%é?ggﬁakﬁgéggg%%%fﬁgﬁ?%g?ﬁ@§§4g%hd%ed for directed-trai
routing then consist of the union of one horizontal trail (such as T[err])
and one vertical trail (such as T[err]). Directed trail 5 routing is then
obtained with a timng schene simlar to that described for routing in the
torus network. In this case the franmes should be of length 2n-2 tine slots,
f or an nxn mesh with bidirectional links (e.g. in the exanple given of a
3x3 network, the frame length is 4 tine slots), and the frane consists of
2n-1 'cross' tinme slots and one "bar' tine slot. This allows directed-trai
routi ng between any 10 source and any destination in the network. Hypercube
Figure 15 shows a 2-ary 4-cube, which is an exanple of a hypercube network.
Li ke the torus and Manhattan-street networks, the hypercube is an



exanple of an oriented graph | one not having symetric pairs of links). The -
nodes 15 are all 2-connected, and contain 2x2 crossbar space sw tches.
Figure 15 al so shows a directed-cycle deconposition of the network. The-
‘network i ed of 4 cycles: 1,2,3,9,10,15,16,8,1; :

113 16, 13O . 2 78 6 15,149 11,2 and 5.6, 4, 7, ECHTRYAUP 5 A
set of closed tralls that can be used foraoglirected- trail routing in this
network consi st of the union of any 2 out of these 4 cycles. 20 Directed

trail routing is the obtained with a tinmng scheme simlar to that
descri bed fo%if-%m; inthe torus network. In this exanple the franes

shoul d be of fyengt @téeﬁstrus . qwr" ? ainPhﬁ CorAmBn oo sSNSt ks> Pr&rftﬂ:%sl-lalf' e

slots and one 'bar' tine slot ows directed-trail routln et we
any source arl@ ény destination in the network. For exanple, supposing the

node | abel | 6?2]1 i N phiAYEE C15Gbg%bﬁ1ﬁégwopﬁn@he' rﬁ%gmgsd% gfen a packet

transmtted fromthe source ndde ong node 2 in the
first tinedslldk -of BaranselmC.wbobosjewiazs Walr ded Ghumg'-skiheP ¢ IRuswidg tin aMbitihop

1,2,3,9,11, 2, n 1 the

i nk t owar ds chget]ﬁ‘gﬂﬁﬁ§ Eﬁ{‘?'%’{kgt ttﬁgfle Ib??{\fpgﬁg&w)\ﬁﬂ.ﬁ@ ﬁé%

along the cl@8eft trail 1,13, 16, 12, 11, 13, 14, 5, 1. A packet transm tted from

t he source n k.t owar nad cond, ti sl ot
of a franme W?ﬁe bew%‘re \%’?'Q &d aFo m’t‘,’ﬁ&e‘Bcf"ogﬁ?i @Pgﬁz‘t ;tn?eg etyork's Ig"}f

- packet transrﬁartsadtlénsom Chmnmmnn,mﬁpesloemjzh@w»nk t owar ds node 13 |n

Ehigsigog gg S| %ET?%B ({QZ&SW ggPB%rE\é\aFatﬁam, I\??:g tl?eadckea(o%mtgra '
PCT/ GB97/ 021@Gnﬁﬁvd aamesmmmdsélf-aanﬁﬁga PRsYdE6ISfon UieathsEMRel Ndi@otisnKpdpgapar ds
node 2 in the émlrd Iot of a frame wll be forwarded al ong the cl osed

trail 1,2,7,8Y ﬁadl}@'g”'i icaHoR ket transmitted fromthe source node 1

al ong the |ink t owBoefonb06\eF.1 Déflectibr Roliting!, Chagter 9sh pf) of a frame will be
1,13, 14,5_6, 5,1. A packet

forwarded al ong e closed ai |

transmitted f{&gm t}fgr@ﬁu# ¢ g’?ﬂfﬂ%@’&l gﬁﬂwm@'*lw“sm dMassodl®6®2 i n t he
fourth timp gopt OHa?arf(rHH'eNMﬁ\bn,bﬂ 2oraiar dRekwighRg O:hSrabRsfdMdaRlst An
1,13,16,12,10,15,16,8,1 acket transmtted fromthe source node 1 al ong

the | 1 nk t ovdiERisERe T2 THERD PbGeRTad GeangsoUorat Wier; N NPTk 1@@5 p.
forwarded al gag the closed trail 1, 2 3,9,10,4, 3,5, 1.

(10] ibid., p. 11 o

{111 Cotter, D., Lucek, J.K., Shébe_e_r, M., Smith, K., Rogers, D.C., Nesset, D.
20 and Gunning, P.: 'Self-Rbut.ing of 100 Gbitls Packets Using 6-Bit 'keyword'

Address Recognition’, Electronics Letters, 31, pp. 2201-2202 {1995)

[12] P R Prucnal et al (IEEE J Quantum Electronics, vol 29, no 2, pp. 600-612,

1993)
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[3] = Bar aMO@BM09403, Dobosi ewi cz, W and Gourzynski, P.: 'RoUE¥G8102160
Mul ti hop Packet Swi tch| ng Netvvorks Gb/s ChaEJ{enge', | EEE Networ k, May/June
©1995, pp. 38-61 151 Maxenthuk; "Roliting in the Manhattan Street
Net wor k', | EEE Transacti ons on Cormunl catlons, 35, pp. 503-512 (1987) 10
[ 6] PCT/ GB 96/ 01823; Cotter, D. and TagchamsM C.: 'Dead Reckoni ng-A
Primtive and Efficient Self-Routing Protocol for Utrafast Mesh Networks',
paper submtted for publication [7] Bor gonovo, F.: 'Deflection Routing
Chapter 9 in [14 P\%ethod"&ﬁéﬁﬁng Epacﬁ"taﬁha J&mamfcam mmwsﬁhﬁ:w coﬁﬁﬁﬂbag :
Mass., 1969 15 rtwright,
St ruct ur al NbdéT‘%’“P’AH‘VI ?ﬁ?‘tﬂfﬁcﬁ“ﬁdﬁkﬁomﬁ@ Wh\gﬂr‘sed? 8 F%‘H‘g&‘ @%ﬁ?ﬁé’gu"&ﬁmﬁ '
Wl ey, New Ygr bi
J K., Shabee? % n%ﬂgpr‘hcm‘} ogét?f&gégert rsanlh D.egd? pdl\llies%g{edluag. hmﬁd esro(rjn %ﬁ’r’?‘rﬁlﬁg%ﬁ :
" Sel f- Routi ng anultiplicitgnk nedesankcthe diserted teaiks;in comymo 'spmrdn@sserv node of
Recogni tion', P. 2201 2202 1995 12 PR
Prucnal et al (b%@%fﬁw@g?]ﬁ%tﬁp}gﬁﬁr@ vol no(2 p)p. [60%) 612, 1993)
WD 98/ 09403 a) selecting a directed trail T from the multiplicity efCyirened /1osiis 6D
27 CLAIMS 1. A f eh [ Mg n i.ch
conprises a rrul‘{zﬁg{']&q‘c ué&%@%g@gﬁnﬁ% J‘p§c|§,<8 sﬁﬁh{et%hgraﬂghé@&é \él\& .
| i nks are coQf |qyuraed1mte and destination node of the packet; and

b) outputting the packet at the source node onto the selected one of the

multiplicity of directed trails.

2. A method according to claim 1, including reading, at each node traversed by

15 - the packet, a destination address carried in the packet.

3. A method according to claim 2, in which each intermediate node forwards a
packet which is received at the intermediate node and which is addressed to
another node in a direction which is predetermined and independent of any

20 information carried by the packet.

4. A method according to any one of the preceding claims, in which the packet is

an optical packet carried on a photonic network.

25 5. A method according to any one of the preceding claims, in which each directed
trail in the network is a subgraph of at least one closed directed trail and consists
of a directed cycle or union of a plurality of connected directed cycles from a link-

disjoint directed-cycle decomposition of the network.

30 6. A method according to any dne of the preceding claims, in which the step of
selecting a directed trail T includes synchronising the initial dispatch of the packet

with prescheduled switching at an intermediate node.



5 amltiplicity of each directed trail |inking some only -
of the multiplicity “ﬂﬂﬁ il! MElrectedtralls in conbination.
spanni ng every node Of« , sthe method conprising: a) selecting a

direct ed Whaghespsf romthe nmultiplicity of directed trails g gﬁ?ﬁﬂ nce
upon the destination of a packet, the selected trail incl uJ'Drng

source node and destinati on node .-of the pgcket; and b) outputting the
packet at the source node onto the selected one of the nultiplicity of
directed trall s, A nmet hod accordi ng to claiml, including readin at

each node tr ve’HBﬁlthBQ apgording, 1, aaY, ONe of the Areeesing, Alelivm e Mhigh iswitahing t he
packet. 3. AodBRidaf a5y 6 emmtee:.&t BbtWeen dyeied W aemhd.g;agguﬁ efat&c ogg

forwards a packet which is received at the internedi ate no

addr essed t odegommesitionrfahe Aewvatksy ecti on which i s predeterni ned and

I ndependent of any 20 information carried by the packet. 4. A nethod
according to any one of the preceding claims, in which the packet is an
optical p&ckBt gd’ﬁ?ﬁhed agrorglingnts o one of ibe lpreceging. claimse irh evhictc the dodes t 0

network 15 o Ui VRS Inolghol fib SRR EREMEH rPsantrlitt e of

a directed cgeteanioed swiitshingfstatepl ural ity of connected di rect ed cycles from
a link- disjoint directed-cycle deconposition of the network. 30 6. A

nmet hod according to any one of the preceding clains, in which the step of
sel ecting a 8i Aendthdd tacesrting to retdira B dn swhivhiar oni sing the initial di spat ch of

Lhe packelp Wi th Progfiss teqlentt! fof the Brébonddludd SuhIRAL Ve infatmediats podes o5

7. A met hod emmasragframeamydmﬁmoé plublity bE €M@ siits @hdiaSourdenotai diflputs a

swi tching occurs at a RO1 connect}ean bet &wécl e? froma

| i nk-di sj oi nP2et QIR %Y 8?"&“ R An3Berted e PF AnRiu time; SWS XVIHRR 1o d

accordi ng t otimitg foarae oandhe Iedigth of it Bétieen ls[]cdé%kﬁb noB&s M4l Bl FEddH 10
synchroni sm ¢t hrgugaﬁ(ut t he network between pre-schedul ed pre- determ ned

swi t chi ng st ¥ eh I9aviNgoRPe RS ty A dirttotiree Sigh %""‘T%amecﬁe’“ successive

15 node in a second time slot.

10. A method according to claim 9, in which the length of the link is such that on
travelling between the successive nodes the paqket_ is advanced or retarded by
one time slot.

20
11. A communications network comptising:

a) a multiplicity of nodes and links which are configured as a multiplicity of
directed trails each of which spans some only of the multiplicity of nodes and the
multiplicity of directed trails in combination spanning every node of the network

25 and including at least one directed trail linking each source node and each
destination node in_the network;

b} means for selecting a directed trail T from the multiplicity of directed
trails in dependence upon the destination of a packet the selected trail including
the source node and destination node of the packet; and

30 c) means for outputting the packet at the source node onto the selected

one of the multiplicity of directed trais.

12. A communications network comprising:



\

10 atimng Sﬁﬂmm eschedul ed swtching of internediate
nodes conprises a fra ﬂ"ﬂ"’”{,@@”&']pl urality of time slots and a source
node outputs a packet ofito®the ne in a selected one of a plurality of
tine slots WO98I0M0& tinming frame, and the length of the |ink BEI/GRI02160
successive nodes in a trail is such that a packet |eaving one node in a
first tinme slot arrives at the next successfVe 15 node in a second tine
slot. 10. A nethod according to claim9, in which the length of the link is

such that on travel |l ang Mgtipliery df modes a6 Aky Whithiars doRfigired lesta MmbltpldiaNeed
or retarded by one tine slot. , 6 20 1‘% A conmmuni %:ations net wor k conpri si ng_:F
a) a mul tiplicrirgetsd tatlgsach of which spaps seme 0ply ghihemuBiiplisity of podes pnd The y

of directed tr gidifpieig bfodirettdd: traftd i) Tofibifation! sbaaﬁir?%rwew Inbti®|d thé Ynetlvork
nodes and the nmultiplicity of directed trails in conbination spanni na every
node of the neefgrircipdingaati ieant| oor dirested denlh linking deachc sevrce r agde |andieagh

each source wpgg“?{e&gﬁﬁ‘gpfq’?ﬁf“a%ﬂa node in the network; b) neans for

selecting a direc romthe multiplicity of directed trails in

dependence upon the best imutingncastroleparkangedt te seldctc timddependéndencipodi the
gns
€

the source nOdS?ﬁgQBgﬁséfi Q?%E%’%éggﬁﬁec%d oy 'Pqpéfstt{-lﬁgﬁggﬁe&ye%f directg% t

for outputting acket ource node onto one o0
mul tiplicity ofwhititrdicected ttrailiincluddthe/satuemuodecand dessinationooiie obtherpacket:

WO 98/ 09403 . - . P 97/ 02160
29 ) a mil i pl i ci ty bPMIRESesTesejving peckersfor repamisgion cn the AHlighc 4nd 120
mul tiplicity of direb) ath butputscarmebteaf tuhtheh sajdaivpus ofve r@okiyingl patiets and .

multiplicity of nodes, and the.multiplicity of directed trails in .

conbi nati on” spSAMSSEELIRg raHyRe 8?"‘?‘”&' 8?\35'?993‘%6" PyteRt 8iRd E%ﬁ'ef:@é%q atthe
directed trail shiipuidreaalseletedendotithecssil maniplidityl 08 Hiredtkd ®aiglode in the
network; b) a routing controller arranged to select, in dependence upon the
destination of a packet, a directed trail T fromthe multiplicity of

directed trail 33. Whhetwétkiaebiling toaéihink Nal si0EE I @hieAWaeR dae e alditected trail
destinati on node of the gacket; L . .
is arranged to output a packet which is received at the node input from the
network, and which is addressed to another node, in a direction which is

predetermined and independent of any information carried by the packet.

14. A network according to any one of claims 11 to 13, in which the network is a

20 photonic network arranged to carry optical packets.

156. A network according to claim any one of claims 11 to 14, in which each
directed trail in the network is a subgraph of at least one closed directed trail and
consists of a directed cycle or union of a plurality of connec_ted directed cycles

25 from a link-disjoint directed-cycle décomposition of the network.

16. A network according any one of claims 11 to 15, in which an originating node
is arranged to synchronise the initial dispatch of a packet with prescheduied
switching at an intermediate node.

30
17. A network according to any one of claims 11 to 16, in which switching
occurs at a point of connection between cycles from a link-disjoint directed-cycle

decomposition of the network.



c) an input for receivj ransm ssion on the network; and 10
b) an output connect ed m mmwn !‘It for receiving packets and
connected to the.routi arranged to output a packet

recei ved aid input onto a sel ected one of the sa| d h% ty of
directed ‘?Pai 13. A network according to claim 11l or P@J l\%ﬂ? ﬁdoeach
node in a di rected trail 15 is arranged @@ output a packet Wmch S
received at the node input fromthe network, and which is addressed to
anot her node, in a direction which is predeterm ned and i ndependent of any
I nformation carried by the packet. 14. A network according to any one of

cl ai ms 1110 1}, A fRrWHC HodoRing B W orleSoRoREPNAL RN1 5, AEWHRNKE IS 10

carry optlcal packets. 15. A network according to clalmany one o T s
11 to 14, i n aANgRd &3 Witthiia syachrepism threpgheut the nefmork detwearbpreegzheddledt

| east one cl gedethrhfitddedvitdrind stated, consi sts of a directed cycle or union
of a plurality of connected directed cycles 25 froma |ink-disjoint

di rect ed- c?cl e deconposition of the network. 16. A network according any

one of clai m;he Atr%tgv%rk 5&0“4"“% %erﬁ'Bg'irEWhH?\g node is arranged to

synchroni se Initra I spat et Wth preschedul ed switching at
an internedi at e nodetimdty 3§queAce]efbm!né< pea:schedhletg stadtchimg ohintermediate Hodéd t O

i n which b I f
a1 i nk-ai s oicpteR Bt Uivied i £ BLEY o1 SR e i wor k. VD 03/ 00403

PCT/ GB97/ 02160 30 I8 sodrcechads is atraoge:ﬂ ng) dxnpmﬂ)i pickeOfortb Ah8BndtlvdrR ih7a 1 N

whi ch the 0 arr i n synchroni smthroughout the
network bé V\%%Eecgécf)oge ﬂf’iﬁgﬁ’eﬂt%lpg ?'ﬁ1 ‘ﬁgénsﬁ/ﬁ"f’lfﬁ{f? &t%es. 5 19. A
network according t thecleagm df&held’rewtvddtmk HetivieBh @Gcé&ﬁﬂﬁﬂﬁﬂe& & althfll is such

preschedul ed t chi I ntermedj ate nodes conprises a frame divided into
a plurality o"F’V\#t Frf?cg?%@gv'gﬁd’"& '%‘Ef{fr R'&fe"‘?‘g 12yt 3t She DeusuGeepsivk et

onto the netWWdhmlas%c&ﬁhﬁﬁiewdted one of a plurality of tinme slots W|th| n a
timng frane, and
15 20. An optical communications network, comp‘rising:
a} means for selecting a time slot for a packet in dependence upon the
desired path for the packet through the network;
b) means for outputting the packet onto the network at a source node in
the time siot selected by the means for selecting; - _
20 c) means for swifching repeatedly with a.fixed periodicity the routing
states of a muitiplicity of routing nodes;
d) at the network nodes, means for switching the packet to different
outputs according to the fouting state of the respective node in the time slot in
which the packet arrives at the node; and |

25 e) means for receiving the packet at a destination node.

21. A communications network comprising:
a} a muttiplicity of nodes and links which are configured as a multiplicity of
directed trails which in combination span every node of the network and which
30 include at least one directed trail linking each source node and each destination

node in the network;



the length of the dire | i successive nodes in a trail is such
that a_ packet |eaving 3 w jl mtt time slot arrives at the next
successive node in a s LITE, +15 20. An optical conmunications

net work, cWo98/8Medy: a) neans for selecting a tinme slot for BCHGBRU2IH
dependence upon the desired path for the p(aﬁcket t hrough t he network; b)
means for outputting the packet onto the n Work at a source node in the
time slot selected by the neans for selecting; 20 ' ¢c) neans for

swi t chi ng repeat edl Yy)Wnbéhs2fdri seRidtiRG" iaOditeetdd/ tlaller froftthehuRtiphERy offdirécted
multiplicity of routing nodes; d) at the network nodes, neans for

f
swi t chi ng t he fsailskiar dersndendechran tha deglinstiae fr2ipagketothemgelpgad itral ineludivgof
the respecti Veth’é%ﬁrde&;&d&eaﬁd' dEtinan hode\Bf tHe pdiRePanliet arrives at the

node; and 25 means for receiving the packet at a desti nation
node. 21.° A communi celtiesns festousputtingribeipacket atitheasource inote ointy the selecked

and |inks ich a QR kO Fﬂgul plicity of directed trails which
i n conbi na%ong%epéﬁth%\?gwyg%%gofg?“ e rﬁeﬂ“&brk and which 30 include at |east
one directed trail l|inking each source node and each destination node in

t he networKk; 98 0] . . . C
PCT/ GB07 02160731 yPHHERAT (BYUIEL AR JRICA! RaGSF SR PPUEP PP TS, g cpgtination
mul tiplicity ohodd inamt @sical corhmuhicatiemenetovetle, cgmprigiige desti nation of a
packet, the selected trail, incI.udiq {he sou.kr?ce ode damd destigat’i an oqt%
of the packet: and c3 ’§9faof'm8ust%ﬁ i 5,Backel in dependence LRan I8¢, deaired B
onto the salpecipdhdpadit throlis tidlhétwdrkci ty of directed trails. 22 A .

met hod. of routing an optical packet froma source node to a destipation
node in an optical (@?)n‘ﬁ‘lfﬁpﬁﬁ‘gi SPaRkel,ONko the RsTwark gt a soutce Red jRythe Mg,
slot for a pacistsdiéctégneedpnsgs upon the desired path 10 for the packet &= -
t hrough the network; b) outputti n% t he pack(fe'_t ontg the network at a sou;ce
node in the tine sl o8 Switehing Jepgsd gc!lgd:vktg)a, ixed periodicity the "routing states of a

multiplicity of routing nodes;
15 d) as the packet traverses the network, at the different nodes switching
the packet to different outputs according to the routing state of the respective

. node in the time siot in which the packet arrives at the node; and

e) receiving the packet at a destination node.

20
23 A computer syste-m' comprising a plurality of processors interconnected by a

network according to any one of claims 11 to 21.

24. A local area network for interconnecting a plurality of computer systems

25 including a network according to any one of claims 11 to 21.

25. A switch for use in a communications network, the switch including an internal

interconnect comprising a network according to any one of claims 11 to 21.

30 26. A method of routing a packet in a communications network which comprises
a muitiplicity of nodes and links, and in which the nodes and links are configured
as a multiplicity of directed trails which in combination span every node of of the

network, the method comprising:



c) swtching repeat d per|0d| city the routing states of a
multiplicity of rou ﬂmp"&mﬂ d) as the packet traverses the
net wor k, at the dif ch| ng the packet to different out puts
accor di ngy g3 routing state of the respective node in tgep W%&t in
whi ch the pac et arrives at the node; and e) receiving the packe
destination node. 20 23 A conputer systemzonprising a plurality of
processors interconnected by a network according to any one of clainms 11 to

21. 24. A local area network for inpterconnecting a plurality of conputer
systens 25 incl udl??g g\eﬁt&%rﬁ"% el S emaie BwiiRicity of; '%'E“I@ tepllp in 25,

A switch forgepseadeRce UpBRTIHG] G&stinatisn N6H wakoket hehes $bibstadi H5il tiﬁdmng"l%e
i nt er nal i nterconnect conpri Si ng. a net wor k .accor di ng to any one of ¢l ains

11 to 21. 30Seugce A°%P%He§ff“aF'8ﬁt"Pﬁg°$t%ER@‘Ft4 3d; communi cati ons network
whi ch conpri ses a B?Jbtﬂpatﬂr@ ihe ﬂckapde&:@ast.rké %ae optf thes z@@ o}\taeofftﬂges
and links are configured as a nultiplicity of directed trai whi ch '
conbi nat i & BwHiplieite ey diwetedsrailsi t he network, the nethod corrprl Si ng. WO
98/ 09403 PCT/ GB97/ 02160 32
a) selecting a directed trail T fromthe nultiplicity of directed trails in
dependence upon the destination of a packet ‘the selected trail |nclud|ng

t he source nggde an ety )...0 t he
packet at thgésourge'qg en%r?tloem't‘élqg ecr[ egf g%g#sof th?ggt? acr:#} £ %"Bf

di rect ed trakBsincRiding oummmmodplasoo:fr alipagketocanryrrenty oh a:lpmratkyloft traild) or
accordin t pi es of a packet concurrently
on a pl u?lq fhflr%%mrrgg?‘fésgﬁéggé Fgc"regtﬁ§% oy gt(‘,’a‘g °§ St he packet to a -
plurality of nodes.



