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conpri-si ng a ty of parallel compu ces at, nodes thereof,
and whi ch al | §KOR2QIAPATUES 118263 dor tsglaﬁrﬁi’&a@%éﬁese@na%é@ H’E;e to one or nore

ot her conpute processors in the conput ér network, such as processors in a
colum or a row. Normally this type of operation requires a separate

nmessage to be e IRVEN cl ass network routing pursuant
to the inven > tbﬁ ficient, which generally reduces

t he total 10unicrieldd tiod Investi@ipes in the network as well as the latency to
do a nulticast. 25 30 The present invention relates to the field of
nmessage- passi ng data networks, for a. net wor k as ed in_a

di st ri but ed- rl}ﬁe%*sé%‘(f@n%s@]@% gea I"EI a %ﬁﬂm %pf‘ﬁl‘g&“}‘%r
exanpl e to co ﬁn& i clabLhéwoik dohfifi W&nﬁﬂﬁeméﬁiﬁcﬁése&ﬁﬁﬁg hﬂuent ion
al so uses the'c t1on on a torus conputer network to

network such as a computer netwotk comprising a plurality of parall%l compute
15  processors at nodes thereof, and which allows a compute processor to broadcast a
message to one or more other compute processors in the computer network, such as
processors in a column or a row. Normally this type of operation requires a separate
message to be sent to each processor. With class network routing pursuant to the
invention, a single message is sufficient, which generally reduces the total number

20  of messages in the network as well as the latency to do a multicast.

The present invention relates to the field of message-passing data petworks,'for
example, a network as used in a distributed-memory message-passing, parallel . -

computer, as applied fo/r example to computation in the field of life sciences.

2 The present invention also uses the class function on a torus computer network to do
dense matrix calculations. By using the hardware implemented class function on the
torus computer network it is possible to do high performance dense matrix
calculations.

30 .

The present invention also relates to the field of distributed-memory,‘ message-
passing parallel computer design and system software, as applied for example to
computation in the field of life sciences. More specifically it relates to the field of



dense matrix cal culations. By using the hardware inplenented class function
on the torus conputer network it is possible to do high performance dense
matrix calculations. . The present invention also relates to the field of
di stri but qg II%BF%’ nmessage- passing parallel conmputer degigos@mdsmystem
sof tware, 2 applfied for exanple to conputation in the field of life -
sciences. Mre specifically it relates to tge field of i {%I@ﬁ\q 02/ 069550
PCT/ US02/ 0557 high prfoseencs lingaralesbrawoftware,fog distrbutedrmemars PRSIl i st r'i but ed
menory parall esp er?&ﬂ ig@nputers. 2. Discussion of the Prior Art 5 A large
cl ass of inpor BRTOC mput ati ons can be .perforned by nassively parallel
conput er syst Piscisiun ofthe Bripr Avhsi st of nmany conput enodes, each of which
typically consist of one or nore CPUs, nenory, and one or nore network
interfacess t oA f@peélass of impértant conysutations ean befieeformadby massivekyparallel i n
related U.S. provisional application Serial No. 10 60/271 124, f.] ed
February 24, Z@G!_I{“t@'éys"%“%/gg%l} Wéﬁe?slg%s&?tlog%B@PB‘Hﬁﬁ?ff&gﬁ'é,a%E%\Véﬂcgges
system on- a--Cf\g%céJEﬁﬁ)usfsﬁ&me loPEérd CPUS, @dénor}, dnd®dna bt Rorartwak inteifsses
conputing syst w'th high throughput. SOC technol ogy has nmade it feasible

to build an dntconmectit i 88desr node on a single chip using libraries of
enbedded comgne ' L f{ﬂ \ I BbBatiat Sehial Nor St - | evel
caches. Suchmil@mp %‘%&‘6#Q§cggea rgﬁtéggﬁg.ggo?fﬁfgﬁglg onents count of a node,

al | owi ng fiar . t60R2721r ko4t fited February 24 R0GH far, A Massjvely Pataliel fupercomputer,

message- passi data network ser Q 1DAsS 1 ARfes of a
network, each JGYCTRBRS SKStemOLy -@%{ﬁ?ﬁ&%@m@&;{i?ﬁ%@‘ﬁ??ﬁ@%pen ent 1y of ot her
nodes. 20 NOde&m’fﬁﬁngﬁ%sterh Rith oulpRASOIOgctiology hesmbds itfeasibleten over
the network. An “exanple of such a network is a distr.i bu%gg.ﬁn&eét par al | el
conput er wher dhuildesmentiresnultipeocersernode 28 agingleshippsing Hbrad € operat e

on local menory. g’gﬂéli*&?%?@nﬁ?&“gﬁMk%ﬂéfgmm‘%h&”csm’ﬁ conput er

coordi nates thé troms o tiple n y passi ng nessages :petween
them The y¥or dpackuginhg breathyireduces ére congponents count of a node, allowing for the creation

of a reliable, large-scale machine.

A message-passing data netwérk serves to pass messages between nodes of a

network, each of which can perform local operationé independently of other nodes.
20 Nodes can act in concert by passing messages betweeﬁ them over the network. An

example of such a network is a distributed-memory parallel computer wherein each -

of its nodes has one or more processors that operaté on local memory. An

application usiﬂg multiple nodes of such a computer coordinates the actions of the

multiple nodes by passing messages between them. The words switch and router are
25  used interchangeably throughout this specification.

' A message-passing data network consists of switches and links, wherein a link
merely passes data between two switches. A switch routes incoming data from a
node or link'to another node or link. A switch may bé connected to an arbitrary

30 number of nodes and links. Depending on their location in the network, a message
between two nodes may need to traverse several switches and links.

Prior art networks efficiently support some types of message passing, but not all
types. For example, some networks efficiently support unicast message passing toa
3



25 used interchangeably throughout this specification. A nmessage-passing
data network consists of switches and |links, wherein a link nerely passes
data between two switches. A switch routes incomng data froma node or
link to a Eﬁ({“&gde or link. A switch may be connected tpprarsosodahirary 30
nunber of ‘nodes and |inks. Depending on their location in the network, a
message between two nodes may need to traverse several swtches d |inks.

Prior art netsingl&eeceivingoiodastrif nofppliieast mespase RASHAE toran A SUEDER9l g but

Message paoc o il 804 Riient SilBaB ST RN BN b eIt BRI ) TOS)

but not mul t i vaeus sicmtians; spchsasinnmetical algorithpistexequjedramadistribpted-memory/i ng

Vartous. st t udtiRL SRk, Sbich s R EbmER 3R e AR Aot et B '
di stri but egl- nguBs Matriee ilekion GsmgPelissfunchibisch i s a requirenent in the

applications disclosed herein for 5 dense matrice inversion using class
functions. Many user applications need to invert very large N by N (NxN)

dense matric ag%\%gpﬁ%a}jénﬁ{e?@iﬁhv&hgﬁ{ BENEN BY N (100D RHse TRAGR, MBL i ces

are matrices nost of their ries beéing non-zero. Typically,
i nversi on of wherh Nniatgréatershancsevesal thousand Degssraatriedsifge matriges thatdave hut ed

menory parall el ,supetco t Al gori . Saﬁr@ﬂl X
I nver si ons ar@?%lf&%%\ﬁ&éﬁﬁgcrgﬁ'z%& g&ﬁ@l F?‘?Erémpg)?%e%#ﬁ% I st r?but ed
g‘re gg;gsgﬁl(?gm?\?ga iogﬂiggﬂ?gﬂ’l}litm T _pamlé;i:a ptfrow d;wn h?ambmsm:'[i-on
consi der abl y.pe@msfsmwéﬁm%@w% %@%@@Wh@ﬁ%ﬂ ]Fe‘?g’? SO mary
obj ect of 1 hegyREBARA mdnots Phtallel suberBomMitsts. hlﬁltmaaseauwge kmotof ing- whi ch

i mpl ements class routing in a network which allows a congut,e processor to
broadcast a npwsesger comrauniestign ivveqyirede This garsslow dewn the applieatigaors in a 20 .

colum or a rgo\/xgid%rbgplly this type of operation requires a separate
nmessage to be e 0 each processor. Wth class routing pursuant to the

present ipyentjion, a single nessage is sufficient, which generally reduces

t he total nunfgMMARY ORTHE INVENEFION

Accordingly, it is a primary object of the present invention to provide class network

routing which implements class routing in a network which allows a compute
processor to broadcast a m&ssage to a range of processors, such as processors in a

20 . column or a row. Normally this type of operation requires a separate message to be
sent to each processor. With class fouting pursuant to the present invention, a single
message is sufficient, which generaily reduces the total number of messages in the
network as well as the latency to do a broadcast. The class network routing -
enhances a network such that it more efficiently suﬁports.some additional types of

25 message passing.

Class routing enhances a network to more efficiently support additional types of
message passing. As usual, a message is divided into one or more packets which
pass atomically through the network. Class routing adds a class value to each packet.

30 At eac;,h switch, the class value is used as an index to one or more tables, whose
stored values determine the actions performed by the switch on the packet. An
index-based table-lookup is fast and efficient, as required for maximal throughput
and minimal latency across a switch.



network as well as the latency to do a broadcast. The class network routing
enhances a network such that it nore efficiently supports. sone additional
types of 25 nmessage passing. Cass routing enhances a network to nore

ef fici ent?/ &H&gggt addi tional types of nessage passi ng.pcifusdsosahz a
nmessage i 1gh eg I nto .one or nore packets which pass atom cally through
the network. Cass routing adds a class yal ue to,eacB packet .. 30 At each
switch, the cClassrontingean ke sygwenrized ayan efheisntencading 49 dﬁm‘-@l&%fm es, whose
stored vat ues, r.nj ; i epacket .
An i ndex- basggg‘%tgag%g wgﬁagghtﬁgtﬂgﬁ%gg%%%ﬁ%ﬁggg\%egﬁ%}c?gg%r maxi mal
t hroughput  aoettain typesof hesapepassing: The informationis enepdedirothe chsswiue of

PCT/ US02/ 05573 Cl ass routin an.pe s rf a . Gl i ng and
decodi ng of ﬁ?ﬁﬂ?f’alféta?‘g}? thgghﬁaaoggxegww 'c%%ﬁ%fogﬁ?%gﬁgé&%ﬁwgnabl e -
the networg t glapd vatielsT a fabke: as &h ind@EH thé tablesisage passing. The information
I's encoded in the class value of the packet and in the tables of the

swi tches. The information is decoded by using the 5 cl ﬁfﬁ’%a ue oz. a packet
as an index t & ndtworkaithout classmeuting i reffrred o as & bastcnehwrrk; Withiclass Bed to
as a basic network. W\ | ehial ; REAGh I Wth
the appropri aftﬁg%m\%é&nnﬁg'm?is%quéteg?t%ﬁnqtﬂﬁg swlﬁfé%tt%ne or
nmore cl asses ewittles, eeloa noeelclasesolithe enhanged metvbek c4neprovide thyaneBseggassi ng

types .of the basic netwqrk. Nbreover ,.,.Since i a
packet adlan PWH&M@@@’M‘@ Woﬁﬁy?re?‘ﬁ'& § gg %%&%gﬁig?ﬁ%u{%@cﬁ%t t he
basi ¢ net wor Kk a3 p@indek to #aBlefasth the nsdssagepashing tyjes of the basib astwerleare nahen

compared with the basic network. 15 Qther entries in.the class tables can
provi de rressa@ppmsﬂwﬁb)w&@yﬂb&}bﬁﬂh%?émo%enﬂ@%‘&gi“e ?%P"‘k For
exanpl e, the “tgmt nmessage passing of a basic network can be enhanced by
class routing to path-based nultidrop nessage passing for nultiphase

mul ticasting. 20 In the classes described above, the enhanced network

provi des fife IGtharytriguastienlpss thleesamprovidemsssege paising e besiopd ghosepbrodi f i ed
or enhanced. Iﬁﬁ%ﬁ%gltlon}(@&gﬁ?‘ﬁ@]@; eﬁgﬁim%&ggﬁéuggﬁgg&g&géwoﬁ%d

override the , OVerr )
be enhanced by class routing to path-based multidrop message passing for

multiphase multicasting.

20 Inthe classes described above, the enhanced network provides the message-passing
t.ypes of the basic network, either unmodified or enhancéa. In addition, some classes
of the enhanced network could override the b'asic network. For example, overriding
classes can provide multidestination rﬁéssage passing for single-phase multicasting.
If class routing provides the only message-passing types, then no underlying basic

25 network is required.

'fhe present invention makes dense matrix inversion algorithms on distributed
memory parallel supercomputers with hardware class function capability perform
f"aster. A hardware class function is a particular use of class routing. This is
30 achieved by exploiting the fact that the communication patterns of dense matrix
inversion can be served by hardware class functions. This results in faster execution

times.



cl asses can provide multidestination nessage passing for single-phase
multicasting. |If class routing provides the only nessage-passing types,
then no underlying basic 25 network is required. The present invention
nmekes densgqoi9héds¥y | nversion al gorithnms on distributed negwosezpss7all el
superconputers wth hardware class function capability perform faster. A

hardware class function is a particul ar use, of, cl asa?).rouéfi'bnga;I This is 30
achi eved by ekfthepatalie] supercampiteringsesses,elass pcapebity pLibe Hgrdwarss yonse

matrix invergl én’garﬁ Y imRafch Rt RS lof 88nsk wiaeix vérsior barsbe esul t s
in faster exegéuv?lﬂct)lgltﬂﬁ,ltrﬂll Sag%\e% 02/ 069550 PCT/US02/ 05573 |f the parall el
super conput er expploiteticusing class fanctions io arden feapinimize the comyaunicationdelay. | evel |
then the partigcul ar conmmuni. L OR: tel: f FBdckibes 4 l.on can be
expl oi ted by E@fm(i%{&m&%ﬁ%{l ?@%5%%%?‘5@?998&?}?%?% ze ‘t) eddgo EE!rI;i cation
del ay. Fos exdtifuictionrcapitilitgnascthe hpdivmedeévebn Serial No. 60/ 271, 124
describes a conputer 5 with function capability at the hardware | evel.

BRI EF DESCRI PTI ON OF THE DRAW NGS The f oregoi ng obj ects and advant ages of

the present imﬂggismn?leiwa;pmwmmsti ng may be nore readily
under st ood by € skirred 1n e art wth reference, 1? being had . .to the
fol | owi ng det Sihledoregeing phjsets avd atvantages phthepraseRtiRYRIAN {918/ netWatken i n
conj unction "V'r{slgﬁé&ﬁtﬁlﬁ%gtfecre i) Inr @Y WP ondiRiifell n the 4R vAtGERRNGe 2T ©

desi gnat ed by erence nuneral’s throughout the several views,
and i n . whioch:befrigdiad ¢o theifbllaveing detaitedalasceiptiopofseyerd! embodimentstherentr y

paral |l el superconputer, that . I ncl udes. 9 nod ' |a a
mul ti di mensi or‘é@ndﬁ‘ PRPIBRIOP Y1t Jhe,acsom (F%vﬁgés {ggé’%gl%gs%%&v%o#i .
accor di ng t o tdagiohat8FByidentidabriférente nngralsahdughidut therseteeal viewspandeindet ai | an
exenpl ary node of the nine nodes of the distributed-nmenory parallel
super conput er YHClE| gure 1; 20 Figure 3 illustrates an exenplary single
phase mul ticasy i - eff sup&Romputer that
di stri but ed- m%n%‘;r%q%%gﬁﬁg@gﬁ%%lc gbﬁbgfédiﬁll usfrated i g Fi gﬂre 1.

15 includes 9 nodes interconnected via a multidimensional grid utilizing a 2-

dimensional 3x3 Torus network according to the present inventiqn;

Figure 2 illustrates in more detail an exemplary node QOO of the nine nodes of the |
distt‘ibuted—inemory parallel supercomputer of Figure 1;
20 _ .
Figure 3 illustrates an exemplary single phase multicast from node Q00 to the other
8 nodes of the distributed-fnemory parallel supercomputer illustrated in Figuré 1.

. Figure 4 illustrates a 4 x 4 grid of processors wherein each processor is labeled by its

25 row, column numerals.

DETAILED DESCRIPTION OF THE INVENTION
The distributed-memory parallel supercomputer described in U.S. provisional ,
application Serial No. 60/27 1,124 comprises a plurality of nodes. Each of the nodes

30 includes at least one prbcessor, which operates on a local memory. The nodes are

interconnected as a multidimensional grid and they communicate via grid links.
. Without losing generality and in order to make the description of this invention.
easily understandable to one skilled in the art, the multidimensional node grid will _
6 .



Figure 4 illustrates a 4 x 4 grid of processors wherein each processor is
| abel ed by its 25 row, colum nunerals. DETAILED DESCRI PTI ON OF THE
| NVENTI ON The distributed nenory parallel superconputer described in U S.

provi si on%oo?&g#ocat ion Serial No. 60/271, 114 conpri ses peTAisoz/e8sii y of
nodes. Each of the nodes 30 includes at |east one processor, which

operates on a local nenory. The nodes are_interconnected as a |,
mul ti di mensi ohatlesgrived aaaul exéraplany Gndimensionab grid er aprgxgmplany 3-dimegsignslit | osi ng.

general ity and.in.order to CLiRL i f- i Sooth ion easily
under st andabl @g'gr%r?é‘ﬁ?l? ‘?"gﬂggﬁ%k[‘ﬁ’@%@?&&%ﬁ%@w@ﬁ%ﬁg' node grid
will 6 WO 02/ fpobkititandihs telaéihdt 6dlythe 2Hdimensiondl nade gridsorédliengional

2-di nensional grid,or ap exenpl ar -di nensi.qnal ., .qgri d. e, 3z di mensi onal
grid is inpl eRedREridsse #&@%ﬁi@&“ﬁ?ﬁ?‘%&%%!&%@ﬂﬂmﬁ%wm Y the
fact that gnl xcaﬁ,@%ﬁ&eg $hRiA6n MhAFeidslof Bhedimnsion¥ans)} @RIy be prodidedr i ds
are described 1n the foll ow ng description, it is contenplated within the
scope of the pasedonthe teachings ofithe prasenjinvestion: Agrexamplgiohs dimepsiontastheasi | y be

provi ded ‘based,.on th %thg? f ) 3 | e Uascridad fxanmpl e of 3
di mensi ons i sgf%m&i@g}éﬁnm ona t%rﬂ’ ﬁ?ﬁp%%eg%?gﬁgﬁwyﬁe Torus?r{;ased
archi tect ure geadsiotabspplicationrSerialsNmr6a2783R4.i cati on Serial No. 60/271, 124,

10 Figure 1 is an exenplary illustration of a distributed-nmenory parall el
superconputer that includes 9 nodes interconnected via a nultidi nensi.onal

grid util ijgi ngigret jstinREmpIaAAllugebion Of Agistiditedirtenid{ paralleli sapercsmpitethat  t he
number of nodes is in exenplary fashion limted to 9 ,Hod, s, for, brevity and
clarity, and thebincludes 9nedss interconnesied ¥iapmultidipensional gridptlizing adapnendi ng on
a parti cul ar %fiﬁéﬁsio?&lt .osz%W/Jrg T80 & islmdotédthat themethier o hodes §s femor y
paral I el superconputer. Figure 1 depicts 9 nodes |abeled as Q0 - 22, a
pair of whi ch ekemplatydfashiomiguitesdo Bynodesyfor brevityidnd dlasity,cmd that theenumbepee  Tor us

MO 100 1 Sond S BRI Y bB e o AR s O oot
respect i vasgr ifgk the distibutedl-nhéindrg padilelsapercorhputer. Figues hdepitte Yeodesihlaled
node Q00 § 5.1 1% Q100orie  Bet oEvHERS iberoryscied e et k. 16301ab (e SRERCD2 i o
grid link 10414 Rk PO isihRrcBhhddtdd by 819 1inké) Svhere each node is directly

interconnected to four other nodes in the Torus network 100 via a respective grid

link. Itis noted that unlike a mesh, the exemplary 2-dimensjonal Torus network

20 100 includes no edge nodes. For example, node Q00 is interconnected to node Q20

via grid link 102; to node Q02 via grid link 104; to node Q10 via grid link 106; and

ﬁnally to node Q01 via grid link 108. As another example, Node Q11 is '

interconnected to Node Q01 via grid link 110; to node Q10 via grid link 112; to

node Q21 via grid link 114 and finally to Node Q12 via grid link 116. Other nodes

25 are interconnected in a similar fashion.

Data communicated between nodes is transported on the network in one or more
packets. For any given communication, more than one packet is needed if the‘
amount of data exceeds the packet-size supported by the network. A packet consists

30 ofa packet header followed by the data carried by the packet. The packet header
contains information required by the torus network to transport the packet from the
source node of the packet to the destination node.’In a distributed-memory parallel
supercomputer, that is implemented by the assignee of the present patent application,

7



finally to node QOL via grid |ink 108. As another exanple, Node QL1 is
-interconnected to Node QOL via grid link 110; to node QIO via grid link
112; to node @1 via grid link 114 and finally to Node Q 12 via grid |ink

116. O her, Qgg&?ss@p are interconnected in a simlar fashiggyudeabssrs
comuni cat'® etween nodes is transported on.the network in one or nore

packets. For any given conmuni cation, nore than,one packet i’gﬁsspneeded I f the

amount of, dat ]gacé»mdeeg therretwerkiwidentified by adogieal addnsss and dhepec gadep pactet
consists 30 of @gd%@ﬁlﬁg%ﬁggﬁﬁgﬂdfég’éd @Me %k&th?a%?[ﬁfaﬁg%ﬁgh@%ﬂdﬂ@oﬂac et.

The packet he 4 contarns rnformation quire torus network to
transport t he tipasdtworkfas ddentified bysodestigationde of t he packet to the destination
node. In a distributed-nmenory parallel superconputer, that is inplenented

by the assignee of the present, patent icati A 2/.069550 '
P)C/:T/ uso2/ 0@%7?1@%% @ﬁb&e@ﬁF%@%%@SﬁBPEg$d§ @e‘?‘fﬁﬂ# distgop E i pagpllel 4y ess
and the paCketslaéb%&ﬂﬁﬁuterdf'l‘?édf'éjﬁsmﬂiﬂﬁiddﬂﬂﬂmatlih@d:fﬁ@ﬁisﬁﬁalh?ﬁlﬁcaﬁb@ packet

is automati cal routed to a node on the network as  identi

led by a
destination. SeHalNe.$0L271d24nThsnradg cortging pne RrOEESerovhiegh opgsales ‘é@"%f t he
di stri but ed- menpr |l : g ' quegﬁ simlar
to that in pr&%%’na qu)gg |%t§]¥$§%°% er |C§Ise§%.aﬁgg%§f,} R%c}.gﬁ‘?ﬁe nodci
cont ai ns one [lnks $625004,106,108 copeectingibe nodd QAo itsmsighbbyringmindesiode cont ai ns a
router which sepd recei ves.packets on the..gri i ] .. 104, 106, 108
connect i nd%t h@%@é@ﬁéggq% ﬁ%%@fygﬁ%’ ﬁ"ﬁrqe rf&?égmﬁg' M@%}&l '
respectively, ragplibn bisfferalf @ fotitefettived alpackidd destined fordind latal prowessog dteept i on
buffer. If the router receives a gacke%ﬁ"d%a;l e%tLor he Iﬁcal gior ﬁessor,
the packet i pagkesissiagedirfotherecepianbyt frayich the B ¢ 19 Vﬁ‘g ¥et can
be received b Haret i ' flavt Wftepacket ,

Xhe é&@w?é@ﬁ@?%%omgm ik 1i8iofAnd R pRBIRY thé@protsisctiflay WiteD

the processor nay w ) of the packet into nenpry. The node
contai ns an i rthecdntents fthé packetistowrmsiry.Jhemade sontainsar injestion bpfters r st - out

(FIFO ‘'manner. . .f, the CPU ces [ | P |G . ance t he
packet redcheVHIFLORREYE By ﬁé‘Wﬁ@bBéﬂéﬁég?“ @é@%ﬁ@@%ﬁ@ﬁ%ﬁﬁ {g FI FO
by the router sfijettivh FIPQ, eficelheaeket ténehgyahkbéadaxftie FIFQy the patkiends t owar d t he

destinati on node of_ the packet. 20 The rpouting ingplepgented, by the.router
has several s ifﬁ@PY%%%éh%ﬁéﬁﬁt@? Touter é‘é‘{) &Tﬁ‘@ﬂ“ pq‘}‘)c,es the paciset orto a grid
link toward the destination node of the packet. '

o= o

20  The routing implemented by the router has several simultaneous characteristics. The
characteristics are some of those described in provisional application Serial No. .
60/271,124. The routing is a virtual cut-through routing. Thus if an incoming packet
on one of the grid links is not destined for the processor, then the packet is
forwarded by the router onto one of the outgoing links. This forwarding is

25  performed by the router without the involvement of the processor. The routing is a
shortest-path roxiting. For example, a packet sent by node Q00 to node Q02 will
travel over the grid link 104. Any other path would be longer. For another example,
a packet sent by node Q00 to node Q11 will travel over the grid links 106 and 112 or
ovet the grid links 108 and 110. The routing is an adapﬁ\;e routing. There may be a

30 choice of grid links by which a packet can leave a node. In the previous example, the
packet could leave the node Q00 via the grid link 106 or 108. For a packet leaving a
node, adaptive routing allows the router to choose the less busy. outgoing link for a
packet or to choose the outgoing link based on some other criteria. Adaptive routing
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characteristics are sone of those described in provisional application
Serial No. 60/271,124. The routing is a virtual cut-through routing. Thus
if an incom ng packet on one of the grid links is not destined for the
pr ocessorwdwggsbe packet is forwarded by the router oORCT/USIRISET t he
outgoing l'itnks. This forwarding is 25 perfornmed by the router w thout the

i nvol venent of the progessor.. The routing is,a. shortest.- routing. For
exanple, a palﬁé@@]@&ﬁfgﬂye‘ﬁﬂd@ w@cetn(gtdﬁgﬂ%paeb%, Qfapﬁyertopén\é@y;ﬁser the grid
link 104. A”yggxgé}ﬁfedﬁﬁéaehm&%dﬁ&ﬂddeﬂ&tapEékéttﬁﬂpédtﬁlro@mmhepackat’#)aCKEt
sent by node to node QL1 will travel over the grid |links 106 and 112 or

over the gri d way tkthe packetis destingtionmode. oyt | ng i s an adaptive routing. There
may be a 30 choice of grid links by which a packet can | eave a ‘node. In the
previous exanple, the packet could | eave the node Q00 via the grid |link
106 or 1085 Fqlasarquting edn beaused tpachieve o okide vedighnafiiypes ofmesraseassng t he

router to chogse t | ess busy o i Lk ] ibd oose the
out goi ng | i nk B%QE&GWE%W%%‘ﬁgﬁg%ﬁP;&%réPgwﬂgg%@ﬁ%ﬁ%?ﬁsgﬁ% ﬁvl\la)ﬁi.'m/ 069550
PCT/ US02/ 0557 Yetail$oftiMss tottingper f ormed at the source node of a packet;
adaptive routing also is perforned at each internedi ate node that a packet
may cut through on the packet's —way to the packet's destination node. 5

d ass rout i ng Exampiel. Pathibasedsenitidyop mesjageP3ssings: y of types of nessage

Geseri be Hny Tt uribPEST] HRRBUEATAREY phll] o O e T op

descri be ass ro e 1. Pat ased nul tidrop
nessage passi pgssidgdafhetwerkwBach nofle af stick acobputethanon® PEMPES PEPEEIOr ut er

is an exanpl e of sage-, _passin et i TeTel 2 uch a
conput er has (?ﬁém%roﬁ?ﬁaﬁﬁ?ld%ég 'r‘gngﬁ&a{?aﬁ%p‘}e@?{tﬁmgﬁg?ﬁelr Is%fgaals mermory. An
appl i cation usdohiguietitdordihstedtheie activins by phssing messages betweandthetn/dn examphe| r

ti b i t th Dl . t i
oser i bed i b o sl comiites syfessihen dn puone BBHOREn Serdl g, BT R EFRE M ° 1 ©
Massi vel y_ltfe,’ar %%Slﬁpgﬁgﬁﬁggﬁ?ﬁbﬂd thatQiputer] saclesififle aodedk pairaide i s

paired wth a single e network. I'n that conputer, the swtches
are connect ed with a singlk swittheof thenetwork: &uthas compytes,the switabps argcopnectei iy |

re to a sui t ok PibErE o ep ERupsiqREEP) i Ty Bt SbhRASEuch BuRtAis | ks

linked to six other switches. These links are to a switch in the positive direction and
to a switch in the negative direction in each of the three dimensions. Each switch is

20 identified by its (X, y, Z) logical address on the 3-dimensional torus. By contrast, in a
computer using a 2-dimensional torus, each switch is identified by its (x, y) logical
address. In Figure 1, the positive X direction is towards the right, and the positive Y
direction is towards the bottom. In Figure 1, node QOO has the logical address (0,0),
ndde QO1 has logical address (0,1) and so on. Since each node is paired with a single

25  switch, anode has the address of its switch. By including a field for such a logical

address in the packet header, the packet can efficiently and conveniently identify its
destination node. Without class routing, the basic network only provides unicast
message passing. If a switch is the destination of an incoming packet, then the

! packet is given to the local node. Otherwise, the packet is put onto a link towards to

D

30 the destination node.
The following is an example using class routing to implement multidrop message
passing. Each packet header has a field for a class value. This value is_eith‘er Oorl.
Each switch has a table used to determine if, in addition to the usual unicast routing
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to a switch in the negative direction in each of the three di nensions. Each
switch is 20 identified by its (x, y, z) logical address on the
3-di mensional torus. By contrast, in a conputer using a 2-dinmensional

torus, ea%%@%a is identified by its (x, y) |logical a¢gdrgesesstan Fi gure
1, the positive direction is towards the right, and the positive Y .

direction is t ds the bott Ip Fi, 1, nod . has_the |ogi cal
addr 655 (0, 0) 9f thapasketycoRd Shavha daposithd AL LS loch! Ble ks SHUBS T8 tiEe oach
node i s pair eg‘i‘%?jr}b‘ﬂﬁ @g%sgge?p‘ésﬁg,ftﬁameéprmr 3ot inbslvaPWhesthe futért S

switch. By inc flor such a l'ogical address in the ;%%icket
header, the pérkardsegackdtffiooi enstof $hecinepming linksite ane of thejeutgoing linkss This

destination node. W thout. cl . ' Wof) vi des

ni cast moss A5umpo ghister ] i bitou BulZ o nibiidy R7 aniE L 1O
packet, then idgrovisiekkipplicatioh SerialNo. 60271,024 ThisadmmeDfdr¢hewriginalt he packet
Is put onto a llnk towards {o . 30.the dest.in t.ioog r&oﬁ’g@. The fotol OWNg i s an
exanpl e usi ng URICAS n6SSAREIPATTINEthAL HE RIPGFSOLS Pot ipyalyrd yheh the routst XVRYS  Each
packet header jhasie fbiforé df e ificontiags Enléatb W ofthé Sutpihg Enltss Thig her 0 or 1.
Each switch has a table used to determine if, in additiong{{p t he ysual
uni cast rout i mssugmption dvyatisimidy virtvel osidhrongisroyting, ag faplgment ,°r8x¥§‘i9 shoul d
be deposited at,t . . T4l ' r vl NiHeast
message passi Hbfhe[ﬁﬁ%‘lflaﬁdel a@ oc%qsns%rrﬁ{ 1gﬁ'noé i h@%] S%Qﬁ%lggﬁ ‘takdggléoéﬂf i.éh:e

f orwar ds a0 paectiies i thiv depesitibble ae [0/13 and degnand tas the packetis abt dépesitediagoi ng

i nks. This ssupption is satisfied. b Iy | _cut -thr td.ng, as
| mpl erent ed f depesiansrepeatvely. ug aids i dlpskale BRow: The e B RN B85 1715,
This assunes fgéxet Hea Ade@iii than it8 deskinhtioHfda gR pavketst itg destinationtrivde by ocessor
is not involvéd when the router forwards__a ‘packet from gﬁ{%l of. tgt(la I ncom ng
links to one @epasifed avingbe Ryl ynigest routing; Thuspacksts wish class vale 0qhey ghe),
virtual cut-thgs : | Hage] roh Bathibasddr ovi si onal
appl i cat i on_ SR Rek iRsheeislife FARI At Haks AL T o e R 10
entries i A5t hinsultidgopamdssagalphssingre [0, 1] and demand t hat the packet is not
deposited or deposited, respectively. The table is ill.ustrated bel ow. The
tabl e only applies—toimi—{aclket— gnge—othe rerrr—tt-s—t mratorr node.
A packet at its_destination HEeffpacket NQhdeshpegfortugnpce, o | i
routing. Thus classkelbe with class value O odspgsit¥allle orj gi nal unicast message
passi ng. Packd&xs with class value 1 perfor({’n pat h based

1

Path-based multidrop message passing can be used to implement multiphase
20 multicasting, as described for example in _D.K.Panda, S.Singal and P.Prabhakaran,
“Multidestination Message Passing Mechanism Conforming to Base Wormhole
Routing Scheme”, PCRCW’94, LNCS 853, Springer-Verlag, pp.131-145, _1994_.
The first example described here is a two phase multicast from node (0,0) to the 9
nodes of the 3*3 torus illustrated in Figure 1. In the first phase, node (0,0) sendsa
25 multidrop messagé with destination (0,2). In the second phase, each of the 3
| recipients of the first phase simultaneously send a multidrop message. Np_de 0,0)
. sends to (2,0); node (6,1) to (2,1) and node (0,2) to (2,2). At the end of the second
phase, all 9 nodes of the 2-dimensional torus have received the broadcast message.

30  The above assumes that in the original unicast message passing, when the source
node and destination node are in the same row, then the path of the packet is along
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15 nmul tidrop nessage passing. For a packet NOT destined for this node class
val uedeposit value 0 O 11 Path based multidrop nessage passing can be used
to inplenent nultiphase 20 nmulticasting, as described for exanple in

_D. K Pandgy, @‘%ggal and P. Prabhakaran, "Multidestinati pgrisen@ess Passi ng
Mechani sm &)n ormng to Base Wirnmhol e Routing Schene", PCRCW 94, - LNCS 853,

Springer-Verlag, pp. 131-145, 1994 he first ex | e scri bed, here is a
two phase mul %haEfQ - A TOWS ﬁ(%@lp(qu.gtjesp&mg@@vgequﬁﬁyi@&r gﬁ@"? SUeOLIAT us
iITustrated i ﬂirﬂ:énﬁUﬁ?%f]the {otud ¥endsh."THe aRiiAPRon ﬁ%@&aﬁﬁe@?&y SioneS-path25

mul tidrop message wth destination (0,2). In the second phase, each of the
3 reci pi ent sranting,las implementstl fereexempia in pravisions! pppligetion Seral Nodr op message.

Node (0,0) sef (2.0} \ A e mirfsti (2,2). At
the end of t hg&g@cgﬁh ﬁbﬁ%%?%gﬁ?ﬁ%nnﬁgaté%g%g%g%ﬁ%eny osr%%)lr_o‘étglgus have -
received the Brglademsed inthe ﬁb@fsior?mpiiﬁmtia:b@yecoa&w,rtbsalidvaiass'umptibleismot gi nal
uni cast nessage,-passi ng, en the,source, node and.destjnati.qn node-are in
the same row, Satigied bydesqngestion ?W?éisab‘ifdfl‘ét{ngi@p %dfge\yhfrwlﬁg%og%s

PCT/ US02/ 05573g£&1@£vi598¥neﬁnﬂeiﬂdoae.a group of nodes which have equal val ues

for all but one of the dinensions of the torus or nmesh. .The assunption is
guaranteed by shortest-path routing, as inplenmented for exanple in

provi si onal afp¢ secand eranmie flescribes heregog thyee phase myltigash Fampanode tPon al so

I s guar ant ged e ' ' QUL | | t ' tdlgheﬁ,g(ovi si onal
applicati i)ﬁ ggeylgé%g%sﬁﬁg*ggﬁewlg}s%%%??gKﬁzdl)’gyﬁigt@gé‘gﬁns | ed by the
congest i on avphaenwde (Q00) sends apiuitideoyt reessageswthhdestinatioh (2,0,4).duthes  a packet
via some random node. The sgcond exanpl.g, descri bed here ig a three phase
nul ti cast froffR ghﬁe,%%yfﬁsg.rmlfﬂﬁ&fi&%ﬁﬁ °8P“ﬁ?%°°§§lgse§d@ube with the
coners (0,0, Oymiflop thessadd. Ndd (6,00) dehdstb i@h,ﬁff,%dé\(ﬂj@;lXﬁ,(O,A,ﬂ) aribgocdh. a
mul tidrop message with destination (0,0,4). In the 'second phase, each of
the 5 recipi efnthedird phase,ieach ofhe:2treaipisnts ohithe seconyd phassgimultaneously sen

- 15 amultidrop message. Node (0,0,0) sends to (4,0,0); node (0,0,1) to (4,0,1) and so on.

At the end of the third phase, all 125 nodes of the cube have received the broadcast

message.

The above example of a 3-phase multicast for the 3-dimensional cube is easily

20 generalized as follows. For a D-phase mult{cast from an oﬁgin node to all nodes of a
D—dimensioﬁal cube wherein, in a first phase the origin node sends a multidrop -
message to all other nodes in one of the rows of the sending node, in a second phase
each of the recipients of the first phase and the sender of the first phase -
simultaneously send a multidrop message to all other nodes in a row orthogonal to

25  the row of the first phase, in a third phase each of the recipients of the second phase
and the senders of the second phase simultanequsly send a multidrop message to all
other nodes in a row orthogonal to the rows of the first and second phases, and so on
in further phases such that all node of the cube receive the broadcast message after
all the phases. | '

30
The implementation of path-based multidrop message passing using class routing
offers advantageé beyond existing implementations. For example, a particular
existing implementation places the deposit value into the packet. In that

implementation, every node on the path of the packet receives a copy of the packet.
11



mul tidrop nmessage. Node (0,0,0) sends to (0,4,0); node (0,0,1) to (0,4,1)
and so on. In the third phase, each of the 25 recipients of the second
phase si rmltaneously send 15 a nultidrop nmessage. Node (0,0,0) sends to
(4,0,0); ((6?559 1) to (4,0,1) and so on. At the end elTiye2693y3 d phase,
all 125 nodes of the cube have received the broadcast nessage The above
exanpl e of a 3-phase nulticast, for the di nensj ona|l sily
gener al i zed- add FtglyfnCeEgeh ﬁ”‘@hrﬂ%gévﬁﬂ%ﬁFﬁﬁtﬁmeF% F*“E‘enaﬁﬁde to all

nodes of ‘a DygifBatbwfhodethith tﬂgﬁéﬁsiﬂ entkies @0]&6 abt rséeafeea éobse 094 pw&t node

sends a. nultlérop nessage to al her nodeS i n one he rows of

sendi ng node, eivcntho@ﬂbm@qgna@etheeabwfﬂfemlﬂbdmp@aqkebﬂhgtvéﬂelshlétlstrﬂtedt phase
dth d t
10 al 1o hor  ofer FRFexaiop, R B Erel el RS RIS ity P 01 PP TPC080Z

a third phgse sevwgdl nofltidabterowns; qaclewith adiffértrt sste€nodesphase  and the senders

of the second phase sinultaneously send a nultidrop nessage to all other
nodes in a row orthogonal to the rows of the first and second phases, and
SO On in fur 1l node of the cubo rocoiva fha

ther phases Such that g
br oadcast nessage after al|Fara@agkesa NOT degtinedtifer thismoderpnt atj on of path
based nul ti dr@bstge paSSI ng usi ng cl asleposvaluag  of f er s _advant ages
beyond existimg i nplenmentations. For exam@l e, a particul-ar existing
I npl ement ati on pl aces the deposit value imto the packet. In that
i npl enent ati O, €Very node on tne patn ol the packet recelves a copy of the
packet. 11 WO 02/069550 PCT/US02/05573 In contrast, since each switch can
have diff ent | ows a node
wih the a8t % Sehbiag BAARTpdacdfhontiiiiing Bytectloy O 2 00
t hough the nodss dmrﬁmd mmﬂm adass tuahnglhﬂowbrmdpaulhethe defioeit elanbsa[(l,(ﬁ

mul £ caot | ng, ToHIEs SRERAD. A B0k resklih ePb of € peoke ovgm YinweR BesBile fy ot
different set tpd dﬂl@dﬂﬁe miRidrép prekéteThiNEforetRtion fied nobbe kdvv byoktle seires s

val uedeposi t value
node of the multidrop packet. In other words, class routing allows a node to source a

15  multidrop packet without knowing the recipients. However, in the network of
Example 1, there is one exception, the destination node of the multidrop packet
always will receive a copy of the packet. Thus if the destination pode is to not
receive a copy of the packet, this must be known by the source node such that it can
use another destination.

20
For example, assume node (0,0) is the source of a multidrop packet originally

destined for node (0,2). This may be a natural destination on a torus network of size
3%3, since nodes (0,0) through (0,2) are a complete row. If node (0,2) is to not
receive a copy, then this must be known by node (0,0). If node (0, O) also knows that

25 node (0,1) is to receive a copy, then (0,1) can be used as the destination of the
multidrop packet.

In order to solve the exception caused by the destination ﬁode, class routing allows
- each switch to have an additional table which determinés if a copy of a packet
30 should be deposited at the destination node. To solve the above example, for node
" (0,2) the entries in this destination table are [1,0] for the class values [0,1]. The entry

0 for class 1, causes node (0,2) to not receive multidrop messages, even if it is the
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0 10 10 Exanple 2. Sending nmultidrop packets w thout know ng the recipients
As described in Exanple 1, class routing allows a node with the deposit
entries [0,0] for class values [0,1 ] to not receive a copy of a packet,
even though,thgeegde is on the path of the nultidrop packgfysobss:s

I nformati on need not be known by the source node of the nmultidrop packet.
In other words, c¢lass routing_allo node to source a 15 nmultidrop packet
Wi t hout Kknowi rdgstmaeome’l@peﬁp@h? for %ﬁ@@?w node(Be) lodecrivadinieast IRSSIARRSAS 1
there is one gxEAPTRo tidl& HefhukiRatd Bilowode of the nultidrop packet

always will recelve a copy of the packet. Thus if the-destination node is
to not receive a copy of the packet, this nust be known by the source node
such that it can use another destination. 20 For exanple, assune node (0,0)
is the source of a nul ti dr opFeecyRketPestitied #r this n6@s2)ed for node (0, 2).
This may be & Jatyigt destinatlon on a tordkpodifyal K Of Size 373, Since
nodes (0, 0) tﬂjuugh (0, 2) are a conprete rpw_rf—node (0, 2) 1S to not
receive a copy; then this nust be known byznode (0,0). If node (0,0) also
knows that _25—mete—{ttr-t—ts—torecerve—a—copy—tirer—{ttt—camire—used-as
the destindtion of the mul tidrop packet. In order to solve the exception

caused by t hwwwwmave
an additional_table which EQI%PWMOI@W‘fMFnﬂdedQ@N 30 shoul d be

deposi ted at tdiasssalgei nati on node. To_sol vdepositvalleove exanpl e. for node

(0,2) the entroes in this destination tabl@® are [1,01 for the class val ues
[0,1]. The entyy O for class 1, causes.nogle (0,2) to not receive nultidrop
messages, evem T 1t 15 the 12 W UZ7 069550 PCI7 US0Z2T 05573 destrinatton. The

entry 1 for cl ml . ' ' badtl B3t s
usual . The twolﬁta zTgocca)gélétre .%ﬁ%@??&‘%gﬁg‘&vﬁ% oﬁnalﬂ{gplg%gt des{%?&ﬁegag%r this
node (0,2) cladss val uedeposit value O . .
10  As a contrasting example, node (0,1) is a participant in the mlﬂﬁc'glst with class value ‘
1. The corresponding tables for node (0,1) are illustrated below.

For a packet destined for this node (0,1)

_class value - deposit valye
0 - . 1°

1 ' 1

For a packet NOT destined for this node (0,1)

class value : deposit value
0 0

1 1

Example 3. Snooping:

15  Assume the network described above in Example 1, including its use of the class .
value 0 for the unicast messages of the basic network. A node can snoop, and
acquire and store information on the unicast packets passing through its switch by

using the entry 1 for class value 0 in the deposit table.

20  The table is illustrated below. In the example, the node is a participant in the
multicast with class value 1. The table only applies for a packet at a node other than
its_destinaticsh node. In this example, a packet at its destinatign node is deposited as

in the usual unicast routing.
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1 10 5 For a packet NOT destined for this node (0,2) class val uedeposit
value 0 0 1 0 In the above exanple, node (0,2) is not a participant in
the nulticast with class value 1. 10 As a contrasting exanple, node (0, 1)
I s a part iy ppdosdon the nulticast with class value 1. Thecposoessgendi ng

tabl es for node (0,1) are illustrated bel ow For a packet destined for this
node (0, 1) ' —_ . +ned
for this node (0,1) class vEPiAapagkpdNQPT dostingdfay thisnqde) Exanpl e 3.

Snoopi ng: 15 ARS oL Te et wor K descr 1 bed VEvalle EXanpl e I, Tncruding its

use of the class. value O for the unicast ssages of the basic network. A
node can snooiy, and acquire and store infbrmation on the unicast packets
passi ng throuqh its switch by using the eptry 1 for class value 0 in the
deposit table. 20 The table is illustrated below. In the exanple, the node"
is a participanmt I tne nortrcast wiin crass value I. The taple only
applies for a packet at a node other than its. destination node. In this
exanpl e, a padieeéxaatplé uw cfewdhi snaoping)isiiiavestigatignoitheperfosmanae of e usual
uni cast routi ng 13 W00/ Q0980 EETANDR AR EtndiRtn Bn MG Bh phRls dest  ned
entered the network at the source node and when it exited at the destination node.

5  With snooping, there can be information on when the packet passed through a node
on the path of the packet. Since there may be multiple valid paths between a pair of
podes, snooping also can provide information on which particular path was used.
An example of a routing with multiple valid paths between a pair of nodes is
adaptive routing, as implemented for example in provisional application Serial No.

10 60/271,124.

Since each switch can have different entries’in its deposit table, class routing allows
an arbitrary number of nodes to be snooping. If only a small fraction of nodes in the
network are snooping, then the measurements are a statistical sampling.

15
Snooping is an example use of class routing not specifically related to multicasting.
Example 4. Single Phase Multicast ; L
In a single phase multicast, the message is injected once into the network by one of
the nodes. In contrast, in a multiphase multicast, the message is injected several

20 ' times into the network, perhaps by multiple nodes. For example, in the multiphase
multicast on the 3*3 node torus described above in Example 1, the message is '
injected a total of l+3=4 times by 3 different nodes. For example, in the multiphase
multicast on the 5*5*5 node torus described above in Example 1, the message is

_injected a tota] of 1+5+25=31 timés by 25 different nodes.

25
As well known, to provide single phase multicast, a switch must be able to duplicate
an incoming packet onto multiple outgoing links. In essence, the message
duplication performed by a node in multiphase rmulticasting is performed by a

switch in single phase multicasting.
.14



cl ass val ue deposit value An exanple use of such snooping is the

I nvestigation of the performance of the network. Wthout snooping there
may only be information on when the packet entered the network at the
sour ce nogR) @dosshen it exited at the destination node. PCUUsh2/essmopi ng,
there can be informati on on when the packet passed through a node on the
path of the packet. Since there may be multiple valid paths between a pair
of ~nodes, snooping also can provide information on which particular path

W?S.' UZ ed. A”I‘Eé(@dﬁ&hﬂg@ﬁft&ed Bylbiaﬁﬁhuﬁﬁéfoﬁ‘dihglgﬁifhese\muﬁehsﬁ@é isanbefficientn a loai r

of nodes is adaptive routing, as.inplenented for exanple in provisiona

appl i cati on Secodingad de%@“@ﬂ@")&@l&ﬂ‘e atgeins é‘é{’(f?h"%aﬁ’ SE‘%‘P ROLFERLYGE di f f erent

entries'in it [t s : L ONB L ; BidoltRe Y nunber of
SonR b o RO R iR imp R Qe i 6

nodes to be sn fraction of nodes in the network are
snoopi ng, § heencollingrand slecadingscherae effered by classrouting, Sersphamegs camBpaedidpi ng i s
an exanple use .of class routing not specifically related to nulticasting.
Exanpl e 4. Si F@W&ﬁ?ﬁ%%l ticast In a single phase multicast, the nessage
is injected once into the network by one of the nodes. In contrast, in a

mul ti phase nulticast, t I S Jnject . L, 20 t.i [ th
ot wor k. per nEhe Ses ckamme gren b diees 5 s Seedmtist forord T ErETRR it "C
mul ticast on bk @03 189S ALV HEIS RATIERAA ih Figh T Bxchaplt 1t isRSsage

is injected ato 1+3=4 times by 3 different nodes: For exanple, in

the mul ti phastwo phese mudticastohere iftds 55ingls phatsanuliieast Hezathe patean afhBowages
Exanple 1, the IS, il ) L, O 31 times by 25

di fferent nod® ggéégﬂs&“}\k’gﬂs%%%%%%@i%@%ﬁé@éghase mul ticast, a
switch nmust be able to duplicate an incom ng packet onto nultiple outgoing

i nks. | , th i gati ar f d dg_ |
5 phase. muFpuRcket oAt bag Ag oA dgsySliehis RARRS et et In fad”
MUl i cast i ng. sl ¥AsOAOE Ao AETEHhIS0 2 tA6BAI Hicaserbuting 6fRe pickeristh By cl ass

routing for single phase nulticasting is an_efficient '
? 15 p orme?i or if the actions of singlg phase multicast rout?ng are to be performed.
Rach entry in the table is a bit string of the format UDXY. If in a table entry U is 1,
then the usual unicast routing is to be performed, otherwise not. If D is 1, thena

copy of the packet is to be deposited at the local node, otherwise not. If X is 1, then

a copy of the packet is to go out the positive X link, otherwise not. If Y is .l, then a
20 copy of the packet is to go out the positive Y link, otherwise not. The two links in
the negative X and Y direction are irrelevant to the example and are ignored here for

simplicity.

For class value 0, the entry in the table is 1000 on all nodes. Thus packets with class

25 value 0 obey the original unicast message passing. For class value i, the entry in the
table depends on the location of the switch in the network. The ehi:ry at each switch \
mimics the actions of the corresponding node in the multiphase multicast of -

Example 1.

30 At each node, the table is obeyed for all packets entering the node. If a packet has
class value 0, then the UDXY=1000 identifies the packet as a unicast packet and

only then is the destination of the packet examined.

15




encodi ng and decodi ng of which of the outgoing switches do or do not
receive a copy of a particular incom ng packet. After a sinple exanple
describing the 5 encodi ng and decodi ng schene offered by class routing, the
schene i swipiRsed t0 existing schenes. The first exanpleeisszosshed here
I's the sane nulticast described in Exanple 1 from node (0,0) to the 9
nodes of the 3*3 torus illustrated in Figure 1. In Exanple 1 it is a 10 two

phase nul ti caFer clasrvalye 1, switeh (3.0) dpethe epise00h]; This assumey ghatthe gourgemqder  of
nessages acr : | I ; anple 1.
Each packet hgg o ggﬁg |s§1°E§ e%?ﬂ?ﬁ%lcgg%h?gﬁiﬂgfo?fﬁ?i O?Piﬂl?i&agat her 0 or
1. Each switbklowas a table used to determine if the usual unicast routing
of the packet is to be 15.perforned or if the actions of single phase

mul ticast routing are to be perforned. Each entry in the table is a bit
string of th&Tornmat UDXY. TT 1N Rorlgdatiet 8Hod¥ (00 S 1, then the usual
unicast routing is to he perforned otherwise not 1f Dis 1 _ then.a. copy
of the packet class valube deposited at the | JBKYnle ot herwise not. If Xis
1, then a cefiy—ef—thepacket—tstogooutigfeposTtTve XTIk, Otterw se
not. If"Yis I, then a 20" copy of the pac&dg is'to go out the positive Y
link, otherwi ge not. The two links in thefj0i¢gative X and Y direction are
irrel evant tethe—exanpl e —and —aiEaiagiHoie thaie OOttt ymf oG0S S
value 0, the entry in the table is 1000 on all nodes. Thus packets with
class 25- va O t i,gh aal bGANitch&R3S * ' cl ass
value 1, the lgré F‘gm@%%{ﬁeﬁt&%g’ﬁlg%gﬁé%@on ttﬁe Iogt%i (B)g&g%’m%hséﬁ%\[}m tch in

t he network. The) kastthy emtty @HdhThevoncswitcesn§oe), (109, (hd).iand §1,2fhave the

correspondi ng node. | he mul tipha ltic f | . each
node, the tabfBTY 51%3‘@&‘%”’&%"5 @3@2@1@ ag(ﬁ@te%)ﬁﬁ&e Eﬁ%ﬁ%{)@@b ngﬁﬁ%érgc ket
has cl ass valyigcéimpleftancddifg SNy mtsia{atibsifatiréd fos thHelerample keflticast wsingni cast
packet and only then is the destination of the pagket exam ned. k 15 WO
02/ 069550 1PCTlasy b/ loshors, nagkets wifh glagsyalpe Olqbexmmﬁﬂzﬂg}l@?ﬂ%@ssﬁﬁ% entry

0011. This as DS ZE?%‘%W%Q‘?M@ (0,0) with8lad8¥ahieQ3setfoftR SingRPhastced

anot her copy. 0,0) is’llustrated
multicast routing.

The above UDXY values at each node for multicast from node (0,0) using class 1 is
15 jllustrated in Figure 3. At each node, the circle is open if D=0, that is, if no copy of
the packet is to be deposited at the node. At each node, the circle is closed if D=1,
that is, if a copy of the packet is to be deposited at the node. At each node, there is
an arrow in the positive X direction, if X-%l, fhat is, if a copy of the packet is to go
out the positive X link. At each node, there is an arrow in the positive Y direction, if

20 | Y=l, that is, ifa .copy of the packet is to go out the positive Y link.

The second example described here is the same multicast described in Example 1

from node (0,0,0) to the 125 nodes of the 5*5*5 cube with the coners (0,0,0) and

(4,4,4). In Example 1 it is a three phase multicast; here it‘is a single phase multicast.
25  Here the pattern of messages across the network is chosen to be similar to that of

example 1.’

Bach packet header has a field for a class value. This value is either 0 or 1. Each

switch has a table used to determine if the usual unicast routing of the packet is to be
16 ’



bel ow. For a packet at node (0,0) class value' UDXY value 0 1000 1 0011 5

Continuing with class value 1 for the other swtches in the 3*3 torus, the

switch (0,1) has the entry 0111. The four switches (0,2), (1,0), (1,1),

and (1, 2) yhidfosbdig entry 0101. The three swi tches (2, 0) pciasdyosarsd (2, 2)

have the entry 0100. The above is a conplete encoding of the information

required for the exanple multicast using 10 class 1. /In_short, paﬁtl;c%ts wth
S

cl ass val ue Opefmmediosifdhe agtions of singlephasepyliisast roysing &5 tede pedonsd
originating framn . I [ : :

mul ticast rouf¥ gmqgﬁggg&&gégwﬁ@%%\lggﬁia‘%ﬁéﬁgpﬁgﬁqﬁﬁ %reﬂﬂtulgtlipg’g%?n from
node (0, 0) usihemscilamicadt rostingliStad bel pesfomezedoothemvise nptIEDJs 1 Aheemedpyride, t he
circle is open if O, th IS, (If opy. of, the packat. isS eposi ted
at the node. I@&& lﬁgh’éﬁePWéteé?ﬁtﬁ%cﬁng?’8&158"\8?&%&@ lstlh%{el??s,p ff a copy
of the packet offelpacke®isteRBDut 1 paditivelIe1iig dtherviise AGCBintill for tlidtdtseY i s an
arrow in the posifive X direction, if X=1, that i

i'rec . s, if a_copy (F)l{eothe packet
is to go out anhd. Pessthraelinksin the pegajiye Xo¥ god dgarectinareirelevatttathesyy i n t he
positive Y directi L, . Yitler d S i T a copy of the packet is to go
out the positﬂagﬁg}gp?dngelégoé sec%%’gg’lgén !alnl“gf'e_ described here is the sane
mul ticast described in Exanple 1 fromnode (0,0,0) to the 125 nodes of the

5*5*5 cube Wi th the corners 0 - ik S a
three phase miPt ?le‘?fs‘iaﬂ‘e{bgﬂbe el“gyi“g&g ‘@P‘ﬁ&ﬂ@‘ﬂ’é’ﬁ“&g@ nog P% ﬁ’ég%?i&?%%r e the
pat t er n ofjg "eghadREuSE bBSEthe beginaltunteadt messagh passingt Bortriass vatié hthe enttyhat  of

exanmpl e 1. Each packet header has a field for . a.class value. This value is
either 0 or 1inthgdable QQRCP@?n‘“h@ﬁ?%a?%ﬁﬂféh%tfi‘ﬂ%ﬂﬁé‘f’&‘%'g@ei try ﬁéech ual -

uni cast 1 out T gl oG CdcRbd OF thicotRspbfdihg WU/ RO BERPhG TSR 615573

perfornmed or e actions of single phase nulticast routing is to be
performed. Eadxameletl.y in the table is a bit string of the format UDXYZ. |f

'n atable e ntf"ro}/ cllaijssi vsalule’ l,tsaﬁgh (0,0,0) has the entry 00111. This assumes that the source
' 15 node of the multicast does ﬁot ne;:d another copy. The three switches (0,0,1) through
(0,0,3) have the entry 01111, Switch (0,0,4) bas the entry 01110. The fifteen
 switches in the x=0 plane with the corers (0,1,0), (0,1,4), (0,3,0) and (0,3,4) have
the entry 01110. The five switches (0,4,0) through (0,4,4) have the entry 01100. The
75 switches of the cube with the corners (1,0,0), (1,0,4), (3,0,0) and (3,0,4) have the
20  entry 01100. The 25 s.witches in the x=4 plane with the corners (4,0,0), (4,0,4),
(4,4,0) and (4,4,4) have the entry 01000. The above is a complete encoding of the
information required for the éxample multicast using class 1. In short, packets with

class value O obey the original unicast message passing. Packets originating from
node (0,0,0) with class value 1 perform single phase multicast routing.

25 | | ) | |

. In the above example of class routing for single phas_e multicasting, the UDXYZ bit
string determines onto which output ports a packet is to be duplicated. A similar bit
string is used in some existing impiementations of single phase multicasting. An
example is described in_R.Sivaram, R Kesavan, D.K Panda, C.B.Stunkel,

30  “Architectural Support for Efficient Multicasting in Irregular Networks”, IEEE
Trans. On Par. And Dist. Systems, Vol.12, No.5, May 2001_, Another example is
described in patent _US5333279: Self-timed mesh routing chip with data
broadeasting, D.Dunning_. In these existing implementations, & bit string similar to

17



t he usual unicast routing is to be perfornmed, otherwise not. If Dis 1, then
a copy of the packet is to be deposited at the |ocal node, otherw se not:
If Xis 1, then a copy 5 of the packet is to go out the positive X link,

ot her wi se ywi9baoeatdgi | @ar for the bits Y and Z. The three Ipothsorosste
negative X Y2 Z direction are irrel evant to the exarrple and are

I gnored here for Si I.CJ S | ue, O, e .entr e table is
10000 on al | %%i%&és‘%mﬁﬂ %pagggtt\;gcreﬁehgo%% “E aB?Yegl nal

uni cast nmessag ?asp éﬂnplgl%ntﬁﬁﬁ&eﬁbﬁé@h&deﬁxﬁ&e@%ﬁﬁmsltﬁbélEb%vhl%b' e depends
on the location o swmtch in'the network. The entry at each switch

mnics the actwlnﬁslsélﬁe‘iﬁ@a@tﬁ“ﬂ@h%h’ﬂkﬁa%@bhl%W@%Pﬁ%hase nul ti cast of
Exanple 1. For class value 1, switch (0,0,0) has the entry 00111. This .
assunmes that the source 15 node of the nulticast does not need another
copy. The 6hr cfheshovediass r¢ing ithpletentatiorhof sirglepiBise multisasting iviftsoye01111.

Switch (0,0, 4) ha the e 1110...The fifteen ' | e O pl ane
with the corndfays eﬁsge tﬂﬂ% €55 pXIStng 1Hp ﬁgo%%w"%&ﬁ‘gﬁfg&@glﬁe(ntry
01110. The f"é@m%WaB@Hﬂ?eétﬁc&nlo)Fdrbi@A{ﬂéhdﬂe a&betli@d& b ifieldefoi 4 Y1a§1100. The
75 switches of the Cube with the corner

4 0 d
(3,0,4) have twablezs)msﬁh Mﬂ@gaﬁ#@%g’éﬁhﬂp&ﬁ@#ﬂh i@%‘gﬁ#’%’ﬁe) watn h the
corners (4,0, gﬂ% ﬁ’m‘é véhfefgo%1%9&’%%1%6}@&’&14&&-&95&1&:@%@00 The

above is a conprete encod rmation required for the exanple
nul ticast 1@si dgadﬁrabsontrast,rthcsﬁhwc UD3664 bit string Muldcﬂeaw a/fyeskit Geldthet he

ori gi nal unicast (0,0,0)
with class vaﬁi?@dqqe%éfgg?ro ?ﬁgﬁeldglﬁfase ?%lggs[s.\?zﬁrlgg%uﬁgmﬁgﬁlgﬁ t he above
exanpl e of cl afifferestisinitebes ave aiffegdnevﬂmafa UDXYZ: The sma]er ekl infhéhieadert
string determ_nes onto, which output port ack Ilcated A
simlar bit df mOFFgef&igleE%“é’EFel ‘n"°§‘5‘ﬁ’éﬁg fﬂ‘ﬁggyw(jg?ﬂéﬁ‘?étgl 2%€1 Ssingle
phase mul ticasfe gv&kkléf‘vmgm%)&aﬁdwﬁmdﬁﬁ fHeiapfiitation Batl THE SmalleRGKdsi6aN,

D. K. Panda, .C. B. Stu 0 "Architectural Support for Efficjent

Mul ti cast i¥ig iailows ferp smallenkatenay,isince typiceily atm sritch, 10a entife hepdegmuptche,

Systens, Vol Aﬂﬁ Eg}g%@ ribed in patent
US5333279: Selrpéet’Y[\e%e dcy&%‘#goggefrﬁ ?%%vﬁﬁ a g’r o%?cgstl ng, D.Dunning
I n these exiEtdnngle SnfinglecPliané LhdﬁcastafrbmtAthbd@mﬂxnrNemonl@ 17

The single phase multicast using class fouting described in Example 4 allows a

single node to be the source of the message. In the example on the 2-dimensional
20 ' 3*3 torus, the source is the node (0,0). In the example on the 3-dimensional SH5*S
torus, the source is the node (0,0,0). We’ll name this a heterogeneous single phase
" multicast, since-ﬁhe class routing table has different values at different nodes. The
table only is-used for one of the input links. '

25 Class routing also can be used to implement a single phase multicast where the
 source canbe any node in the network. We’ll name this a homogenous single phase
multicast, since on a homogeneous network such as a torus the class routing tables
have the same value on every node. On a single node, the class routing tables have
different values on the different incoming links. .
30 The first example described here is the same multicast described in Example 4 from
node (0,0) to the 9 nodes of the 3*3 torus illustrated in Figure 1. In Example 4itisa

heterogeneous single phase multicast; here it is a homogenous single phase
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WD 02/ 069550 PCT/ US02/ 05573 t he above UDXYZ for each switch is in the
packet header. In contrast, in the above «class routing inplenentation; the
packet header nerely contains the class value which is used at each switch
to | ook u§¥+§2&9#5§b| e the UDXYZ entry. 5 The above cl ass pcq¥idos)fsss

I mpl enent 1081 si ngl e- phase nulticasting. is in some ways |ess general
than these existing inplenentations, but the class routing is in, some ways
more ef fici enmulticest. Heraths pattermofimessagssacsqss thenebrork ds ehasenytorbgsimilasita s .

val ue i s much nafield for a bit string for each switch. In the
above exanpl teh,%%éé‘ﬁ‘f‘:?gﬁ value is 0 or 1 and thus can be stored in a
one-bit field in the 10 header. In contrast, the above UDXYZ bit string
woul d require a,five-bit field in the,.header. reo | gl ds for
UDXYZ val ues WbPHSIEOEERRYS F’@gl,e PE‘P%?@&“‘“%&?F@WS{%M ﬁ%&'ﬁﬁg@é%ﬂ%r ent
val ues f or 5 UD¥¥%ny bhhesAdinifg lifiksalses thesdinttable &sldsterniific i meticzik td bé ent si nce

It consunes | ess of the physical bandw dth of the toyus etwork, | .eaving

mor e” bandwi dt Rerfesmed fs tag pyitch.onithepagkethasedion tasglpssaplue; dsdempuirated in | ous
for a small erg%%ﬁrgﬁgy rgfefﬁ&gfr%r& écﬁ@Hu%ﬁc%t, Affeitht fddes bdR difirbAtSaliRAGE! MTUST

be received cke rors, before the packet can be forwarded.
Exanpl e 5. Si thgitabl@hBy eomitsst, i the thompgenowssinglo plase multicastefithio examples si ngl e

phase mul ticast ,using cl.ass routin SGll i a single
ode 0 be ¢ nEngduBang R fn g Bl R a8 dheR: fehoBtisiihe D O 0
20 ' 3*3 f0r uperfrfied 98 uhdiiconting perketoAe démiorsirated belbivgfor ipertminegemeout e

3-di nensi onal 5*5*5 t qrus (té‘pe souf ce isab*he.n d?@io,o,O). W'l nane this
a het.er ogeneoimiltisastyidiersnt nodes haye the sage valyes, iny ®t ass routing table has
different values at different nodes. The table only is -used for one of

the input links. 25 Cass routing also can be used to jnplenent a single
phase nul ti cafiachwaske hender hapu field ferarlass valng Thitealye s eiteer QarloEach we' ||

nane this a h ' Bﬁﬁ ' s hefdageneous

net wor k such %&%ﬁ%s@%gﬁgvgss rgutﬁilén%getﬁg(ﬁ eets a@‘e t galsarre val ue on
every nodds OpowtingiofitHegacicatiés totble pexforared or ifulhe avtjonsdf singléiphase myltichagir ent
values on the different incom i nks.. 30 e, firnst .ex | g descri bed here
is the sane nﬁ?"(t’ingé%tf’q’ﬂﬁgfc’%%ﬁgf‘@%%%ﬁta}?ﬂs&hﬁsh%%%?g’fm%o the 9
nodes of the IPKYOuba tablemtryal B, then Hiegisi uhicasdtRodtitiptocbepetformed, a

het er ogeneous si ngl e phase nulticast; re it is a ho noys,si | e phase
J . otherv?ise ncg:._ If D is 1, then a copy oth tﬁe packet is to be cPepggl at er locaf| g P

node, otherwise not. If X is 1 and the X-destination of the packet is not the X-

20 location of the node, then a copy of the packet is to go out the positive X link,
otherwise not. If Y is 1 and the Y-destination of the packet is not the Y-location of
the node, then a copy of the packet is to go out the positive Y link, otherwise not.
For each node, the two outgoing links in the negative X and Y directions are

 jrrelevant to the example and are ignored here for simplicity. For each node, the two

25  incoming links in the negative X and Y directions are irrelevant to the example and

'a.re_ ignored here for simplicity.

As-described above, the X-destination and the Y-destination of the packet are |
determined n order to determine the actions performed on the packet. Thus for node

30  (0,0) to broadcast to all other 8 nodes of the 3*3 torus, the packet must have the
destination (3,3). :
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18 WD 02/ 069550 PCT/ US02/ 05573 nulticast. Here the pattern of nessages
across the network.is chosen to be simlar to that of exanple 4. In the
het er ogeneous si ngl e phase nulticast of exanple 4, a packet arriving at a
node 5 via an [ the incom ng |inks uses the sane tabl ne the
actions tovB& @r” %rmed by the switch on the packet basegy%'ﬂuﬁﬁfgg{zlsnass

val ue. As denonstrated in exanple 4, for the heterogeneous ujticast,

di fferent nodéngémdfmhdﬁread&astmﬂilmh,th@@ésﬁﬂabmbdg@? 1¥48%, in the

honogenous singl.e |« g link on

each switch h&g"ﬂé{"s{)ﬂaaﬁééﬂﬂg S‘ﬁgggea?lﬁlpégﬁ% e ac Ifg}r]xgﬁxt%%o ee%ﬁlgerforrred on

an incoring papsdbast. %rdﬁimétfbmcﬁd(ne)w\broaﬂmsttdﬂl dtherdymedesofthe 343 t i cast,

di fferent nodes have the sa ti; S i tz iabl es. Each packet header has
s toe feptinghiondfig

a field for a tems,dhe pagketanusy er 0 or 1. Each incomng link
on each swigtch has a table used to determne if the usual unicast 15
routing of 'the packet is to be performed or if the act hﬁns of |ngI e phase

mul ticast r odRor clgss walued), the qnényfin thedeble 510P0 e all {ables opgll nodest Thyss ™5 pj ¢
string of the f £ teies vkl

uni cast routi rif Olfeggawghggs ‘{aaH orrrea%é 5 edrlg\n&tszge&ﬁ}c%sdageéa“&g%rl, then a copy
of the packet i &etdmrymtlﬁnﬂﬂ& ﬂqundﬁon\hhchnmamugdnﬁéhepﬁckﬁrwgﬁé onolhe [f X is

hona <ony Severice ieieed bASERER S R T B PR RRR, 1 e 00

not. 1f Y {gs '&ﬁﬂﬂnéﬁb%%‘eﬂ&%&kﬂiﬂﬁda@t%ﬁcs&ﬁ@hﬁﬁﬁigehedusmubﬁcahhﬁ'mam;ﬂeét|on of

t he node, then copy of the packet is to go out the positive Y link

ot herwi se nhot. For each node, the two outgoing links in the negative X and
Y directions are irrelevant to the exanple and are ignored here for
sinplicity. For _each node, the two 25 inconing lipks in Ihe negative X and
Y directions are l”eFdi'bkdtmobm@omﬂrplmkﬁ'nmmmqgatlmndmmnere for
sinplicity. As_-de bed ab he an s = att on of
t he packet areclass@eleni ned in order to det xalie o act i ons perfor med. on

t he packet. Tﬂbla f-or—Tode—30~(0,0) 10 broagggst (o0 all other 8 nodes of the

3*3 torus, the packet nust have the destlgialtll on (3,3). 19
1 _

For a packet incoming on the link from the negative y direction

class value UDXY value
.0 1000
1 . 0011
15
The above is a complete encoding of the information required for the example
| multicast using class 1. In short, packets with class value 0 obey the original unicast
message passing. Packets with class value 1 perform a hombgeneous single phase-
multicast routing.
20 - '

Given the above 2-dimensional torus example, the technique is easily extended to
other networks. Class 1 in the above example can be considered to provide

" multicasting in the positive X and positive Y quadrant of a mesh. Three additional
similar classes 2, 3 and 4 could provide multicasting in the other three quadrants:

20



WO 02/ 069550 PCT/ US02/ 05573 In general for a broadcast in this exanple, the
destination of the packet,is the furthest node in the positive X and
positive Y direction fromthe source of the broadcast. For exanple, for

node (1, 0) dcast to all other 8 nodes of the 3*3 dqhud acket
nmust have ‘Yﬁi@”@“@i Ination (0,2). 5 For class value 0, the entrilmgi’szﬁt IEle

table is 1000 on .aII tables on all nodes. Thus packets with class value O
obey the ori gnegdtive adpositive Yagesifiesss andjnegative ¥) aseellasnggative X ande entry in

the tabl e depends. o i ch incon n i | c?i&ﬂ‘ﬁ t abl

:it(r)e il :Jtst r at iﬂg%@fegw)ﬁ}ﬁ °hr#%%faglpaeaggﬁa&ﬁgmgﬁltﬁkiéfgrﬁgmg@c t hat flhees
resul ting ReeRBRRAREMICHN aipaciesto dl sthamotésdn Hetmeshgdsing the samé t i

Exanpl e 4. For a palc?ektgt N ncotr%hn(t:; oon t&l link fr t g ﬂgga ist,/m tlg?ftecﬂon

class val ue 0 broadepeitechniqre orgbe torps e EBP {‘ﬁ“’?)%lscfggltas F\wcsbqﬁ?%raasgﬁecﬁwgu?i nk

fromthe nggatd&%/c?ibiéd ﬁﬂorvggli insQGric%lﬁ?fst vitbd tfie M¥NcodrwieenQhd Souide@0de AL 1 The

above is a“conplete enco of the information required for the [
nul ticast usi ribe ddstimation noqlw%sh%iwd,- Tb&éw@piaumfﬁasthlgégcweed@m)b@%ax ©

original unicast P%g%i%%ea&@??ﬁ&g.@ﬁag%ﬁmemt h class value 1 performa

honbgeneous si a6 I cast routrng. 20 G ven the above
2-di mensional torus exanple, the technique is easily extended to other

networks. G aS'I$he]ébci)3e tgcgm%iq%%?g gasﬁgr( %%lra%zg@% abneles A §g,9se&eﬁ dinenBioRY | Bifa
10 D dimensional meéh or torus, 2D classes allow any node in the mesh or torus to use
24D multicasts to effectively broadcast a packet to all other nodes in the mesh or
torus. On the torus, the alternative single broadcast to all the nodes will require
twice as long to éomplete as the 2°D multicasts on the torus since the distance
between the source node and the furthest.destination is double for the single
15  broadcast.

Enhancements and Alternatives to Class Tables . : |
Instead of or in addition to using tables on the switch, the class value and perhaps
other characteristics of the packet can be input to an algorithm. If table entries are

20  the same for all class values, then it might be better to use a algorithm If a switch
needs to decide between conflicting actions demanded by tables, as which can be
programmed with the relative priorities of different tables.

Using Class-based Multicasﬂng to Create other Classes
25 InExample 5, class value O is used for the usual unicast, while class value 1 can be

used to broadcast to all nodes in the torus. Having established a broadcast
mechanism, it can be used to broadcast any data. For example, this data could be the
class table entries for other classes. For example; Example 5 identified a need for
| the additional classes 2,3 and 4. Once multicasting on class 1 is estab].ished' by
30 whatever means, class 1 can Be used to create classes 2,3 and 4. In general, once
comﬁmnication on a particular class value or values is established, that

communication can be used to establish communication on other class values.
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multicasting in the positive X and positive Y quadrant of a nmesh. Three
additional simlar classes 2, 3 and 4 could provide nulticasting in the

ot her three quadrants 20 WO 02/ 069550 PCT/ US02/ 05573 negative X and
positive ;v P Jyve X and negative Y; as well as negati perfsagsssegative
Y. These four classes allow any node in the mesh to use four nulticasts to
effectively broadcast a packet to all ot her nodes |n the mesh. Using the
sanme br oadcaExammitihi i pss Funictienas fast. as the single
cl ass techni qtmei)rdaﬂdmnehtmhaimsesthbtclassﬁmmonmnastofmsbmputenmtwmc tidet ance

bet ween t he squrce node',an dest n nod d .This
techni que is %Gﬁ?lnﬂﬁ gql%%‘oaﬁ;ﬁﬁ h’ﬁ%ﬁ‘d?&ﬁ}?p ctign ga the o qe
in the mddl et&ﬁs@o:gﬁﬂé}neﬂlﬁkﬁ &gibmbabﬁgsﬂpe&ombéae:ﬁeaﬁhﬁllzed to a

mesh or torus of D dinensions mensi onal nesh or torus, 21**D
cl asses al Powcaldplatiense in the nesh or torus to use 2°D nulticasts to

ef fectively broadcast a packet to all other nodes in the nmesh or torus. On
the torus, the alternative single broadcast to all the nodes will require
twice as |ong Glass&mcﬁbmiséhmmm@mjhmmm&rsmdﬁcmb@edgnslansze t he

di stance betwe he .sou ode and t urt he estin ubl e
for the singl &e %@%Fd’&ﬁ% éﬁen’@?ﬁfﬁ ?‘F@ﬁtg %‘ﬁdﬁgf’ tﬁgf%eé oétiéls‘PTabl es
I nzt eadhof or is ﬂlfﬁdeiﬁtfd»mm foutifig m;?hhéﬁﬁa@mgklphaﬁwfbgthrbdshﬁnﬁltﬂ&@ val ue
and perhaps other characterjst]cs, of . t cket can be jin ut to an

al gorit hmlO f @e&ﬁ%ﬁépéﬁﬁlﬂga\%‘cﬁﬁéﬁs%@@%‘%ﬂé‘?@ i( {NhSP b?l‘%?é?at hen it
m ght be bett ghyt Ris48€ pfiné, dedﬁ’{)bxtdlﬂéﬂhigh%t&ﬂehﬁghﬁﬁ%&%fm teRGEiIofmeliRt Heen

conflicting actions de abl es, as which can b programed w'th
the relative phxsoasc;op@mabperﬂanman@ﬁihwlaswuhgg@Idgmelmstwel\/mt|castu ng

usual uni cast RtTRARE el H ATe okl Bty MBt Fosb@ M BRIbRLS. 10,

in the torus. Having established a broadcast nechanism it can be used to
broadcast 1gny That presenb inventiord ntiked [dessedmbtrix- moedsidnbalgorithmscom sidsttiured

entries for other clas For exanpl g; dentifie ne d for
the additi onalm‘ﬂ%é@?f@ spgregmputers,with m&aﬁ%ﬁmm’%%ﬁm
est abl i shed by, as%r} Mf%vu%mev@@w explbifing tHe ﬁemmbpmu%%mﬁ:&he@beu&hﬁsﬁes 2,3

and 4. In general,- once
dense matrix inversion can be served by hardware class functions. This results in

faster execution times. o
20  The algorithms as discussed herein are well known in the art, and are discussed, for
' example, in NUMERICAL RECIPES IN FORTRAN, THE ART OF SCIENTIFIC
COMPUTING, Second Edition, by William H. Press, et al., particularly at page 27
et. seq.

25 Figured4 illustrates a 4 x 4 grid of processors wherein each processor is labeled by its
row, column numerals. For example the processor in row 2 column 3 is p (2,3). The
column i and ron i are also shown (shaded areas) as well as the directions that the
column/row has to be sent via the class function.

- 30 'One can invert a dense linear matrix ushg standard algorithms such as Gauss-Jordan ‘
elimination as well as other methods. In general the I/O required is of a special one-
to-many variety that is well suited to the communication functionality of a parallel
supercomputer with hardware class function capability. One can utilize the class

functionality to multicast data to an entire row or surface of the machine.
22



communi cation on a particular class value or values is established, that
comuni cation can be used to establish communication on other class val ues.
21 WO 02/ 069550 PCT/ US02/ 05573 Exanple 7. Dense Matrix Cal cul ati on M ng

Cl ass Fungt.i present invention also uses the class 1 n a

t orus conw@(%%%ﬁmrk to do dense matrix cal cul ations. PE;LH%%/%'I?M

har dwar e .i npl enment ed cl ass function on the torus conputer network it is
possihbl e t-o do high performance . dense matrix 5 cal cul ations. O ass function
is the nane j ' ] £ 05 ' I . hetwork
routing. O‘tﬁc,gg?%f;hlém ?'ggaéggg) #hgdtegcrngméfﬁ% e‘;seﬂ'g?\lp?%gqg%ir}rleeﬁlrb gf\%ﬁ' So often
it is sufficient for class routing to inplenment a single phase of

pat h-based nu) ti ro? 10, nessage passing, which is described in Exanple 1.
When the nult qus '5[0’46’?“&8” Mrow, it is to a plane, cube or other higher
di mensi on ssubpigd kepdel bihe GatssSTopdan @sonithrh Wvithbit pivoting &s gi0ed bélbw, PRidlgr mance
demands that class routing |n‘cpl>l enent a, nore _sophisticated nulticast, such
as the singl ebismaddentity matax gnd aisthe makrix whoseinverse és being compiiteds; esent

i nventi on makes dense matri x inversion algorithns on distributed mnenory
paral | el superconputers with hardware class function capability perform
faster. This is aohrBN¥ed by exploiting the fact that the *conmunication
patterns of densg ma.:l\iix i nversi on can be served by hardware cl ass
functions. This r&WTS in faster execution times. 20 The algorithns as

di scuissedlmerei n adekxENt (Kevdeual o H)he art, .and are di scussed, for

exanpl e, in NUMERI 2ILPES | N FORTRAN,,. THE ART OF SCI ENTI FI C COVPUTI NG,
Second Editi on, bwo(ﬁ)ﬁ d)‘l—[.aﬂﬁi’gléé(g}s]-étb(ld)., particularly at page 27 .et
seq. 25. Figure 4 jd.hus LR i il of processors wherein each
processor is Iabela{e(!éj)byé(}&’?ts Eﬁrﬂg?\/?ag’cl) J(F:rglgi’lgurrer al s. For exanple the
processor in row 2egddourm 3 is p (2,3). The colum i and rowi are also
shown (shaded aregﬁadoas well as the directions that the columm/row has to
be sent via the class function. 30 One can invert a dense linear matrix

usi ng starglard alegddo t hms such as Gauss-Jordan elimination as well as

ot her nethods. In general the I/Orequired is of a special one- '

Equation 1

Distributed memory parallel supercomputer:

20  Such a computer coﬂsists of many nodes. Each node has one or more processors
that operate on local memory. The nodes are typically connected as a d-dimensional
grid and they communicate via the grid links. If the grid is 2-dimensional with PxP
processors then an NxIN matrix can be partitioned so that LxL pieces of it reside on
each node

25 (L=N/P). If the machine is not connected as a 2-dimensional grid the problem can

" always be mapped onto it by appropriately “folding” the matrix onto the grid.
Without loss of generality and in order to make the presentation of this invention

simple the processor grid will be assumed to be 2-dimensional. .

30  Hardware class functions: .
Class functions are a hardware implementation of multicast. Suppose that processor
p(1,1) (here the numerals indicate the position of the processor on the grid, also see
Figure 4) wants to send the same packet of data to processors p(1,2), p(1,3) and

23



to-many variety that is well suited to the communi cation functionality of a
paral l el superconputer with hardware class function capability. One can
utilize the class functionality to nulticast data to an entire row or
surface oﬁ, dé h| ne. 22 WD 02/069550 PCT/ US02/ 05573 Squgnfiha/bddss terms
used in tR® escrl ption of this invention are expl ai ned beI ow. The Gauss
Jordan algorithm 5 The kernel of the Gauss-Jordan al gorithm w thout

pivating is gp(i4h Tepieally thiaisdoge by firg spadingthe datate prpcesser p(x,2knEnee the t he
mat ri x whose 1, N
(k not equal ‘t‘gyﬁﬁg‘(‘@@f}j %(f &”Ff&lﬁﬂwg%ﬁﬁﬂd%mqﬁfdmé%%J e‘ﬁ;{(p}

D1 Si 1 bit e Ty pa 161 Stiper GorpUl of* 20 Sch = comput e consiis o
many. nodes.  DLer (008 A o UYL BE ekt EIno e i Shea TeHFod oc
nmenory. The q@@?&e%ﬁ%&%ﬁﬂs&&%@b@&e@&f&téﬁ&'m13165}4(1 2§J€vh£i and they
comuni cate via the grid links. If the'grid is di mensi onal’ Wi th PxP

processors tmmu&memslvstatedumto(ﬂmp(bé)mmpmandnémeé@tqlhaqnt&n(lﬁ)&e@s of it
reside on @Joa{ﬂ‘tfeg?ag réducad. The hhid® PPGRMRA cﬁf@ﬂ]yseﬁ&g@ﬁm ed as a

2-di nensi onal gr| the can always be mappe
appropri at el ypabkeilodhdatgto pligt) mebile ithat pmkﬁtlsldep(ynedjmto the ntemary bHthe of

generality an.d der t o the nt at hi s ntion sinple
the processor™ OHEE% &‘t?@ﬁ%ﬁ%&ﬁ ﬁbsq—ﬁ'P e cl ass

functionstg . CI ass funct ions are a har dware I mpl ement at ion of multi cast.
Suppose t hat rocessor p(l,1) (here the nunerals indicate the position of
t he processor aREoRr i d, al so see

This invention exploits the fact that the communication patterns of dense matrix
inversion (for example using the Gauss-Jordan method) can utilize class functions.
15 This can be seen from equation 1 that describes the Gauss-Jordan algorithm:

The a(i,i) are communicated via some other method, for example a global broadcast.
Then the right hand side of the equations for b(k,j) and a(k,j) involve elements that
have only one index different from (k,j) but not both ( a(k,i), a(i,j) and b(i,j)). Class
20 function communication can be used to send such elements act'oss the relevant
processors. ' _
For example, in order to calculate b(k,j) for a givenrow k (1 <j <N) otle needs
a(k,i) to be known for all processors that contain the row k. Therefore, one must
send a(k,i) along the row of processors that contain the matrix row k. This can be
25  done using the class functionality. As already discussed this results in large

- reductions in total communication time.

This completes the description of the idea fot: this invention. The idea was described
for the Gauss-Jordan algorithm but it is not specific to it. For example this idea

30 applies to the “Gauss-Jordan with Pivoting”, “Gaussian Elimination with Back
Substitution” and “LU Decomposition” algorithms.. '

An implementation of this idea (using the Gauss-Jordan algoﬁthm) with all the
details is presented below as an example. In order to make the example easy to
24



Figure 4) wants to send the same packet of data to processors p(l,2),
p(1,3) and 23 WO 02/ 069550 PCT/ US02/ 05573 p(1,4). Typically this is done by
first sending the data to processor p(1,2). Once the data arrives into
p(1l,2) so utines read it and store it in menory. ),

r eads them&?is m nmenory and sends it to p(1,3) etc. e proglgfsqgnvvith
this is that .it takes a long tine to fully receive the packet of data into
menory and thwmemﬂﬁtmlmmrcbom&bmqomm that the packet

of data that g l e p(1,2)
nmenory and.im '"lhﬁﬁ?afly senat? %ulan(%u@w &?ﬁﬁﬂ@l&g@f&ﬁf@cﬁég?\éﬂt ly
reduced. The hiao Beerworkedmiti lbependmg bih thel&zesnﬁ’nhh ptgcasor[gadlaﬂd thefsizbantf shet o
p(1,4) while that packet . is, de i of t he .internediate
processors t h#¥ ﬁ?ﬁ%&‘* W”Sif émeﬁ%{egeff?fm?{‘%n 10 -
The inventg ong Mg%epmw@mm&%wmﬂewb@om | cation
patterns of dense matrix inversion (for exanple usSing the Gauss-Jordan

met hod) can utilize class functions. 15 This can be seen fromequation 1

t hat descri be eg;;nl?g wpr.dan algorithm The.a(i,i) are comunicated via

sone ot her or exarrpl e a gl obal broadcast. Then the right hand
side of the equatl ons for b(k,j) and a(kj) involve elements that have only

one index dif f LH(ied)) .

Cl ass 20 funcﬁﬁ%ﬁg Mé@%ﬁwgg"ﬁ%{o %@t@ #Sggeiﬂ%g'such ﬂ?’s gt{lg(ogcr 0SS
the rel evamt ﬁlz@mblsﬁﬁﬁ:mlyiépfeaenm’qﬂmdmfmmdes Thereforeitsth@otdé kasjign for a
given row k (1 < one negeds b own for all roc ors
that contain Lﬁlepi N};th ﬂ?@?’b’l"dfsén“é dﬁgﬁ’) gé‘ﬁ’g‘ wareclass ﬁéﬂceﬁlslscq? w- of
processors th t&tﬁc}da? (el bolubiisKFor HVishalRbluRfor s ARt plRsket Ne

cl ass functiona |ty As already discussed this results in ["arge " reductions
in total comrefertaiFigime i abave. Thi s '‘conpl etes the description of the idea for
this invention. The idea was described for the Gauss-Jordan al gorithm but

it is not specific to it. For exarrple this idea 30 applies to the
) GaUSS-JOIﬂanFmiédahl?iWNng , "Gaussian Elinmnation with Back

Substitution® lfﬂsmg cgss%nctx%%gssé&d' t8 rEﬂe lgh%n& ngﬁr{ﬁe column iofa’s (a(k,i), 1<k<
' N)

2) Scale the elements a, b of row i by a(i,i)
20 | | |
‘ 3) Using class functions send up and down the new i'ow iofa’s and b’s (a(ij) and
b(ij), 1 <j<N) "

4) Now all processors have the necessary elements to do the standard Gauss-Jordan
25  step for column i. At the end of this column i is the same as column i of the identity
matrix. '

Repeat

30 Endof examples:

While several embodiments and variations of the present invention for class
networking routing are described in detail herein, it should be apparent that the

25



An inplenentation of this idea (using the Gauss-Jordan algorithm) with all
the details is presented bel ow as an exanple. In order to nake the exanple
easy to 24 WD 02/ 069550 PCT/ US02/ 05573 understand t he sinpl est

i npl enentati on was chosen. Mre conplex inplenentations t in
communi caBR9 1% ol vi ng 1 arger data packets have al so gg:gﬁfs%%gd out .
Dependi ng on the size of the processor grid and the size of the matrix

| ar ger packetdisilasuse amd/teivhimge of thapresentiinveatiomwill suggeshmany plieraativeper f or mance
5 by mnimzipg, | atepcy. ver, this does not affect the premise of this
i dea. An exa @nﬁ}‘bﬁ‘f’gﬁﬂ‘rﬁféﬁeﬂg‘e%ss-\]or dan algorithmis used to find the
matrix inverse of a dense matrix of 10 size NxN uniformy spread out on a
grid of PxP nodes. Therefore each node has an LxL piece of the matrix in
its nenory (L--NP). A hardware class function is used to nulticast data -
across rows and colums. For a visual picture of this algorithmplease
refer to Figure 1 above. 15 For each | <i < N 1) Using class functions
send to the left and right the colum i of a's ( a(k,i),1< k < N 2) Scale
the elenents a, b of rowi by a(i,i) 20 3) Using class functions send up
and down the newrowi of a's and b's ( a(ij) and Db(i, j), 1 <j <N 4)
Now al | processors have the necessary elenents to do the standard
Gauss-Jordan 25 step for colum i. At the end of this colum i is the sane
as colum i of the identity matrix. Repeat 30 End of exanples: Wile
several enbodi nents and variations of the present invention for class
networking routing are described in detail herein, it should be apparent
that the 25 WD 02/ 069550 PCT/ US02/ 05573
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di scl osure and teachings of the present invention will suggest many
alternative designs to those skilled in the art. 26 WO 02/ 069550

PCT/ US02/ 05573 CLAI M Havi ng thus described our invention, what we claimas
now and desi pfoch&gsecure by ‘lLetters Patent is: 1 1 1 AcRisaneksy class
network routing'in a network to allow a conpute 2 processor in a network of
conpute processors | ocated at nodes of the network to 3 nulticast a
message to a plurality of other computdA¥M8essors in the network 4
conprising: 5 dividing a nessage into one or nore nessage packets which
pass 6 through the network; 7 adding a class value to a nessage packet; 8
at each swi t cHavingttine desdribed kyr imesntion, twhat we ke aahewe andsdesite toegewretby at 9

| east one t ablLettesbPatentsis:or ed val ues, or as an input to an al gorithm whose
generated 1 10 val ues, determ ne actions perfornmed by the switch on the
message packef, 1 A mdihed oB1AE det@oriClonting ih a iehforkids altbvps omhpliteg a cl ass

val ue determning a 2 swtch action of path-based nultidrop nessage passing
for mul ti phasprogesser wﬂgkgfsqmmltmg%ﬁg@sm&ea@w%@fgthe $¥oRetONor k, to
determne 4f [ ; e packet at
t he | ocal jnod%“%%&#ﬁ%@?%#ﬁ%??ﬁ%ﬁcg,ﬁlpiatn I%%ESﬁ%ﬁ‘\?;é%?ng a cl ass
val ue to i4mpl corptisingil t i dr op nessage passing; 3 providing each switch with

bl d ' i f.a. ' ited
2t the ookl node. 1. S pRsabelto dhe SFRMELRRRRNCE kO st °00C) £ 20

val ue det eg i tiroggtathe nétwioklh act.i on of mul tidestination nessage passing of

a nessage packet to nultiple 3 destination nodes in the network. I | . 5.
The net hod’ of claim1, Mfgp@ﬂasgv %ﬁ%ﬁ?@fgﬁ% an incom ng packet onto
- 8 at each switch in the network, using the class value as an index to at

9 least one table whose stored values, or as an input to an algoﬁthm whose generated

10  values, determine actions performed by the switch on the message pé,cket.

2. | The method of claim 1, including providiﬁg a class value determining a

1
2 switch action of path-based multidrop message passing for multiphase multicasting
3 ofamessage packef through the network, to determine if a local node should deposit

4  acopy of the message packet at the local node.

1 3. The method of claim 2, including:

2 providing a class valﬁe to implement multidrop message passing;

3 providing each switch with a table to determine if a copy of the |

4 message packet is to be deposited at the local node.

4, The méthod of claim 1, including providing a class yaiue determining a
switch action of multidestination message passing of a message packet to multiple
3  destination nodes in the network.

1.5 The method 61" ‘claim 1, wherein a switch duplicates an incoming packet onto

2  multiple outgoing links.

27



2 multiple outgoing links. 27 WO 02/069550 PCT/US02/05573 1 6.- The net hod
of claim5, including providing a class routing table with 2 different
values on different incomng links. 1 7. The nmethod of claim4, wherein the
nmessage packet is nulticast to an entire 2 row or surfa et wor k.
1 8. The MPLA¥Y®Y claim 1, including: 2 performng densgﬁnﬁsrols@%ﬂ%versi on
al gorithns on a network of 3 distributed nmenory .parallel conputers with
har dwar e class. f unqhe arethod dficlais 5, idcloding prdvidigg a vlassTeuting thlle wathdwar e cl ass
function ngltic st .capabi |l i s'{.rrul .Zanil.(f)lg#sly 5 stores into nenory a
message patkedHfeient VAIES O PHRBRENYy sends the 6 message packet to
one or nore other nodes while that nessage packet is being 7- stored into

menory, such that the communj cation patterns of the den trix 8.
i nvergi on &l gdri t hidespeth \‘F@Hnﬂyw}l‘ %WF@W&@?WMJ‘HW Pcast

capability, 9 p‘El RicdBe 28 tHeivopt.cat i on delays. 1 9. The nmethod of claiml,
wher ei n th% né ‘\%gr cd(?errprltﬂges a network of 2 distributed-nenory parall el

conputers; 3 providing each node of the conmputer network with one or nore
4 ' processorg that,operat .| ocal npry; 5 coordinating the actions of
mul tiple ‘nide “of t %%ﬁ%ﬁfﬁ@ﬂ“ﬁ&‘&%ﬁ“ﬁ%g' 6 class routing to pass nmessages
bet ween thg nul tipl e nogedformingdehfe mithix inwdriiomlalgbrithinaiomadetwank bfidi ng: 2 -

pairing each node with a swit of the n rkk: 3. cannecting. the swtches
to forma 8hr SiStARHeHDLEHAL P U@W%Wﬁ{‘n%dgmlgsﬁm OR CAR*ed to six

other switghegg ébli!ﬁ?! whi8inahShae@iib Sidss fan@ion G ébst dpability simsitaneoisly
direction and a?so 0 aswitch in a ne

] &lativ_e'directi n in each of the three
6 di mensi ofis; storesiatn MEMPTYE messageParket fhatgrrixes and ipmediately sen ddress on

h , 8 H . . . | d
2 11 ord vaPuo B SeHCREE ok SiPOnE 104 AR Bansigh pithd leic 1 Nl Ul 19

7-  stored into memory, such that the communication patterns of the dense matrix

'8 inversion algorithms are served by the hardware class function multicast capability

9  to minimize communication delays.

9, The method of claim 1, wherein the network coinprises a network of
distributed-memory parallel computers; ‘
providing each node of the computer network with one or more

" processors that operate on local memory;

N W AW N e

coordinating the actions of multiple nodes of the computer by using
class routing to pass"mwsages between the multiple nodes. )

10.  The method of claim 9, including:
pairing each node with a switch of the network;
connecting the switches to form a three dimensional torus wherein
" each switch is linked to six other switches, the links are coupled to a switch ina
positive direction and also to a switch in a negative direction in each of the three
dimensions; . o |
identifying each switch by an x, y, z logical address on the torus,
wherein each node has the address of its switch;
including a field value for the logical address in the packet header, to
enable the packet to identify a destination node.
28
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10 enabl e the packet to identify a destination node. 28 WD 02/ 069550
PCT/ US02/ 05573 1 11. The nethod of claim 1, including using a D phase
mul ti cast from an origin 2 node to all nodes of a D-dinensional cube

wherein, in 39%53} phase the origin node 3 sends a nultigiQgsoaRssgage to
all ot her %88%12 ' one of the rows of the sending node, 4 in a second

phase each of the recipients of the first phase and the sender of the first
5 phase sinul ua.neoﬁ'hbmeﬂmdd)falam[l,tmdnépgmsa@ephaéemllltlce\'!trf@mWl narow:

6 orthogonal to the ro of t flrst 2ac f the
reci pi ent s2of PR IB gls’ecl’ﬂﬁl ‘e@gﬁg]ers glll‘s{&heé@%?g d }hhgse

si mul t aneoysl Keﬁﬁf&dmﬂtl Ptmdﬁagﬁto 4l sthandes ihonabf themmoﬁtbejsmdmg nadc,ow
orthogonal to the.rows o

furher e Sgemnd e artinsegpienn et Benue e A i peBdd of et e

nessage af ket bl oidiftBanPsend s ikitidk m@ﬁhﬁ@!@aﬁlfoﬂidr&bdaslnarml udi ng
provi di ng eacﬁ svm a table wt 2 assqci at ed | ass, val ue V\/m ch

det ermi ne 6f aﬁhogmabfothemesﬁgeﬁphnh@é%m&ﬂtl@ﬂ’és%eac gkthe Zecinients :
desti nati op node. net wor K,
i ncl udi ng roﬁ?‘iﬂnﬁghasfa?-ﬁ{%s %égé;&vtg{sugéﬁc%%ﬂaksq%ﬂtg%gﬁlfﬁéﬂégiﬂﬁﬂg?f the 27D
di recti onsgt 0 padshape tsanbtheﬁﬁbﬂesma’iowimthogmd)tddhemwmfﬂwmshmdtmts to

ef fectivel broadcast a packe al | t e n th h. 1 14..The
met hod of él aibiRses, ndEo 9aih aﬁﬁsﬁﬂ Eﬁﬂéﬁs@%wf@é" %“t‘??ﬁ%’%ﬁ‘ﬁg a 2
switch acty gonb% d@adﬂﬁi&ﬁ%ﬁaﬁ e packet through the network to a

1 15. Th

singl e estination no e method of claimi, i ncluding
providing a cl ass value to enable a node to 2 acquire and store

i nformation pggket cEHi&i lhﬁ@%ﬁ&h bah¥watéh $4th thB1E Yigkmt i on on
t he perfor?ra ?2 e ne Llig%gu met h%d of claim 11, including
provi di ng al aa;ssd&dtuhslaﬂswahies which deteinfineif azopy pfja messegepaskeldsi9denacket | s
to go out gn X I|ng?‘8 .not ogd out on a YIlink or 3 not, and out on a

Z link or ot gstipaty Ther |inks of the Ddlrren3|ons 29 WD
02/ 069550 PCT/ USOZ/ 05573

-

1 13.. The method of claim 1, for a D-dimensional network, including prowdmg

2 27D class values for multicast in each of the 2~D directions to allow each node in

3 the network to use 2AD multicasts to effectively broadcast a packet to all other nodes -
4

in the mesh.

14.  The method of claim 1, including providing a class value determining a

PR —,

. 2 switch action of a unicast of a message packet through the network to a single

destination node.

15.  The method of claim 1, including providing a class value to enable a node to
2 acquire and store information packets passing through its switch to provide
information on the‘performance of the network.

16. The rfxethoci of claim 11, including providing class values to determine if a

2 copy of the message packet is to go out on an X link or not, and outon a Y link or
not, and out on a Z link or not and so on for the other links of the D dimensions.
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1 17. The method of claim11, including providing different tables and
providing 2 priorities for different tables to enable a swtch to decide
bet ween conflicting actions 3 indicated by different tables. 1 18. The

met hod of _cl ai including using a class value as an i pgyiysésd3 2
al gorith "?}"gaé%"erm ning. a swtch action of the switch. 1 19. The nethod

of claim1, including using class-based nulticasting to create, 2 other

cl asses, $uct7t hatThemethesofstnin loncludingipreviding diffesent tablegiand providing val ue i s
3 determ Qed p%ﬁﬂ%s' %7 dﬁle%nq Hbles ltc?gh%,bl\éeﬁl sWitch ?oodecide between conflicting actions

3 indicated by different tables.

18.  The method of claim 1, including using a class value as an input to an

2  algorithm for determining a switch action of the switch.

19. The method of claim 1, including using class-based multicasting to create
2 other classes, such that the contents of a table for a particular class value is

determined by using another class value.
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