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switching data traf d- menory nessage- passi ng parall el
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delivers e r Oz dih t

Tmssively ar S LD e PAAe R A B SRR AR b

t opol ogy for hh&quamltyppimaﬁd)ﬂ SériatNmeY@R9@a)Oa02ﬂdtwm’r(HiSﬁ@);)f&t gospvels the
3D torus. a 3 era UbIC rld of cg ut e nodes that has a
ring network Slé‘ r;ﬁm} Pper%‘ﬂ%@? gP‘i"Fﬁ%tsaiW F%Tloﬁa%eﬁfﬂi - systens,

such as the Z@m@Q@mmg@sugpﬁam fopesllﬁaﬂ\#aﬁm&ﬁheﬁae' Sys@lbon Seri al
Nunber 60/271,124, use Dtorus topology to provid he mini mal path

route, i.e. the shortest path for comunications between hundreds or
t housands, of node r h this topology in a massively parallel
system i s1 helf .,f). . cH c..alﬁ. v‘,ir%yﬁof nmessages over an interconnection

network, part Taehakést itRRoEbRRIFGE afs t6\s YRERI Do Gtchingiiataffieh dbde (ATM
svvltches are used. More specifically for exanple, Ethernet or ATM sw tches

do not gener afisfribgiashigaory wasspge-easing nargiel pwmufghpmore pavdcudarhoit free
delivery of p?%éﬁg%t% 2 RbMEE tﬁa'?%ﬁf?ne%ﬁ%tdgp&esrs eﬁgﬁﬁgf{n'eé(sa (% eg%f kets if there
. or 1 fpu

i s not enough space areas and out put
processi ng, tmtdﬁ*@d)ldlebﬁ@l pawloﬂima%aksivletyqairddjel sydiempr obl em of contenti on,
15

BACKGROUND OF THE INVENTION

A well known topology for massively parallel computer data networking systems, is
the 3D torus. a 3D torus is generally a cubic grid of compute nodes that has a ring
network at every level. Supercomputing massively parallel systems, such as the

20 system described in the Provisional Application Serial Number 60/271,124, use
The 3D torus topology to provide the minimal path route, i.e. the shortest path for
communications between hundreds or thousands of nodes. One problem with this
topology in a massively parallel system is the inefficient delivery of messages over
an interconnection network, particularly when Ethernet or Asynchronous Transfer

25  Mode (ATM) switches are used.

More specifically for example, Ethernet or ATM switches do not generally provide

low latency, high throughput, and error free delivery of packets, since these switches

typically lose packets if there is not enough buffer space, i.e., holding areas for input
30  and output processing, to hold the packet. Additionally, the problem of contention,

i.e., a conflict that arises when two or more requests are made concurrently for a



i.e., aconflict that arises when two or nore requests are nade
concurrently for a 2 WO 02/ 084508 PCT/ US02/ 05569 resource that cannot be
shared, swoli2as4se8 conmuni cation |ink, rnust be overcone if PCThsSozussThi ng
network is to be scalable to the size of tens of thousands of nodes. ‘
Typical ly, contention issues have been dealt with by enpl oying sone sort of
5 arbitration al gorithmwhich nediates which transmtters on a network can

transmit packeearcetissexpmenbe shared, gedist copimyniaiondakerupigie overcome if
Unfor t unat el ytl}etstlﬁtcflﬁlg?}l%ﬁﬂ(g ri%,\}]ohge}s]scialgﬁ)ltglt?ﬁl%rs?z%so?q%rgb?tﬂcﬁﬁgnc{s%?nﬁdegol lision

detection/arbitration ra- ‘scal abl e, us suitable for
massively parallel systens. Additionally, current routing techniques are

not suitable for. scaling up to nassively parallel systens because the 10
routers typi cavpigalhaganteninmeissics AaveRpon dedlt with by SouBeyingyapsedtok or t abl e

mai nt enance b : - ; : t he
tons of ¢ houssrron Aty M APRBGARES 33 BHEREE ofh 1HANEE chfRRRRR.

t opol ogy i s kpaokets skodeqesta i b @ackel boltikien Getaytioh3 Enfisramatehy, shiol st aakr anshas

t opol ogy. However, th ay uses roufi tables. stored i ach switch

el ement, an aﬁ%&@é@ﬁseﬁﬁg n%%ig@rﬁat)l?lélea ey rprfigR acy od_‘ VGBS of
nodes. O her knewn HRERIAANGKGSnASE el faralBUBRISNs. E8&RREnATl! bbbt rothagNel s
(VC s), (Puente et al., "Adaptive Bubble Router: A Design to Bal ance

Lat ency and Thachrighgsiare hot sNeteble ftasschlorg Batoahdssivelpmrapalied systems hagaledeeedi ngs
of 20 the lnternatijona nf nce .on rallel. Processi .CPP "~ 99, Sept.
T005) . wnlth Sy by Ry BhRAT BB Ryl GSERRAER AR o routt ng
tabl es. Anot hefaidtganee baehiek @eully Sutdegsdaseasahe Abthbénd oy tebidtes ¢agnel s to
reduce "head-of- line" blocking, as enployed in the SP2 and the Cray

conput ers. Thefiigesapds.a two- 25 stage arbitration approach has been taught
by the MT Reliable Router (WlliamJ. Dally, Larry R Dennison, David
Harris, Kinhong Kan, and Thucydi des Xant hoppul os, "Architecture and

| mpl enent at i oA gstatedebRel thalihree-Rongmional 3D) téddne cpethigyds kodwidBbr example,

I nt erconnects || ...122- 133, Aug. 1994). Another related art technol ogy
uses virtlal &ﬁ@rﬁﬁﬁ%ﬁgﬁe&%&%&rﬁwﬁﬂ{% t %Vefaaﬁ%@w*m%ns Bighput
and latency. S8RdRn 48 fMRh Afer:; anfdlpBldatR et 85sidok 8€hie Well to/Rhs of

thousands of nodes. Other known technologies are the “Bubble” escape virtual

channels (VC’s), (Puente et al., “Adaptive Bubble Router: A Design to Balance

Latency and Throughput in Networks for Parallel Computers,”, In Proceedings of
20  the International Conference on Parallel Processing, ICPP €99, Sept. 1999), which

provide fully dynamic routing that does not require routing tables.

Another known technique is the use of multiple virtual channels to reduce “head-of-
line” blocking, as employed in the SP2 and the Cray computers. The use of a two-
25  stage arbitration approach has been taught by the MIT Reliable Router (William J.
Dally, Larry R. Dennison, David Harris, Kinhong Kan, and Thucydides
Xanthoppulos, “Architecture and Implementation of the Reliable Router,” In
Proceedings of HOT Interconnects II, pp. 122-133, Aug. 1994).
Another related art technology uses virtual cut-through routing in an attempt to
30  optimize throughput and latency. See P. Kermani and L. Kleinrock entitled “Virtual
Cut-Through: A New Computer Communication Switching Technique”, Computer
Networks, Vol. 3, pp267-286, 1979, incorporated herein by reference.

3



Cut - Through: A New Conput er Comuni cati on Swi tchi ng Techni que", Conputer
Net wor ks, Vol . 3, pp267-286, 1979, incorporated herein by reference. 3 WO
02/ 084508wWB@NRIS02/ 05569 However, the rel ated art refer ercFaiSdyoisot
adequately solve the problem of packet contention and queuei ng del ays

al ong a sel ected packet direction of travel and virtual channel,
particularly when a swtch is scaled up to handle tens of thousands 5 of
nodes. In a related disclosure, U 'S. Provisional Application Serial Number
60/ 271, 124 entd - i vel | I, " reinis
described a giedr‘r% %:Vggié}ﬁ%teic\)d? (gtvlll\é?éeré%vléétg ﬁxtn\l(?gé(%lqlé% 1?’ ?ﬁ?’? t%r}ggégfsegg?gpa\tfcmp%hi n
each node of tchetemibrt indifhecaingdtleys aldhg hiseledtbdpsltpiedicotiputtravel hed e 1S a
plurality of high-speed internal _networks, and an external network

el oyi ng Bt hatl Shepek BaTHERARY w@ea@ém@ﬁm@é up o bandje tees BhouEmdn 00
nodes. Wiike tpgrgsd S no known prior art that attenpts to scale a network
switch to tens of 15 thousands of nodes for fast, error-free operation,
there remains the need for a scalable arbitration method that enabl es

error-free, "low | hi dwi dt t.hr ou u dat a j cations,
to enhance theﬁr?erggait%g‘ﬁ%%%sgﬁ?@ 'g‘?&gﬁs1°@%§@+caﬁog%?im%r Bé@mgﬁ system
20 SUMVARY OF efififfed ‘MR ERRIEP R0Re! SubeicsmltePDiREin & ddshifbaar£sent
invention to provide a nethod for arbitrating am)ntg packet transmtters,

wher ei n | at ené§injconducgoralgyisd withHveuentionid progassare itbin eachnadgeftbe suilthg
ower hasqjncr [P i vel [ l. t . A furt.her object of
!to he pr ese%{) i r‘f@%ﬁﬁ%{)’hﬁ%@n?@é %f \él\elcloﬁ‘lg% %r%%ﬁ%é%g%%r aqlp}/ 85%%@ Tsﬁgedtlﬁgewgt] l oss in

t he massi vel y npavoakd, ahd siy stteinl Déevorknahpieying Bitleehet Ofhdsb Qettuofltsett 1 nvent i on
is to provide a nethod of data  comuni cations that avoi ds deadl ocki ng

users of the CYPRFRSiAETVISROVENAhAY 20deso enpl oyed. 4 WD 02/ 084508
PCT/ US02/ 05569

While there is no known prior art that attempts to scale a network switch to tens of
15  thousands of nodes for fast, error-free operation, there remains the need for a

scalable arbitration method that enables error-free, “low latency, high bandwidth

(throughput) data communications, to enhance the message-passing capability for a

massively parallel system.

20 SUMMARY OF THE INVENTION

Therefore, it is an object of the present invention to provide a method for arbitrating

among packet transmitters, wherein latency is decreased, throughput is increased,

and processing power has increased in a massively parallel system.

25 A further object of the present invention is to provide a method for preventing

packet loss in the massively parallel system.

Yet another object of the current invention is to provide a method of data
communications that avoids deadlocking users of the communications channels

30  employed.



A further object of the current invention is to provide a nethod for
increasing the probability of accurate packet reception. Another object of
the currewD o888 i on is to provide the switch technol ogy per/ush®05569 sane
chip as the processors, to facilitate scalability. An even further object
of the current invention is to provide a nethod for routing nessages

wi thout using a routing table within the routers. 10 These and ot her

obj ects and advamthenelgectay threcwotentinmedionris tdygropidesentthohioe Mdraingythe
providing a rrulq%)i ngﬁ.gyel ar bi t;[r ation nmet.hod for decreasing |atency, and

i ncreasing  a@RPPRHLY phASCHtAt: RACKELPERUPR a nassively parallel system
Specifically, there is provided a packet routing nethod conprising; routing
packets 15 to their destinations by inputting packets fromat |east one of

2m di r ect i ons Anpilise pejectnfithbe ewrrenh invgetion ia e proavire theswie dthmotngyomethet y of
t he network), _vi | gast one of <corre i ng nunber of input |inks

into a corér(esf)%&rl]%lflﬁ a3t el%8§?SS%§’éO3?0113[?1%88515@?‘%9 of virtual channel FIFO
buffers; generating at |east one of a 2mplurality of output bit vectors

containing information derived from downstream nodes; establishing a 20
general ar bi t A&§Veh fdher ohieghehtbe pursgnb invertion teervidegnmethpd fsgeuidnsn t he

[k and  dovstssam Bl eSSl A ARIRUAR.AEN ai ned Tn the output
g, Ing to

status bit vector, outputti accor e general arbitration
policy, the packets via multiple transfer paths to correspondi ng out put

i nks, wherein,the packets, are adyanced towards . their destinpation nodes.
25 BRI EF DESCRIPFIZR 0rer PRisC 3\?&1@“@%@5 B}aé\ggﬁ’gtﬁlﬁ*f‘&éﬂﬁhedﬁe%nt VAR
described in pRyftifleh AditiRyel @hightiddbeth8d Fhieciadnk %élc}y,hzﬁfd AGEAIANY the
present application. It is noted that in the accofpanylng c}r aw n i ke
ref erence nune¢caate padketieeptionrin desassivelypgralieksystand 30 cor r espondi ng

el ements thereof. 5 WO 02/084508 PCT/ US02/ 05569 Fig. 1 shows the switch
architecture according to a preferred inplenentation of the present

i nvention; Specifically, there is provided a packet routing method comprising; routing packets

15 to their destinations by inputting packets from at least one of 2m directions, (where
m is an integer representing the dimensionality of the network), via at least one of a
corresponding number of input links into a corresponding at least one of a plurality
of virtual channel FIFO buffers; generating at least one of a 2m plurality of output
bit vectors containing information derived from downstream nodes; establishing a

20 general arbitration policy wherein arbitration decisions are based on the link and
downstream buffer fullness information contained in the output status bit vector;
outputting, according to the general arbitration policy, the packets via multiple
transfer paths to corresponding output links, wherein the packets are advanced
towards their destination nodes. |

25
BRIEF DESCRIPTION OF THE DRAWING

The present invention will now be described in more detail by referring to the

drawings that accompany the present application. It is noted that in the
accompanying drawings like reference numerals are used for describing like and

30 corresponding elements thereof.



Fig. 2 shows an output status bit vector according to a preferred

inpl ementation of 5 the present invention; Fig. 3 shows an exanple of an

i nput st aw092/08450 ect or according to a preferred i nplenme®Cattisonossto t he
present invention; 10 Fig. 4 shows a "possible destination” bit vector
according to a preferred inplenmentation of the present invention; Fig. 5
shows a packet_header with hint bits according to a preferred

i mpl enent at i onFigok shoies Heswilrh arohiesftremscording ta 8 prefgredinplementatiorepftibeli ment
of the Current]%&%ﬁ@k&ﬁﬂ?ﬁ!'ef’ network switch, located on the same chip
as the procesg%r nodes.” This invention applies to network communicati on,
i.e., message-passing anong 20 nodes in a three dinensional torus network
of a nmassively parallel conmputing A system At the outset it should be noted
that referencdigd® Sheen Quipyteyiatinbigvecder asgeryingdo gqwefermad praplementgion of

i nt er changeabl i .ern "FIFO buffer” as are the plural "FIFO s"

used inter?ha&%% €%€n&#ﬁﬂﬁ@%e term"FI FO buffers". References to bit
settings and 25 bit counting sequences are exenplary only, and other bit
settings, e.g.,. negative 1ogjc,. and counting sequences, e.d.,. hegative
counting s equeFr’rﬁ'gs VS RRiCE AR Y SRR Staf‘%‘?&’l‘tg"ﬁgfé?r F‘?P%%P&ﬁ%? refegped

measur enent  argpWndatdtioh R 1RORB&nPInvetYich; | nvention.  According to a
preferred inplenentation of this invention, the switch architecture, 30 as

shown in Fig. 1, which depicts an individual node in a network of
processor §,su a three.di si onal, .t orus net wor may. be. i npl enent ed
for all sddh %%e@ﬁﬂoﬁstahé’osshbg?&g&wﬁ% i ‘(‘ifﬁ"a’[|al°§£r\3$’§$8ﬁrﬂf%faﬂf’% Fig. 6, it
i's shown that jinpleme@faeﬁ)ﬁrofg@&egé@tgﬁéﬂﬁﬁ@% PCT/ US02/ 05569 i npl enent ati on
of the current invention, switch 610 may al so be integrated onto the sane

chip 605 as the processors 615. The network delivers variable sized
packets of dat } i 2d .] ,on . m.one. to
i ant 32 byt & & Ay rRse BRI R RORRAL' O R bl A Ao
descri pti ve padkiefpreseatiarvention; and
15
Fig. 6 shows an embodiment of the current invention, i.e., network switch, located

on the same chip as the processor nodes.

This invention applies to network communication, i.e., message-passing among
20  nodes in a three dimensional torus network of a massively parallel computing
system.
At the outset it should be noted that reference to “FIFO” (First in First Out) is used
hereinafter interchangeably with the term “FIFO buffer” as are the plural “FIFO’s”
used interchangeably with the term “FIFO buffers”. References to bit settings and
25  bit counting sequences are exemplary only, and other bit settings, e.g., negative
logic, and counting sequences, e.g., negative counting sequence to indicate positive

increase in parameter or measurement are within the scope of this invention.

According to a preferred implementation of this invention, the switch architecture,
30  asshownin Fig. 1, which depicts an individual node in a network of processors such
as a three dimensional torus network, may be implemented for all such nodes in the

network. Additionally, referring to Fig. 6, it is shown that in a preferred

6



5 510, as shown in Figure 5. New, i.e., |local packets 104, originating from
a local node 105, enter the network via processor injection FIFOs 130 and
are renmovwo 02/084508 t he networ k upon reachi ng their desti natCarusbyoisenovi ng
themfromthe processor reception FIFOs 140. In a preferred

i npl ementation of the current invention, there is at |east one processor
reception FIFO 140 dedicated to each input 10 unit, such as 110, 117.

Addi ti onal | y, implameatatiop eé theregeesisiorentione switelh 6 H) m@y12i® breiptegtrsedientd cat ed
to high priori f e inhglu i nput, Li.nks, o f.or ,each

nei ghbor in t#\%é%a%r;eﬁésh.lﬁ @Sggﬁﬁipp@g%rsﬁrs ' dg%a‘%%ﬁ&k 46%1365?4}’ afl%bsaf’lzﬁi nk 101

and the z- i npatketd ovkdaldehicRenipaéfeged faplemechtakisn méay be fibm ¥ra toXight32 ( not
shown) represent an exanple of remaining directions of travel available to
a gl obal pack®¥te sized units, GaHed eshugks’; v ?fgiﬁaﬁ]é%céh@lf@fa deprsintivp peckef heasler i n a
system such a t of | t I ' N1 J. rirespondi ng
to each i%put% lf)’lhd%lgﬁ&hgﬂr%ggq@iﬁ%g&tl'eé’rlg?%@ra ageﬁ%tozﬂagxglﬁéﬁ%ﬁ?r%%ulf) Szagrbi ter
116 whi ch is inndé Lo dentérntharetivofktia yrbtesddinjedien REFCAR 3 Zand atpudmonedt s 110,

117 are shown _as exenpl a 20 structure, Each node al so includes out put
links such as fohibeds "Y‘H@‘Rqﬂ tRerkiag their dPGti{lat’Qﬁg’ylrFlﬁ‘RWPS thep Fomthgj recti on

162. As inpl bdbepti ’ ! . Hhe out
| npl epRRbedr L AR ERer S P%.qg%gﬁéfneg{e%xggleﬁf&faﬁ ofﬂl\é%&trbfi&ﬂe Ut Ut

exi sts at | easSt one output link for ea r 1n the torus. ut put
| i nks 25 are $woientiey there tuat peast aneifrecessuabeeption FEF G héuwledieatahid each opuput

units 151,,152.. Wi hi Jput unit. is an output arbit as the

shown z- Bt pl':}fnt’astuﬁfi?%?l(ggg? ga%hﬁor&yypﬁhleﬁiple%pri)gels,sorlrg%ep%pgﬁ iﬁ@gﬁ@ Rt ai n
t he foll ow ngbguédi@ﬂbdﬁjhjghbﬁﬁitg/(ﬂ(&ﬁc.unit counter 153 that counts how many
chunks, i.e., 30 tokens, are available to be stored at the downstream node.

There is preferably one token unit counter for each direction and VC

When a packet nW r-ni t:.1.on;: the e Lt s, cogrdinate-wWith,7
02/ 084508 PCTF%@?%&Q@ES&%@ élr’?ié?’ Kol %s(ro&’t“’ﬁ Rpiefibgdf e (0t u{r’nSQSW%/\g’rt he
appropri ate Vexanplefthe xtihsiut dakl Obaed thEhi spusliale COPR érhigthgliyps einds, R,
speci al , 1s§1ort, t oken nessages. e
v+, y-, z+ (not showr% represent an example of remaining directions of travel
available to a global packet, i.e., a packet arriving from one of the input links, in a
system such as the 3D torus system of the present invention. Corresponding to each
input link is a local input arbiter such as the x+ input arbiter 116 which is included
in x+ input unit 110. The x+ and z- input units 110, 117 are shown as exemplary

20 structure.

Each node also includes output links such as link to the x-+ direction 161, and link to

the z- direction 162. As implemented in a preferred aspect of the current invention,

there exists at least one output link for each neighbor in the torus. The output links
25  are sourced by output units, such as the shown x+ and z- output units 151, 152,

Within each output unit is an output arbiter such as the shown z- output arbiter 155.

The output units 151, 152 preferably contain the following sub-units:
a.) A token unit counter 153 that counts how many chunks, i.e.,
30 tokens, are available to be stored at the downstream node. There
is preferably one token unit counter for each direction and VC.

When a packet wins arbitration, the token units coordinate with

7



b.) An output status bit vector generator 154 that generates output 5
status bits as shown in Figure 2. c¢c.) An output arbiter 155 that selects

whi ch pacweto2/osesohg all possi bl e requesting packets, shalplcTisa2/essnt r ol of
the corresponding |ink. 10 An input unit, such as shown in input unit 110
conprises a cut-through, i.e., bypass path 120, and waiting buffers, i.e.,

FIFO s, one for each VC, for storing packets which are bl ocked, i.e.,
t hose packets which cannotonﬁﬁwhqrﬁp%@éﬁoltqaéaws@medﬁaﬁhﬁ apppapriatea¥h o FO can

hol d sone maxi mum nunber yghﬁ . 3y g@m -ar

i npl ement ed, such as dyna(r?nﬁec‘&{]? S Eﬁ%}gggli%g‘go hgﬂ%(l H?%fhé%gﬁ?cé i%lr?r%f
"escape" VC 113 for prevenskengneegds.ocks, and a high priority VC 114 is a
known t echni que, as described in (Puente et al., "Adaptive Bubble Router:

A Design to Bal ancB)Lat endy! GHRELFREUSIIhRstoTigsneaiond sk S1at grnesigsautpyt

Computers,s', In. Proceedi 1o b r i.onal Conference on Parall el
Processi ngs, | CPP " 99, Sep?gﬁlf%gé)?gforrwﬁ%n% tllg%'on of by-pass path 120

al l ows packets to bg 20 rroudwphitthiteuyBs tHaeseledewhichipadiet,eiong allt ored in a

buffer. However, if a packet .in the . by-pass h.is bl ocked for any
reason, it is transferredPPHie f%@esé]b‘ﬁlpﬁglfq%%tsgﬁLW#E?O“E‘E??‘P%&G EFrrEPonging
buffer corresponding to thgiVC associ ated with the packet). To prevent
priority packets from over-taking one another, a priority packet in the
bypass path is considered blocked if the corresponding priority VC FIFO is
non-enpty,, 25,S.m lLarly normal. priarity.packet. that .i.s ngt.dynam cally
rout abl e %Os c‘éﬂs}?%rugbt’ suﬁﬁ&% %?eodv b 1{11{11%1% u@%)trlr1 SCBHW F%Sga %%‘(15158%&\’/ GFFWSFS
non-enpty. Onpathtihe, Adckeitingodaders, i.6)RE®’ §, dneor €ek MG dor sforidpepakkdtd bef or e
being ready to arbitrate (provided the packet is at the head of the FIFO.

An input ar bi Weich aseblecked, iapthosepaskets whiatseannet maes theapebithphirass patlus  bi t
vect o, Sener e ) oL ol BRI AR BB BB e e, 0.,
arbiter 116 pfdmiatés’ d¢heare inplomtning, soyh sedpemioy ki thapbtliZetThen t he
MUt ar b eT, 06t e RSR b Yoo O U 2R ) AR oS Rt
VC 114 is a known technique, as described in (Puente et al., “Adaptive Bubble
Router: A Design to Balance Latency and Throughput in Networks for Parallel
Computers,”, In. Proceedings of the International Conference on Parallel Processing,
ICPP <99, Sept. 1999). Implementation of by-pass path 120 allows packets to be

20  routed through the node without being stored in a buffer. However, if a packet in the
by-pass path is blocked for any reason, it is transferred into the appropriate FIFO
buffer (i.e., the buffer corresponding to the VC associated with the packet). To
prevent priority packets from over-taking one another, a priority packet in the bypass
path is considered blocked if the corresponding priority VC FIFO is non-empty.

25  Similarly, a normal priority packet that is not dynamically routable is considered
blocked if the corresponding escape VC FIFO is non-empty. Only the packet header
needs to be received in the FIFO before being ready to arbitrate (provided the packet
is at the head of the FIFO). An input arbiter, such as input arbiter 116 includes an
input status bit vector generator 115, which generates status bits as shown in Figure

30 3 and which will be described later.



processor reception FIFO to request if the packet has reached its
destination). According to a preferred aspect of the present invention,
once a pawbaR/08dsps i nput 5 and output arbitration, i.e., @eTgEPLOBEItY for
transfer to the output unit or processor reception FIFOs, it is
transferred to the output link, or reception FIFO via one of a plurality
of transfer paths 121. Unlike prior art switches in torus networks which
have only a siThglmpusexbitepattprovides pynanat rawingbytselngdgwhishtphskel blthenabl e a

ket to be .t f d t hough . i d.
recording to Uit R ELEEEpTHD: Ll BB aivEReR afd Viohdedies REvBanar o
paths may be bﬁﬁ@ﬁsﬁ?f—bce}%&&i TFO/R| ¥ el if tH3Sabes BRS +<aBhdd igsfae‘s‘ﬁnaﬁeﬂj.ti onal l'y,

a preferred aspect of t'he present invention includes a by-pass path 120.
Associ at ed wi Blscerdiig tpagielerrad aspest dfdhelprssentirvention, onpe & hackishwisadepuypat h

120, is a pit 5 vector of passible. destination s.and directions in
whien the baceid CyBiTHElaon 330 Bl Bic b for BakiBoNRe SuBfital! G pEdRar, |
shown in Fi g. rébeptfdst PO’ StitdsUanBliehad kA oopliPlitk, ak Bideptiod BIFOSEROASH e for
creating an output status bit vector that 20 describes the availability of

its |ink and Phealdpehenderpatiss 2dr Ushlserriqriasicaviches mdensingtveakswhight hi s

direction. Fi e i.ct I j {51V r
Mnstant i 11 vty fERER Sl AR S 3ttt 12 e T Bbet B
vect or pr ef erraiEfgrrabaveaiticugh. oneAr ionkoSthahase baihg AL, i Adtortkid oronehet her

y al so_be used to

the link is avail ab 1) or 25 not (0). As the |ljnk

exchange &¥nt pEect ‘?#ég%él At injeniey SE’%‘gf’%}@em? e&Bﬁ‘t}‘f’ ng? 1¢§R&As and/ or
acknow edgerregiclggivew@&qﬁé;éégéfyoﬂm@aé(ed packet, such control nessages
recei ve absolute priority over data packets. Thus if such a control

message is waiting to use the link, or is actually using 30 the link, the
link status bit .is set to and the ntrol  nmessage. i transmtted soon
as the physi cAreiRRRThacgrEaeH ratlel ipisTns Freoatpis e s Praagain 40
Status bits 20Q4soc?fed With e8arphcliyia Methe¥Cof FIFD, logl th¥wstpall path 120, is a bit

15  vector of possible destination VC’s and directions in which the packet may move.

An example of such a bit vector 410-415 is shown in Fig. 4.

Qutput Status Bits
Each output‘arbiter is responsible for creating an output status bit vector that
20  describes the availability of its link and the downstream buffer space (tokens)
associated with this direction. Figure 2 depicts a sample output status bit vector at
an instant in time for the x+ 210 to z- 215 links. Each output status bit vector
preferably contains
a.) A link status bit 201 indication whether the link is available (1) or
25 not (0). As the link may also be used to exchange control
messages related to the availability of tokens and/or
acknowledgement of successfully received packet, such control
messages receive absolute priority over data packets. Thus if such
a control message is waiting to use the link, or is actually using
30 the link, the link status bit is set to O and the control message is

transmitted as soon as the physical link becomes free.



i ndi cates whether or not there are sufficient tokens downstreamto store
the | argest sized packet. The other 2 bits are determned as follows. The
avai | abl ewoomostspeam t okens are broken up into 4 5 ranges Pdafisamasshy
thresholds, e.g., M>=Ti > T2 > T3 > 0 where Mis the maxi nrum nunber of
tokens. If the nunber of tokens available is t, then the bit vector is: 00
if M=t >Ti, 0L if Ti > t > T2 10 if T2 >=t > T3, and 11 if T3>=t >=
0. (Thus, the bit bvector Stajushisy 3¢ 203 foyspch dsrene V& dhalefi-maptat |t

shoul d be 10 understood t i hn t . [ Xi.sts a
generalization to k > 2 b??@g%gﬁlﬁ?cﬁg(}figt %grﬁgaggsﬁé{e&p@#gés@ w&s&gan?%or t he
escape 204 and priority 20r¥fhe ldfgesaided psckef. bl @ther Rebitsbrdddi@niinsesst i on”

rules. 15 For the escape 204 and priority 205 status fields, the left bit
is 1if a new packet can %‘P}@W%jg&?’é@ﬂ’@?QOW%%T%tQk?HS§T‘?@@kW&1néQ4I east 2

full packeg's worth of tok eag?ﬁ%dtm}“egﬁfg{i}%te@gtl\/ﬂﬁ %%Lzrfza?@gg@‘%’h@fr eady

on the VC can continue (at fall pac wor t okens To
prevent deadl ocks, the "siM & thoimaithupackbesofdnkarsi hifjthe mumber dffitekansVC s i s

considered to be the maxinu cket,size,) 20 For exapple, hown in Fig.
2, in the x+ direction 21@?’%15&?26llsitﬁker}éeﬂ’%té@?tofH‘kgﬁga e_t%ﬁvi ﬁébﬁy\ﬁ &t
level 01 on VC 1, no tokeps @r goarpd babber0an VG &THhe sgantuy/thages not
have space to insert a new packet but does have space to forward a packet

already "in the bubble", andorissmhilghf prorotokeys arCavailabboitshpulddet and
forward a,;25 packet. Input_ Status,Bits Each jnput it s responsible for
creating <13. i nput status Bfl?er\g/t%?&'m{yﬁﬁ?aag%dcﬂﬂﬁgggﬁéthef%f)}E}?tE]aul | ness of
its buffers for each VC agsmhlagaﬁdnmlthztﬁj@ dfihpety RRa@esyci ated with 30
the input unit. Figure 3 depicts sanple status input bit vectors at an

instant in tinme fof)the xPtagusgbifsgforthezsmpp Pk gndpriertn?@S VecTlase bbnt ai ns
three bits describing eac@Ouo\é@t}%&éu?aggéem'gﬁerdlgsf‘t-m)st bit 301is 1if a

packet is ready to arbitrate an

15  For the escape 204 and priority 205 status fields, the left bit is 1 if a new packet can
be injected into the VC (this requires at least 2 full packet’s worth of tokens) and the
right bit is 1 if a packet already on the VC can continue (at least 1 full packet’s
worth of tokens). (To prevent deadlocks, the “size” of all packets entering or on
these VC’s is considered to be the maximum packet size.)

20
For example, as shown in Fig. 2, in the x+ direction 210, the link is free, tokens are
available at level 01 on VC 1, no tokens are available on VC 2, the escape VC does
not have space to insert a new packet but does have space to forward a packet
already “in the bubble”, and the high priority VC can both insert and forward a

25  packet.

Input Status Bits

Each input unit is responsible for creating an. input status bit vector that describes the

input fullness of its buffers for each VC associated with the direction associated with
30  theinput unit. Figure 3 depicts sample status input bit vectors at an instant in time

for the x+ 310 to z- 315 links. Each bit vector contains three bits describing each

VC 301 - 304. The left-most bit 301 is 1 if a packet is ready to arbitrate and 0

10



WO 02/ 084508 PCT/ US02/ 05569 otherwi se. The two right-nost bits 303, 304
descri be token fullness regions, i.e., if the FIFO contains b nunber of
chunks, twemiwgsobits are 00 if O<= b < T1, 01 if Ti <= PCIT/URB2/0B69if T2
<= b < T3, and 11 if T3 <= b for thresholds Ti, T2 and T3. It should be
understood to anyone skilled in the art that ranges nmay be used to describe
5 the nunber of packets, rather than chunks. Each injection FIFO also has a

sinilarly defiofawisapdhe Byatight-mpst bis 308y 30d1describs telkrmilingss rpgionszi-ohifch

illustrates i i t 7 i.ndi L _ther 1

i njection FI FgP %FIP% g@%ﬂ#‘gﬁgﬁﬁ{ Zhé or’ﬂ%g}heeﬂg%ﬁd&%g@:yg% a?gt]ﬁéoﬁgggisof a
FI FO or on the=ly<fass0 {fanhs= 8 <03, anédtl of T3 s=orfepthestholdsatl, Tpdhd@Bes whi ch
di rections and VCf‘?) a Eackeci may nove. al ,ontg, i.e., for a given packet,

whi ch direct | §hQuld bg vadsrstpod t guyape ggledinitBe art shaph rapges may be magsieldesqibgur e 4
depicts theg p?ﬁéﬁlﬁh&r%gac‘l’éﬁt&'&heﬁ-% AHiARs Priority packet that can nove in
either the 15 x+ or y- directions. aR portion of the bit vector corresponds

to each direction Zhth injettibn FIFO talvioshae xaimilely defieedpapkiestatnm pitrvester d16 ei t her
dynamic VC in both the x+ and, .y- directions. Since t cketf. is
noneprior ity o R TiES PhichileBdarm v 8 i 178 Hdieatiednere
exanpl e, the @acapgecdbh @EtGRQN IS chosen according to the standard di mension
order, i.e., first'x, theny, then z, so the escape VCis in the x+
direction. 20 If the possible bit vector is all zeros, then the packet has
reached iié d?gwﬂg.Pp.t;,Packet Header The format for the packet header
510 is shown IR Sufe %% n a preferred enbodi nent, the packet header 510

will be rel at Peebachacite: ai the BESLST 4 BIFD & ¢¥ 18 bydasOyeh, heftvecords creSelYt €s.
In the header 510, the first field (e.qg., 8 bits) indicates the packet type

512, e.g., noflaiindigatssyhich digectigngandhy U ne pasdet mapmove Avneak§.fgr dEener or
t th k j , I . |
ol at ed pat onP* b T BH6 LYBRM Rk ofls B B bRl Bifpreid) 2

encode " cl ass depiutsitingPossibedriivécomrSomi hadpriatityglasicet et sapmor e @deither thee

current invention w,th obvious mnor. 30 nodifications. The VC field 514
(e.qg., 2 E%‘/ t s¥HioReT élé‘f‘?é’é’n%g@ﬁﬁ% ‘ifrﬁéeglééfﬁ‘&?f?%feéwﬂ 3 fRieacheiiertion 430 4 516

(e.g., 3 bitskisndigcsbemmiibanoPiirer mal nfdverksithd dyRsmRaekah botthe x+ and
y- directions. Since the packet is non-priority, the entries for the priority VC’s are all
0. In this example, the escape direction is chosen according to the standard
dimension order, i.e., first x, then y, then z, so the escape VC is in the x+ direction.

20  If'the possible bit vector is all zeros, then the packet has reached its destination.

Packet Header
The format for the packet header 510 is shown in Figure 5. In a preferred
embodiment, the packet header 510 will be relatively short in order to minimize
25 . overhead, e.g., 8 bytes. In the header 510, the first field (e.g., 8 bits) indicates the
packet type 512, e.g., normal or priority, and may include a bit indicating whether or
not the packet may be routed dynamically, or along a fixed route. In arelated patent
application 15270, it is described how the packet type can encode “class routing”
operations which can also be supported in the current invention with obvious minor
30  modifications. The VC field 514 (e.g., 2 bits) indicates which VC the packet is on
and the size field 516 (e.g., 3 bits) indicates the number of chunks in the packet. The

use of such headers is standard, however, a preferred implementation of the current

11



use of such headers is standard, however, a preferred inplenmentation of the
current 11 WO 02/ 084508 PCT/ US02/ 05569 invention includes "hint bits"

520, 522,wend/08&d8 whi ch reduce | atency by permtting the@cansor/eiseds o begin
selecting a direction earlier than would otherwi se be possible. In a
preferred inplenmentation of the current invention, these hint bits are 2

bi t s/ di mensi on and encode which directions are feasible for a packet to

nove in, 5 e.daventipninedudgs Kt biss't $205982.4nd 528,0which sedupelatance bpacket
nmovenent in t .. .dl i i e ol f.-the x hint bits,.518. are "01"
Thenthe pack BEmitd GE bkl o ReNCRRERRE Y aiclud pter Wbl Rd RiRp¥isBbE 15

are "10" thenpblgblpatikeprefediBplenidntdtion of thelburRat inf8ntiohhthebd Kiht Bitd seUSt
precede the destination fields 524, 526, and 528, and nmay, alternatively,
precede t he VeitgAEmesiw andepepdesihich dirgrtiopn arg fpasije fgyarmacket|to myvadhi ne,

e.g., a 6432 : : , i ' ' I . 6 bits
eagh. W t h'%(;ut é%ﬁé?ﬁﬁ%ﬁ@t{ﬁ[{gﬂ%}e ﬁ@:tt%%die%tgfén%at%!{‘%ﬁn%gﬁegggl t\ﬁ%)ﬁldgt%gtg?/ne to
be received bedeesany, ifithe ahinvbite 808 bredion’’ thERUks packeiarayt e vdinthe kit s
precede the destinpation bits,. the _hint bits advantageously allow the
starting of tﬁgeﬁ}%’i’ ?I?(Q]tfi%w%‘PB@@%%P%PO?%;%%%WIF%ma{Xé&‘R\éﬁmﬁ_b%ﬂEr is
read, i.e., bafeifont The HRSbiIBL PR TP l&HnERh ]Eélﬁﬁ%?ﬁzé, HOR P

| atency. As a packet is routed through the networ Int bits need to
be updated. Fowy, aferhatiielyhpreceletheVE rod siza gields 6 4.e5@meires largeepacaltdlnt  bi t s,

need onl e set.to 00 h acket reaches the oordj nat.e of .i.ts
focti mat A0 RkhERes Pon CRrmen BT B E e et B IR IR bR AL Fash 6 b1
acconpl i shes  &4dhs Woithoub e kit hiks,al 8 16 STLdREina@5H A8draisSsbu hivd B2 rosivaLt
link. Wthin the register is provided the relevant, e. 20 the x

coordi nate of beleee ebitrasion eambesin ér.huwmetth@hi@abit%preoﬁdﬁghéd%ﬁnatmn jts, thehe
regi ster can i !ﬁﬂ%. Sk i e;..1he
hint bits ar eﬁﬁlé g’?gp(g‘;%%g%&sph%a\e}v aﬁ%é{ i #eltﬂ? %rgbll%t@%%g nd ggﬁ%%g ls%% F%tgfa ion's
rel evant coor gackat keagieeis rexdund., bofoi the dextinbiyon biss dre rdadohereby rddneingr t , for
reliable ssagi ng, the header y include a sequence nunber, as for
exanpl e, ﬁ t f?gqu ot apagket P%W?%ﬁﬁ?%‘éh ﬁ%ﬁ?ﬂt‘f"%‘li g@?‘luﬁ'ﬁ’étﬁ pgedtohg yndpted.
protocol, andpg fRnaPhéy\GHafmid 68tind BEEHRIHIE ShER HiRWilsYndel iy Siset ¢
| nput/ Qut put Arbitration I'n a pr efnég’r ed | rrppl ement at@g;rll S%? et he }zursfeen%
i nventi on, t h80 as thetpaglkst mcbersdﬁ@s soordinate of its destination. A preferred

implementation of the current invention accomplishes this by including a register

associated with each output link. Within the register is provided the relevant, e.g.,

20  the x coordinate of the downstream node. When the packet wins arbitration, the

register can be compared with the destination’s relevant coordinate; the hint bits are

set to 00 if the value in the register and the destination’s relevant coordinate are

equal. Additionally, as is known in the art, for reliable messaging, the header may

include a sequence number, as for example, in the known High Performance Parallel

25  Interface ( HIPPI) protocol, and a CRC to ensure that a header is correctly received.

Input/Output Arbitration

In a preferred implementation of the current invention, the arbitration process

comprises two phases. First, each input unit selects which packet from among its
30  ready-to-move packets (those at the head of a FIFO or on the by-pass path) will

attempt to obtain a link (or reception FIFO). These selected packets are called

“input winners”. In addition to selecting the input winners, i.e., candidates, a

12



conprises two phases. First, each input unit selects which packet from
anong its 30 ready-to-nove packets (those at the head of a FIFO or on the
by- pass paphp/osishs attenpt to obtain a link (or receptionPETROp2/05Fhese

sel ected packets are called "input winners". In addition to selecting the
i nput winners, i.e., candidates, a 12 WO 02/084508 PCT/ US02/ 05569
direction for each candidate and VC for each candidate are selected for the
next step i ndirpeionior exchrgendidateand Viknivneaenepndidetsiare slested fgr thermextstep

mul tilevel, i. -at e hit.ratii [LQG i | S:1r ovi d packet s
arriving fr omlrggyghaﬁgg%&%i nggh{]lgg{rl\t a?lg OQ‘?P%@E‘E@%PE?BA%H%YF?’ lbef’%g%%&rgacket sin
the system Parb{esticombestingts provided duedckats itieidy Beneid naleldirectidn ton

policy as described by the rules l.oyed in a_preferred, inplenmentation of
this inventi ofCr§asp hropghput ?fgtLP B@Pipn%daéhe SYSteBt: %@%P%@H@@ ip{pdges byt ber ed

i npl ementatio t [ i 1 Lner s

ixl udes gep exf[i%al etﬁggﬁ‘{%g&ﬁiagﬁg%fggg%)g%%ﬂeg%}ntp%%ral%ggﬁf%%\ﬁ]on 10 are
conpl et el y bl oogledhentatien pf thid inkerpimoket s have no |inks and VC s available in
di rections thzlglgckgi% n,ee%z to nove, or no transfer path is avail able.
These steps &k @A hE%Fhi ch candi date packets are unbl ocked. In one

aspect of theACHEMBAroVidis)td Refekd8 iRBRYRnSABRD T BlcuftehiShIAISH th¥elect
perform ng an appropriate | ogical AND “operation of the possible bit

vect ors 410- 4% inputhwinhers nflysies sispsitoudetdrinine ehich peckeisonot 5t thes deginatipmar | y

k h h hei.r d ' ' d j ned. b
P acked i 101 naporbTRED i ie. R BTN RECRICHIS IR

candi dat e vecHRéctionE&dpadkdtineedsad neRgbdad Rarisfer pathi ig BaMlaBIe. IThBsH st@fsi ority
as follows. Two ty%&s;, of héar bitration cycle a random cycle or a | ongest
e

queue cycle aPko@rE §h eangidetearackels sf@iﬁ?h_@‘btln 6he Beetd thafurent
I nvention. A H{v%gﬁc@ﬂ Bl%(;:libg‘l;fpéﬂ%}ﬁ%}é @égfx?%/ig%cfbo% %@rﬁ%{rbﬁqﬁ lah %ﬁfggﬁ%ﬁﬁé’f%% AND

determ nes what fraction of e ar cycles®are a random
cycl e, each capchhfdat ef thapkwsiblé hitaventons £r(-613 with e dufft statishitasstogn2D-a

random (oy_ ba n.a.round rpbin algorithm 2 bit vector. On a | ongest
queue c;(/c{% IFe i pedes' %@ﬂ&w%aheé t_gg%fi@%@aﬁ%pmg? fi?fﬁﬂ%laa%to % the
right two i nppfockédirilere R ﬂofssgﬁ@lﬁ iRrbQptibh EIFO Or ASRYIGURE cAEBdHS §&ktdbn an

overall priority schene as ows

Each unblocked candidate is assigned an input priority as follows. Two types of
arbitration cycles, a random cycle or a longest queue cycle are provided by a
preferred implementation of the current invention. A predefined arbitration cycle

20  criteria of the switch determines what fraction of the arbitration cycles are random.
On a random cycle, each candidate packet in a non-priority VC buffer is assigned a
random (or based on a round robin algorithm) 2 bit vector. On a longest queue cycle
these candidate packets are assigned a priority equal to the right two input status
bits. The priorities so generated are used in an overall priority scheme as follows

25  (from highest priority to lowest):

a.) The unblocked candidate packet at the head of the priority VC.
b.) The unblocked candidate packet in the by-pass path, if it is a high
priority packet and there are no packets in the high priority VC
30 buffer.

13



25 (from highest priority to lowest): a.) The unbl ocked candi date packet at
the head of the priority VC. Db.) The unbl ocked candi date packet in the

by- pass paph2/os4508t is a high priority packet and there &Ca/uso2/psmekets in
the high priority VC 30 buffer. 13 WO 02/084508 PCT/ US02/ 05569 <c.) The
unbl ocked candi date packet in a non-priority VC buffer having the highest 2
bit priority vector (ties broken by an arbitrary nechanism such as random

or round robin) d.))The unBicgelogkederaridaterasketiioe non-pisityV Glféerpat h,

provided it is 5 a non-pnrjofi QL 00n- pIj O | .1his
algorithmtends to sel ect Hﬁg{: ‘tet %R‘%ﬁ&?%gltﬁg{ggﬂg?etﬁiﬂe@egﬁ%@(gﬁl@r& %Pglﬁr%. The
wi nni ng candi dat e packet trhehasieheaich ab tdeanstirdat®robif)ecti on and VC as

follows. 10 a.) If the packet is high priority it selects the direction and
the priority VC f&) whi chihefmblackesdtsangidgie nscketdn thehy-prss gath) mopided ifdet or

is set to 1. b.) If the p‘ﬁirﬁlﬁo%géy%@ri ority but not dynamcally

routable, 1t selects the escape VC for which the escape VC
bit of the 15 possible bit vector is set to "1 ". c.) If the packet is

non-priority and dynam.cally routaple, it selects, rom ng. t hose |inks
and dynani ¢ VE°5? 'B’PO’B‘EftHﬁ‘C%?t% tﬁé& glogﬂﬁnéte_n ﬁﬁ’_ %?L%“%Pi‘ﬂﬁ@fsaf%%dgdr%g Fon and
dynami ¢ VC haﬁid&ﬂﬁﬂn@wﬁm|ﬁh%&$imihggmdi&’at@p£&et fheh BQeQY 1D MndRI A dfechbh
vector. 20 d.) If no such link and dynamtc VC exist, It selects the

direction andan@¥&asefoll@v.or which the escape VC bit of the possible bit
vector isg,set to "LK". The.jnput, Wi nners.then esent .t heir candi dat
directi on?%nd Ve t 8t he 2gf@8??%%%%35&%“%%%&%?%@? g}re%‘ontaﬂiﬂiféﬁqlﬁ%ti on
is not the current node, orC tdi@vhich the priority VC bit of the possible bit vector is set to

1.

b.) If the packet is non-priority but not dynamically routable, it selects
the direction and escape VC for which the escape VC bit of the
15 possible bit vector is set to “1”.
c.) If the packet is non-priority and dynamically routable, it selects,

from among those links and dynamic VC’s that both are available
and possible, the direction and dynamic VC having the smallest
right 2 bits in the output status bit vector.

20 d.) If no such link and dynamic VC exist, it selects the direction and
escape VC for which the escape VC bit of the possible bit vector

is set to “1”.

The input winners then present their candidate direction and VC to the
25  corresponding output arbiter if the destination is not the current node, or the
reception FIFO if the destination is the current node. Each output arbiter /reception

FIFO then selects a packet for output from among the presented input winners.

Output Arbitration Phase:
30  Each output arbiter is presented with a set of candidate input winners. In addition,
there may be candidate packets from the injection FIFO’s. Output arbitration also

has two kinds of cycles: one in which packets from the injection FIFO’s have low
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reception FIFOif the destination is the current node. Each output arbiter
/reception FIFO then selects a packet for output from anong the presented
i nput W rWer2/0845@ut put Arbitration Phase: 30 Each out put &Chitise?/035s9
presented with a set of candidate input winners. In addition, there may be
candi date packets fromthe injection FIFOs. Qutput arbitration also has
two kinds of cycles: one in which packets fromthe injection FIFO s have

low 14 WO 02pugdyosdar insdirnpsets fom theilgigctiomIFeRehave high prioscket s
fromthe injectl I e _hi e gMAR p i ut. phase
arbitration c%%:%dgﬁ%érél @%‘?5’?@% %Bf,tﬁgmgg*cg% %Ipa’o &1 %ﬁggl\ffl\nﬁ{%ggf%%g’# g?’m' nes
what fracti ondekrmayied whatai®tioh of agdled arpef edch typd. Etitjeotior FIFO’s hivaaiewl ow
priority on this cycle, the output arbiter selects its w nner_ from anong

all its 5 can8rieEyes this qysle; Broutmnt gloast selests isgwperfremgamapg allfises are
referabl yz br g I TN Y TN Walgl rom an
Pnput uni %lst hgt féésﬁg&q%/sg }‘Z%}%e“gr" P&())‘?[&tt gﬁglg&?'n&%%@gg %{/&?Bﬁjgl%%? %i t status

vectors. b.) Zandomhy.priority packet froman injection queue with the
hi ghest 2- 10 bit status vector..c,) A normal priority w nnin cket from
o iUt “uni ¢ hat thas. ¢ hé figh griesiy st e flomh e e bt e dfe)
priority froman injecti oRidrbfiQ@riotRy adi@dichid@ bY 8]t skl Jectopd. at us vector.
15 If injection packets have hi'gh priority on"this cycle, the output

arbiter preferabl yb.)sel ectshighpripiityrmackétriom ambrertiahlquesanvrithl diedsglaest 20l | ows
(hi ghest | owest priority): . a ). A high priority packet froman injection
queue Wt 6)t he hi ghest .2-%}}@,[%"[1%%)&0& us vector. b.) A high priority w nning
packet froman inpgh unit A fdinabpsordityerinhingpesiet Bomodd iyputsmit thstikated by
the 2-bit status vectors. c¢.) A normal priority froman injection FIFO that

has the highest 2-bit highest 2-bit status vector.
d.) A normal priority from an injection FIFO that has the highest 2-bit
status vector.
15
If injection packets have high priority on this cycle, the output arbiter preferably
selects its winner from among all candidates as follows (highest to lowest priority):
a.) A high priority packet from an injection queue with the highest 2-
20 bit status vector.
b.) A high priority winning packet from an input unit that has the
highest priority as indicated by the 2-bit status vectors.
c.) A normal priority from an injection FIFO that has the highest 2-bit
status vector.
25 d.) A normal priority winning packet from an input unit that has the

highest 2-bit status vector.

Injection Arbitration

Candidate packets at the head of injection FIFO’s select their candidate direction
30 and VC in the same manner as the winning input candidate packets. These packets

also carry a 2 bit status vector, either randomly generated or using the 2 bits to

indicate the length of the injection FIFO.

15



status vector. 25 d.) A normal priority w nning packet froman input unit
that has the highest 2-bit status vector. Injection Arbitration Candi date
packet s awotoes4semad of injection FIFO s select their candipdatusSoddisecti on
30 and VC in the sanme manner as the wi nning input candi date packets. These
packets also carry a 2 bit status vector, either randomy generated or
using the 2 bits to indicate the length of the injection FIFO 15 WO

02/ 084508 PCT/ US02/ 05569 Reception FIFO Arbitration There may be one or
nore packets t]@e% neze}gl]Ftd)A’%% rt?cei ved at a switch node at the sane tine.

To | essen conten%‘?téoﬁ, a sepaf% ¢ reception FIFO is assigned to each 5

i ncom ng di r ecltHeedimay Be albrithom, pabkets ehabByede be ReeRed AP4 SwithiEhd e 4R ele
direction. If there are nultiple processors in each node then a preferable

embodi ment of SEFE tinggyrkadgisen gorigRlieih asePasHis recsptiopFHiChisesspmed to eadr each
direction to - ) i tion..Fl EO
di rection. ISBi ? fs}&%ﬁlrl]lﬁg ﬁfe}&glgg Egggﬁ(ggglé’rth%gn 2Deu0t§1§89%r%ﬁ i Cgtpgr %‘?cgﬂn'g?frt hese

FIFO s, for a théreere dultipletgrocessdrs it eachaotis é@dn aMreforableldnlidigmentoiyhdoe one or
nore FIFO s set asi.de sol e|y ffr use by high priority packets, If there is
contention forrtfiREdEVstipmrdows fqrspylfiple i Oppfog eace diseriden tpssnablercreh 2- bi t
status Vect or yodNowr b RdveliRGwr e TIOR8 S

preferred enbg)(rj(i) mantr, 1ge\}ari ous ‘ﬂ%(ﬂﬁfi cat%leong&gﬂg' ?%&2@%%%%H%aﬁ &(I)lccur
to those of slielused v indieatamthichFafitheseX RO  foriat givdnaditedtibe, is ulles sdedodisbp

killed in the art that te diments aof this i ti
PP ude al8i ndralaiavnansat tgre FlEyTH ARl e SISl ERe b Reherony Pkolim [ 2
any integer. Thwsis dohteaiontod thGe BIEO!S bAGKy At bd deermi el Ridede Qt’mdeﬂent

is provided as an exanple and not as a limtation. The scope 20 of the
invention is &®USHediosy t he appended clainms. 16 WO 02/ 084508
PCT/ US02/ 05569

Now that the invention has been described by way of a preferred embodiment,

15  various modifications and improvements will occur to those of skill in the art. For
example, it should be understood to anyone skilled in the art that alternate
embodiments of this invention may include a single dimension, or may include m
multi-dimensions, where m is any integer. Thus, it should be understood that the
preferred embodiment is provided as an example and not as a limitation. The scope

20  of the invention is defined by the appended claims.
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WHAT WVE CLAIMS IS: 1 1. In a nmassively parallel conputing system conpri sing
a plurality of nodes 2 configured in mnulti-dinensions, each node

i ncl udi ngwe ocosgsot i ng device, a 3 nethod for routing pack@®C3/usomwesses t heir
destinati on nodes conprising the steps of: 4 a.) inputting said packets
fromat |east one of 2Zmdirections via at |least one 5 of a corresponding
nunmber of input links into a corresponding at |least 6 one of a plurality of
virtual chann¥®YHAT/WE CLAIMS #$:ng | ocal packets froma local of said nodes
to at least one of a 8 plurality of processor injection FIFOs; 9 c.)
generating a 2mplurality of output status bit vectors, each of said output
10 status pitjvect bi & nAEHedlYy phﬁﬂeltd@ﬂl@ﬁﬁ%bﬁé@éﬂlicbﬁ{lpﬁéin'gEt Idrhlitg .of B 8es
availability of 11 downstreamvirtual channels, and a downstream buffer
space i ndiZat feHigura ingn nlti-dimensinms, eashnnds nchWingd ommpting davice.a
direction;, 13 L.i.shi Lal: i tiaqn | rein .
arbitrati o3n d%n%ﬂ}soldgﬁltslaogl ;1%15 Bécﬂ%%tsnggxg%[bﬁgggeér (gér’%&éé%o%n Ogﬁ %%&&%r%ﬁv@gfﬁ%%r ality
of output 4tatus bah ihputtiagbad packkts feon adléhtinkiofigmadifeatichsnda hidlesadiode
general arbitration policy said, packets via at = 17 | east one transfer path
to correspondi ng out pRfta qorisRRONdipgaEber ehingut lenksploc COTEFRONGIEA A&t t owar ds
sai d destigati on nodes; H A R I t he previous steps for as |ong
as any of ds]ai d packe?%leaoﬁgq%%?létfy&zfgql ogg én:[)llglgkets are avail able for input.
1 2. The rfet hod f ob.)riopttiinglqeakpaekets ionch hicaled sail dldes o 4t Jeaktustehefra

conprisin 2 using hint bits from packet ders of said packets wherein
sai d hint 98_0i ts indi caﬁlgrahg' Q/ﬁﬁr‘&cﬁswngﬁﬁ’t@“ﬁ?@! Tections are feasible for
each of sa d packet§s gfelRNLa R pl&aﬂﬁﬁéﬁﬂﬁ?ﬁ%a@usﬁﬁf PRldrs Rhagosaidogsher al
arbitration policy is conpleted nore ‘quickly. 1 3. The nmethod for routing
packets a¥) cl ai med i rstathabikvectors desonibmgctbapyaikbilgy obitchinathewyadabitity2ef of a
plurality,.of possible,bit, vectaors.for each direction wher ei.n..each of
Dad bl urH 1) or poslegreb o B A PEEh R haftel GRCR ARiER5R,
02/ 08450812PCT/ US02/ 0506811 virtual channels associated with its direction;

13 d.) establishing a general arbitration policy wherein arbitration decisions are
14 made based on a contents of said 2m plurality of output status bit
15 vectors;
16 e.) outputting according to said general arbitration policy said packets via at
17 least one transfer path to corresponding output links, wherein said
18 packets are advanced towards said destination nodes; and
19 f.) repeating the previous steps for as long as any of said packets and said
20 local packets are available for input.

1 2. The method for routing packets as claimed in Claim 1, further comprising

2 using hint bits from packet headers of said packets wherein said hint bits indicate

3 which of said 2m directions are feasible for each of said packets to move in,

4 whereby said establishing said general arbitration policy is completed more quickly.

fum—y

3. The method for routing packets as claimed in Claim 1, further comprising:
2 creating said 2m of a plurality of possible bit vectors for each direction,

3 wherein each of said plurality of possible bit vectors indicates whether further

17



4 nmovenent of any one of said packets in said each direction for each of
said virtual 5 channels is still a routing goal. 1 4. The nethod for

routi ng paokewnssses clainmed in Caim3, wherein perform ngPCT/tzn2/03sput phase
of said establishing said general arbitration policy conprises: 3 a.)
determ ni ng whi ch of said packets not at their destination are conpletely
4 bl ocked; 5 b.) determ ning which of said packets not at their destination
are unbl ockedmovement oigay epaphsaidpadiictshn edid sagludipestive fos cagh effraid virtual
destination ar QG : " term ning which of said packets at their
destinati o§n afﬂgan%ﬁ Ilé;%a}a%.%@mgggﬁhe met hod for routing packets as cl ai ned
in Claim4, conprising creating 2 said 2mof a plurality of input status
bit vectors, corresponding to said 2mdirections, 3 wherein each of said

i nput statlus fit vggﬁ’ a%eéhcglefgmutj@g packetsagyclaiped ihClaim Pe Wheiginerfosming 4 and

an input full f .5 1.17gi i £ i l.j.ty of
Virtusl 5 Shanniet Beel fR o st A0l B Ron BB Btk

associ ated3 w t h one.)adet@aiiting &/hitin afiseieqiackets notlat Gheirldestinatiohack domipletelyt i ng
packets as clainmed in Caim5, further conprising: 2 random zing said

i nput ful I‘hes; of buf lagked; ndi cation of said input status bit 3 vectors in
a current arbitrat erHe@éfﬁﬂirﬁlng iihfhRIrS SR JaBeds A5t tHeR! deRihatibh ke &fb‘léc‘fc%%;a has

4 been nmet; 5 performng a longest queue priority arbitration in sai
current artitration) &tgypihieg whichaifdaidrpadiedts atgbieiadestinatain anblgkéd criteria

h b . 1.7, The. et hod. for_rout kets as claimed in O aimeé,
further cohpr i i ng® AGRRUNEE PG PR BT SRR BEPEOPE. gard

packets froma highest priority to a 3 lowest priority as follows; 4 a.)
an unbl ocked one of said packets at the head of a ﬁgiority virtual 5
channel ; 118 WO 02/ 08a55thaddpy 198522 DBEES a5 dipiped i Glabh detaaaprasing Grating d

packets in, a S . fe.sai . ' [ '

packer s 1%, a5 by R 0 e Lol RABHEAS 2R Ao,
3 wherein each of said input status bit vectors describes a ready to arbitrate indication,

4 and an input fullness of buffers indication for each of said plurality of virtual

5  channels and said plurality of processor injection FIFO’s associated with one of said

6

2m directions.

1 6. The method for routing packets as claimed in Claim 5, further comprising:

2 randomizing said input fullness of buffers indication of said input status bit
3 vectors in a current arbitration cycle if a predefined arbitration cycle criteria has

4  been met;

5 performing a longest queue priority arbitration in said current arbitration

6  cycle if said predefined arbitration cycle criteria has not been met.

1 7 The method for routing packets as claimed in Claim 6, further comprising

2 generating an input arbitration priority for said packets from a highest priority to a
3 lowest priority as follows;

4 a.)  anunblocked one of said packets at the head of a priority virtual

5 channel;
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8 priority virtual channel; 9 c.) an unbl ocked one of said packets in a
non-priority virtual channel 10 having a highest said fullness of buffers
i ndi cati owp 0208450§ an unbl ocked one of said packets in theChuspzassepat h,
provided it is a 12 non-priority packet. 1 8. The nethod for routing
packets as clainmed in CQaim7, further conprising 2 selecting for each
sai d unbl ocked one packet, an output direction and an output 3 virtual
channel ackordi ng o t hentablogkidmpest sgd padkess ip yf-pasaipethhif grid png of saig
unbl ocked packet, selecti hEect i riori Ve [ . nnel
for which ﬁ priority vi &’?ﬁ%fsa%%gﬁleéﬁq%ﬁs% ef‘%rgd tggrepaéésé(?%qlgp%ﬁ{?és\}%@?or

i ndi cates'g he directionptisritvitthalah@iet;i ng goal of said 7 high priority
unbl ocked packet; 8 b.) for_said non-priority unblocked packet which is not
dynanica||§ 9 rout &1 e, aBapRleckadpng of paid Packsts it namrPESElypartal ehamgel channel
for which,;y10 an escapeyi: L ' : ihle bit vector

i ndi cat esl he 11 direct P%eﬁhég%g%h%%g@q{r%%s%r?gfﬂéif)fa ) éazlé)?’d non-priority
unbl ockedlpacket @3 whiaahnblsclttondwfisaiil patiteys inahe Bpbess phth, proyidediit isai d
non-priority unbl ocked packet which is dynamcally routable, 14 selecting
a directibh and a dynanf€RPrRPHEYRCE annel for which the 15 possible bit
vector indicates the direction is still a routing goal and for 16 which
the output status bit vector indicates the greatest said buffer 17 space

i ndi cationl wBer ei fthe inetlmdsfoctouting packietsaas dlagineé ot iDaimlB fodidricommpiisingexi st s

then selecting.,a direction and, es e virtyal 19 channel for which the
escape vi ¥ ualel ST casf sertp REkEhGe i ketom ool DRERw i R oai d
direction 3s $fduhl c}ﬁnﬁ&l&:b@ﬁirgqakheﬂall&wing@eﬁm hod for routing packets as
claimed in Caim8, wherein perforn ng an out put phase of said

est abl i shi‘hg sai d generfar sag bighpaioribronbéeaked peckiep selseling a dirapiom 20084508

PCT/ US02/ 05569 3 i ng 4 he. S, Arhi L at]
high pri or|§ Oy for > et AR Girfed (rRfel B 0ibn BRRR B AR BbARILE ¥EHE O
6

possible bit vector indicates the direction is still a routing goal of said

7 high priority unblocked packet;

8 b.)  for said non-priority unblocked packet which is not dynamically

9 routable, selecting a direction and an escape virtual channel for which
10 an escape virtual channel bit of the possible bit vector indicates the
11 direction is still a routing goal of said non-priority unblocked packet
12 which is not dynamically routable;
13 c.) for said non-priority unblocked packet which is dynamically routable,
14 selecting a direction and a dynamic virtual channel for which the
15 possible bit vector indicates the direction is still a routing goal and for
16 which the output status bit vector indicates the greatest said buffer
17 space indication, wherein if no such channel and direction
18 combination exists then selecting a direction and escape virtual
19 channel for which the escape virtual channel bit of the possible bit
20 vector indicates said direction is still a routing goal.

1 o9 The method for routing packets as claimed in Claim 8, wherein performing

2 an output phase of said establishing said general arbitration policy comprises:
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4 processor injection FIFO according to a predefined output phase
arbitration cycle 5 criteria; 6 setting the current output phase
arbitratiwooepsisesto | ow priority for a 7 processor i njectPCarusht/px569
according to said predefined output phase arbitration cycle 8 criteria. 1
10. The nmethod for routing packets as clained in daim9, further
conprising 2 generating an output arbitration priority for said packets
from a hi gBest pri oseiting the carrer duipné shasp pibatration, cyalego diigh pringity forment  out put

hase arbitration cyel.e.i riaority for, -4 rocessor ,i.nj.ectign Fl FQ
e o Fovs: 5 moepsB feloh TRIACo et «55osrifaRoRprHRE i R whle 2 o
priority virtugteriab channel that has the highest input fullness of buffers
indication out of 7 a plurality of priority virtual channels; 8 b.) a high
priority plcket fr6eiiagprodsresbputpy|rhess ahitiiipooydato leasprority foriaghest i nput
full ness of b tndi.catd f | | [ [

nj ection f pOsESey AR HE0 Rube f U Aekhi Slppchell BB ere or 1y
vi rtual ch@nnetiterik2 havi ng a hi ghest said input fullness of buffers
indication out of a 13 plurality of non-priority virtual channels; 14 d.)
a normal priority packet froma processor injection FIFO that has a 15

hi ghest i nput {fu f kgl s (Y2 16
pr gcessor ;Pnj elgi :T(k)lﬁﬁ%?}ll:% fé)?%f{ t%%ﬁ;abrlﬁ% %gc{h}l% d otrCl%E%tg’l @gﬁ%ﬁég}g@%ﬁgﬁgs cl ai med
in daim92 fgendigmgangripsi angtra@orgpmartty forsgidapackets [fitvin ahighest atibaty tprai ority
for said ckets from.a highes riorit a Jowest priority, wherein
the currens ottt PREevhPE b bRtk e nityeim vl i pondor
processor inj qgkdcRBsor ifjstichsEIFO), howdlows, @.) a high priority packet froma
processor injection FIFO that has a 6 highest input fullness of buffers

i ndi cationSout of &aid ghidruablackedbéne of spdmerists Fche\eayiE8uUizaRrity virtual

PCT/ US02/ 05569

channel that has the highest input fullness of buffers indication out of

7 a plurality of priority virtual channels;
8 b.) a high priority packet from a processor injection FIFO that has a
9 highest input fullness of buffers indication out of a plurality of
10 processor injection FIFO’s;
11 c.)  anunblocked one of said packets in a non-priority virtual channel
12 having a highest said input fullness of buffers indication out of a
13 plurality of non-priority virtual channels;
14 d.)  anormal priority packet from a processor injection FIFO that has a
15 highest input fullness of buffers indication out of a plurality of
16 processor injection FIFO’s.
1 11.  Themethod for routing packets as claimed in Claim 9, further comprising
2 generating an output arbitration priority for said packets from a highest priority to a
3 lowest priority, wherein the current output phase arbitration cycle is high priority for
4  aprocessor injection FIFO, as follows;
5 a.) a high priority packet from a processor injection FIFO that has a
6 highest input fullness of buffers indication out of said plurality of
7 FIFO’s;
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8 b.) said unbl ocked one of said packets at the head of said priority
virtual 9 channel that has the highest input fullness of buffers

i ndi cati owomaws4shs 10 said plurality of priority virtual elanset/ssseédl c.) a
normal priority packet froma processor injection FIFO that has a 12

hi ghest input fullness of buffers indication out of said plurality of 13
processor injection FIFO s; 14 d% an unbl ocked one of said packets in a

non-prioriBy virtu®) chaidamblorkedend ofgaid micketeet the heal ¢ﬁ"ﬁ@iﬁPﬁQﬂt}’W€@1§1 of

channet s 1 12 1 a masgrit 0% bR bl Rd Rt B Bl Er
pluralityiof nodes 2 c@ﬁﬁqgm@ﬁ?qﬁqmmhquhhuﬂQmm@ﬂﬁgons each node |ncluding
a conputing device, a 3 system routi ng packets towards their

destinati éh nodes arrpraaqrﬁgﬂpmmaty)paﬁléeéﬁr@m@prchettmwoaﬂlaoﬁwéh@% from
at | east ﬁ’@e of 2m di re%&ﬁ%%@ﬁ fgil&sé‘h{éﬁﬁ% ﬂ':edtlglfl {cﬁﬁ{i&pg}d}? nurber

input I'nks into a 6 rres one of ura
VI rtual channels; 7 b. )pmmﬂrgeaiommm@lsng | ocal packets froma | ocal of
said nodes to at |east e of a plurality of processor |nject|on FI FO s;
9 c.) rreai% gener afidng énﬂﬁglﬁ%ﬁda‘?r}et%fs@ P@Eifeﬁﬁﬂtn %Ifoélr%orﬁb’t"lr\‘}‘@éﬁme each of
10 said ogsput status b'hhw\l,ﬁ\g%t}f?é}%s @eﬁlﬁnése%fﬁﬂ %1{:&1’(&09{01’45 L nk,
the 11 availability of downstream yna c virtual annel s,

downst r eaf® buf f er spacepiumﬂntgatflsmdnbmpmahtyvmrmalmhnmﬂiannel s associated 13
with its direction; 14 d.) neans for establishing a general arbitration
policy wherein 15 arbitration decisions are made based on a contents of
said 2m 16 phaoral i ¥ nfksiGsll Pefalist @;miﬁltlagfsygt&ﬁtc@ﬁ@nsﬁaé aSlhralBAThol &'
outputting according to said general arbrtration policCy said 18 packets
via at | eadt eerfigurethigfremuytitdymersiensy @a@bp@ﬁ@lmbldmﬁ peampytigglevice® wher ei n

sai d_packe{s s%emorfrﬁs&%g&%{s%w%ag SR DAp A0 R R0 20 21 1)

means for Tepeating Vi ous™ s "said

4 means for inputting said packets from at least one of 2m directions

5 via at least one of a corresponding number of input links into a

6 corresponding at least one of a plurality of virtual channels;

7 b.) means for inputting local packets from a local of said nodes to at least

8 one of a plurality of processor injection FIFO’s;

9 c.) means genere%ting a 2m plurality of output status bit vectors, each of
10 said output status bit vectors describing the availability of its link, the
11 availability of downstream dynamic virtual channels, and a
12 downstream buffer space indication for all virtual channels associated
13 with its direction;

14 d.) means for establishing a general arbitration policy wherein

15 arbitration decisions are made based on a contents of said 2m

16 plurality of output status bit vectors;

17 e.) means for outputting accdrding to said general arbitration policy said
18 packets via at least one transfer path to corresponding output links,
19 wherein said packets are advanced towards said destination nodes;
20 and

21 f) means for repeating the previous steps for as long as any of said

22 packets and said local packets are available for input.
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22 packets and said | ocal packets are available for input. 21 WO 02/ 084508

PCT/ US02/ 05569 1 13. In a nassively parallel conputing systemconprising a
pl uralitywofozedes 2 configured in mnulti-dinmensions, e&ch/usodesssncl udi ng
a conputing device, a 3 program storage devi ce readabl e by machi ne,

tangi bl y enbodyi ng a program of 4 instructions executable by the machine to
perform nmet hod steps for routi n? ackets 5 towards their destination, said
met hod st eps ddnpr s mpssigely ppra hgmpm@ggastmmum@smgfm%w dfeades one of

2mdirectigns via at,least ,,.7..one.of a corres i ng numher of.input |inks
oo b cor s ae st iR et aiRPSufls SR ROHT RIS (R BlickiEnnel 5o
b.) i nputtgngpl@eah sasdealesidelr8dMable b9GRchafe, ﬁa@gm;g@ﬁ%d)ﬁ@g aprdgeasbf one of a

10 plurality of processor injection FIFOs; 11 c.) generating a 2m
plurality #f éstpdionsiaeasatle by thecmnenhine te perfon meghad steps foiopling Backelss bi t
vectors descrihj iL.abhi| i Lt inhk..the 13 availability of
downst ream§dylrt1§’l’na?gs %’?ﬁtd%ggﬁla@ﬁg’ngﬁgPé,et%é%étegs éldzfn oSIIS 5t ream buf fer space

i ndi cationgfor all ayirt ugutttdpqnepskas $oal atledt oddoidh diretttorndivieeg ldasn;, 16
d.) establishing a general arbitratign poljcy wherein arbitration_decisions
17 are madé based on a €BAHPEAEYTesPoRENGMIRPE) ol izt dipkemte,qeorgsperdingiat pi t
18 vectorsg 19 e.) out pﬁa&ﬂ&f&cﬁ%@ﬂﬁﬁii LSk gperal arbitration policy
said packets 20 via at least one tra sffer path to torrespondi ng out put

i nks, whe9ein 21b3ai dingpmtties ecapacleth/omadotadwisald nedésdo dekbstoat bHa

nodes; and 22 f.) repeating.th revi ous ste or as long as any of said
packet s aﬂ@i 23 said |oeh¥%&x&%a@e§;§wnﬁ?§w§§€é for input. 1 14. The
met hod fopyroutingcpacketseragngd BhPhstalit oEodipht ddus bitrveb@fs, RMRITsalINg 2

using hint bits from packet headers of Said packets wherein said hint bits
i ndi cate Bwhich of sai duipnt statusbitiveetersalescrbang thslawaflability 2f ks bk gbé d

packets to,nove in, 4 wher. ..sal.d establishing sai eneral arbitration
policy is %:orrpl et ed mrgvadf??%ikt}/g?gownsttream d%/nam% Vi ecljl antels, and?la

14 downstream buffer space indication for all virtual channels associated
15 with its direction;
16 d.) establishing a general arbitration policy wherein arbitration decisions
17 are made based on a contents of said 2m plurality of output status bit
18 vectors;
19 e.) outputting according to said general arbitration policy said packets
20 via at least one transfer path to corresponding output links, wherein
21 said packets are advanced towards said destination nodes; and
22 f) repeating the previous steps for as long as any of said packets and
23 said local packets are available for input.

1 14.  The method for routing packets as claimed in Claim 13, further comprising

2 using hint bits from packet headers of said packets wherein said hint bits indicate

3 which of said 2m directions are feasible for each of said packets to move in,

4 whereby said establishing said general arbitration policy is completed more quickly.

—

15.  The method for routing packets as claimed in Claim 13, further comprising:
2 creating said 2m of a plurality of possible bit vectors for each direction,

3 wherein each of said plurality of possible bit vectors indicates whether further
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1 15. The nmethod for routing packets as clained in Caim 13, further
conprising: 2 creating said 2mof a plurality of possible bit vectors for
each di r ewDi0o/84588 wherei n each of said plurality of possi piCa/usn2/03sert or s

i ndi cates whether further 22 WO 02/084508 PCT/ US02/ 05569 4 novenent of
any one of said packets in said each direction for each of said virtual 5
channels is still a routing goal. 1 16. The method for routing packets as
cl ai med i n4C alavemsnt aittay o op esid peackictsgn said gach dipestiop Herswackh b1 spad dirtual
est abl i shi pg i d Lal arbitration policy conprises: 3 a.) determning
whi ch of sgid%%ggfgﬁggﬁg nﬁtﬁﬁﬁgﬁé destination are 4 conpletely bl ocked; 5
b.) determ ning which of said packets not at their destination are 6

unbl ocked; 7 c.) determni n%ﬁwhi ch of said packets at their destination are

bl ocked; 8ld. )6det dhaitathng iphreuingmacketspsdaired én glaimye;, whewsin patrmnme ar e
bl ocked. 5 1 , ' : ' i i m 16,
unbl ocked.» L opul BB B8 LRy DO BOEK I B GRLP B8 20 1 161

correspondidng to said 2dedimiddig whish of Saidhvpavketsmoe actheididestiiatlon aeut St at us
bi t vectori describes a reafﬁﬂtg aLb:trate i ndi cation, 4 and an input

full ness of buffers indCRBEPIEHHY Pckedich of said plurality of virtual 5
channel s agd sai d ghur alibikifindlBRESP OFd bRIERLOPE: BLEGSiARSRLAl ed Wi th
one of said 6 2mdirections. 18. The t ho or routing packets as
clainmed in6C aim 17, fumntblecketlonprising: 2 random zing said input fullness

of buffers,indication of, said.input. status bi vectors.in curr.ent
ar bi ;J rati 071I cylcl e :03 a SFtSH%W%‘QHﬁPB%W‘iW%ﬁ%SﬁgPe ‘ﬁePP?BZPP&f@ cKedheen
net; 5 pergorning @)l ongestmmaugUehieh bOEdid YackeRiak fidtd dBtihdtohAkduiddkemt

arbitration 6 cycle if said predefined arbitration cycle criteria has not
been net. 1 19. The nethod for routing packets as clainmed in C aim18,

further coymprising r ] t arbitratg riority for said
e GO 910, rRAREBF LRl B KPR L0 g i

2 said 2m of a plurality of input status bit vectors, corresponding to said 2m directions,
wherein each of said input status bit vectors describes a ready to arbitrate indication,
and an input fullness of buffers indication for each of said plurality of virtual

channels and said plurality of processor injection FIFO’s associated with one of said

N W

2m directions.

18.  The method for routing packets as claimed in Claim 17, further comprising:

randomizing said input fullness of buffers indication of said input status bit
vectors in a current arbitration cycle if a predefined arbitration cycle criteria has
been met;

performing a longest queue priority arbitration in said current arbitration

A W AW N

cycle if said predefined arbitration cycle criteria has not been met.

19.  The method for routing packets as claimed in Claim 18, further comprising
generating an input arbitration priority for said packets from a highest priority to a
lowest priority as follows;

a.) an unblocked one of said packets at the head of a priority virtual

“wm A W N =

channel;
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4 a.) an unbl ocked one of said packets at the head of a priority virtual 5
channel ; 23 WO 02/ 084508 PCT/ US02/ 05569 6 b.) an unbl ocked one of said
packet s iwoazlbgsspaass path, if said one of said 7 packetsPCI/ESB0NITHH
priority packet and there are no said packets in the 8 priority virtual
channel; 9 c.) an unbl ocked one of said packets in a non-priority virtual
channel 10 having a highest said fullness of buffers indication; 11 d.) an
unbl ocked 6ne of sai)d packebkcked drivoilsyidpacistpmt dbhy-passpathed shid dns ofisaid 2
non-priority packet. 1 20. The t.hod for rout i ackets. s claimed in

O aim19, further conprPafksisg @r%?riﬁ@a@wa%ﬁ%ﬁ SAIP §O SHE PacebTn S
packet, angoutput direc gt 3 virtual channel according to
the foll ovmgng st eps: gh%ﬂtﬁﬂﬁggll éﬁﬁ gh priority unbl ocked packet,

sel ecting @ direct icc)n ard uablbcmd Qnel(tf)smdlpackwd 1ncﬂ1ammehoﬁtyrvmtiaalccharmebri ority

virtual channel bit of the 6 SS it v icates the direction
is still Egrouting goaI%3Fn§§| ql ‘gﬁmB?F ?gFﬁgﬁ 168108 packet: 8 b.)
for said pon-priorigy uaﬁhﬁslk)@ﬁedo@fekcﬁftsal a@l&tdﬁtﬁ@ﬁ)y-? SAPHNE Phdwae if Rut abl e,
selecting a direction and an escape virtual channel” for whi’'ch 10 an escape
virtual chdannel bit of nheppossipdcketbit vector indicates the 11 direction
is still a routing goal of said non-priority unbl ocked packet 12 which is
not dynamically routable; 13 c.) for said non-priority unbl ocked packet

whi ch i s dynanbcal Mye hathoiioe routihég paélteBCdsi dgmad h rGlgii 09) fankerao fi@iﬁgc

virtual channel for which the 15 E055|ble bit vector indicates t
direction #s s8¢lpttingdoy eashisald wyblackedeong pickety g QWP%WWQ"}BO%%%@W@P% us bit

vector indgca i ;Space indication, wherein if
no such chgnngﬁﬁg Qﬁﬁggg%%ﬁgﬁmigt@%ﬁﬁknat ijﬁfYPexists t hen selecting a
direction &nd escapg vi fénsald }ﬁgh phantyainbicskediprckbt, sdiectagcadirection dnded
channel big of the pOSSI bl e

or1ty v1rtua1 channel for which a priority virtual channel bit of the

6 possible bit vector indicates the direction is still a routing goal of said
7 high priority unblocked packet;
8 b.) for said non-priority unblocked packet which is not dynamically
9 routable, selecting a direction and an escape virtual channel for which
10 an escape virtual channel bit of the possible bit vector indicates the
11 direction is still a routing goal of said non-priority unblocked packet
12 which is not dynamically routable;
13 c.) for said non-priority unblocked packet which is dynamically routable,
14 selecting a direction and a dynamic virtual channel for which the
15 possible bit vector indicates the direction is still a routing goal and for
16 which the output status bit vector indicates the greatest said buffer
17 space indication, wherein if no such channel and direction
18 combination exists then selecting a direction and escape virtual
19 channel for which the escape virtual channel bit of the possible bit
20 vector indicates said direction is still a routing goal.
1 21.  Themethod for routing packets as claimed in Claim 20, wherein performing

2 an output phase of said establishing said general arbitration policy comprises:
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20 vector indicates said direction is still a routing goal. 1 21. The

nmet hod for routing packets as clainmed in Caim20, wherein performng 2 an
out put phaee208458%i d est abl i shing said general arbitrati oRCFAISO2/95569
conprises: 24 WD 02/ 084508 PCT/ US02/ 05569 3 setting the current out put
phase arbitration cycle to high priority for a 4 processor injection FIFO
according to a predefined output phase arbitration cycle 5 criteria; 6
setting th& currentsedipgibe cyhens evppbphasasibirationslyeleto highprisritofaray for a 7

processor jnjection FIFE ding.to.said edef i.ned,qut put phase

Db trati oh chie OpmserpRFTR0 U agahe S E b BREGF PR flfmsBERERe oo
clained in5d giifsrigl, further conprising 2 generating an output arbitration
priority for said packets froma highest priority to a 3 lowest priority,

wherei n t h@ cur r entetbig fhgcupsaisartptiphesepbigatien eyede fodowawiopity &tiaty for 4 a
e curr | _ . (
ket o at !t nERER: fieon B0 At 75t bretBlifed AbpRIHARR BBaby BRI

hi ghest i nput cfilgtihness of buffers indication out of 7 a plurality of
priority virtual channels; 8 b.) a high priority packet froma processor
injection FIFO that has a 9 highest input fullness of buffers indication
out of a plurahity : N et - cked
one of sai%j pg%ket rsrﬁiéﬁneglg) ggﬁpgcrﬁl?lggﬁ)? %/H%/Siee%tcllja e(lgﬁrgngr@fn él}’Zﬁﬁ%e\#grgnﬁgghgghest
sai d i nput2 f ugtmeesmgah dutiiut ertatratie pratrity foreaid pkets fréB phighedt ptiyrigfto a

non-priority virtual channels;.14 d.) a normal priorit acket from.a

processor % nj E)éﬁfeisgwa"}w{;‘ﬂﬁlp th?agurée‘)t PBIDH %}}?égf“%ﬂ e %/ﬁ%p%@%p%qn%ﬁrf ers
i ndi cat i ony ouf pRfcedoPlnjéctiohttIFOf asli®liBR@cessor injection FIFOs. 1 23. The
met hod for rouPing packets as clained in Claim?21, further conprisin 2

generatingd an out gt assidunklockead pre efrsaidpackets ethihg hpadklesadd priastiy airifiaghest

prionity tea 8 T0nesty iQud Ya WISLALD ifIE AALEN o Pk BRAR ot of

arbitration cycle is high pri

7 a plurality of priority virtual channels;
8 b.) a high priority packet from a processor injection FIFO that has a
9 highest input fullness of buffers indication out of a plurality of
10 processor injection FIFO’s;
11 c.) an unblocked one of said packets in a non-priority virtual channel
12 having a highest said input fullness of buffers indication out of a
13 plurality of non-priority virtual channels;
14 d.) a normal priority packet from a processor injection FIFO that has a
15 highest input fullness of buffers indication out of a plurality of
16 processor injection FIFO’s.
1 23.  Themethod for routing packets as claimed in Claim 21, further comprising
2 generating an oufput arbitration priority for said packets from a highest priority to a
3 lowest priority, wherein the current output phase arbitration cycle is high priority for
4  aprocessor injection FIFO, as follows;
5 a.) a high priority packet from a processor injection FIFO that has a
6 highest input fullness of buffers indication out of said plurality of
7 FIFO’s;
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4 a processor injection FIFO as follows; 5 a.) a high priority packet from
a processor injection FIFO that has a 6 highest input fullness of buffers

i ndi cati owomawssshs said plurality of 7 FIFO s; 25 WO 02/ 0®€¢30802/05569

PCT/ US02/ 05569 8 b.) said unbl ocked one of said packets at the head of said
priority virtual 9 channel that has the highest input fullness of buffers

i ndication out of 10 said plurality of priority virtual channels; 11 c.) a

normal pridrity pabRet ‘p‘@ldmlnblosk@sb@r@snfrsaldma@l@tts Brihehead afisaid priesitwvirtual

ot ocessor nj ecti on Fi FoERen B EAER BBERiIps R LR MRl by 2

non- pri ormy vi rt ual Chaaﬁﬂplurallt? df@ﬁbﬁgr@rtﬁulghﬁﬁidssal di nput ful | ness of
buffers indication out of a 16 plurality of said non-priority virtual

channel s.1h 24, | ncd nmgapueslprigsitnpacket @ﬁﬁm@%sogylyﬁ@mrbﬂﬁ&ﬂl@ﬁh@gaa

plurality;pf 2 corrputln nsi ons,

each node 2|)ncl uding 3 H1g'?1 Eﬁq@ﬁ%llr%gg?ibu%%w15%#\%\%%&@&%% :lﬁraﬁitbro%gtl ng

packets ttsvards their dgﬁicessafimtmﬂFmEId’es conprising: 5 a.) at |east one

input unit for mpgt)tl ng S&gl cket% fromat |east ope of 2m 6 directions
0 B

via at | ekt one ofa c8RH a%@?cl@fsmﬁmnrfMWrﬂ%cl@md
correspongf ng at | east Hé'ﬁn% h@kﬂé R ihpot £ e\éééf erQHfHFUAﬁ ﬁouﬁof%) at

| east one 1 nput link for utt oca pac ets froma of said nodes
to 9 at l&kast one of apkmlra]rtgbfs'cydnbn—pnonefssxbmalichjzmxctsi.on FIFOs; 10 c.) an
out put status bit vector generator for generating a 2mplurality of output
11 status bit vectors, each of said output status bit vectors describing
the 12 avaj | apil i thﬁlasstn%ew padallel dognRvial ky?sl@édl b&mpﬁiln%awalﬁ@w dynam c
virtual 13 channels, and a downstream buffer space indication for all
virtual cHanneimputing pieerseir aodes eanfiguiedsn di mebltdlmensmas,@ayh eedeiingudingr bi t er

and an o Ut30 ut a %&B{)l&tg{g (ICVICeeg tn%%&r?t@vy 3h %01981'&?ngapac%t9 lt(g ; %Eig Blir destination

4 nodes comprising:

5 a.) at least one input unit for inputting said packets from at least one of 2m
6 directions via at least one of a corresponding number of input links into a
7 corresponding at least one of a plurality of virtual channels;
8 b.) at least one input link for inputting local packets from a local of said nodes to
9 at least one of a plurality of processor injection FIFO’s;
10 c.) an oufput status bit vector generator for generating a 2m plurality of output
11 status bit vectors, each of said output status bit vectors describing the
12 availability of its link, the availability of downstream dynamic virtual
13 channels, and a downstream buffer space indication for all virtual channels
14 associated with its direction;
15 d.) an input arbiter and an output arbiter for establishing a general arbitration
16 policy wherein arbitration decisions are made based on a contents of said 2m
17 plurality of output status bit VCCtOI‘S;A
18 e.) at least one output link for outputting according to said general arbitration
19 ~policy said packets via at least one transfer path to corresponding output
20 links, wherein said packets are advanced towards said destination nodes.
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16 policy wherein arbitration decisions are nmade based on a contents of
said 2m 17 plurality of output status bit vectors; 18 e.) at |east one

out put | iwk okos450%it putti ng according to said general arbi catisonossé® policy
sai d packets via at | east one transfer path to correspondi ng output 20

l'i nks, wherein said packets are advanced towards said destination nodes.

26 WD 02/ 084508 PCT/ US02/ 05569 1 25. The network switch as clained_ in

C ai m 24 cbnpPPsi hBe aswPHt Bl assheiprd dallpim 24 cempbistagsiintepragon ohwid ame

i nt egr at ed, ci i . Sal . rk

swi tch o 31 aroirk SPGB b S0 ot hoodig B
reception FIFO dedicated to said at | east one input unit, wherein there is

a pluralit 3 of processor reception FIFQ s for the sa plurality of
i nput uni ti, wherdisyncvers sdich pdRlanpghig Eaist 2t sppssies aﬁqgioﬁﬁpnwﬁ%ssws

d d.1 - i i 5
ecreased., %%cﬁ%ﬁéh ﬁIF@?xgeﬁhéé?édyto I%Qirdaért] (ﬁ)e%gts&%g]#{l{t LAY, WHSERThER qut)% fgl?fdi‘@y a

plurality of uting processor gured 1n mnu I mensi ons,
each node 3 nclbfigiongssar Beeptiop il FO e thecsemegluralitly wd inpet tinit$ mdeggdbynet wor k

switch with dynam c routing.for. 4.routing.packets towards their
destinatio n881%§ml9&ﬁ599n§ﬂ%%]9m§tyaﬂf1fﬂﬂ?éﬁ’rltgﬁp%ﬁrecﬁ?edsai d network switch on
the sane integrated circuit as said conputer 6 processor nodes. 1 28. The
virtual cut through network switch as clainmed in Caim?27, conprising: 2

at | east ohe BFotesgessivelyppellercompming eviten cenpdsing a phiralitytof cempetingne
i nput unit

wherein there is a plurality.of processor.reception 4 FIFOs
for the sae Brasearr tgsforfaled u il ReaRRzees BRRMNAD 2 bl raticy
5 of i nput3 unicb@phtsngdReiceas eftualdut through network switch with dynamic routing for
4  routing packets towards their destination nodes comprising:
5 anintegration of said network switch on the same integrated circuit as said computer

6  processor nodes.

28. The virtual cut through network switch as claimed in Claim 27, comprising:
at least one processor reception FIFO dedicated
to said at least one input unit, wherein there is a plurality of processor reception

FIFO’s for the same plurality of input units, whereby contention among a plurality

Y

of input units is decreased.
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