WO 03/ 013061 PCT/ US02/ 23411 SCALABE SW TCHI NG SYSTEM W TH | NTELLI GENT
CONTROL by RELATED PATENT AND PATENT APPLI CATIONS The di scl osed system
and oper awong/om®shod are rel ated to subject matter di scl oped/uiso2izel

foll ow ng patents and patent applications that are incorporated by
reference herein in their entirety: 1. U S. Patent application serial
nunmber 09/ 009, 703 (approved but not issued) entitled, "A Scal eabl e Low
Latency Switch for Usage in an |Interconnect Structure", nam ng John Hesse
as inventor; 2. U S. Patent No. 5,996,020 entitled, A Miltiple Level

M nimum Logi ¢ Network; 3. United States patent application serial no.
09/693,359 entitled, "Miltiple Path Wrnhole Interconnect”, nam ng Jolm
Hesse as inventor; 4. United States patent application serial no.

09/ 693, 357 entitled, "Scalable Wrnmhole-Routing Concentrator”, nam ng John

Srates. pat ent bR MG SY ARy iE BN (N Sl capr o

I nterconnect Structure for Parallel Conp sting and Parallel Menory
Access", nam ng John Hesse and Coke d as inventors; 6. United States
patent application serial no. 09/693,355 entitled, "Scalable Interconnect
Structure Utilizing Quality-O-Service Handling", nam ng Coke Reed and
John Hesse as inventors; and 7. United States patent application serial no.
09/ 692,073 entitled, "Scalable Method and Apparatus for |ncreasing

Thr oughput in

RELATED PATENT AND PATENT APPLICATIONS

The disclosed system and operating method are related to subject
matter disclosed in the following patents and patent applications that are
incorporated by reference herein in their entirety: |

1. U.S. Patent application serial number 09/009,703 (approved but not
issued) entitled, “A Scaleable Low Latency Switch for Usage in an
Interconnect Structure”, naming John Hesse as inventor;

2. U.S. Patent No. 5,996,020 entitled, A Multiple Level Minimum Logic
Network; '

3. United States patent application serial no.‘09/693,359 entitled,
“Multiple Path Wormhole Interconnect”, naming John Hesse as
mventor;

4. United States patent application serial no. 09/693,357 entitled,
“Scalable Wormhole-Routing Concentrator”, naming John Hesse and

Coke Reed as inventors;



Mul tiple Level M ninmum Logic Networks Using a Plurality of Control Lines"
nam ng Coke Reed and John Hesse as inventors. FIELD OF THE | NVENTI ON The
present iwoaabidnlrel ates to a nethod and neans of contr olPiciTnggozzs411

i nterconnection structure applicable to voice and video comruni cati on
systens and to data/lnternet connections. Mirre particularly, the present
invention is directed to the first scal able interconnect switch technol ogy
with intelligent control that can be applied to an electronic switch, and
an optical  switch with electronic control. BACKGROUND OF THE | NVENTI ON
There can SeUntedasusies prtent enplieationsiesial 6. ONO0B 08 antitledound the gl obe

will be the drivi orce for e world's ny in this century. The
amount of i n%ﬁ% LETRPOGE ggwtéﬂ;?s é?@é%?%gf%ﬁﬂtm&ap Faualiel

cor por ati ons i »» MUSH: i i ntially. The vital
quegti on, t hl\élr%e &?Z‘%‘&%ﬁm adtnﬁ]g%qgﬁigrﬁeés\sfé P]I% @?{%yﬁ%@?}@%&ﬁ&o ﬁ’d_ | ow cost

I nfrastrue urgitbd Spates aie@té?ﬁl%ﬁfﬁﬂ%ﬁam& (9Y853 B gam@yRKs of information

that will be communi cated between nunmerous parties in the near future. The
2 WO 03/ 01306cakOlt [I9e2¢ @Bt StrpcmsebitilizmpeQuitity-OfsSezeicef ort h bel ow,
answers. that_question in the affirmative. _In addition to the numerous
conmuni cat i ofﬁaléfﬂﬂllg o Beryne CalgeReedhang Johmndespessgnrenrtosmnidcat i ons enabl i ng

i d i . d i ncl. udi . si yel al | el superconputers,
o e S TR R e PSS o o5 bl pr computer
dat abase engiqesd Medifod RPN Y ﬂﬁ?eas%?%ﬂf%%ﬁ% i ncl udi ng digital
si gnal processing. e sw tchi systens can I'so used in imagi ng
i ncl udi ng mediutiidleilnB@l Miniufel oglRMNéteairkoWkingd APIMAELEHE er t ai nment

i ncludi ng video ganes and virtual reality.
Control Lines” naming Coke Reed and John Hesse as inventors.

FIELD OF THE INVENTION

The present invention relates to a method and means of controlling an
interconnection structure applicable to voice and video communication
systems and to data/Internet connections. More particularly, the present
invention is directed to the first scalable interconnect switch technology with
intelligent control that can be applied to an electronic switch, and an optical

switch with electronic control.

BACKGROUND OF THE INVENTION

There can be no doubt that the transfer of information around the
globe will be the driving force for the world’s economy in this century. The
amount of information currently transferred between individuals,
corporations and nations must and will increase substantially. The vital
question, therefore, is whether there will be an efficient and low cost
infrastructure in place to accommodate the massive amounts of information

that will be communicated between numerous parties in the near future. The



The transfer of information, including voice data and vi deo, between
numerous parties on a worl d-w de basis, depends on the sw tches which

i nt er conmwotosdbidecomruni cati on hi ghways ext endi ng t hr ougheat/usez23sor | d.
Current technol ogy, represented, for exanple, by equi pnent supplied by
Cisco, allows 16 1/O slots (accomodati ng, for exanple, the OC 192
protocol ), which provides 160 GBS in total bandw dth. The nunber of 1/0
slots can be increased by selective interconnection of existing C sco
switches, but.this results inh substantially increased costs with a

si gni f | PESENT MYERBaRES St BRI aseRbitiRt J4eRlion Bytheough G sco swi t ches
are currﬁghjl%-vevm dely used, it is apparent that current technol ogy, as
represe?‘l S/ existing Cisco products, will not be able to accommodate

the increasimg difed t@ihe hitheF IR dAmihRbL¥A hb?p@atfdr@yvﬂfaﬂe aver the world's
communi cation highways. A famly of patent filings has been created by the

assi gnepuwkrdiseotheesgpiicationg enabling bovide vexicet & productsrineluidiagd anti ci pat ed
probl ens of accommopdating the nassive amounts of information that will be
t r ansf emassivebepareBpl PRCr¢@BPPISTS, parailed warkstatiens, Tehlyl ¢qppdpdr eci at e t he
substantiﬂ%l a(tivan_ge Ff t he pé&%slgant inventiﬂgnf it is necessaré to briefly
sunmar | SEEHE Of JYGTEFARRE A (RRRS e FPe G o Nt S e IBFRGRNSIEPR i ncor por at ed
her ei n PC & ef ui | di ng

b1 ocks. T Ra e L SRel pRtisine, TheSe Rt JfrhyEln - A

Ml ti pl gsb@ealselliniinepincomictudies wasdical itkMe. nethweisplicstistescri bed in U S.

Pat ent No. 5,996,020, granted to Coke S. Reed on Novenber 30, 1999,
("1 nveninichrdesdrttprtainmeeitt éachidiygs videogainsts aadevirtialcselitr at ed herein by
Whi ch Ut 11 288 BepaPaot IUarPae Heu R HATORS el Bico: v Tand
positiontnd Qls prtfi'ﬁg?gﬁ a%ghﬁzﬁid%m? h&ﬁéﬂdé%n%%%%&%%& Wil
interconnect the communication highways extending throughout the world.
Current technology, represented, for example, by equipment supplied by
Cisco, allows 16 I/O slots (accommodating, for example, the OC-192
protocol), which provides 160 GBS in total bandwidth. The number of I/O
slots can be increased by selective interconnection of existing Cisco
switches, but this results in substantially increased costs with a significant
decrease in bandwidth per port. Thus, although Cisco switches are currently
widely used, it is apparent that current technology, as represented by existing
Cisco products, will not be able to accommodate the increasing flood of
information that will be flowing over the world’s communication highways.
A family of patent filings has been created by the assignee of the present
invention to alleviate the current and anticipated problems of
accommodating the massive amounts of informaﬁon that will be transferred
between parties in the near future. To fully appreciate the substantial

advance of the present invention, it is necessary to briefly summarize the

prior incorporated inventions, all of which are incorporated herein by
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i nterconnect structure. Switching control is distributed throughout
multiple nodes in the structure so that a supervisory controller providing
a gl obal woamatnmki f uncti on and conpl ex | ogi c structures areTawor/dadr The
MLM.. interconnect structure operates as a "deflection” or "hot potato”
systemin which processing and storage overhead at each node is mnimzed.
Eli mnation of a global controller and also elimnation of buffering at the
nodes greatly reduces the amount of control and logic structures in the

i nterconnect structure, sinplifying overall control conponents and network
i nt er coiphersnce engaie e buiiling blaghkoupagwilolhg ipetenhiycatiRtevi ng | ow

| at ency for packet conmunication. Mre specifically, the Reed Patent
descriﬁggng&design in which processing and storage overhead at each node

s areatly rGAYSR BYsERA NuRiplTESPANR BARIAT de Rudhode additi onal

output port To a no t evel e I'hterconnect structure

rat her mramhaletivoek) Reiepathal inuntg. [Pagrd @$.r5690 6,020, utintedrd Cskavai | abl e.
Wth this design the, usage of buffers at each node is elimnated. In
accor da®icReed bh Noecraberetl, 180% GdnrewibrPal Onthe tehehingf whaekeroonnect
structure includes a.pJurality of nodes %Pg a &I urality of _interconnect
lines sEceERqreadhersithey IsigEriCRe IRVEHION Al desaiiaes ginstvatetnds Wo 03/ 013061

PCT/ US02/ 23411 str.uc e 4 j i i

i nter cdﬁﬁ%lgf)@]ae%toﬁuﬂg 'eo‘ﬁhlg}lw#lﬁgﬁéw flé%{ %81112@“? ?1%}’“33 Pé\glgeur th ructure

i ncl udipng,: et : i | and a

pl ural i?@l@ aglﬁr?gg%lslﬁ t&ggecs E@%’é:éicllde%cé’?ngﬁ%ﬁ g@ﬁitﬁﬂiéﬁ?%leglrh%}ﬁgﬁ%senti ng the
nunber ferebghest stheterenSheisclang controhisediptribtioed thobuginfiommaltiga i s sent to
resol ve data transm ssion conflicts in the _interconnect structure where
each noteddssinghggtmissresotibatan simeavisaryapontzeljeaidearidsng eelokalel and an

i edi at e successor tqg a nade.on the sane |evel
control funcfion an com}%ex logic structures are avoided. The MLML

inlerconnect structure operates as a “deflection” or “hot potato” system in
which processing and storage overhead at each node 1s minimized.
Elimination 6f a global controller and also elimination of buffering at the
nodes greatly reduces the amount of control and logic structures in the
Interconnect structure, simplifying overall control components and network
interconnect components while improving throughput and achieving low
latency for packet communication.

More specifically, the Reed Patent describes a design in which
processing and storage overhead at each node is greatly reduced by routing a
message packet through an additional output port to a node at the same level
in the interconnect structure rather than holding the packet until a desired
output port is availaiale. With this design the usage of buffers at each node is
eliminated.

In accordance with one aspect of the Reed Patent, the MLML
interconnect structure includes a plurality of nodes and a plurality of

interconnect lines selectively connecting the nodes in a multiple level
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Message data from an i nmedi ate predecessor has priority. Control
information is sent fromnodes on a level to nodes on the adjacent outer
| evel toweasnizbl i npendi ng conflicts. The Reed Patent isPpaTdisoytzamti al
advance over the prior art in which packets proceed through the

i nterconnect structure based on the availability of an input port at a
node, leading to the packet's term nal destination. Nodes in the Reed
Pat ent coul d be capabl e of receiving a plurality of sinultaneous packets
at the input ports of each node. However, in one enbodinent of the Reed
Pat ent , strbetnee immwhiphatherteeld indaidé abichly yntefcoonksted snBeetnil ofked node to

where an incom ng packet could be sent. sp that i practice, in this
enbodi nERES, WHb thegadtiple lexel stardupdpeidmegp rﬁgb’ %frcg‘elpllevegﬁlﬁlﬁrtaneous

Lake | nOG SRS O ST AR Ry SR EZT Bydf BBt G ¥iier " ben ow 1 ne
current iﬂt@%%lrle itesEﬁﬁngﬁl‘f%(ﬁﬁmb%PHFWI@QW@%MESQHQ@Rﬁﬁteﬁﬂd achi evi ng

reducti on tency e netwo A second approach to achieving an

opt i munCRetwoidfoshateh ds serttas reqidendshanwmsatiskidesonflivedin theU. S.  Pat ent
Application Serial No. 09/009,703 to John E. Hesse, filed on January 20,
1998. (intencenneatrstt@tunerwheresach nade Scabeedsseoriowe nedeedityn Swi t ch for Usage

in an Interconnect Structure"). ..This patent applicatjion is.assigned to the
same end{fgeOYter }eﬁé{%‘ii“% djgc 63 ¢PE506 P 49@5%@6&1}62%%16\5% i cation,

ond, | S\ LGSE0L a8 155, 0 AGRLPRRELSRRs b chnance L thel ¢
X PSS e M egor g ey mowuoms KWIL) |
conput eteswanf ofirhpefiag,conéliewsr ks and communi cati on systens. The
i| RE/ZF]? ?gﬂe?ﬂhes ilrelejzg &’%’E%‘c%ss iar;%bgtgﬁtiglca%lvggég olfgrmﬁlle%[r?o?%}t(t i%V\\A;vflfcrfl descrl bed al

packets proceed through the intercommect structure based on the availability

of an input port at a node, leading to the packet’s terminal destination.

Nodes in the Reed Patent could be capable of receiving a plurality of

simultaneous packets at the input ports of each node. However, in one

embodiment of the Reed Patent, there was guaranteed availability of only

one unblocked node to where an incoming packet could be sent so that in

practice, in this embodimeit, the nodes in the Reed Patent could not accept

simultaneous input packets. The Reed Patent, however, did teach that each

node could take into account information from a level more than one level

below the current level of the packet, thus, reducing throughput and

achieving reduction of latency in the network.

A second approach to achieving an optimum network structure has

been shown and described in U.S. Patent Application Serial No. 09/009,703

to John E. Hesse, filed on January 20, 1998. (“Invention #2” entitled: “A

Scaleable Low Latency Switch for Usage in an Interconnect Structure™).

This patent application is assigned to the same entity as is the instant
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enpl oys a nmethod of achieving wornmhol e routing by a novel procedure for
inserting packets into the network. The scal able | owlatency switch is made
up of a lwoge/omesber of extrenely sinple control cells (nedeg)Sombiseh are
arranged into arrays at levels and colums. In Invention #2, packets are
not sinultaneously inserted into all the unbl ocked nodes on the top |evel
(outer cylinder) of an array but are inserted a few clock periods |ater at
each colum (angle). By this neans, wormhol e transm ssion is desirably

achieved. Furthernmore, there is no buffering of packets at any node.

Wor mhol 8PRYSAOR 51586?% ,teaa‘rsin%%%ﬁfer?gﬁ‘%l,ncﬁﬂ%ﬂ@t HgreiRDY Kderepeednpart of a
packet X} . b .Gl I i of.. the cket has not
packel IR LR e Bl lE S EE, Rl 108 S S P ke! 1
conpl et gyerag i mactghalifjeos %Mﬁplﬁ_tlevaq]%%hnprbg% W@ el ectronic

integrated circuit. This single- chip enbodi nent ©co es a self-routing
MM swirttetcofrabotistrustiirh, sushrashis taight amdviensiontt 1o fordakedn paeket®rd hr ough it .
The scal able lowlatency switch of this invention is made up of a large
nunber of aldkynesnBetvarikapnd cosvnunightior sydemaodds)inteTeeniseht rol cel l's are

par amet a1y Gngys seatsde ToRGlerdy SaRNRresken e iBebal Ty o pover of |
2, wWth i Al i . ich
cort espan 08 o R, (o R E AR I Jad ] £ BRI  Trvent i on

#1) . EagReftatepdvkstd into das @etbofil D¢ 0da3iifid 1RCTIANR0R %3¢ hYs rhagait ports and

two data output ports wherein the nodes can be forned into nore conpl ex
desi gnsyp stielargs rupabareaf-axtaeticlgesinglescontiod kel (modeay kétish atdir ough 't he

i nterconnect with signifi calgt ly | ?wer | at ency.. The nunmber of col umms
typi cal #ARgRako arays at llteéfe qdgolwppg. InkswngigaiZaprakets ane aichs  2J

control siﬁﬁll{a%eoﬁﬂ? iﬂééqpeed’in% ail%ﬁg hﬁbfosclcéa' 1%&(93' c|>1¥ tli]e+t|op 13981 (So%%lerabl e low

cylinder) of an array but are inserted a few clock periods later at each

column (angle). By this means, wormhole transmission is desirably
achieved. Furthermore, there is no buffering of packets at any node.
Wormhole transmission, as used here, means that as the first part of a packet
payload exits the switch chip, the tail end of the packet has not yet even
entered the chip.

Invention #2 teaches how to implement a complete embodiment of the
MLML interconnect on a single electronic integrated circuit. This single-
chip embodiment constitutes a self-routing MLML switch fabric with
wormhole transmission of data packets through it. The scalable low-latency
switch of this invention is made up of a large number of extremely simple
control cells (npdes). The control cells are arranged into arrays. The
number of control cells in an array is a design parameter typically in the
range of 64 to 1024 and is usually a power of 2, with the arrays being
arranged into levels and colummns ( which correspond to cylinders and

angles, respectively, discussed in Invention #1). Each node has two data
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| atency switch is designed according to nmultiple design paraneters that
determ ne the size, performance and type of the switch. Switches with
hundr eds wb oBlmwsands of control cells are laid out on a ®cmgise2ediip so
that the useful size of the switch is limted by the nunber of pins,
rather than by the size of the network. The invention also taught how to
build | arger systens using a nunber of chips as building blocks. Sone
enbodi ments of the switch of this invention incl ude a nulticasting option
in which one-to-all or_one-to-many broadcasting packet is perforned.

Usi g tllii’@uﬁﬂﬁ‘”ﬁéﬂﬁttﬁ’i@g‘i%%wwt tl:QFﬁ? Wlfgmn t&asﬁxodéaﬁan b@f@%ﬂ%@t ug/toSﬁnd a paﬁket
t t T | t t t

wi th onoks Bomplit fiehs sufh %tﬁ%}fwﬁzﬁ@e‘ﬁ&ﬁ R B Rt ik fy To ¢
pertinepl % ﬁWﬂ&%hﬁM‘c‘ﬁ@ Eﬁééﬁ%ly l%éve‘f"?étbngﬁ TEYREAHRIRMHL ers.

NUItlcastl IS 1 enment In~a strarghtfor manner  usi ng additional

cont r ol cdlungs w@idauy rang@aem Atego adremlope rBitich ela@n lafrabycong@ipoxi mat el 'y 20%
to 30% The next probl em addressed by the fam | atents assigned to the
assi gned asmtrceefschemumber ofiféeals isxypinidlyahd . ﬁhfesm dkdesowhe i deas of

|nvent|ons#1 d # Thi.s ralizati.o nvention #3 entitl ed:

"Ml t ] plpt@llcwastmt@bwrﬁf?@}géleri@@&@%&m tiplg éﬁé#gn Ry aEgters fhakni t ed States

Pat ent i S 9 N ons i ncl ude

net wor kdséag% 1%6‘&1 %gzes‘f)éfr@%tl%}g d@%:él Gt ge éwﬁecl‘sgﬁé <7R‘;“jll‘ ype described in

| nvent 'madl#és oﬁlﬁﬁlsbﬂ@é Hﬂ&ﬁﬁfm% vakiatdionst 6h a'sﬁl’{gﬁ@'bhioﬁ'sé#aléthat include a
richer control 7 WO 03/013061 PCT/ US02/23411 system connecting |arger and

nor e vahyiusgfidrsozepst tfe swatbbsis thaitedvby ¢hé noinbee df pimscratherahanibit er connect s
in Inventions # and #2. The_ invention also describes a variety of ways of
| ayi ng tBatsiza EChedidwerk.i Eheirveatiop Asomughphawiphyllslergesgi es.

. systems using a number of chips as building blocks.

Some embodiments of the switch of this invention include a
multicasting option in which one-to-all or one-to-many broadcasting of a
packet is performed. Using the multicasting option, any input port can
optionally send a packet to many or all output ports. The packet is replicated
within the switch with one copy generated per output port. Multicast
functionality is pertinent to ATM and LAN/WAN switches, as well as
supercomputers. Multicasting is implemented in a straightforward manner
using additional control lines which increase integrated circuit logic by
approximately 20% to 30%.

The next problem addressed by the family of patents assigned to the
assignee of the present invention expands and generalizes the ideas of
inventions # 1 and #2. This generalization (Invention #3 entitled: “Multiple
Path Wormhole Interconnect™) is carried out in United States Patent
Application Serial No. 09/693.359. The generalizations include networks
whose nodes are themselves interconnects of the type described in Invention

#2. Also included are variations of Invention #2 that include a richer control
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The next advance nade by the famly of patents assigned to the sane
assignee as is the present invention is disclosed in United States patent
Appl i catiwo,038e306n] No. 09/ 693,357, entitled "Scal abl e WpaTHshz2R0Ut | ng
Concentrator,” nam ng John Hesse and Coke Reed as inventors. ("lnvention
#4") 1t is known that conmunication or conputing networks are conprised of
several or many devices that are physically connected through a

comuni cation nedium for exanple a netal or fiber optic cable. One type

of device that can.be included in a network is a concentrator. For exanple,
a | ar g8/SSERHICONNEFHRE (TGS Pith AR VaRITRG gﬁ@%R/%cﬁﬁélqijé;? th¥e e a centr al

rput o e TP R R o ORI ACAE Rt A ¥ RV RE et vor k.
in i | . net vor
Fr om 8 o e R ST O it vor ks,

A conceplanairgy strsegiedevi ce that is connected to a plurality of shared
conmmuni cation lines that concentrates information onto fewer lines. A

persi stent pFlabnerhadvancamasiedy herfamslyel natpets assigned énfhstsage systenms and
T ncs TR RSB PR DL Mt Tnes o

bl j i c | i t ens.
pr o e%@ﬁgg@&?%ﬁlﬁ%&%@% ?@‘?’ afididd %ﬁiab@'&?ﬁ@ﬁﬁ%ﬁ{o@ﬁﬁ%t esys ems

| nventio provi des "a ‘concenfrator structure t s data

and i npCeMesittRbOT @iﬁhﬁﬁ% TbhaMdaye av® UdkBR Rliagkagesord. Mekhveatisgal able 8 WO
03/ 013061 PCT/ USG2/ 2341 virtually without limt, and that supports | ow

| at ency#4€lhd hi gh t hroughput. Mre particularly, this invention provides an

i nt erconnect_ structure which substantially inproves operation of an
i nf or mat i on 16 EnNERMVR éh@,trcqrwﬁwwtmn or computing networks are comprised

of several or many devices that are physically connected through a
communication medium, for example a metal or fiber optic cable. One type
of device that can be included in a network is a concentrator. For example, a
large-scale, time-division switching network may include a central switching
network and a series of concentrators that are connected to input and output
terminals of other devices in the switching network.

Concentrators are typically used to support multi-port connectivity to
or from a plurality of networks or between members of plurality of
networks. A concentrator is a device that is connected to a plurality of
shared communication lines that concentrates information onto fewer lines.

A persistent problem that arises in massively parallel computing
systems and in communications systems occurs when a large number of
lightly loaded lines send data to a fewer number of more heavily loaded
lines. This problem can cause blockage or add additional latency in present
systems.

Invention #4 provides a concentrator structure that rapidly routes data

and improves information flow by avoiding blockages, that is scalable
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usage of single-bit routing through control cells using a control signal.
In one enbodi nent, nessage packets entering the structure are never

di scar dedwp o3@o3o6hat any packet that enters the structurepPcI/gpozaeamt eed to
exit. The interconnect structure includes a ribbon of interconnect |ines
connecting a plurality of nodes in non-intersecting paths. In one

enbodi nent, a ribbon of interconnect |lines winds through a plurality of

| evel s fromthe source level to the destination |evel. The nunber of turns
of a wi nding decreases fromthe source |level to the destipation |evel. The
i nt er contiseallyswithenthanit, andrBpt supnogis|lgwdatengy gndhigh tRroBehesl-umms f or med
by interconnect. |ines.coupling the .nodes acraoss e ribbon.in

o ose- <MPHTTRatgn LR e AT S RE R Bt Mo B

comuni . . - rporates a

i gh- opaaer ErtiE) BB o B o Pt pl o

hi er ar clikg@d of §Mglesbit Thetine’iroaduanagoheds wing heohaol kignaf. Ipat ent s
assigned to the Same assignee as is the present invention is disclosed in

Uni t ed Shateshquament, meyspge patkasnentseingdhe Mouctogy e3cgendiseardad, ed
"Scal able Interconnect Structyre for Parallel nput i ﬂjﬁand Par al | el
Menory A deaidiny Ragkehidal SRISTHEESEIUCING 188KaT QLK vdSt ors. ("1 nvention

#5") I n.accordanc i i i QF b i nect

struct u}%mqog%ctéﬁr#ﬁ%%l&@éﬁ%&g&?%@ﬁq g@@l?er%&g&ﬁt I(l)l\?\l/ggpr%@?&g{el |Qnati on | evel.
Mich of ,1thE+Bbf HEAdN 8 Rin-iMErsbBlSSE HAMIERE orcSerfibfllinddnt! £ rih@ni G er connect s
of the 8t her ~ 1 ncorporated patents. "But there are inportant differences; in
i nvent i giteftmnnedidiresprorBsbraghcapluwalityrofiletdis fromhérenetnee leviel s@l f so t hat
data entering the 9 WD 03/013061 PCT/US02/23411 network is _ nodified al ong
the routhe desliretiopdeeali dhengmbe fprmsdd windsns desrsasrstiipnkthet sel f. In

accordance wi.t h .t hi i,nventi o It i
source level to tﬁe destmaﬁonrﬁ’evgf "Itheplln%rcporn%%g s?t%ﬂc 1aerteurﬁ"%9abl e of

includes a plurality of columns formed by interconnect lines coupling the
nodes across the ribbon in cross-section through the windings of the levels.
A method of communicating data over the interconnect structure also
incorporates a high-speed minimum logic method for routing data packets
down multiple hierarchical levels.

The next advance made by the family of patents assigned fo the same
assignee as is the present invention is disclosed in United States patent
Application, Serial No. 09/693,603, entitled “Scalable Interconnect Structure
for Parallel Computing and Parallel Memory Access,” naming John Hesse
and Coke Reed as inventors. (“Invention #5")

In accordance with Invention 5, data flows in an interconnect structure
from an uppermost source level to a lowermost destination level. Much of
the structure of the interconnect is similar to the interconnects of the other
incorporated patents. But there are important differences; in invention #5,

data processing can occur within the network itself so that data entering the



accessing the same data in parallel using several innovative techniques.
First, several renote processors can request to read fromthe sane data

| ocat i on wod3bnwer equests can be fulfilled in overl appi ng POTMSOpe34iDAS.
Second, several processors can access a data itemlocated at the sane
position, and can read, wite, or performnultiple operations on the sane
data itemoverlapping tines. Third, one data packet can be nulticast to
several locations and a plurality of packets can be nmulticast to a
plurality, of sets of target locations. A still further advance nade by
t he assigfenkads matblipd ebmgrthe soeistandreomputaden fsorochmiphisbied withinent

Applicati on, S%rlal No. 09/693,358, entitled "Scalable |Interconnect

st r uct ullg N&MOTs S8 fQual i t y- of - Servi ce Handling,” naming Coke Reed and
Johri Hesse [ tar.S .l 3l L X I gni.fi rts on of data
that is corrrrlgfﬁdg g%[(g%mtg r@%b‘*ﬁﬁ@?&gr ﬁm g leiﬁ’?f? éérsg@r? nalégt(% Hé%@%céfur e requires

priori tyccRafdbithd seieidat il BRSSO severigidvnmol W ©@BhhigRe®r Ppacket traffic
in a network Or interconnection syst em Ccan cause congestl on, creati ng
pr obl enBirsthatvarebrdrote prodessos|cay requedt és seanf fromfthe samieatata Heavy traffic

can cause the systemto store information _and attenpt to send the
i nf or mlloraomantithe sequesissanhesipliiled i avesianiies Hmedesiasds cat i on sessi ons

and ing%eas trangml SSi on costs. Coravga(rjlltti onal Ig gﬂ net wor k or

i nt er caMHECtS SRV LGS PRIy HhaT @S e {%%I’%OF% EREIEARC priority, so that
Ll At oY Ly . : :  od
of | hi orP onoR RleaPlAdShhe A plrrd el e Dbe R L e e L pben

recogni a4 iRnd odélﬂhmﬁd%_tﬂdiésc TRy, die @npbheltbtican desedltoestviar i ous
J

paranmeters that are subject to mninumrequirenents for transm ssion of 10
WO 03/ se305 1paatiaysomidanturaliyaofipaslibtsrcagateamuitjsest to@o8 upalnvef er s nmay be
utilized to.allocate . system resources such as bandw dth. QOS paraneters

t ypi cal &8 pf targgialocations.

A still further advance made by the assignee of the present invention
is set forth in U.S. Patent Application, Serial No. 09/693,358, entitled
“Scalable Interconnect Structure Utilizing Quality-of-Service Handling,”
naming Coke Reed and John Hesse as inventors (“Invention # 6).

A significant portion of data that is communicated through a network
or interconnect structure requires priority handling during transmission.

Heavy information or packet traffic in a network or interconnection
system can cause congestion, creating problems that result in the delay or
loss of information. Heavy traffic can cause the system to store information
and attempt to send the information multiple times, resulting in extended
communication sessions and increased transmission costs. Conventionally, a
network or interconnection system may handle all data with the same
priority, so that all communications are similarly afflicted by poor service
during periods of high congestion. Accordingly, “quality of service” (QOS),
has been recognized and defined, which may be applied to describe various

. parameters that are subject to minimum requirements for transmission of
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consideration of cell |oss, packet |oss, read throughput, read size, tine
delay or latency, jitter, cunul ative delay, and burst sizes. QOS

par amet erwormagidwel associ ated with an urgent data type suekTasozeddin. or
video streaming information in a nmultinedia application, where the data
packets nust be forwarded i mediately, or discarded after a brief tine
period. Invention #6 is directed to a system and operati ng techni que that
allows information with a high priority to communi cate through a network

i nt t { th hi handl
capabi oL ﬁ@?anr“c ? RO ehoirisane b nttibad bo Ao af &uRm 1< sim 1 ar to
h h add I
cont ol 1 RoE suelt 27 D dV R, R LA AN AIRaR o' 1y over | ow qos

rressagmls1mgm@m @ﬂaéllmossl Padlte | GRPRAUNBRIY h@dﬁiubw&%b ghakaidlhpes are
provi ded for high QOS rressages I'n sone erbodi’nents of |nvention #6, an

addi t i awdhtencpniiter, ennidativatielapeamiiabist sized. Q&S pmenietareimay behe packet is
at least a rede ermned |level with respect to a mninumlevel of quality
of ser\aseecippd WER@airgent éatﬁémersu@\ﬁ@audm@r m@@e&t@aﬁilmd | evel depends

t I { h t d te | hi gh it
of *ser i abildeie HualiBhal oA REnBR ety B Bike BupiRer s Soar 1y 1
the pr %f&%e@ﬂrﬂﬁé&‘é@él &h@isb%}%l@c;l]ﬁﬁl@x“%he%ﬁ & A still further

advance made by the ass gnee o e present 1nvention is described in US.

Pat ent Appl igedrition #&¢y diabctdd to 09682, AiBopentint kethniqiRc@babl e Met hod and
Apparatus for Increasing Throughput in Multiple Level M ninmm Logic

Net wor leglowes indoranaien sith g high @ernitysp dgmnemucatmﬁnm 1 Qokv@&ded and John
Hesse a nvent or nvent.j.on # 03/013061 PCT/ US02/ 23411 In
e ort B AMHCHRG? pNE e PRt B R diality Qb S e bEbRN g a1 Ly of
nodes Wit auRbi63hhdehifin #6HES § 0BGt P ESsRRI 2% el GorRl 1 ng

of the other incorporated inventions but with additional control lines and

logic that give high QOS messages priority over low QOS messages.
Additionally, in one embodiment, additional data lines are provided for high
QOS messages. In some embodiments of Invention #6, an additional
condition is that the quality of service level of the packet is at least a
predetermined level with respect to a minimum level of quality of service to
descent to a lower level. The predetermined level depends upon the location
of the routing node. The technique allows higher quality of service packets
to outpace lower quality of service packets early in the progression through
the interconnect structure. |

A still further advance made by the assignee of the present invention
is described in U.S. Patent Application, Serial No. 09/692,073, entitled
“Scalable Method and Apparatus for Increasing Throughput in Multiple
Level Minimum Logic Networks Using a Plurality of Control Lines,”

naming Coke Reed and John Hesse as inventors (“Invention #7").
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the nodes in a hierarchical nultiple level structure. The | evel of a node
within the structure is determ ned by the position of the node in the
struct ur ewoiog/owdesch data noves froma source |level to a desmiusarezm | evel

or alternatively laterally along a | evel of the nultiple |evel structure.
Data mnmessages (packets) are transmtted through the nultiple |evel
structure from a source node to one of a plurality of designated
destinati on nodes. Each node included within said plurality of nodes has a
plurality of input ports and__a plurality of output ports, each node

capabl e of rladaventiep &V niliethdbLdnigreaneReHBRGES COMRIRSSGY more of its

i t ts. Each de i | f I, Vi i . dat

171 he RIS it £ 2REARE 85 Besp gy pte eI s agee 0
thr Othth%erPc?d'egtiﬁ a%?&%r&{ig\éltrﬁuﬁg}lé’%V@Pﬁﬁﬁ@hﬁé? TRERAAbE RS i N said .

i nt er connect  structure. Any nodé in the i|nterconnect structure can receive

I nf or magi @i, ARORFDHNG i@@‘éﬁﬁqﬂiﬁé@bg hl@é\g@giﬁ'oh oY ehe hedeoin theheruwmde r ecei vi ng
the data nmessages. In invention #/, there are nore control interconnection

lines tieawhioh ddie nuesrfromeosquocaterd! tow destinaiionThve, otont rol i nf or mati on
node. { heliemASVPIJEIeBHG) FIPnEelogEher TR G e FHe i Patr pat ent's. and
pet o SRR 8% o AR PP LA o ot g 1 B
e 1 o OSBRI T SNSB kv e Bl et o
control 11(_5cﬁ@lncﬂ;lﬁibdb@ithﬁﬁ@id\/?ahh'aﬁt}ecf nodesdas wiphatatisy obptiut gorestdches  with
el ectronic control and fully optical intelligent switches. 12 WD 03/013061
PCT/ US02pRBality of outpuaperietdash neiesapable of iechy ExewnUligpepus 6ata o provi de a
first tlrnlégsaée(s)%% fwo oF rf}lcgr%lofle%si lllllplzllt Bgrtg.o éhfa 1848 %@Séa%%fen&o rmation.

receiving simultaneous data messages if the node is able to transmit each of

said received data messages through separate ones of its output ports to

separate nodes in said interconnect structure. Any node in the interconnect

structure can receive information regarding nodes more than one level below

the node receiving the data messages. In invention #7, there are more

control interconnection lines than in the other incorporated invention. This

control information is processed at the nodes and allows more messages to

flow into a given node than was possible in the other inventions.

The family of patents and patent applications set forth above, are all
incorporated herein by reference and are the foundation of the present
invention. ,
It is, therefore, an object of the present invention to utilize the
inveﬁtions set forth above, to create a scalable interconnect switch with

intelligent control that can be used with electronic switches, optical switches

with electronic control and fully optical intelligent switches.
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It is another object of the present invention to only discard the | owest
priority messages in an interconnect structure when output port overl oad
dermands nwegagesodi scarding. It is a still further object @CTiUse2/p3eEent
invention to ensure that partial nmessage discarding is never allowed, and
that switch fabric overload is always prevented. It is another object of
the present invention to ensure that all types of traffic can be sw tched,
i ncl udi ng Et hernet packets, Internet protocol packets, ATM packets and
Sonnet Franes. It is a still further object of the present invention to
provi de an litms efftithenebjepitdfche pressnéinvemsionip Iprowde adirsatiuef or mat s of
optical data. It is.a.farthe bj ect of. the @hesent invention to provide

t o] .
error f}lxg@erq@}tm;dgﬂbzfmg,gﬂ@pﬁqas SERLBHPEPE S ng, as wel | as providing

efficient aﬂg i%glgﬁﬂ?%@%ﬁ ﬁ%@l@iﬂgsﬂt ilq{.fé‘%t{dngﬂdtd.l g}gogﬁf)th%rlo\@ o- on- demand

novi es. It gener objec e present invention

to pr Oﬁﬂigﬁgﬁlﬂegyﬁgé@% afnftefddrifec B ru GGl Wake oh@ﬁb@%‘%ﬂoeﬁi’“ tch that far
exceeds the bandw dth of existing swtches and ‘can be applied to

el ect r of¢asdd trebesze disgrdizdl. switches with electronic control and fully
optical intelligent switches. SUMVARY OF THE | NVENTI ON There are two
si gni fi cant It snastbriarher eljsetohthedrapati nvpitomdatonagre that argéall nt er net

switch that are not.feasible to inplement usi rior art.. First, the

oyt om TSRS EPHREINE P aege: CLoYPE i TohAHLCh SR QS HA%H fabric,  and
second, e a global, scalable nmethod of managing traffic noving
into th%&gg(%fqrgya{}ﬁg patents incorporated by reference describe 13 WO

03/ 013061 PqQ{}diaRAhesdBikct &if thlptedrl isve&nion Blalsak] @afbiMysed b£h fabrics
that are self routing and non- bl ocking. Mreover, in order to accommpdate
bur sty trafffd ¢an bhewetched, tivtlading Ethernet packets, Internet protocol .
packets, ATM packets and Sonnet Frames.
It is a still further object of the present mvention to provide an
intelligent optical router that will switch all formats of optical data.
It is a further object of the present invention to provide error free
methods of handling teleconferencing, as well as providing efficient and
economical methods of distributing video or video-on-demand movies.
It is a still further and general object of the present invention to
provide a low cost and efficient scalable interconnect switch that far exceeds

the bandwidth of existing switches and can be applied to electronic switches,

optical switches with electronic control and fully optical intelligent switches.

SUMMARY OF THE INVENTION

There are two significant requirements associated with implementing
a large Internet switch that are not feasible to implement using prior art.
First, the system must include a large, efficient, and scalable switch fabric,
and second, there must be a global, scalable method of managing traffic

moving into the fabric. The patents incorporated by reference describe
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allow mul tiple packets to be sent to the sane system out put port during a
given tine step. Because of these features, these standal one networks

desi r abl ywproo®izel1 ' a scal eabl e, sel f-managed switch fabri @CTIUSOZYRIENE Wt h
efficient global traffic control that ensure that no Iink in the systemis
over | oaded except for bursts, the standal one networks described in the
patents incorporated by reference satisfy the goals of scalability and

| ocal nmanageability. But there are still problens that nust be addressed.

In real:life nditio traffic managenent. .is |ess than optimal,
so ¢ hat HEHY £TRRpbrcaaid M R R TR MR AT AU ittt hnghen o vay
that o d SN f ] 1 v d. An

over | oad > RnaT PRt n oL g A SRR Bl BB €A e

si mul t aggeHshvitisiePacRSkE bR sehedo the 8mehs seamBugRnsit RaAAddr ess and
continue to do so "for a significant tinme duration. The resulting overl oad
is too gewerttmeatdye Bbhembeed thyserfeainoem hescatemdal sneafetivocled buffering. It

is not possible to  design_any kind of switch that_can solve this overload
condi t i 8asiHRklK Gwevidgi ssecaienbley ssimaragedavitelnfabric. Irpystenemathi n a system

wh . t fi di,t i this . | oad t. th t
sher o RPLLSAMLL A LSS0 IR SAVRGRATLS YL pRGt, oocl here s
traffi CO"’@%%%%’?%@EE% s ﬁf‘e}[ %téﬂc?afl(f)ﬂﬁn?thﬁﬁs eRMHQR tﬁé the traffic is

di scarded i e traffic wt ow value or quality of service

rating. phientigicbabdrawidigy eeentobaiTy the gsbelk ol spalekiity anéfiecsl to a unit of
data, such as an Internet Protocol (IP) packet, an Ethernet frame, a SONET

frame, namagFabitiey. Bubthest mohstilhbrabdese ghatnnugtderaddoessefl. a | arger frame or
packet), or_other, data,object t e desires to transmt through the
system The 11141'6@3116@;911@@@118P@?foglasi@azf?@m@ag%wméﬁi%@%&@@%@ﬂsc| osed here
control g, 3 P4 1E81HIEA NN tBAFK EPerilr Bt D SuchY WBY Shat

one or more output lines from the switch become overloaded. An overload

condition can occur when a plurality of upstream sources simultaneously
send packets that have the same downstream address and continue to do so
for a significant time duration. The resulting overload is too severe to be
handled by reasonable amounts of local buffering. It is not possible to
design any kind of switch that can solve this overload condition without
discarding some of the traffic. Therefore, in a system where upstream traffic
conditions causes this overload to occur there must be some local method for
equitably discarding a portion of the offending traffic while not harming
 other traffic. Whena portion of the traffic is discarded it should be the
traffic with low value or quality of service rating.
In the following description the term “packet” refers to a unit of data,
such as an Internet Protocol (IP) packet, an Ethernet frame, a SONET frame,
an ATM cell, a switch-fabric segment (portion of a larger frame or packet),

or other data object that one desires to transmit through the system. The
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In the present invention, we show how the interconnect structures,
described in patents incorporated by reference, can be used to manage a

wi de variwDw30i306wi t ch t opol ogi es, including crossbar sw PPchasozye3sen i n
prior art. Mreover, we show how we can use the technol ogies taught in the
patents incorporated by reference to nmanage a w de range of interconnect
structures, so that one can build a scal eable, efficient interconnect
switching systens that handle quality and type of service, nulticasting,

and 11 unkBing Wi ah o SHON O A IRAGE ONGHLL S5, YHGLE, Lg unst r eam

traffic patter cause congestion in ngystem The
st ruct upesn@redormetshods di scl osed herein manage fairly and efficiently any
ki nd of upstream traffic conditions, and provide a scal able neans to

deci de how t in thenargsentenvdntao, iwe sipovp doketheibict@mevestnadtliosd, ng congesti on
in downstream ports and connections. Additionally, there are I/O functions
that ar depaibest meRptents fnerepetated byretesennss san bonstd ieowanage ad net wor k

G scussrne vales B e e Bhe e h i PRSP HRs v eprion,
buf feri pg, M%@@We%awg sRE: AR S ke t‘?ll%tté’clfﬁlol@gqg% f@g@g&g&;, priority

assi gnnent and ot her typica unctions are devi ces,

conponephengNithcoBidiard 19} #dbrehbe ¢ RiaMABe 3Wiide Ramee ofi@ercohEg practi ce.
Priority can be based on the current state of control in swtching system

100 andsirné¢ioresmiso dmatianet dea tritd gisogjealade aefifandog inteiouninadi svgitchipge of
servi Ce’]é%uali{?%tt of service, gigd other itenms related to urqency and val ue
of a gi venepadhghandls qualiyAndsiyeR darmise. patliispsitng endiailaiagpens to  an

oV IRl bR R A G IR BT oS0
gg /e Hgg%oz&% EduscldtgREBSE M HaMeR! twichiBg &y PRI TRE str&QFdClnd Nfor mation

methods disclosed herein manage fairly and efficiently any kind of upstream

traffic conditions, and provide a scalable means to decide how to manage

each arriving packet while never allowing congestion in downstream ports

and connections.

Additionally, there are I/O functions that are performed by line card

processors, sometimes called network processors, and physical medium

attachment components. In the following discussion it is assumed that the

functions of packet detection, buffering, header and packet parsing, output

address lookup, priority assignment and other typical I/O functions are

performed by devices, components and methods given in common switching

and routing practice. Priority can be based on the current state of control in

switching system 100 and information in the arriving data packet, including

type of service, quality of service, and other items related to urgency and

value of a given packet. This discussion mainly pertains to what happens to

an arriving packet after it has been determined (1) where to send it, and (2)

what are its priority, urgency, class, and type of service.
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di stribution, and processing system This scal able, pipelined control and
swtching systemefficiently and fairly nmanages a plurality of incom ng
data strwems/o1and apply class and quality of service reqecrdrsent®il The
present invention uses scalable MLM. switch fabrics of the types taught in
the incorporated inventions to control a data packet switch of a simlar
type or of a dissimlar type. Alternately stated, a request-processing
switch is used to control a data-packet switch: the first switch transmts

requests, Wﬂ@gﬁé@@n’t B9ERAch B fg&xj&lléf %Bﬁ%i-?&f&ﬁh@ti&?%ﬁ%ﬁﬁoﬁn I nput

processor generates a request-to-send packe en | recei vés a data
packet distributiat, nedmrodésstier®gteest Thacimlabdeniipelivedosdr@rdltand | nf or mati on
about the data packet. There is a request processor for each output port,
whi ch neidefasgsiateap pripsienthannd rirls minages @ nlheality of puwonpiong dataThe r equest

processqr receives all.requests.packets for the outp port. It determ nes
i f and/ ea&%?eﬁnfiﬁé’pﬁéfﬂé‘sf)g]&‘iﬁ%‘a]ﬁ&w t?@r‘éléﬁfeqlﬁleim@lt%u&bﬁﬁ?r%%ﬁrm. It exanines
t he pri.qt,| apd: . i iority or nmore urgent
packer sy epoR s PERCyARE MR SERRMEST BHRG bbb St ot por e 1t

r ej ect sipbomsaRatedrihi¥ntind BWorabLYS d'é%%’@swﬁcl'féfafsﬁﬁﬂéif@ﬁ%foﬂd}? I nvention
is the joint nonitoring of nessages arriving at nore than one i nput port.

It is adissinmpartygat Alberhatehesteteds aaeqegapaseeshingiseviahsioaisatied Wit h each
output port _ or if the joint m)nitori,ré% is done in hardware or software.
Wiat | COnHd ardata-packet syaich: e Bresmgich Hanssaisrensests.ivbredae on conceal i ng

the arrjval .of . acket. at i nput port A and information concerning the
arri Va|568?11%§}§’|%§1h ISqyits %?5@@015%?1 Bto be jointly considered. Athird
switch call 1R aPSVEL oS VA1 L it ar. irst:. and transmts
answer packg%hs @o%t%%s?e l}gs%'te%'ragg sésg(grté1 Sgggﬁggget%%&r%questi ng input
ports. rBugivegaalatd ppeadifngn apsitand Tals fauest idket eortgfidgsiogsn 16 WO

03/013061 PCT/ US02/ 23411

information about the data packet. There is a request processor for each
output port, which manages and approves all data flow to that output port.
The request processor receives all requests packets for the output port. It
determines if and/or when the data packet may be sent to the output port. It
examines the priority of each request and schedules higher priority or more
urgent packets for earlier transmission. During overload at the output port, it
rejects low priority or low value requests. A key feature of the invention is
the joint monitoring of messages arriving at more than one input port. Itis
not important that there is a separate logic associated with each output port
or if the joint monitoring is done in hardware or software. What is important
is that there exists a means for information concerning the arrival of a packet
MA at input port A and information concerning the arrival of packet MB at
input port B fo be jointly considered.

A third switch called the answer switch, is similar to the first, and

transmits answer packets from the request processors back to the requesting

input ports. During an impending overload at an output, a request can
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harm essly be discarded by the request processor. This is because the
request can easily be generated again at a later tine. The data packet is
stored atwolg/oideput port until it is granted perm ssion t@®@Cyaseyed4it o t he
output; lowpriority packets that do not receive perm ssion during
overload can be discarded after a predetermned tinme. An output port can
never becone overl oaded because the. request processor wll not allow this
to happen. Hi gher priority data packets are permtted to be sent to the

out put BorbIeHS R Bl B e R R R sy dOh bR s or Ty packets
from bei ﬁéﬁneéi‘ﬂ?ﬂ% SaFhteHRdn AORRFIBAS. TAEWakepddepigration only from
%ﬁleﬁ ocation t%

the outp at they are sending to; request processors receive

request stooed ¥t theanputypat unpidittis grdraed peshistiongerte deat tdehm odblit;t hese
operations are performed in a pipelined, parallel manner. Inportantly, the
pr ocessiawpuerity pagketsithat dp nehreceivp perpmstoniwies sverleaticabbea gi ven |

t d t i t he total nmb f 1/0 t
| ncr eas B5CaTRE K1 RAPAC RIS FvEn ATSRPULPOR AR TEVEREFAME he 1 equest s,
answers I [ | z t th hput ,
regardl 82@%@?@%@ﬂ¥%ﬂ{e§%ﬁggﬁ 1%8@%?@%‘%8@5@@%?‘2%@%?%}%@?‘? on g;gg?alto iuon,
pr ocess tagherditthritysdatd ?H&l&é@@a&yiﬁérﬁ‘mté@td/%é Setto ¥outpliepbli@iliigal limt in

size. The congestion-free switching systemconsists of a data switch 130
and a sowutrddddecantitions. Bpsingrant imaperdet govenhesd atf aramatpubhportpboket s are

all owed to enter the data switch. The, contro] system consists of the set of
i nput CcBRPYIBI Paglets symat iY@y tagher PROTEN Prolets Am PR ENtof request
processqrs 106, the answer switch 108, and the output controller 110. In
one e 8m1ﬁg?ﬁn,1Where is one input port controller, 1C 150, and one

Lfgggitsi ngr %ﬁ%@ﬁfoce%&@@cei@@ ![nf%ﬁﬁ@ti&%ﬁ}j)t rBRY the RBp @ lobA§o sy St €M
that they are sending to; request processors receive requests only from input
ports that wish to send to them. All these operations are performed in a
pipelined, parallel manner. Importantly, the processing workload for a given
input port processor and for a given request processor does not increase as
the total number of /O ports increases. The scalable MLML switch fabrics
that transmit the requests, answers and data, advantageously maintain the
same per-port throughput, regardless of number of ports. Accordingly, this
information generation, processing, and distributibn system is without any
architectural limit in size.

The congestion-free switching system consists of a data switch 130
and a scalable control system that determines if and when packets are
allowed to enter the data switch. The control system consists of the set of
input controllers 150, the request switch 104, and the set of request
processors 106, the answer switch 108, and the output controller 110. In one
embodiment, there is one input port controller, IC 150, and one request

processor, RP 106, for each output port 128 of the system. Processing of
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WO 03/ 013061 PCT/ US02/ 23411 requests and responses (answers) in the
control systemoccurs in overlapped fashion with transm ssion of data
packets twopmagisobhe data switch. Wiile the control systemCraspr/eaessi ng
requests for the nost recently arriving data packets, the data switch
perfornms its switching function by transmtting data packets that received
positive responses during a previous cycle. Congestion in the data switch
is prevented by not allowing any traffic into the data switch that would

o0t cal T ORaroRa rsrBORER Gt af] Fihecchliol MO sty BTl i vi g
packet Sfasﬂbl@xﬁt’ﬁadé}E;nﬁE51bﬂ%f‘iﬁ%£aa%%Mfegsgﬂrﬂlrdé§g%t§E ldath %V@ﬁch r Qﬂl'fﬁg;th{om roller

120, and contains a request swt usua east the

same nugdretrolofyspeon ispasetding dedieesssor ¢he ﬂrﬁ@treﬁbﬁtly@ﬁiﬂﬂﬁb &t ch processes
smal | request packets rather than the |arger data packets that are handl ed
by the Beakets\ihe data savitedy performesitp sokishing funvéen by temsimifting detat r ol | er

150, the i EE h g[:ontrol er ﬁenerat es d sends a request packet into the
r equest Pk 2 WlYeéJqE@? V?)b%SIPQPS‘? UIiRe3 PECVEQR] eV dBat i dentifies the
sendi ng inp T nf or mat | These
requests ar (Latt: ? e%’% ?Iegdhgg}e raggusg\élztélgrgjc&%ﬁ?@w%@'t E‘ﬁ%ﬁn%ﬁnmagﬁ‘h s a

repr esen@thed Gath@fvitdh tBHt %hl@@éﬁse‘ﬁontgéﬁldi@t@eﬁé’i’aﬂ?@ta‘c&@ e enbodi ment,
there is one request processor for each data output port. One of the

f unct i comtodl is hehienmpdbyamsmg a)lld>g|cs1 Tfemalap bofahk date awitélvicndecidat a packet s

into seggents of .fixed.lengt input controller 150 inserts a header
cont ai nWAL oo Haty asy 112&@21@%3‘5% hghtsa%lb'fé@g elithsdatpswitch is ealded thef each of

are T oasgii ctRE 120t B SR Per DB A oS 110 and
sent Oé)ctlﬁ%gt th88apir R&Ebérhﬂ?ﬂﬂﬂ a‘b%r'cllgldtadeévs/l@&{ 13(%2%183 (%11'1(%? Gafg 102. In a
Is suita only

si npl e di ment t le for a swt one segnent
can be preestsekhtraliglequeitieickds rathed tiinver Ipaek dhtasenitedhayate, the input

control lla%rdsled by the data switch. After a data packet arrives at an input controller
150, the mput controller generates and sends a request packet into the
request switch. The request packet includes a field that identifies the
sending mput controller and a field with priority information. These
requests are received by request processors 106, each of which is a
representative for an output port of the data switch. In one embodiment,
there is one request processor for each data output port.

One of the functions of the input controllers is to break up arriving

data packets into segments of fixed length. An input controller 150 inserts a
header containing the address 214 of the target output port in front of each of
the segments, and sends these segments into data switch 130. The segments
are reassembled into a packet by the receiving output controller 110 and sent
out of the switch through an output port 128 of line card 102. In a simple

embodiment that is suitable for a switch in which only one segment can be

sent through line 116 in a given packet sending cycle, the input controllers
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18 WO 03/013061 PCT/ US02/ 23411 make a request to send a single packet
through the data switch. A request processor either grants or denies

per m ssi owWoOtod/o1deel i nput controller for the sending of it®cpaskeei4into the
data switch. In a first schenme, the request processors grant perm ssion to
send only a single segnent of a packet; in a second schene, the request
processors grant permssion for the sending of all or nmany of the segnents
of a packet. In this second schene the segnents are sent one after another
until all or nost of the segnents have been sent. The segnents naking up
one pacieke airghuedido send actngle paces|thronighibadats swigelr. uptrearestor each

segnent m ght be_sent in a _schedul ed fashipn.as  described with FIG 3C
thus al PIOGFHYT GEIREF SFais P denigs BERISFORJIedne B?Puﬁ%mugg%ﬁﬁ tl'\]”@hene has t he

AL AR RGOS B G TRER. TN IR, he RflLN STl 0Te, Lhe

request™ a reques a request processor
106 r e?ﬁ‘o\éé%olrigfﬁlt ggﬁ%’iss%n to"Rhe drﬁﬂ‘d%‘iﬁgl@%@%ﬁﬂéﬁt ofE@pHclERa1E€RT Processor

recei ving at st e request packet ranks Themby priority and grants
one or gmoadrehaes] thearduestyproanyorstdrent perniissiog foethasshdingTol r equest
processor immedi ately generates responses (answers) and sends them back to
t he i npalt ot oranyodf eseppentsaofsa patkes betvsaccomdisshemaihe segmestser abl y an

ML itch fabri , |l ed th itch, AS 108. Th t
br oGesSBF SeubRe AEELPRaHEE A bREBDS oo MRt o) e Bitant od
r equestﬁue”gé;%ﬁgﬂﬁ ﬁfszgﬁg' 4@%@%&& GRELCTe sERTPABRESAY %ﬁ%%u sent. In

anot her~e I nment S ahd~answers contaln’ sc i ng

i nf or MehtGRupTde R sesMichChi ERrBesns it Bechetles tashipogessors to the
i nput controllers. An input controller that receives an acceptance

r es ponsdescsibtt evitla FIGWSC, tthus elhawitgeothor trefpoitdbagtteraded tpacklee  segnent or
segnents into the data switch at the next data cycle_ or cycles, or at the

VA e
schedul sgonfi sebemarhas Ahe adearegothad inpud contotgrsidake i d5a88sidoes

and therefore, the request switch is less busy.

During a request cycle, a request processor 106 receives, zero, one, or
more request packets. Each request processor receiv?ng at least one request
packet ranks them by priority and grants one or more requests and may deny
the remaining requests. The request processor immediately generates
responses (answers) and sends them back to the input controllers by means
of a second switch fabric (preferably an MLML switch fabric), called the
answer switch, AS 108. The request processors send acceptance responses
corresponding to the granted requests. In some embodiments, rejection
responses are also sent. In another embodiment, the requests and answers
contain scheduling information. The answer switch connects the request
processors to the input controllers. An input controller that receives an
acceptance response is then allowed to send the corresponding data packet
segment or segments into the data switch at the next data cycle or cycles, or
at the scheduled times. An input controller receiving no acceptances does

not send a data packet into the data switch. Such an input controller can
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not send a data packet into the data switch. Such an input controller can
19 WO 03/013061 PCT/ USO02/ 23411 submt requests at later cycles until the
packet iswewaftival | y accepted, or else the input control | @cTamsa/edsscard t he
data packet after repeated denied requests. The input controller may al so
raise the priority of a packet as it ages in its input buffer,
advant ageously allowi ng nore urgent traffic to be transmtted. In addition
to inform ng input processors that certain requests are granted, the

m.re processors that certain

request ocessor may.additional |l.y.info uest

request §Bélfnét §aHPEY .a¥)ﬁ?387 ?Y‘Elﬁ%\}m?ﬁ%lﬂ%ﬁ ¢tds eﬂﬁl}m@]al}’@@ﬁ?l’tp @aglee a request
is deni - Thi:s _j gl e li ERo. t. subsequent requests
will be%g%%{cgeﬁggf) {l}ﬁgggn i lhg ﬁglgpﬂltﬁf&g&n%#%ggggl %%\?/&%gr%?nﬁ er input _
cont rol kgfifestaThd M@ REnkBIEP oI Rl RN Wikkty Rl packBels Lts the relative
priority of other requests, and fecent stati'sticS regardi ng how busy the
out put ages n Hsamphednffdrnadventigasstiyadlioneingxaome wgeaissaffe @ bequest
processor recejves five requests and is able to grant three of them The
amount &RNSHEERESsi ng performed by this request processor is miniml: it

has only to ;rank .them.by priority and, based on the ranking, send off
three accept dhd 1“9838&%@1&%%&%?&%“?% tﬁ%ﬁ ‘?éf%%ﬁec}@éﬁcﬂ%'ge packets. The
A | St ! f e t
e nex Ok (B Seql e Bl A A R e S D ol e

recei vi gt @cfteire@iguets 2t dehiedai AdditiouatiafordatieyChes bRakbar § sulni tting
anot her request for the rejected packet. In other enbodi nents, the request

pr ocesseregueast scterdad e This tifoemation heodtihealiéetibood dmpiesbsqupenessors to send

segnment packets. 1 hrough t dat witch. A potential overload situation
occurs Sig "gﬂgg? ﬁil%ér’ﬁﬁg-ﬁ &ﬁ%é‘ﬁ‘ﬁBge mipaetion PR SOMERANY @URRICIBEE t hat nust

be sent .JoNBSL LA D BHE o T 1‘&1%'6&6(1 output port, what is the relative

priority of other requests, and recent statistics regarding how busy the output
port has been. In an illustrative example, assume a request processor
receives five requests and is able to grant three of them. The amount of
processing performed by this request processor is minimal: it has only to
rank them by priority and, based on the ranking, send off three acceptance
response packets and two rejection response packets. The input controllers
receiving acceptances send their segments beginning at the next packet
sending time. In one embodiment, an input controller receiving a rejection
might wait a number of cycles before submitting another request for the
rejected packet. In other embodiments, the request processor can schedule a
time in the future for request processors to send segment packets through the
data switch.

A potential overload situation occurs when a significant number of
input ports receive packets that must be sent downstream through a single
output port. In this case, the input controllers independently, and without

knowledge of the imminent overload, send their request packets through the
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output port. In this case, the input controllers independently, and w thout
know edge of the innm nent overload, send their request packets through the
20 WO 03/WD3BM130PCT/ US02/ 23411 request switch to the sanmPcraponsi4il
processor. Inportantly, the request switch itself cannot become congest ed.
This is because the request switch transmts only a fixed, nmaxi mum nunber
of requests to a request processor and discards the renmaining requests
within the switch fabric Alternately stated, the request switch is

designed to all g(\gk a fixed nunber of S throu%h any of its
out put FSEES SR GI° SBBIFCSARPE THARESSPT. ryoOHATYo 36 TAGHUES rcul ate in ¢ he

congest TOICh Pl RGeSt SR IS b B QBB Rl ™ an T it
control §. sTAAS of @ﬁ%@d%aﬁﬁﬁ@rﬁhﬁﬂﬁﬁer@fx%ﬁh@ﬁé tcpauecfarestﬁ%cegwnse There

are a nunoer o ossi bl'e responses I ncl udi'ng: send one segnent of the

packet aid tiseamigxhe sagammg repiedisngithinnbe swétehdaladit. Aﬂtehlmespg ment s
sequentially beginning at the next sending tinme, send all of the segnents

sequentﬁtaﬁddythfe@qnmtﬁ@’lmllad@ékgmdrto aflovuendyta e mesbet BEd by t he request
ut.ure with.a prescribed tinme for each

dt t
gtrag(r:rgﬁts g uagts gltougge v n J EPQT% n%édfelii%al&%‘f“ FHERC B'%o not send any
t fied f
SEgmen ?ﬁelilgreéhﬁmaﬁ;}%t%lﬁ %%hmque b}tlf rid %ﬁ?he({h Ealaeég%i | ed amount o

time beto i ng ecalse s TRer & rejection response
i's ret Usiaesk t@iﬁl@”@e&@ﬁtﬁ’i@@@@ﬂ%@Uo&leﬁMf n&deord 1§aé§38&atdlﬁwﬁtﬁ0écl65t was | ost on

account” of too many requests submitted to t request processor.
given request, an input controller can receive an acceptance a rejection, or
no response. There are a number of possible responses including:

¢ send only one segment of the packet at the next segment
sending time,

o send all of the segments sequentially beginning at the next
sending time,

o send all of the segments sequentially beginning at a certain
future time prescribed by the request processbr,

o send the segments in the future with a prescribed time for each
segment,

e do not send any segments into the data switch,

e do not send any segments into the data switch and wait at least
for a specified amount of time before resubmitting the request,
because either a rejection response is returned or no response is
returned, indicating the request was lost on account of too many
requests submitted to that request prbcessor.

An input controller receiving a rejection for a data packet retains that

data packet in its input buffer and can regenerate another request packet for
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An input controller receiving a rejection for a data packet retains that
data packet in its input buffer and can regenerate another request packet
for 21 WoO03/0mD8061 PCT/ US02/ 23411 the rejected packet ateca/usar/essicycl e.
Even if the input controller nust discard request packets the system
functions efficiently and fairly. In an illustrative exanple of extrene
over |l oadi ng, assune 20 input controllers wish to send a data packet to the
same output port at the same time. These 20 input controllers each send a
request packet to the request processor that services that ouéput port.
The r edhiestjestac packicd phvatader, C%fi@, Evewd e 1I1}h1éfrﬁ0tn<§l'0§1ﬁlémqsé fdprocessor

d di ds th i ni 5..Th Ny t t.r ol '
ot 1 11 CRERGH BROKaIS I FHHERLERRIORS e hand BOUK0 I E3UusTatle  cona t 1 on
exists %}f&r 13;51@'03’ et%e?ffé opﬁf&adiﬂ ) RS Q0OMBLEIMH AR OWid'® §dntey Tequests
are gra and tvio are deni ed’by the request processor, the 17 input

cont r ol 485 $atl@ttortBs 8hie dughRGiorost thespaRs@seomhase 2esganses can make the
requests again in a | ater request cycle. "Miltiple choice" request

pr ocessiorgralldrewsclasenhpmquesimpackict &y therreqeestipnocasses that sayvecaseni al s to
i mredi ately make one_or nore additjonal . requests.for different packets. A
si ngl e thagoeut Pl el MaEcdugH Wltmwm S%cf!l?\é"sc,’f%?n tl‘?aé‘@s. Assume, as an
exanmpl e, that an input ntroller g in its buffer.
rooune HisrEgupceifaang r el b aRhink 15n e [REPERTER At Sendi ng
cycle, 1%?%¥e%oﬁﬁ8§t‘i&{ ﬁteill,?ﬁdlciéﬁﬂgtd WRRackelseveRIRMoadt hrough the data

sw tch. request processor selects the two packets with the

hi ghestcarmhkbnegxipté & this @nguissods It weasewhest tireoof the fiveor r espondi ng
request processors. Assume noreover, that the request processor accepts
one paclegtestadrelgrarded ané twe Beg derrind biyriparequnst PBICEESOr, henkdi at el y sends
anot her, request not her packet to a different reques

) {or t [gcessor. The
r equestIPEHEAILH 1645612%7- TACAY SRS PR SERRONSE P DQEEERES rca&el??g ke

the requests again in a later request cycle.

“Multiple choice” request processing allows an input controller
receiving one or more denials to immediately make one or more additional
requests for different packets. A single request cycle has two or more sub-
cycles, or phases. Assume, as an example, that an input controller has five
or more packets in its buffer. Assume moreox)'er, that the system 1s such that
in a given packet sending cycle, the input controller can send two packet
segments through the data switch. The request processor selects the two
packets with the highest-ranking priority and sends two reqﬁests to the
corresponding request processors. Assume moreover, that the request
processor accepts one packet and denies the other. The input controller
immediately s‘ends another request for another packet to a different request
processor. The request processor receiving this request will accept or deny
permission for the input controller to send a segment of the packet to the
data switch. The input controller receiving rejections may thus be allowed

to send second-choice data packets, advantageously draining its buffer,
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perm ssion for the input controller to send a segnent of the packet to the
data switch. The input controller receiving rejections may thus be all owed
to send swooadihpi ce data packets, advantageously drai ni mgTiuSe2/kasiif er, 22
WD 03/ 013061 PCT/ USO02/ 23411 whereas it otherwi se would have had to wait
until the next full request cycle. This request-and-answer process is
conpleted in the second phase of a request cycle. Even though requests
denied in the first round are held in the buffer, other requests accepted
in the first and _second rounds can be sent

o t he_data sw tch. Depending
on tr af PhereasAtPtheswSCaReuddavghagde At ety tﬁﬁ negchfqﬂﬁreﬂlﬂggtecxcgﬁ provi de yet

h ) hi i . d fl i
oo o ThistieatraidBedHer drpBets 1S BERILETR 1 ScpRRpRat€atReP 512 L S\
packet ge%@ro ﬁé.hmeﬂkﬂ&%ﬁ%ﬁ%qﬁé&s aénf%p%n@@é ArgWohed ardheld igituen time, the

i nput c er can nm p to N sinultaneous requests to the request
pr ocesspiiffet, dilferGiedaests acemstd aytledirst mdsenk rotndhean bepasttes are
granted, the input controllers may nmake a.second request to send a

di f f er efite dada switch: Dgpeakdingon ponditionsend RFILBMATIRHCEES.& t er nat e
enbodi nent, an input coptroller provides.the request ocessor with a
schedul BujdpRasstGaRgPraiee Y&t the?ﬁ‘a ' ak?gﬁ 2\ RS lflg}lt %CHHE& S &€ packet into
t he dat g_swi e ] | ned . pest cessor, in
conj unc?l?IS\rro\t}ﬁ%FR dl%%%}lﬁzgglﬁﬁo%‘ﬁ%n Eyéflg'n;[g%r?g i 6_?11?% om 1olt1 er requesting
i nput  PEOGESIRR EmaREd W PackdtseomRnachesidielinds BMabT el ddtd ywefcht he  out put
port. The request processor informs an input processor when it nmust send
i ts dat at 4 piventtirae sthietinput ddvitso! ke nveketupr tdNcemuitheeousrieljoastsof t he

control system advantageously. providing higher ovlg(rﬂ?]g t hr ouggput.
Anot her teaibeaagueRs P5PCasROrSSBeRIVER IoRMCAbEYGIS. {hgaselo Qidae I SEssors are

ant | ngeecEigRind- Foe vnet FREseRT TesbteRte sored P ElLERI oy Can make
different set of N-K packets through the data switch.

In an alternate embodiment, an input controller provides the request
processor with a schedule indicating when it will be available for sending a
packet into the data switch. The schedule is examined by the request
‘processor, in conjunction with schedule and priority information from other
requesting input processors and with its own schedule of availability of the
output port. The request processor informs an input processor when it must
send its data into the switch. This embodiment reduces the workload of the
control system, advantageously providing higher overall throughput.
Another advantage of the schedule method is that request processors are
provided with more information about all the input processors currently
wanting to send to the respective output port, and accordingly can make
more informed decisions as to which input ports can send at which times,
thus balancing priority, urgency, and current traffic conditions in a scalable

means.
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nore informed decisions as to which input ports can send at which tines,

t hus bal ancing priority, urgency, and current traffic conditions in a

scal abl e womansioo23 WO 03/ 013061 PCT/ US02/ 23411 Not e t hat pCcarusayexmage, an

i nput controller will have fewer packets in its buffer than can be sent
simul taneously into the data switch, and thus the nultiple-choice process
will rarely occur. However and inportantly, an inpending congestion is
precisely the tine when the global control system disclosed herein is nopst

needed to prevent congestion in the data swi.tch and to efficiently and
fairly move NP rb OdREist i BRI P PRY 6 TV SRaCksIS T8 | ass. of

ser vi ceu. 3PSO, RARATBLALS.0\ SHDAM ROLS REeXiPYRlyydescri bed, i f

apacke]t rs-refuse ry i a sw ha ater time the

i nput ot i Bllel &oiFBYrdc8s4HM karel N Bccilr JUGBévertand ihpofantlyMBn | n ot her
enbodi nents, the request processor renenbers that the réquest has been

sent anghpaidng goagesiopesprsssay the tisenwhenkienglababoprrdlwyistymi s avai | abl e.
I n sone_enbodi nents, the request processor only sends acpeﬁ;?nce
r esponséisclospd derrin iemsstnpedndsto nREentcsggesiiongndbe sath switeheing al |

requests. ln.thjs case, for each.request that rri-ves. at_a reqguest

proces s@r‘?flﬁlcf?élqiyn‘?ﬂff Pat‘:‘g}ﬁ £7oYq @?&&9‘5@‘@% %3&@?“@8& RPEOTLY r YRS K r equest
process i ied, this information could give a
tinme s'ecg?rsesné)ﬁﬁéggc%f ﬁgfopﬁeg@%cs]@g%%g{reg%essor must wait for a time duration
T before regubsmhbddifgnss dpﬁﬁvlﬂ@@ly debdrétodaif apdcket Ihefiieduasty imxpocessor
could give information describing the status of conpeting traffic at the

r equestthprdate swiich, theh it arfier mené tre inputiedritvadles dnayoresibnilispile control | ers,

in parallel, by the control system .and ig always current and up to date.
Advant d§E8681 3} 2 laterithpern I gther srradipignishilis TeGUGRPERTASRET how || kel y a

deni ed 1%%(1351%61)@ dﬂafc 1%8 1@&&698@ thgg b’%@ﬁ] s&ﬂ\%ﬁqg‘@r gFﬁltté 891%91@&0%”8 gernrde' evant

when an opportunity is available. In some embodiments, the request
processor only sends acceptance responses. In other embodiments, the
request processor answers all requests. In this case, for each request that
arrives at a request processor, the input controller gets an answer packet
from the request processor. In case the packet is denied, this information
could give a time segment T so that the request processor must wait for a
time duration T before resubmitting a request. Alternatively, the request
processor could give information describing the status of competing traffic
at the request processor. This information is delivered to all input
controllers, in parallel, by the control system and is always current and up to
date. Advantageously, an input controller is able to determine how likely a
denied packet will be accepted and how soon. Extraneous and irrelevant
information is neither provided nor generated. The desirable consequence of
this method of parallel information delivery is that each input controller has
information about the pending traffic of all other input controllers wishing to

send to a common request processor, and only those input controllers.
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information is neither provided nor generated. The desirabl e consequence of
this nethod of parallel information delivery is that each input controller
has i nf owpaBiooasnbout the pending traffic of all other i mootusowed4nol | ers
wi shing to send to a conmon request processor, and only those i nput
controllers. 24 WO 03/013061 PCT/ US02/ 23411 As an exanple, during an
overload condition an input controller my have four packets in its buffer
that have recently had requests denied. Each of the four request

h i nf i i . . i i’ [
D maee s neF PR SRt B et blacBbh B shAE LR B et ot
a |at erhé\}er%uém%k@:ﬂ%H’gggiodl%ﬂfei'%éﬁ{av@irééﬁ{tﬂshﬂﬁfé%%k&sQl!’enierdf?f]%éﬂl| ates its

request's based on pro Ity of acceptance and priority, to efficiently

f or war dof fhaffbue réduestigroceysire nd 8ént iftfrencionrthht wilstdowdhsdhpsted herein
inportantly provides each input controller with all the information it
needs taorfteoltdnytosstinede thealbislitpodehat eachwil thh formpaakets wilkbad i nto t he

swtch. The switch i's neyer .congested,and perforps wth |ow | atency. The
controlac@yqueﬁ*ﬁ%ifaé@%@@d ﬁ“@rlgp‘&‘gwlg‘é{g}qwﬁ%‘iﬁ ReREsMabl e, gl obal control
for sw t-C e ' ' 3! ence, as well
s for T TRbE H A et e R S BRI PERRRD B RE B pERLRLERE S, Re

r equest srfointiptdwidatrarhc %}ﬁbﬁghﬁﬁsﬂeﬁpﬂ)(}. TR toRtbEystehiidsscdadet can be part
of a message t'hat has arrived while additional data fromthe nmessage has .

yet to lereinvenpottactn peovidestachf inphbtentnaldsagdls alttbe edformatioffiers at t he
i nput port or 1t can consist of segrrentglh(t)lfﬁgctnessage where a portion of
L@

the nessergls ihdeirky pedaguiselEl dsterminn vaugh i Qiang 1B{R e witeht he
e e Lt D R
5 ok et S oo exaal eoydfl ke, | o
switches described in the patents incorporated by reference, as well as for
switches such as the crossbar switch.
Input controllers make requests for data that is “at” the input
controller. This data can be part of a message that has arrived while
additional data from the message has yet to arrive, it can consist of whole
messages stored in buffers at the input port or it can consist of segments of a
message where a portion of the message has already been sent through the
data switch. In the embodiments previously described, when an mput
controller makes a request to send data to the data switch, and the request is
granted then the data is always sent to the data switch. So, for example, if
the input controller has 4 data carrying lines into the data switch, it will
never make requests to use 5 lines. In another embodiment, the input
controller makes more requests than it can use. The request processors
honor a maximum of one request per input controller. If the input controller
receives multiple acceptances, it schedules one packet to be sent into the

switch and on the next round makes all of the additional requests a second
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never nmake requests to use 5 lines. In another enbodi nent, the input
controll er nakes nore requests than it can use. The request processors
honor a rmawiogiomoef one request per input controller. If tRETIUSPL3411
controller receives nultiple acceptances, it schedul es one packet to be
sent into the swtch and on the next round makes all of the -additional
requests a second 25 WD 03/013061 PCT/ US02/ 23411 tine. In this enbodi nent,
the output controllers have nore information to base their decisions upon
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and where tine sc I'mg I's not enployed, It is necessary to nake at

| east fHUweverAgshisfenilesiiasns qaeh rdaidof flenequssimoceddddid mral |y, there
needs to be a nmeans for carrying out nulticasting and trunking.
Ml ti casastlyy Metere:sin a besteprwithgowtlinesgfzaemdhe inphcongollaputo port. to a

I I f t put ts. However, f t. t i Vi | ot
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s an i Trbear sor, P hART b s by e JBRRURREY (2 C0T™ condi tion can

transmt a C&&ﬂiﬁ%ﬁﬂj?,dﬁx%fé B8 toBY 4 neasd fragkstsy wherreaghingpacket woul d

be nultiplied in the downstream sw tch, causing i mense congestion. The

mul ti cagdd tregkiegt Multicestny sefeisstioubs schding ef agerket fromeotedagutmul ti casti ng
and limt it when necess%rfy efers to the aggregation of
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o Al Sut ek QULPUL LS AL RGBS ESY SOMBLERRY (o 2 o
B e e R e b
be usedcdfesBon. As an illustrative example, an upstream device in a defect

condition can transmit a continuous series of multicast packets where each

packet would be multiplied in the downstream switch, causing immense

congestion. The multicast request processors discussed later detect overload

multicasting and limit it when necessary. Trunking refers to the aggregation

of multiple output ports connected to the same downstream path. A plurality

of data switch output ports are typically connected downstream to a high-

capacity transmission medium, such as an optical fiber. This set of ports is

often referred to as a trunk. Different trunks can have different numbers of

output ports. Any output port that is a member of the set can be used for a

packet going to that trunk. A means of trunking support 1s disclosed herein.

Each trunk has a single internal address in the data switch. A packet sent to

that address will be sent by the data switch to an available output port

connected to the trunk, desirably utilizing the capacity of the trunk medium.
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packet going to that trunk. A neans of trunking support is disclosed
herein. Each trunk has a single internal address in the data switch. A
packet sewD oBm13obhat address will be sent by the data sw PCh/So2/28311

avai | abl e output port connected to the trunk,. desirably utilizing the
capacity of the trunk medium 26 WD 03/013061 PCT/ US02/ 23411 BRI EF

DESCRI PTION OF THE DRAWNGS FIG 1A is a schematic bl ock di agram show ng an
exanpl e of a generic systemconstructed from building bl ocks incl udi ng

i nput processors and buffers, output processors and buffers, network

| Nt er cBRARFSHESTRTPTIONAGH UFBIE DRAVAINiEGTanagenent and control

and a network 1 nterconnect swtch that Is used for switching data to

target out plﬁfép_q% s agél%naltﬁ: i)l%c}% cﬁg@ﬁ{qgﬁ{&vigg%ﬁk@ﬁhﬂgé@p@f i nput control

units. FIG I's a schemati c bl oc gram out put control units. FIG
1D is genzeieyeidnt cohanlcteld aonabuiidog blgcles syhidmg pieessosssangd its
connections to the switching systenms and external devices. FIG 1llE is a
schenatard iffeds, dittpyt procekens agd dufiexs mebwods mgereonnect sygicdresof the type
shown in FIG 1A where the request switch.and, data swifch systemare
conbi nebal HESHGY B2 L HORERR TR AR LAt e B63 T TLHCORHEAT 1 y

processing .l e i Jcat ] , anmount of circuitry
needed %V‘gg?lﬁﬁﬁagh%‘%%d&ﬁgg&@g glr% &E?&) wgelir@ﬂgﬁg%#gﬁat ic block diagram
showi ng an gYEIAIEiOf séhebitlc b1§&§ﬁ@%gr91fn dmﬁgawm@l%s! FIGG CI A where the
request switch, answer switch and data switch systemare conbined in a
si ngl e is anpebeentic bibdlc tiageavaftoagadusngrol edits.eFIGhadDarsount of circuitry
needed to inplenment the SilSt emin certain applications. FIGs. 2A through
2L ar e s¢hagrtisdletlodiagpnchaning afsypleakpiosessos andilt apamiesiens &monent s of
the sw { chi n% sa/st em and for var ié)us enbodi ment s
the switthirlg systems and external devices.
FIG. 1E is a schematic block diagram showing an example of a full
system of the type shown in FIG. 1A where the request switch and data
switch system are combined in a single component, which advantageously
can simplify processing in certain applications, and reduce the amount of
circuitry needed to implement the system. .
FIG. 1F is a schematic block diagram showing an example of a full
system of the type shown in FIG. 1A where the request switch, answer
switch and data switch system are combined in a single component, which
advantageously reduces the amount of circuitry needed to implement the
system in certain applications.
FIGs. 2A through 2L are diagrams showing formats of packets used
in various components of the switching system and for various embodiments
of the system.
FIGs. 3A and 3B are diagrams showing formats of packets used in
various components for time-slot reservation scheduling of packets. FIG.

3C is a diagram of a method of time slot reservation showing how mput
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of the system FIGs. 3A and 3B are diagrans showi ng formats of packets used
in various conponents for tinme-slot reservation scheduling of packets.

FIG 3Cwe taodicagr am of a nmethod of tinme slot reservati o®CIhae/zig1how

i nput 27 WD 03/013061 PCT/ US02/ 23411 processors request to transmt at
specified tine periods in the future, how the request processor receives
them and how the request processor replies to the requesting input
processors inform ng them when they can send. FIG 4A is a schematic bl ock
di agram of input control units with nulticast capability, FIG 4B is a
schenatprochisotkrativest terrasovi aignsciffesfiimeesiods inhedutuge: howuthei cast

capabi | i t?ﬁ. FIG 4Cis a S(%E‘?nag%il bl ogk di %gram show g, & data switch

wi t h miCEPESOESESIbTacYPs TRy, PW 14 LeHHATRPIOCCHIO0 R 1GF 98m showi ng an
exanpl . i : < A\ t ns of multicast
suppor ter ela{r%e%tﬂ% %@r@?&)g@ésglilrgil@%%ﬂéggg‘f@haﬁégE%lﬁ%%{?g bl ock di agram

show ng an FHEryRESa RERREati ObloTk! dihgast oSHPRELntr6l e Waha switch fabric.
FIG 6A is a generalized timng diagram show ng overl apped processing of

nmej or aqaotitvashtspadilityhFGMB o a addbrsaii¢ bhickglisgretreshovwinga 6B is a nore
detail ed an exanple of tim ng diagram show ng qverl apped frcfcessi ng of
cont r olregyesteRnEomss wath multragt cambilatya KX Hg 1917 sehamtihatosl | ustrates a

I ti t tim h wh | ti d I
e, gt RRO TR SR SELSW B LGRS LBIBS 5 MeCS: 26 et an
enbodi ment - qircg 54901 sCherdh! BRIk IHPARI Dol nife Drdhe! eSer vati on

schedul i ng di scussed t 3B and 3C. FIG 7 is a diagram show ng
conf i guyetdre R FIGH! withnecdlicpnste ahean ofehelticastruppsemiih ¢he tonadvant ageous! y

provide flexibility in dynamcally :
system. FIG. 5B is a schematic block diagram showing an alternate means
of multicast support in the data switch 'fabric.

FIG. 6A is a generalized timing diagram showing overlapped
processing of major components of the control and switching system. FIG.
6B is a more detailed an example of timing diagram showing overlapped
processing of control system components.

| FIG. 6C is a timing diagram that illustrates a multicast timing scheme
where multicast requests are made only at designated time periods.

FIG. 6D is a generalized timing diagram of an embodiment of a
control system that supports the time-slot reservation scheduling discussed
with FIGs. 3A, 3B and 3C.

FIG. 7 is a diagram showing configurable output connections of an
electronic switch to advantageously provide flexibility in dynamically
matching traffic requirements to physical embodiment.

FIG. 8 is a circuit diagram of the bottom levels of an electronic

MLML switch fabric that supports trunking in the nodes.
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matching traffic requirenents to physical enbodinment. FIG 8 is a circuit
di agram of the bottomlevels of an electronic MM switch fabric that
supports wowakigl i n t he nodes. 28 WO 03/013061 PCT/ US02/ P84ABOF23E119 is a
schematic bl ock diagram of a design that provides high bandw dth by

enpl oying a plural nunber of data swtches corresponding to a single
control switch. FIG 10A is a schematic block diagram show ng nultiple
systens 100 connected in layers to a set of |line cards to increase system
capacity and speed in a scalable manner, FIG 10B illustrates a

nodi fi cati oFl6.  tsen sshereaticoplorkdiagram afifedesign that prayidey hegh out put

trol] I nbi ned. i nt i it. FI 11A i h tic bl ock

o} agr arb@icvEdIh PR eRmloying warRcwtae ohHah swifer DR RDy cd bet ween

t he Swégﬁ@?ecf%t&lsjvfﬁ:ﬂ.s a schematic bl ock diagramof a tw sted-cube data
a’ c ro

swi tch systemincluding a twsted cube. FIG 11Cis a

schemati ¢ blyyek ) A% 281matid Bio%k@l@adg‘rb!ﬁes}fbmhgﬂmﬂtfpte sjstemkdoel s of
managenent. FIG 12A is a schematic diagram of a node that has two data

pat hs gororectddendagersdod denvof ataapistthinéreosa system capecitywendat a pat hs to
the west and two data paths to the south. FIG 12B is a schematic bl ock
di agr ansiciedtin sseaknble Blamngr.i ty of data paths fromthe east and to the

ong’ packer J1G08 TaRTAS ) Bod RENRL AR S TBRELC, LORRBRD ! o=l
T ust ré‘%)g%af;iﬁr (ﬁ @tpﬁ?@bnt%l@rs]ié”@oﬂn%ir%dti'hfﬂ Beind@ghgm for nodes of the type

illustra
FIG. 11A is a schematic block diagram of a twisted-cube data switch

with concentrators employed between the switches.

FIG. 11B is a schematic block diagram of a twisted-cube data switch
and a control system including a twisted cube.

FIG. 11C is a schematic block diagram of a twisted-cube system with
two levels of management.

FIG. 12A is a schematic diagram of a node that has two data paths
from the east and two data paths from north and two data paths to the west
and two data paths to the south.

FIG. 12B is a schematic block diagram that shows a plurality of data
paths from the east and to the west, with different paths for each of short,
medium, long and extremely long packets.

FIG. 13A is a timing diagram for nodes of the type illustrated in FIG
12A.

FIG. 13B is a timing diagram for nodes of the type illustrated in FIG
12B.

FIG. 14 is a circuit diagram of a portion of a switch supporting the

'simultaneous transmission of packets of different lengths, and connections
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12B. FIG 14 is a circuit diagramof a portion of a switch supporting the
si mul t aneous transm ssion of packets of different |engths, and connections
29 WO 03/WD3B6130PCT/ US02/ 23411 showi ng nodes in two col umesTtarsd2/3sml | evel s
of the MLM. interconnect fabric. DETAILED DESCRIPTION FIG 1 depicts a
data switch 130 and control system 100 connected to a plurality of line
cards 102. The line cards send data to the switch and control system 100
t hrough input lines 134 and receive data fromthe switch and control
system 100 through lines 132. The |line cards, receive and send data to the
out si deSHRWIRE RedesUgRWE qolwmas ahg teo levels ohahe Yldhnitereannaglut | ines 126
and outpyt.lines 128. Interconnect system 100 receives and sends data. All
of the gag)c}*kcets enter and | eave the system 100 through the line cards 102.
Data entering system 100 is in the form of packets of various |engths. The

fm'miagf ?ME%?E‘?@%T’?@N o performing 1101 {Jiﬂgf : gﬁidﬁeft: i i g to
packet 1 nf or hict breptios deBruteny 46 du cfufpl /st SB100aBres LG and

- . | . * 14 0 .
Sl Ly, S5V CEEL A50 . FEEKSIS TRl g Eai g ¢ pocket 1
BI T 202504041 fRfem P06 (BRughdnguPiNeLD$4 addesdBive ddtelfebm ithe awonrer bit field

that is always set to 1 and indicates the presence of a packet. The out put
addr essaifid ebuifroloPAtez04 00dbraughnsnesb32adiihe §se ofrdshreceivargétsendt put . |1 n sone

car ds. §H2qPHEF OLHIT RERBIOHSNGS BRTA SR el SRR RATeP B put
addr SSHRed Jff@ a}lg%uﬂo'*{ﬂifﬁlres 9hs! iIﬂFerS&Erge%’t S}Tﬂgm% 1feicgfv%s and sends

data. All of the packets enter and leave the system 100 through the line |

cards 102. Data entering system 100 is in the form of packets of various

lengths. The J line cards are denoted by LC,, LCy, ... LCy;.

The line cards perform a number of functions. In addition to
performing I/0 functions pertaining to standard transmission protocols given
in prior art, the line cards use packet information to assign a physical output
port address 204 and quality of service (QOS) 206 to packets. The line cards
build packets in the format shown in FIG. 2A. The packet 200 consists of
the four fields: BIT 202, OPA 204, QOS 206, and PAY 208. The BIT field
is a one-bit field that is always set to 1 and indicates the presence of a
packet. The output address field, OPA 204, contains the address of the
target output. In some embodiments, the number of target outputs is equal to
the number of line cards. In other embodiments; the data switch may have
more output addresses than the number of line cards. The QOS field
indicates the quality of service type. The PAY field contains the payload to
be sent through data switch 130 to the output controller 110 Speciﬁéd by the
OPA address. Generally stated, the incoming packet may be considerably
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indicates the quality of service type. The PAY field contains the payl oad
to be sent through data switch 130 to the output controller 110 specified
by the GOPAadvess. Cenerally stated, the incom ng packetrcmagobes4il

consi derably 30 WO 03/013061 PCT/ US02/23411 |arger than the PAY field.
Segnent ati on and reassenbly (SAR) techni ques are used to subdivide the

i ncom ng packet into a plurality of segnents. In sone enbodinents, all of
the segnents are of the sane length, in other enbodinents; segnents may be

of different.|engths..,Ea egnent is pl.aced i AY field of a series
of ¢ arSrEESPEn AT, PATA R < SSaDe AR Bt gRAF R Samoly (SER) hnIRESHut put
control|ler I . . . rwards the conplete
oOnt 101 4ETcB1E QLR SRR KAl SOTEN RO e LBEHR Oy e compl
abl e t os;oR66 eMMREANEnRAYI FdBe VU9 ad Gethe dafhe leRBE M ofiiee | i ne card
generates the field frominformation in the header of the arriving
packet . erhbbdimmeatts ogegnesde thaydbeosfidiffermatt 1€XXhE. Ehcssegmgntriephaded n t he PAY
field. If this is the case, system| oo can discard the QO‘mSﬁ?ield when it

is no ligrijed A dildaia serics of tearaisssvsseiraskesal) bbraugh theudatat y of

i ce_i.nf tion f the PAY field. FIG 2.sh the f tti f dat
h var | B ad e ORI AR ooy POLerTaS Frsem Bl eGP CiRe 288Nt ent 8 Jof ¢ ho.
fields gp.bhe thB%%‘ﬁgSlt%ﬁ ﬁk\@@d@éﬁ&%@%%n% 1‘t’§9%41§%éﬂd1. BQ‘%&%J*“SW“ from the

request processor t I nput controll'er granting permssion for the input

cont r olthethddp spsah 10@iPasiked aseenBRidstel faylbflsdalrfingswdetiS 130. BIT A
one-bit field that is set to 1 when there is data in the packet. Wen set
to 0 tlaegihendhaling chidkpeseraies they@é)®dield from information in the

header of the arriving packet. Information needed to construct QOS fields

may remain in the PAY field. If this is the case, system loo can discard the

QOS field when it is no longer used, and a line card downstream can obtain

quality of service information from the PAY field.

FIG. 2 shows the formatting of data in various packets.

Table 1 gives a brief overview of the contents of the fields in the

packets.
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| PA I nput port address.

| PD I nput port data, used by the input proces

sor in

deci di ng which packets to send to the request processors. KA Address of
t he packewoOWBN13i0n1 t he keys buffer 166. This address, al on@Cwmiusa2/234ne i nput
port address, is a unique packet identifier. NS Nunmber of segnents of a
gi ven packet stored in the packet buffer. This nunber is decrenmented when
a segnent packet is sent fromthe packet buffer to the output port. OPA
The output port address is the address of The target output port, The
out put controller processor associated with the target output port, or The
request processor associ at ed vvith the tar get output port. PAY The field
containing f?&% payhopa B t];i‘ equest A A%r'ﬁhAc%'tﬁilwet S
are stored. § A se‘@?‘?‘&'ﬁt of E‘\hre cPI1< ta &)g A%ﬁa y- “Sefvi ce val ue, or
priority value, ass|ignedsibofd te 1mamktmtlolbey td dved tHeipagket sogohentRBAIIREgae st
buf f er addreéss, where & % \é]gra request packet is stored. RPD
Request - protessor datd®? #Sed’t o det ermi ne whi ch packets are allowed tlo be
sent throughBrie dat&oﬁé%ﬂt Ghld thablse: td T When fheles Gt ildshelfidka.eWhepaeked [200,
illustrated|in FIG to.an_input, coptroller 150 through transm ssjon
line 134. The input %%Watl%ﬁf‘% Bi88YS4YD 03/ 013061 PCT/ US02/ 23411 denot ed
by 1CO IC Ipg— N pdkp oftRadBiss enbodiment the nunber of i nput
controllersiis set equal to the nunber of line cards. 1n sone enbodinents
an input cOHD ol | drinpiyporidaial wsedbyihamani rgcesspr injdseldpgvipdch packets to
send to the request processors.
KA Address of the packet KEY in the keys buffer 166. This address, along with
the input port address, is a unique packet identifier.
NS Number of segments of a given packet stored in the packet buffer. This
number is decremented when a segment packet is sent from the packet buffer
to the output port.
OPA The output port address is the address of :
The target output port,
The output controller processor associated with the target output port, or
The request processor associated with the target output port.
PAY The field containing the payload.
PBA Packet buffer address 162, where the packets are stored.
PS A segment of the packet.
QOS A quality-of-service value, or priority value, assigned to the packet by the
line card.
RBA Request buffer address, where a given request packet is stored.
RPD Request processor data, used to determine which packets are allowed to be
sent through the data switch.

Table 1

The line cards 102 send packet 200, illustrated in FIG. 2A, to an input

controller 150 through transmission line 134. The input controllers are
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A listing of the functions perfornmed by the input controllers and output
controllers provides an overview of the workings of the entire system The
i nput cormvoaBloezusl 150 perform at | east the foll owi ng six fPamaiSopesil 1. they
break the | ong packets into segnent |engths that can be conveniently
handl ed by the data switch, 2. they generate control information that they
use and also control information to be used by the request processors, 3.

t hey buffer incom ng packets, 4. they nake requests to the request

processor for _perm ssion tqo send _packets through the data switch, 5. they
recei ved@ieRbydsds @ﬂasml‘gl‘ﬂr clﬁ\th@qq?éé@dslﬁmééwwgberamnp@ﬁ t hey send

s..110 performthe

ol I ow SUNEPEa if i aEitbrie s W) OR A b, T ol bRl % “ccgmont s

fromt e Zanll 1 gﬁ@g@fgﬁfe@g rents received fromthe data
SW tchh@#g‘gh?ﬁﬁﬁd dlgft?lgy Sléc%g%/g ut'%o en 1to tﬁgerel ine cards, and 3. they send
t he reassenbAdittipackehs fiietions perfoenedrdsthe Thguteontiodlersysti em i s made up of

i nput controllers 150, request controller 120, and output controller 110.
Request owipnit cohirellers poovidesrad @ vapyiewfolitbe weskingsiof die agye syspmral ity of

et or m FEE THACERETRNER b DREHBIMGH 1 SBbe 010 dag SATEERM nt o the. dat a
o out put tearey s 421968 oAkl b ReREHE R (OB R Ontrol and
SW tchi ng stdoacleticsly RndlLony 6 damiheds, fol | ows. 33 WO 03/013061 _
PCT/ US02/ 23411 The input controller does not imedi ately send an i ncom ng
packet P @n thepgehdfatd tordrghinfdrenadanahsidhicyuse end hisooednpeal port desi gnat ed
'n the information to be used by the request processors,
3. they buffer incoming packets, ’
4, they make requests to the request processor for permission to send
packets through the data switch,
5. they receive and process answers from request processors, and
6. they send packets through the data switch.
The output controllers 110 perform the following three functions:
1. they receive and buffer packets or segments from the data switch,
2. they reassemble segments received from the data switch into full data
packets to send to the line cards, and
3. they send the reassembléd packets to the line cards.
The control system is made up of input controllers 150, request
controller 120, and output controller 110. Request controller 120 is made up
of request switch 104, a plurality of request processors 106, and answer
switch 108. The control system determines if and when a packet or segment
is to be sent into the data switch. Data switch fabric 130 routes segments

from input controllers 150 to output controllers 110. A detailed description

of the control and switching structures, and control methods follows.
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header of P. This is because there is a maxi num bandw dth on path 118 from
the data swtch to the output port leading to the target of P, and a

pl ural it ywofosiomat s nay have packets to send to the sane @®@aopgiso2/piat at one
time. Moreover there is a maxi num bandwi dth on path 116 from an i nput
controller 150 to data swtch 130, a maxi num buffer space at an out put
controller 110, and a maxinum data rate fromthe output controller to the

i ne card. Packet P nust not be sent into the data switch at a tine that

woul d cause _an overload _in_any of these conponents. The systemis designed
to mnim zelhshmpugepsirobBer degsknst smmpsiiatplystensleargingerriaggackpidver, in the

nbodi . di d.h it ot y to.di d ket, th
e
e, chaiopRe Mt pra s s

val ues. frifiethe dﬁﬂ@s@@l@[’f%&h@ﬁu@u%@#%adﬁ ¢ seafded ofthanént i re packet is
di scarded. Therefore, each input controller that has packets to send needs

to requestalityerfiinpsisanay hase packeantd temd todhe esme putpegoor &t grant this

per m ssi.on. \Wen a packet P 2Q0 enfers an i nput troller through line
134, t Héme; rMQfeQY@ﬁﬁWPII%ﬁn@@ﬂW%% {0 pamscs 106 TR ARANBHE. Refer to

cont r ol Ftalled 1300t SPERE13D, b Pl BOMRP R Ryl B TPl oY s00”
i1l ust r@cgﬁfbpé‘f 1&'00@8% mERSLR AR P Hbnf Rt sitbhefoRAEe$s Fhe 160 fromthe

| i ne car he PAY field 208 contains the |IP packet, Ethernet frane, or

ot her dat@cald] edckeeBenhvsichddbe sehieinsy geainta Fwétchrpattimotitat ebdwedd responds to
arriving packet P by generating internally used packets and stores themin
i ts bufgaaiss aneweriogd iamay gghespranmepaieathuhlbe sysicidy slesigned dpe t he data

et hoo BREgUAE daF DAL Op PACEN MOt Eut RRRIsorLthy JOBFich e Biata
embodiment discussed here, if it is ever necessary to discard a packet, the
discarding is done at the input end by the input controller rather than at the
output end. Moreover, the data is discarded in a systematic way, paying
careful attention to quality of service (QOS) and other priority values. When
one segment of a packet is discarded, the entire packet is discarded.
Therefore, each input controller that has packets to send needs to request
permission to send, and the request processors grant this permission.
When a packet P 200 enters an input controller through line 134, the
input controller 150 performs a number of operations. Refer to FIG. 1B for
a block diagram of internal components of an exemplary input controller and
an output controller. Data in the form of a packet 200 illustrated in FIG. 2A
enters an input controller processor 160 from the line card. The PAY field
208 contains the IP packet, Ethernet frame, or other data object received by
the system. The input controller responds to arriving packet P by generating
internally used packets and stores them in its buffers 162, 164 and 166.

There are numerous ways to store the data associated with incoming packet
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associated with Pin three storage areas: 1. the packet buffer 162 that is
used for storing input segnents 232 and associated information, 2. the
request bwDfoa13064, and 3. the keys buffer 166, contai ni n@CKES®2/25401 | n
preparing and storing data in the KEYS buffer 166, the input controller
processes routing and control information associated with arriving packet
P. This is the KEY 210 information that the input controller uses in

deci di ng which requests to send to the request controller 120. Data in the

formgiven in FIG 2B are referred to_as.a KEYs 210 and are stored in the
keys buPf eh mebodpressataday thadrasst epmbpdimatds spsiore the ¢¥e- bit-1ong fiel d

that is set.to,1. i.ndi cate the presence of a packet. IPD field 214

cont ai ngssqoppée%gv&{l}olgﬂn?lﬁf&&ﬁ%‘@ggﬁpegét a that is used by input controller 160
i n deciding at t toF AP AL £ 3s The IPD field
may contain \QAT é??gﬁj @gg&als@;{ﬂ%%%s?%?ﬁsé ,%\ddlgtnilsc}%\al fgi} t?\e IPD field

may contai n dat a 232ndicadsoetabiMfbangidi)e gi ven packet has been in the
buffer and how full the input buffers are. The I PD may contain the output
port address afd tbe heguest htiderhé4.0md hat the i nput controller processor

uses in deciding t eque to subm T BA field 216 is the packet
buf fer addr ess-f itﬁgge}ﬁﬁéu&%&igi ?@t?lﬂ@%‘h];gszﬁd?l ocation of the beginning
of the data . [ =M ' S 3 r 162. The RBA
field 218 isﬁf&%é’gfﬁlzg é‘sp%g“%}b% ggtagggir&%gs T ﬁ%%ﬁ‘?\&}{e@ﬁt he address of
the dat g8oRes06d Hossksek kFHuRdEkRd coftroNnfdithARauasbcibd withkedvidhe data
stored at the address "key address" in buffer 166 is referred to as the

KEY becpndlestil. Thistibilse Haa21 6 anfarmatisadhaiyhe hreputicoptiolleonseoid er processor

in making all of its decisions_concerni n% whi CQ requg)sts, ta submit to the
r equest deeidirmHWhigh regmests fo saed to thraredrest spBHoLsT At BoBYE

PCT/ US0Z/ 23 Léllvlen in FIG. 2B are referred to as a KEYs 210 and are stored in the

keys buffer 166 at the KEY address. BIT field 202 is a one-bit-long field
that is set to 1 to indicate the presence of a packet. IPD field 214 contains
the control information data that is used by input controller 160 in deciding
what requests to make to request controller 120. The IPD field may contain
a QOS field 206 as a sub-field. Additionally, the IPD field may contain data
indicating how long the given packet has been in the buffer and how full the
input buffers are. The IPD may contain the output port address and other
information that the input controller processor uses in deciding what
requests to submit. The PBA field 216 is the packet buffer address field and
contains the physical location of the beginning of the data 220 associated
with packet P in message buffer 162. The RBA field 218 is the request
buffer address field that gives the address of the data associated with packet
P in the request buffer 164. The data stored at the address “key address™ in
buffer 166 is referred to as the KEY because it is this data that is used by the
input controller processor in making all of its decisions concerning which

requests to submit to the request controller 120. In fact, the decision
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regardi ng which request is to be sent to the request controller is based on
the contents of the IPD field. It is advisable that the KEYs are kept in a
hi gh speedomao®spf the input control unit 150. Arriving Perdrsaze34iPr ot ocol
(I'P) packets and Ethernet franes range wdely in length. A segnentation
and reassenbly (SAR) process is used to break the |arger packets and
frames into smaller segnents for nore efficient processing. In preparing
and storing the data associated with a packet P in the packet buffer 162,

e AR S BLSPES P eSSl Pichd 2,208 11 packet
nbodi i ] i t
oot Ty o, P sen Lokl By ietveiigiaygg one seoment

as il uskeaicaehd Bf HcGnpd2Ebntidlamet 150.a2 plurality of segment |engths. The
mul tiple segnent | engtﬁ systemrequires a slightly different data

struct ure t Pamivihe Intemdt Prowtob(I®d packdts @nd Ethdnet ftamles oxtgaary skills in
the art will be able to make the obvious, changes to the data structure to
acconmmodiiely Hulangshe A wggiansatipandieagasmbly 1 B@CascisriseAdot o FIG 2C
is stored

| i i buf f ] field
bont a1 MECER e HERG R g P IS sBELEE SebhE ot Bloue PERRR ) o i e

packet ... j [Walel: 9OERAtS232 needed to
cont ai 1t8 ﬁ%sg%@a@@k@léégdgﬁ B@%ﬁdég%?%ﬁ%%ﬁ%% I cat e%ll%he addr ess of
t he KEYhebapeeKaiffdr; 164 ehe inBht Ebetrell¢mstocedses 160 Eirstripuikpos PAAddr ess. The

KA field together with the |PA field forns a _unique identifier for packet
P. The fiRAY 208eindpackeb? @k éro segmentedisepredatesmingd masimumisnegthi on, the

1S el e BAX LISl are, ot Led, sn Ui Lap of Lhg stock and the
L ek T AR PR WA i i v e

with nodes as illustrated in FIG. 12B, there is a plurality of segment lengths.

The multiple segment length system requires a slightly different data

structure than the one illustrated in FIG. 2. One with ordinary skills in the

art will be able to make the obvious changes to the data structure to

accommodate multiple lengths. Packet data formatted according to FIG. 2C

is stored at location PBA 216 in the packet buffer 162. The OPA field 204

contains the address of the target output port of the data switch of the packet

P. The NS field 226 indicates the number of segments 232 needed to

contain the payload PAY 208 of P.

The KA field 228 indicates the address of the KEY of packet P; the

IPA field indicates the input port address. The KA field together with the

IPA field forms a unique identifier for packet P. The PAY field is broken

into NS segments. In the illustration, the first bits of the PAY field are

stored on the top of the stack and the bits immediately following the first

segment are stored directly below the first bits; this process continues umntil

the last bits to arrive are stored on the bottom of the stack. Since the payload
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WO 03/ 013061 PCT/ USO02/ 23411 may not be an integral nultiple of the segnent
| ength, the bottomentry on the stack may be shorter than the segnent

| engt h. Re¥guastd®epackets 240 have the format illustrated PERTRIS®R 23D

Associ ated with packet P, input controller processor 160 stores request
packets in request buffer 164 at request buffer address RBA. Note that RBA
218 is also a field in KEY 210. The BIT field consists of a single bit that
is always set to 1 in the presence of data at that buffer | ocation. The
out put is stored in the

port address that th arget f C
out put ’é@%’tn% raéggltegraﬁnwh@ﬁg 0%61;‘3 Seﬁ%\%el?tgﬁ%gtg‘t t"p?r%&@&ﬂ ¥a?% field RPD

246 i s t|o he request processor 106 in the
deci si oﬂ{%ds?a% %ﬁ%{eﬁﬁ# gmaﬁ%g%&/ﬁgg%éﬂ# P to be sent to the data

swi tch. The K@c’fﬁé‘st%ﬁ%@sﬁﬂ?ﬁﬁ@ﬂh@ fbﬂﬁa@%sfrhﬁ%ﬁchlmaﬁ)a sub-field. It may
cont ai n ot her tion such how full the buffers are at the input
port whakeodiltedpactk phclRetiry 1np‘|11tcxroe1di:ollel pf awessdri 160 storeseeqiesy how | ong t he
packet P has been stored, ow nmany féments are in_the packet P,

mul ti C?BaCkietﬁmmm@rbUff@c]tﬁé’d%ﬂréqubu t pedrepe R -niNege ¢ et i3 A t he i nput
For t netFhinSR aianasary 110 vEiE BB HolibirBien ole SrUEumotREl Tor not gr ant
per mi ssj ﬁ%&t @"guﬁ’ﬁfé( e gnéleo ibcfat &0that Buif@?ld%%hgns"mfe%qgﬁp The fields

| PA 230 an entl y a packe are urned by the
r equestEp@ggaaﬁe%@&hatris Tﬂﬁ@taﬁ@éﬂ%&* petkeaPsieatorgddk ehe @dPut port addrest rated in

ez field OPA 204. The request processor data field RPD 246 is information
that is to be used by the request processor 106 in the decision of whether or
not to allow packet P to be sent to the data switch. The RPD field may
contain the QOS field 206 as a sub-field. It may contain other information
such as: |
o how full the buffers are at the input port where the packet P is
stored,
e information concerning how long the packet P has been stored,
¢ how many segments are in the packet P,
o multicast information,
e schedule information pertaining to when the input controller
can send segments, and
e additional information that is helpful for the request processor
in making a decision as-to whether or not grant permission to
the packet P to be sent to the data switch 130.
The fields IPA 230 and KA 228 uniquely identify a packet, and are
returned by the request processor in the format of answer packet 250, as
illustrated in FIG. 2E.
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WO 03/ 013061 PCT/US02/23411 In FIG 1A there are multiple data lines 122
fromeach input controller I1C 150 to request controller 120, and al so

mul ti pl e watoa/okdones 116 from each input controller to daraTdsor/edr1130.
Notice also that there are nultiple data |ines-124 fromrequest controller
120 to each input controller, and nultiple data |lines 118 fromthe data
swtch to each output controller 110. In an enbodi nent where no nore than
one input port 11.6 of the data switch has a packet for a given out put

port 118, da i §gh 0 .S] crossbhar, and control system
100 of FIG TIA ;P(gn %%b%%?%%%f mﬁ&?%%lt% ?%Fafa]ilﬁ%grﬂze flﬁné?gascglailPBBFe manner . REQUEST
TO SENDirdEFTCPREIKET T RRE RTSINE 126! o M ShulkipedaiRQineEla 16 . - o TTeX,

i nput controller 150 may nmake requestsS to sen dlta Into swmtch 130 at a
fut ure fracketclsmput ngnirolier, toldmg switthd 30e NRicnlsetiat dicrbiare T'+1 are based
on recentlé arriving packets for which no request has yet been nade, and
on t he BRéEpleatdefngnd24 djase reguest cortcellsrdd Ortomach epitetpmsatllaront rol | er in
response to r est s,.sen t. times, 7o, .T1, ..., T,,. Each_jnput controller
O destrd iyl BEIPREHERS 08 SRR R Biswvit toiohih Bt SROBON S Ui 1 5

maxi mu ‘ B{r&ﬁ ' i ' : [NalgY t To. Based on
respong%agé't ot g{slg%lrdgg%éts@,e‘aﬁ 1226 ﬂgo&%%ﬁﬁ&gé mﬁggghﬁ%]@?o%xd%di tional

request switch &at b packdttfor valivaieaipul pertalt1 8t Ham shitch DRI BMARSESS |s repeated
by the input controller until all possible requests have béen nade or

r equest a gyeple crassbat, sndoromitest] eystent 160 nE FTGs §At iseapalpatof control | ers begin
sending to t ch those packets accepted by the request

1&% dat a svm'lt :
pr oces sHETONARE AL Thasealablenadanety e sent to the data switch, a new request
cycle begins at times To + Tnsg, T1 + Tnsg, ... , Tmax + Tntsg In this

round e Bt C0 BEREITAT) NEX T PARKE TeRRRnERG TiMER '35 7
At reqﬁest times To, Ty, ... , Tmax, input controller 150 may make
requests to send data into switch 130 at a future packet-sending time, Ty
The requests sent at time T, are based on recently arriving packets for
which no request has yet been made, and on the acceptances and rejections
received from the request controller in response to requests sent at times T,
Ty, ..., Tn. Bach input controller IC, desiring permission to send ﬁackets to
the data switch submits a maximum of R, requests in a time interval
beginning at time Ty. Based on responses to these requests, IC, submits a
maximum of Ry, additional requests in a time interval beginning at time T.
This process is repeated by the input controller until all possible requests
have been made or request cycle Ty is completed. At time Ty, the input
controllers begin sending to the data switch those packets accepted by tﬁe
request processors. When these packets are sent to the data switch, a new
request cycle begins at times To+ Trnsgs T14 Tnsgs +++ » Tinax T Tinse-
In this description, n™ packet sending cycle begins at the same time as

the first round of the (n+1)st request cycle. In other embodiments, the nth
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WO 03/ 013061 PCT/ US02/ 23411 packet sending cycle may begins before or after
first round of the (n+l)st request cycle. At tine To, there are a nunber
of 1 nput worBnwobers 150 t hat have one or nore packets PPCa/ushzeaibuffers
that are awaiting clearance to be sent through the data switch 130 to an
out put controller processor 170. Each such input controller processor 160
chooses the packets that it considers nost desirable to request to send
through the data switch. This decision is based on the IPD values 214 in

the KEY, aol&'étf."%eﬂ 5’12%{3/0?55 17{21?%‘%%2{5 RAGKE S Skt Pc}u[nh' dﬁl&g @nwb);’)s?” i nput

control er proces to a maxi mum va These requests
can be pmiesséyalkt aneously or serially, or groups of requests can be sent
in a serial fashion. Mre than J requests can be nade into switch of a
type taught Ahtmm/'émtthmmsn#a,nu#aﬂoeafmcf i3yt aeintollgrs bvisthabhaveeneop | evel by

inserting the re uest s ﬁ&x{ t col umms r angles in the nomencl ature
ofI | nvefk me#@y <et|§3 Ci& qhe]tl 3&&’(’? AWV AIE éﬁ%ﬁ%@eytolb?s%qﬂt into ][ml ti E: e
o s e et PRAE o T80 bRl b B B PR o, ¢

Al ter nagjteinput Ebﬂtréﬁ&yggbiésasggm?b%h%béeﬁ th@paekak Yhalt AS&isefbrsnt 0 a

concentrat or in Invention #4. Another choice is to

i nsert inost pesikels to sepiesinto sehtl thiough the datangbieclc olhigleCanghey W th a
second packet directly followng a first packet. This is also possible
with NLMsedrﬁneﬂxﬁdﬁ’ﬁbaﬂlueﬁatlw Kee BE Y ebke nyapber of reqyest pasketer enbodi ment
the switch RS possi b es A S, contain a | arger
nunber SHPHPHRE E@Py@n PRy 1Jnqrﬁxgﬁ]grgggcqsgwsi&pﬁgd%@11}3@(11%;11% desirable in
SO Capgfel RAL. NRRUERRLs Gh BEAUL SEBLHAMDIRE o AHANY, bRE request swi teh

IS grea e nu out put ports e data sw tch.
Mor eov egroul ﬁ@ df&é@ué%@@@a Bakéhes seaihbfdhich. tivieee tiamdhteqhBstsia@r por at ed

patents, the swtches can easily contain nore rows on t hei r upper nost

| evel tlbmmatdhenm swigch ofie tyeer BeghtUsi Inyeohenso# 1, #2 and #3, with J rows
on the top level by inserting the requests in different columns (or angles in
the nomenclature of Invention #1). Recall that one can simultaneously insert
into multiple columns only if multiple packets can fit on a given row. This
is feasible in this instance, because the request packets are relatively short.
Alternatively, the requests can be simultaneously inserted into a concentrator
of the type taught in Invention #4. Another choice is to insert the packéts
sequentially into a single column (angle) with a second packet directly
following a first packet. This is also possible with MLML interconnect
networks of these types. In yet another embodiment, the switch RS, and
possibly the switches AS and DS, contain a larger number of input ports
than there are line cards. It is also desirable in some cases that the number

~ of output columns per row in the request switch is greater than the number

of output ports per row in the data switch. Moreover, in case these switches
are of a type taught in incorporated patents, the switches can easily contain

more rows on their uppermost level than there are line cards. Using one of
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39 WD 03/013061 PCT/ US02/ 23411 these techni ques, packets are inserted into
the request switch in the tinme period fromTo to To + dt (where dl is a
posi ti ve waloam)ioeiThe request processors consider all of rlg/usezesst s
received fromtine To to To + d2 (where d2 is greater than dl). Answers to
t hese requests are then sent back to the input controllers. Based on these
answers, the input controllers can send another round of requests at tine
Tr (where Tl is a tinme greater than To + d2). The request processors can

d ' j : h t hat
Some T oleereiRaes ol R e B e RNt g ot ach t e

request pprog €3RI RY Ty -FE; (Whered?.is Ao sitBeueste). PIRCc@gaest does not respond
to these requests. This non-response provides ‘information to the input

cont r ol peocebsrawsasidee aanfebe oéquekis racsived §pontime ) tocbnyesti on in the
request switch. These requests may be submitted at _another request sending
time T (weewrd ipigheater thagglipy Aaxswarsoﬁoﬁﬁeseﬁeﬁae%ts ps they senackriGri ng i s

di scussed in gore.dgt,ail in reft rence to FiGs. A a&dnGB. The request
process IR ﬁ‘?l?l%o ¥ J}I‘aspﬂémr aﬂse%n[sgv eﬁﬁle P}Pé‘g REY & F ety §Fé . For all or
a porti %&Eﬁ&ﬁd@ﬂf&ﬁ%&s ok Bgnd BAKSRIre AT A6 §37RE S @than AGEA SSion 10 the
i nput controllers to send packets associated wth-the requests to the

out put dontTied deeuest provessops cat sdryl areapeeptancady abejedtivhed anentry into the
data switch. In addition to the information in the request packet data
fiel d REWemdt neajuls thepeasedbalioromaepguestp sontnnithe fineopedehiiegn t he status

Che. ot atadd o 1 el HRKECBURD IHAUSS FOPESARY OF GEBF gt m B FEUah Trom .
Status B R e o R e T R B Rl LS ow Tast
the |ingfeahasorte tiadingut eofifrailer Bhrass tefdagrs of the @ier@mbage ient, there is
one request processor associated with each output controller. In other

congestion in the request switch. These requests may be submitted at

another request sending time T, before time Tr, or at another time after

Tmsg- Timing is discussed in more detail in reference to FIGs. 6A and 6B.

The request processors examine all of the requests that they have

received. For all or a portion of the requests, the request processors grant

permission to the input controllers to send packets associated with the

requests to the output controllers. Lower priority requests may be denied

entry into the data switch. In addition to the information in the request

packet data field RPD, the request processors have information concerning

the status of the packet output buffers 172. The request processors can be

advised of the status of the packet output buffers by receiving information

from those buffers. Alternately, the request processors can keep track of this

status by knowledge of what they have put into these buffers and how fast

the line cards are able to drain these buffers. In one embodiment, there is

one request processor associated with each output controller. In other

embodirhents, one request processor may be associated with a plurality of
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enbodi nents, one request processor nmay be associated with a plurality of 40
WO 03/013061 PCT/ US02/ 23411 output ports. In alternate enbodi nents a

pl ural i t ywofo3joexgaest processors are |ocated on the sane iPardgoztiadl
circuit; in yet other enbodinments the conplete request controller 120 may
be | ocated on one or a fewintegrated- circuits, desirably saving space,
packagi ng costs and power. In another enbodinent, the entire control
system and data switch nay be |located on a single chip. The decisions of

the r e."d‘lﬁﬁﬁt]? 196 RS MSn SR RS BiAsa s Qﬁbhﬁ'aﬂb}f@ﬁ;e]g%st r86R6ss atd1cl udi ng the

fol | ow ng: e status of the packet oOutput buffers, a single-value

pri ori tiychtied|ah thetsahme intepwated @itoudt; ireyst othethenbadduéids bhd r om t he dat a
switch to the output controllers, t he bandwi dth out of the answer switch
AS, andompletd requesteaondiolicn 12Aenge ha decatst o 688 oF adawafeBREPRPD 246 of

t he request. cke The request ocessors have the. nformation that the
need tg”fﬁé]ﬂ@?g?%@ S%Echfg@?%iﬂf'ﬁga%gtCBS @tpoa%efra IngmOMSE t hr ough t he g

dat a Svgnélg(?dime%nﬁ% fpL b 1’1tr51hseys”aﬁﬂléﬁ§tdapi QRS HS W caleoh g regulate the
ata a an e odt

fl ow of Nt o the data swtc into t put controllers, into
the |inghsardsy and finally into output lines 128 to downstream
connections. Inportantly, once the traffic has left the input controller
traffic fl ovighetdaomsighs ohehedataestvirpedssofsaanibte hdsedonta cemypesoifon. |1 f any
data needs to be discarded, .it is low priority data and it is discarded at
t he i ngaetossrineliding ,heaﬁ@iléﬁ‘fla%éousl y never entering the switch fabric,

o, L el PG cNITRLL N AN SR gger e rlow of other traific
¢ asingle-value priority field set by input controllers,
o the bandwidth from the data switch to the output controllers,
e the bandwidth out of the answer switch AS, and
e the information in the request processor data field RPD 246 of
the request packet.

The request processors have the information that they need to make
the proper decisions as to which data to send through the data switch.
Consequently, the request processors are able to regulate the flow of data
into the data switch and into the output controllers, into the line cards, and
finally into output lines 128 to downstream connections. Importantly, once
the traffic has left the input controller traffic flows through the data switch
fabric without congestion. If any data needs to be discarded, it is low
priority data and it is discarded at the input controller, advantageously never
entering the switch fabric, where it would cause congestion and could harm
the flow of other traffic.

Packets desirably exit system 100 in the same sequence they entered

it; no data ever gets out of sequence. When the data packet is sent to the
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it; no data ever gets out of sequence. When the data packet is sent to the
41 WO 03/013061 PCT/ US02/ 23411 data switch, all of the data is allowed to
| eave t hawosiotamhl bef ore new data is sent. In this way, segrarsvz2z@linays
arrive at the output controller in sequence. This can be acconplished in a
nunber of ways including: 1. the request processor is conservative enough
inits operation so that it is certain that all of the data passes through
the data switch in a fixed anmount of time, 2. the request processor can

wai t fog,3 ﬂlgflmg'ngt&ghe%{a QbR sty (?h@lat &kﬁ@ﬁ%gfcg%egﬁa&m%w tch before

allowing a 1V'data to enter the segment contains

a tag fdepltdn ﬂﬁsaﬁéy,mggﬁieﬁtssaq@a?@brrmm&he ouldt dositresieelirby the reassemnbly
process, 4. the data switch is crossbar switch that directly connects an

i nput csaquente. eifhuﬂ)canbma;qwmplmdmdnnIallnnnb@*rof‘awasas wahalisgi t ch of the
stair-step NLI\/%. interconnect type disclosed in Invention #3 can
advant ageous| yl bdDe LS ERRGEOr 1S C@%@’%@ﬂﬁé‘ﬁloﬁghé@ lisiopsratien 68sbar, and

when properly co l e ) n.n out of sequence.
In cases (1) andn]%ét)lt 9%”9%%8 (gctgs\nd? ac?fgesa P\}@hms@éf@ 2with no nore
than a fixed numg%tclﬂIﬁfaﬁg&%lhggnp@ﬁﬁ%s tar get ed for a given output port,

it is possible to predict an upper on the tine T that packets can

remain in tha?. she¢ tejuesiihecedsor ean tigt foequisialphacdbspdihe &an guar ant ee
that no packets are |ost by anting no nore than N requests per out put
port in tine uni ﬂlasrclqaﬁedﬂ@@%m‘mtﬁb%@f@h@l&@wmglad@tmmal ter® are nmultiple
lines from the daiﬁ‘é I?W tch t the output controller. In one enbodi nent,
the request proCB¥LS eéﬁﬁ%@ Myn a given line to a packet so that all of

the segments of e segment contains a tag field indicating the segment number

that is used by the reassembly process,

4. the data switch is a crossbar switch that directly connects an
input controller to an output controller, or

5. a data switch of the stair-step MLML interconnect type
disclosed in Invention #3 can advantageously be used because it
uses fewer gates than a crossbar, and when properly controlled,
packets can never exit from it out of sequence.

In cases (1) and (2) above, using a switch of a given size with no more
than a fixed number N of inserted packets targeted for a given output port, it
is possible to predict an upper limit on the time T that packets can remain in
that switch. Therefore, the request processors can guarantee that no packets
are lost by granting no more than N requests per output port in time unit T.

In the embodiment shown in FIG 1A, there are multiple lines from
the data switch to the output controller. In one embodiment, the request
processor can assign a given line to a packet so that all of the segments of
that packet enter the output controller on the same line. In this case, the

answer from the request processor contains additional information that is
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t hat packet enter the output controller on the sanme line. In this case, the
answer fromthe request processor contains additional information that is
42 WO 03/WD3IM130PCT/ US02/ 23411 used to nodify the OPA fi elcd/ise/tiael packet
segnent header. Additionally, the request processor can grant perm ssion
for the input controller to send all of the segnents of a given packet

w thout interruption. This has the advantages of. reducing the workl oad
for the input controller in that a single request is generated and sent

for all u§e§%ﬁfﬁ%8ﬁ§r the C12A FiDAGK 8o packet 4pMhde HehGed, NREBItRAA KO! | er to

schedul e e plurality of segnments 1 n one operation and be done with it,
and t héeereauestipgoesssoeauegtait permishenrior tesinppt ocetsslder toasehdrd] e,
allowing nore tine for it to conplete its analysis and generate answer
packet sof fiteesegsminghabagivin pasleamithout puerrepheR-ollhis hasibgt ports requires
that additional address bits be used in the header of the data packets.
One coRYEHIRSRS ay to handle the additional. address bits is to provide

e e e e e . S 1 |
The “acdi t  onaf SeRipE Bk bloRRRaa (BEL B8NS ottt hdnBhe ! BUL BOTCSH
the packet out p&‘%@é&ﬂ%éﬂéﬁ!ﬁ&ﬁ% s@ﬁﬂfdria@lr@(%&émybfQ@ﬁaspm&t,be used to

handl e the additi onal put lines into the ta swtch. ‘Alternatively, the

addi tional adér esi®wihgshe aipbeongshtvedcabielk thbplhpaliteds | eave the data
switch. It should be noted that in the case of an enbodi ment utili zing

mul ti ple paths cegmeuvts imgonehepdraion aahbe donpwitlcsnandl | ers to the rest of
the system all three switches, RS 104, AS 108, and DS 132, can deliver
mul ti pl e packets there arpdewaiteongss detho SRR PEOGHSEH torandapabi ity to

vt o oqvaaliofinliRtre B%e Y3PH 1 Soplett s Hhal RHPMPBEncrfl 2ddl L1 on to
answer packets,

The assignment of certain output controller input ports requires that
additional address bits be used in the header of the data packets. One
convenient way to handle the additional address bits is to provide the data
switch with additional input ports and additional output ports. The
additional output ports are used to put data info the correct bins in the packet
output buffers and the additional input ports can be used to handle the
additional input lines into the data switch. Alternatively, the additional
address bits can be resolved after the packets leave the data switch. -

It should be noted that in the case of an embodiment utilizing multiple
paths connecting the input and output controllers to the rest of the syéiem, all
three switches, RS 104, AS 108, and DS 130, can deliver multiple packets to
the same address. Switches with the capability to handle this condition must
be used in all three locations. In addition to the obvious advantage of
increased bandwidth, this embodiment allows the request processors to make
more intelligent decisions since they base their decisions on a larger data set.

In a second embodiment, request processors advantageously can send a
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i ncreased bandwi dth, this enbodinent allows the request processors to nake
nore intelligent decisions since they base their decisions on a |arger data
set. | n wolsooiwdl enbodi ment, request processors advant agecwdisg2/gam send a
43 WO 03/013061 PCT/ US02/ 23411 plurality of urgent packets from one i nput
controller IC, with relatively full buffers to a. single output controller
CC,,,, while refusing requests fromother input controllers with |ess
urgent traffic. Referring also to FIGs. 1B, 1C and 6A, in the operation of

oot er ol S Bl a8t Sk TR hREBIHAC wlih BP0 ocrets P
I N thel fy AR {PL SinkfAMphPc AR SEHOEN! QUIR 1ERRIGAAUSYS i bifled © an out put

control processor “170. "Each 1 nput controller procgssor w th a packet not

yet schgditlcedtioliehewitngsstiagthetrgidia switch chooses one or nore packets
for which it requests perm ssion to send through the data switch to its

desti nati on Bafgsungpdiorto Kiws ldhdliGiana 6o igtlmeparntion efaesienat a given tine
b d the ] PD. KEYS. At .t T h

5 ﬁpu?enf{%ﬁﬁ%msgqsc%& L GBS UG EHAL. ch NG GFaC G AEHBRLIH data packet s

sends aj, %Bﬁ%ll@ﬁét% ssto?ﬁtlag tfégtq‘ﬂf\/%t q(;eodli ﬁ&le ikt a5lleap perm ssion to

send t he" ata ac a swt request i's accepted or denied

based Oﬁtlfﬂefﬁéaﬁ? tb lbelsenoflar él'i'&h RAUAE bwhRBKS0- toﬁh%dtﬁﬁl ddrgtell may consist of

or may contain a "priority value". In case this priority value is a single
nunber , ptdeesssol H). jBh)c}ompuheomeqﬂespropemesxsﬂraspacsicelianowemare t hese

nunbers This priority wvalye is a_function of the QOS nunber of the
packet . scémd%ﬁg%hw%o@%daﬁam@rl%hoqsa%%%lekaorp@aﬁk@é‘ééoxn time, the

P LB S TR AR R RATEH R B WIRS Ol | oL0rs oL
igg s Zgﬁétﬁ %&ﬁl\é\%\gﬁ}l{ g&é g?;ﬂ%ig?cgg%g to %%tlﬁeche rSqR8Nht 4 BhRnltBdgst controller

generally based on the IPD values 214 in the KEYs. Attime T, each input

controller processor 160 that contains one or more such data packets sends a

request packet to the request controller 120 asking permission to send the

data packet to the data switch. The request is accepted or denied based of

the IPD field of the request packet. The IPD field may consist of or may

contain a “priority value”. In case this priority value is a single number, the

sole job of the request processors is to compare these numbers. This priority

value is a function of the QOS.number of the packet. But whereas the QOS

number of the packet is fixed in time, the priority value may change in time

based on a number of factors including how long a message has been in a

buffer in an input port. Request packet 240 associated with the chosen data

packet is sent into request controller 120. Each of these requests arrives at

the request switch 104 at the same time. The request switch routes packets

240 using their OPA field 204 to the request processor 106 associated with
the target output port of the packet. The request processor, RP 106, ranks
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the request switch 104 at the sane tine. The request switch routes packets
240 using their OPA field 204 to the request processor 106 associated with
t he targewoaamest port of the packet. The request process®CT/uR82/20361 ranks
44 WO 03/ 013061 PCT/ US02/ 23411 and generates answer packets 250 that are
sent back to the respective input controller through the answer sw tch
108. In the general case, several requests may be targeted for the sane
request processor 106. It is necessary that the request switch 104 can

del i ver a?%'re{}éﬁgss@ Osegﬁmlcké’ts%ﬁitﬂ ﬁ‘ets@fl@@éckrl%c’cﬂﬁ%spgﬁff@@ it 106. The

MLM. n€ n the patents i1 ncorporate y re ence are able

to satgghtrolléi throesh tHemiter s@ilBN Y s property along with the fact that
the MM networks are self-routing and non-bl ocki ng, they are the clear

choi ce for I &wigaterilcabe, sgvert! requesissnap peitergetashior flse samer equest packet s
240 travel through the request switch, the OPA fjeld is r ved; the
packet qUestRrogessarHde: Jiierscepyany daaidhe qu%hﬁw%ta? 204 & &gﬁ’f'ﬁb out put

fieldis t.required at., .this LN C ide 1761 Iljﬁdbythelocation
of the Hﬁﬁﬁ@lﬁ p%i{gﬁs %e%%@k Eﬁg%?g@%%ﬁ Bg?(‘%%gﬁeisdﬁr hhghédfaﬁ a1n the RPD field
246 of g %ﬂ@%&%sé&mrmegﬁav&ﬁs iRBE GURASSS rIBRNGE afDifle BaCket s that it
allows to be sent to the data swtc 130 at prescribed tinmes. A request

packet ghsfoahisaeqairbhent.nGiverpiid propacyedeng sathothetthet thaiptlte control | er
that sent the request. The request processors then 8enerate an answer

packet MioMIonewensirsmse selfrouting and nen-bledlanpg ARy a5 HRCI$H K01 ocessor s.
By this_neans, an input .controller receives an answer f ach granted
request fOfﬁh%Wﬂﬁg(ﬁ? lb@dﬁ??‘é?lrﬁ@ﬁ agp gonnoérg(flge ﬁ‘ﬂé‘egté??\sé@%@ 2%{0 &38 i ved.

Al terna ' r i . i ng data
packet ?1{;5%%1233% ﬁe%hou%sﬂse&rﬁgltl’aﬁgﬁ}érgéﬁlg %@%dﬁtg{%%%%&'fp%% et isgnot sent.
The ansygy reRaekieirodBsos efithdut ehis didl€UBs oupp e g 9§ nboregniredput — control | er

uses the format given in FIG 2E |If the request is not granted, the
this point because it is implied by the location of the packet. Each request
processor examines the data in the RPD field 246 of each request it receives
and chooses one or more packets that it allows to be sent to'the data switch
130 at prescribed times. A request packet 240 contains the input port
address 230 of the input controller that sent the request. The request
processors then generate an answer packet 250 for each request, which is
sent back to the input processors. By this means, an input controller receives
an answer for each granted request. The input controller always honors the
answer it received. Alternately stated, if the request is granted, the
corresponding data packet is sent into the data switch; if not, the data packet
is not sent. The answer packet 250 sent from a request processor to an input
controller uses the format given in FIG. 2E. If the request is not granted, the
request processor may send negative answers to input controllers. This
information may include the busy status of the desired output port and may
include information that the input controller can use to estimate the

likelihood that a subsequent request will be successful. This information
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request processor may send negative answers to input controllers. This
informati on may i nclude the busy status of the desired output port and may
i ncl ude iwbagfetobpn that the input controller can use to estriusat/essthe

| i kel i hood that a subsequent request will be successful. This information
45 WO 03/ 013061 PCT/ US02/ 23411 coul d include the nunber of other requests
sent, their priority, and how busy the output port has been recently. The
information could also include a suggested tinme to resubmt the request.

At ti T1,.. th [ t IC' that ha ket in it

out 1 o1 et FERERHES RS BeolEs Bl SERAT b o, 267 hEuhB%ha suppose
i aS et € el ST BCBE I FHY B3

B o R e e e R

T1, | C swiddstednike to ecuidetis thorer@aset, addi tional packets through the data
switch at tine T,,,sg. Once again, fi omanong all the requests received,

t he request Aptiweeksonppd®ahpt ak inpax beeeessdrdC dhat ladsl opecket anlits sent .

During the request cycles, the input controller processors 160 use the |PD
bits i nltfﬂtlﬁefﬁr ﬁ%@*{&vaﬁmt@ﬁ %Qf%@éeﬂ@fh@ﬂ@ctﬁﬂ@i Til?&?vsfpua dndrEppegeest

processgr the . I . I -hoi ce~ MNore out how this
I's donel%lO e%\?egetﬁgtl%gtaéilra?ﬁl%F&P%&%é&s%%%g@c}h Eﬁéﬁp i?l%%‘ﬁicv égqci?‘éjsai?%ycl es at
times Tof sehbin §dditipnaﬂdatagaa@ﬁ¥t§ RSt TCOMHehed tin‘f‘@'“fﬂ [ecGeAt ed packet is
sent to the data switch. Reéferring to FI'& 2C  when tHe i'nput controller
sends timakéireqtestseipneznt aciditi breal wiacketa ghrpaghk ehe damtswitdieattthine swi tch, the

top payl oad segnent 232 (the sg}gment with the snallest subscript) is
r emovedlheonagegstadkonfampang al dhe egresis secerved, thorepeyt oad fi el ds, 202,

20 Ao TR BT P B R By o (e romovsd *
The input cahiol hed rRLREESRIEs, KEERDu ESHK0I: processors 160 use the

IPD bits in the KEY's buffer to make their decisions, and the request

processors 106 used the RPD bits to make their choice. More about how this

is done is given later in this description.

After the request cycles at times Ty, Ty, T3, ... Thax, have been
completed, each accepted packet is sent to the data switch. Referring to FIG
2C, when the input controller sends the first segment of the winning packet
into the data switch, the top payload segment 232 (the segment with the
smallest subscript) 1s removed from the stack of payload segments. The
non-payload fields, 202, 204, 226, 228 and 230 are copied and placed in
front of the removed payload segment 232 to form a packet 260 with a
format given in FIG. 2F. The input controller processor keeps track of
which payload segments have been sent and which segments remain. This
can be done by decrementing the NS field 226. When the last segment is
sent, all of the data associated with the packet can be removed from the three
input controllelj buffers, 162, 164 and 166. Each input port of the data

switch receives either one or no segment packets 260 because no input
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whi ch payl oad segnents have been sent and which segnents remain. This can
be done by decrenenting the NS field 226. Wien the | ast segnent is sent,
all of thwodawasoassoci ated with the packet can be renovedpCmrarsot/bsait hr ee
i nput controller buffers, 162, 164 and 166. Each input port of the data
switch receives either one or no segnent packets 260 because no input 46 WO
03/ 013061 PCT/US02/ 23411 controller processor sent a second request after
the first request was granted. Each output port of the data switch either
recei ves no packets or one packet becaus . out put, contraoller processor
gr ant ed®%d ‘éﬁ?lﬂ?}r?cg%ﬁﬁ’il 86@“& %gﬁ&ﬁgﬁq%f‘sﬁ%ﬁﬁgf ﬁ’&{}g‘ﬁfw FRiSW ARG IE g'grrent
packet spex Wi ot 30 cfEYrecBlves 38 Hacks QiR £QRE T Ol | ers 110
Egéﬁ%}’ﬁeﬁt{%%@fﬁl swit éerg recBives c dnde

t hat reasse eminto a standa ornat. The reasse p’ackets are

sent t ob¢dmisk mdeoeplitisorftarlled prbsdsk@agrantsdamens taheouldSbadentihel cont r ol
system assures that no input port or output port receives nultiple data

it P !
segnent by the ontmsy partss Whenseginent prekatscept thibldatd ovitcludd0adey data swit ch.
Therefore, this sinple enpodiment denonstrates an effigient method of
Tanag nFeSTALGEUGSOBEPITH L) il GROTRRRe DSr U LFendEht has bur oty
traffic S Is ' t Vi e of a
cr ossbat® tt ﬁg%qteééseﬂ'gﬁé#]@%cl%ﬁg%l%%ﬁt ?J Itliéﬁé?{ éa? ?vﬁ& %/Cﬂgl\éﬁgé after its
i nter nadrasuhiches have been set. Inportantly, an undesirable property of
the crossbar is that the nunber of internal nodes switches grows as N2,
where N is t$hecadbeontod] gystemns asdusesthap no anpetrgoriet tvoipst porti s i npossible to

generate the N2 settings for a |arge_crossbar operating at_ the high speeds
of | nt¥cabestpuktinle dalgsegmenthacrpsdbar ApLEs vrulg be assemableafd r epresent ed

B 0 UL B 3ot R CBURAELIR SRR ol G0l o oystem 120
iOfs t hee At BEA A hBnd s SAHBRMroR3EK & arf BRet@nAe S HBALdr €SS, whi ch

that has bursty traffic and supports quality and type of service. An

advantage of a crossbar is that the latency through it is effectively zero after

its internal switches have been set. Importantly, an undesirable property of

the crossbar is that the number of internal nodes switches grows as N2,

where N is the number of ports. Using prior art methods it is impossible to

generate the N” settings for a large crossbar operating at the high speeds of

Internet traffic. Assume that the inputs of a crossbar are represented by rows

and output ports by the connecting columns. The control system 120

disclosed above easily generates control settings by a simple translation of

the OPA field 204 in the segment packet 260 to a column address, which is

supplied at the row where the packet enters the crossbar. One familiar with

the art can easily apply this 1-to-N conversion, termed a multiplexer, to the

crossbar inputs. When the data packets from the data switch reach the target

output controller 110, the output controller processor 170 can begin to

reassemble the packet from the segments. This is possible because the NS

field 226 gives the number of the received segment and the KA field 228
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supplied at the row where the packet enters the crossbar. One famliar with
the art can easily apply this I-to-N conversion, ternmed a nultiplexer, to
the croswbas/owdputs. When the data packets from the dat aPsmusomaench the
target output controller 110, the output controller processor 170 can
begin to reassenble the packet fromthe segnents. This is possible because
the NS field 226 gives the nunber of the received segnent and the KA
field 228 47 WD 03/013061 PCT/US02/23411 along with the | PA addresses 230

form a yphguatpaskEA iaderdskéd E30 fd¥at & aeidueaiackenideatifiet.hNoeicare N |ine
cards, it may be desirable to build a crossbar that is larger than N X N

I n t hi sthagyiniches theraprd limg cargs,dt muayhedesigbintd burd eicpessbaut put s 118. The
control systemis_designed to contrgl this type.of .lar t hap m ni num
si ze cr@@gwalﬁrg,%thé%N t dndhigrasetess m:?\)dib%]ﬁn’%%lﬂfii”&]%utgga%@ sed for the

data switch. in,  th referre I.en ' net wor k of
the typeutadesmis 1 ¢ HEE F eSS r R LE et oo RSB b "t o

swi tch. 1S ES mi Size chQELA dviped.s into the data switch, -the nunber
of nodelgir ﬁ%%lhlzmlg%ﬁtﬁgﬁ |Zg Cof Sor der Nlog(N), nultiple inputs can send
packets to tWailsaneumbtpof swiich febritstdag bevidell fontlecdath atmiich, wil | internal ly
buffer them the network is self routing and non- bl ocki ng, the | atency

i s | ow, thaparefegiadeembpdimentan ML iaterepniiest setyerk afdba tyfidven out put is
managed_ by the.control system the.maxipumiti t hrough~the_ systemis
known. ‘ﬂ—ﬁ%ﬂi?égéﬂ%é%ﬂmg’?&uﬁ%%%éf uﬁch]écgsttlgﬁ%w@%ﬂ g%\?&ﬁt ageousl y

gr ant pl%c@ﬁé‘i on for the entire packet consisting of nmultiple segnents to
be ’

e for N inputs into the data switch, the number of nodes in the
switch is of order N-log(N),

e multiple inputs can send packets to the same output port and the
MLML switch fabric will internally buffer them,

¢ the network is self routing and non-blocking,

e the latency is low, and

s given that the number of packets sent to a given output is
managed by the control system, the maximum time through the
system is known.

In one embodiment the request processor 106 can advantageously
grant permission for the entire packet consisting of multiple segments to be
sent without asking for separate permission for each segment. This scheme
has the advantages that the workload of the request processor is reduced and
the reassembly of the packet is simpler because it receives all segments
without interruption. In fact, in this scheme, the input controller 150 can
begin sending segments before the entire packet has arrived from the line

card 102. Similarly, the output controller 110 can begin sending the packet
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sent w thout asking for separate perm ssion for each segnent. This schene
has the advantages that the workl oad of the request processor is reduced
and the weas®ewbl y of the packet is sinpler because it recaivsey2:ili
segnents w thout interruption. In fact, in this schene, the input
controller 1.50 can begin sending segnents before the entire packet has
arrived fromthe line <card 102. Simlarly, the output controller 110 can
begi n sending the packet 48 WO 03/013061 PCT/US02/ 23411 to the line card

before & kh&fint BESELIRNLS OHANES s héME Radd afrRR AR butANt rol ler.
Therefore, a portion of the packet is sent out of a swtch output I|ine

bef or e tbetreiler.r Ehaathke; a pastiembE tledpadret Bvieht bui ofpaswitcheutpat anot her
schenme, separate_ perm ssion can be request,ed for each _packet segnent. An
advant a§igediefons the seHeppackset tigs entgred figeswitguiepat lisgn e gnothfough a non-
urgent packet. PACKET Tl ME- SLOT tI)QESERVA,['[I‘?'I ?\I Paqiket tjkrre sl ot reservation is
a nanagSHETHIC SPATALG RETRIREion cambe Teduesne Taf caqhabaskek SFEERe o ng et hod

t aught aav&lqaggr%%@gg s§r§§lhhg§ma%g drgggﬁfagkeé %ﬂg}wg@anw Tli"a,,, an

i nput contro e reque sen Into the data
switch begdmiyaoRetat any one of a list of future packet-sending times. The
requests sent at tinme T"+1 are based on recently arriving packets for
whi ch no request has yet been nmade, and on the acceptances and rejections

recei vePACKE Tt FAMERESEO PrRESERVAT II(3Blponse to requests sent at tines

To, T1, ..., T. Each input controller IC" desiring permssion to send

packets to thgclgatians ok edsepvdiitsd & AmABXFeNtAEcHRTgXe tHAquasts in a tinme
interval beginning at time To. Based on responses to these requests, IC'

submi t s variaakohiim peickensohedudig moethbd taghé st 8 previaus seation.nfAdr val  begi nni ng
at time T1l. This process is repeated by tge i: ut controller until all
possi bl EGUESLESIES Tvave beehmomdd IBULCOFTRLET %F@ﬁﬁ‘ﬁ € requests to

send packets into the data switch beginning at any one of a list of future
packet-sending times. The requests sent at time Ty are based on recently
arriving packets for which no request has yet been made, and on the
acceptances and rejections received from the request processor in response
to requests sent at times Ty, T4, ..., T,. Bach mput controller IC, desiring
permission to send packets to the data switch submits a maximum of Rypay
requests in a time interval beginning at time T,. Based on responses to these
requests, IC, submits a maximum of Ry, additional requests in a time
interval beginning at time T;. This process is repeated by the input
controller until all possible requests have been made or request cycle Ty 18
completed. When the request cycles To, Tj, ... , Tmax are all completed the
process of making réquests begins with request cycles at times To+ Thax , 13
+ Tax -+« > Lmax T Tmax-

When input controller IC, requests to send a packet through the data
switch, IC, sends a list of times that are available for injecting packet P into

the data switch so that all of the segments of the packet can be sent
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conpl eted. Wen the request cycles To, T1, ... , T,,,,x are all conpleted
the process of making requests begins with request cycles at tines To+
T,"ax , TWOOBm®Wo61 , Tnax + Tnax When input controller | @CTresgerests to
send a packet through the data swtch, I1C, sends a list of tinmes that are
avai lable for injecting packet Pinto the data switch so that all of the
segnents of the packet can be sent 49 WO 03/013061 PCT/ US02/ 23411
sequentially to the data switch. In case packet P has k segnments, IC' lists

packot | BALRIFSR A de ram it G paket b R BREpnonsiclCatae: *pr ocessor
ith - : 1k ' l.. As bef ,
a1 or SAPERE VST R R SERRIE R I i GRS P R o7 PR

Ui mes_ae sdiefios 8¢ thbsUherTD 10T Fedl The fiuent gtovalsor bty | C' may make a

request at a later tinme to send P at any one of a different set of tines.

Wien t hepprawes oviedfttheecduestedandengr fjeots ithas allt enbefOre, all | | begi n sendi ng
the segnents of P through the data switch. This_nethod has the advant age
over t heransedhermuestigiseuit i theesepding oy datas de cpgmall Al theallneswe® requests are

sent through.the r e i.tch. , Th di vant ages are: 1) the request
processt¥ G%ﬁgtm E]ée ﬁg E% %Bmlmgé{lg(ﬁwiﬁnthe@?@%rm?% 11%%8 &d$ guﬁ]{eat request's; and
2) therghSH ol fi i ) - kSheg. kndone" request
cannot Eaéélzté%lre %gﬁm?ﬂ%@rﬁwgﬁ%#@%%@?%%ﬁéﬁ? time-slot
reservahpSidvied tBnoEDAGSIRN Plaedhed, dhien INawill Be@in seadingrtheof the net hod
taught i'n the previous section. At request tines TO, TI, T,,,, input

cont r ol begmam® ofelythrakgh thegdats switch. schedul e the sending of packets into

the data sw tch. wever, . thiis nethod differs from packet tine-slot
reservation Pasrmgﬁm hasdhe pfuantage Qyer ihedRCther tHiEtlan (hGPEeY IgHS

section in that fewer requests are sent through the request switch. The
disadvantages are: 1) the request processor must be more complicated in
order to process the requests; and 2) there is a significaut likelihood that this

“all or none” request cannot be approved.

SEGMENT TIME-SLOT RESERVATION

Segment time-slot reservation is a management technique that is a

variant of the method taught in the previous section. Atrequest times Tg, T,

.., Trax, input controller 150 may make requests to schedule the sending of
packets into the data switch. However, this method differs from packet
time-slot reservation method in that the message need not be sent with one
segment immediately following another. In one embodiment, an input
controller provides the request processor with information indicating a
plurality of times when it is able to send a packet into the data switch., Each
input controller maintains a Time-Slot Available buffer, TSA 168, that
indicates when it is scheduled tovsend segments at future time slots.

Referring also to FIG. 6A, each TSA bit represents one time period 620 that
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segnent imediately follow ng another. In one enbodi nent, an input
controller provides the request processor with information indicating a

pl ural itywofo3izees when it is able to send a packet into Phg/ubtar/z4switch.
Each input controller maintains a Tinme-Slot Avail able buffer, TSA 168,
that indicates when it is scheduled to send segnents at future tinme slots.
Referring also to FIG 6A, each TSA bit represents one tine period 620 that
50 WD 03/013061 PCT/ US02/ 23411 a segnment can be sent into the data swtch,

wh the fi t bit of TS ts t tti i.od aft th
cure; gnta g‘?glrjlé‘ﬁ[’nstl Wl;%g%gﬂn Oetﬂﬁg%_farig%n]ttal>ég§qﬁ'gi epﬁgsl,tg)gh&fﬁ r ahagr oneeTSA
buf f er 1fe§5f*es‘%ﬁf\shth@"i‘ltetglFI éﬁ?e e%&%d a%ér ﬂﬂ@%uh’%h?fifﬁ% %aa{n%ﬂ?é’f‘ tch. The TSA buffer

e
content” rs sent to uest processor along ot her information

i ncl udi gbedingsrit] yachTin@uf eseslleriizg ©as THA BB Fh eachipatr 1 pgahARbI e
information to determ ne when the input controller nust send the packet

i nt o t héhdaiodhe deta switds. 3A and 3B are diagranms of request and answer

packets that_contain TSA field. Request packet 310 includes the sane
fields as ré&l@e@%%@@tcmmdﬁae@daﬁm BRBICEyPLOSASSEr Along Welduest Time Sl ot

anever ekioRes Tl BRIy, G OB PRARET, (el ™

ATSA 3%ail%%%n%ﬁnéﬁ01N0Sﬁ%t%§§%ﬂee@ﬁ&§ﬁﬂ:tiﬁgﬁf‘@oﬂﬁ‘ﬂﬁerﬁﬁ?i’c&ggézﬂet hat a

packet can be sent into t a swtch, ere t It of ATSA

r epr esegicket ingo tiex tiatal sveitgier Fbds.aFA and SBeaeulisgning ofequédt@Gnd3C is a
di agram that shows an exanple of the tinme-slot reservation processing.

Only orfssisypepkets shatsesitaisrae 8S Arfielie Regaaginacket 31kiuwdedesgihecessor
o1 ocesSBre Ridh diarean raseAd s BifordReon i Ee e m et
cont r ol d16¢ ?xvaﬁgﬂfeeﬁ]éla, RITSAR 18U s %Egkét@mn%iucfeis e LflneWni ch i's the

fields as answer packet 250 and additionally contains an answer time slot

field, ATSA 322. Each bit of ATSA 322 represents one time period 620 that

a packet can be sent into the data switch, where the first bit of ATSA

represents the next time period after the current time.

FIG. 3C is a diagram that shows an example of the time-slot

reservation processing. Only one segment is considered in the example. A

request processor contains TSA buffer 332 that is the availability schedule

for the request processor. RTSA buffers 330 are request times received from

input controllers. Contents of the buffers are shown at time t0, which is-the

start of the request processing for the current-time period, and time t0?,

which is the completion of request processing. At time t0 RPr receives two

request packets 310 from two input controllers, ICi and ICj. Each RTSA

field contains a set of one-bit subfields 302 representing time periods t1

through t11. The value 1 indicates that the respective input controller can

send its packet at the respective time period; the value 0 indicates that it

cannot. RTSA request 302 indicates that ICi can send a segment at times 1,
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start of the request processing for the currenttine period, and tinme to,,
which is the conpletion of request processing. At time tO RPr receives two
request paolans30810 fromtwo i nput controllers, 1C and | CT/USALEB4RITSA
field contains a set of one-bit subfields 302 representing tine periods tl
through t11. The value 1 indicates that the respective input controller can
send its packet at the respective tine period; the value 0 indicates that
it cannot. RTSA request 302 indicates that 1CG can send a segnent at tinmes

tl, 51 3/.0 61 [ 1IS02/ 234 dtll. Th tent of
the RTdh Fhdbdtirom 1 T8° Gradnt hBRR TS A iR aCals 8Pe burror, ToA
332, 1 5 g%gt%ﬂ@% B RSRURS! TSR 99235 plyn bR TS S {41 0 07 time

is O, in at the out put’ port Note that the

out put Iﬁﬁbéss@)ﬁnm@qm sab-FROAEnI tinde t11l1!§YB§1ndﬁ@a,tmtg4ﬂ1at the ditpapgottl L The
request pr ocessor exam nes these buffers in conjunction wth priority

i nf or mas buay iah thal énmaanem that dmjompuepmt 568 avkrpt acwginané@tiéishecan be
satisfied. Subfijelds of interest in this discussion are shown circled in
FIG 32, ‘ﬁ:rfé» tDap&thlhe earliest tine perm ssi bl e that a packet can be sent

in the dat i h ts h 0
B e e S e e L A
of it én 1ﬁfd)r}’natﬂ>?1' ihhae ré%\fééfts %ﬁﬂﬁ%@éﬂrﬁﬁe&@ﬁeﬂx‘%@cﬁ féa%legﬂcaﬁ ime t6 334 is
the earliest time that the tput port 1s avail can al so be used

by an ibepstisfiedniSubliekts. ofHatdrestriputhisatistussioners shamme]mﬂechintl me t6 and the
request é)rocessor selects |G as the wi nner based on priorit I t
gener atidd=a3CANSmert2 ivithecalligst mmlmr@aﬁlblﬁéhatma@wt pashbfseal d 306 at tinme

(e o o R GBL ShCha IR i S Bl gt i he ansuer
g’gﬁ N t g tsﬁbﬁ@ %f tﬁé@flgﬁrgf é@g%eg"&'tﬁ@ 1n15d1cyoﬁﬁ'5ﬁ§1 S Al taR0 a&%ﬁﬁ%gé%ﬂ“%t can be

it. Similarly, neither input controller can use time t4. Time t6 334 is the

earliest time that the output port is available and can also be used by an input

controller. Both input controllers can send at time t6 and the request

processor selects ICi as the winner based on priority. It generates an Answer

Time Slot field 340 that has 1 in subfield 306 at time t6 and o in all other

positions. This field is included in the answer packet that is sent back to ICi.

The request processor resets subfield t6 334 to 0 in its TSA buffer, which

indicates that no other request can be sent at that time. The request

processor examineé the request from ICj and determines that time t9 is the

earliest that the request from ICj can be satisfied. It generates response

packet 442 that is sent to ICj, and resets bit t9 to 0 in its TSA buffer.

When ICi receives an answer packet it examines ATSA field 340 to

determine when the data segment is to be sent into the data switch. This is

time t6 in this example. Ifit receives all zeros, then the packet cannot be

sent during the time duration covered by the subfields. It also updates its

buffer by (1) resetting its t6 subfield to 0, and (2) shifting all subfields to the
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processor exam nes the request fromI( and determines that tine t9 is the
earliest that the request fromI( can be satisfied. It generates response
packet 4420tohat3obs sent to I G, and resets bit t9 to 0 i nPCraSVB24buf f er.
When 1 C receives an answer packet it exam nes ATSA field 340 to determ ne
when the data segnent is to be sent into the data switch. This is tine t6
inthis exanple. If it receives all zeros, then the packet cannot be sent
during the time duration covered by the subfields. It also updates its

buf f er (1) resetting its t6 subfield to 0, and (2) shifting all

subfi ellené bycnndnEOﬂﬁomoTthBIfMB@&Ie}PmﬁaUSmatZBnQ1;6 19 gefhiedbledoamdposi ti on. The

former st means tha 6 1 s schedul and. the l.a ter st ep updates
t he bu1ﬂf~% t%ﬁt%‘ép&] h’g‘}r{?‘# rrf@&?“i@%‘é“%@?ﬁ% t tipe peigp 1iarly, each

equeskIBHEES! o301 el LuRAEA AL IR ALR L BV OB il order ko be
(SAR) oeaadvand RABYS! iheehh &%@fiectewedtmuﬁ@@pd' ments taught in the present

section | en a g packet arrives it 1s broken into a | arge nunber of

segnent s, t Begmentriondepbreissembly (SAR) isenlybhtagRonsigsinglapkétin 310 i ncl udes
field NS 226 that indicates the nunber of segnments. The request processor
uses t m%emhpdnmmsahugfﬁ iB dlng Prssentogctions NVherea Te pasket amtvesitt o schedul e

when th di t t ant | | t d
Ansvier 1 QrRSBITb e TEgiee o SSCmRGBuHS THAPSS HPPHERET FEC br oken | nt o
five SEaIRAt SioqThe: £ £4UPS]0 BIAGARSOHIA X ITEES: LREATSAC Lighgal ong i th

Its own ects time perio he segrrents are to

be senbf stgmbhiss mﬁacﬁ%r@%@t 0es thiv@fdrmsaticihg ddryendtidie peri ods need
not be consecutive. This provides a significant additional degree of

fr eedomlﬂnthehBSAalmﬁmnrmﬂdm‘uo schedulelvalien el mdandmi segmepteckret s of different
| engt hs an& pri or| sune on vera e 10 segnents per
arrivi Bk mﬁor@fr}q ,e}escln Sér@est @p gq 1SH$ gfm all segments.

Assume that the packet is broken into five segments. The request processor
examines the ATSA field along with its own TSA buffer and selects five
time periods when the segments are to be sent. In this case ATSA contains
five 17s. The five time periods need not be consecutive. This provides a
significant additional degree of freedom in the solution for time-slot
allocation for packets of different lengths and priorities. Assume on average
there are 10 segments per arriving IP or Ethernet packet. A request must
therefore be satisfied for every 10 segments sent through the data switch.
Accordingly, the request-and-answer cycle can be about 8 or 10 times longer
than the data switch cycle, advantageously providing a greater amount of
time for the request processor to complete its processing, and permitting a
stacked (parallel) data switch fabric to move data segments in bit-parallel
fashion. |

When urgent traffic is to be accommodated, in one embodiment the
request processor reserves certain time periods in the near future for urgent

traffic. Assume that traffic consists of high proportion of non-urgent large
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therefore be satisfied for every 10 segnents sent through the data sw tch.
Accordi ngly, the request-and-answer cycle can be about 8 or 10 tines |onger
t han t he wetoa/os3swt ch cycl e, advantageously providi ng a greatrarsoaegunt of
time for the request processor to conplete its processing, and permtting a
stacked (parallel) data switch fabric to nove data segnents in bit-parallel
fashi on. Wen urgent traffic is to be accomobdated, in one enbodi nent the
request processor reserves certain tine periods in the near future for
urgent traffic. Assune that traffic consists of_ high proportion of

non- ur geasketsditlepd are brojsromio rzoysepwrnissoaronamell neaEre 4 SROHEE, are br oken
into ny. segnents), and a | I, porti of orter., but urgent, voice

pac ke@%ﬁl‘gg% Vﬁﬁgﬁ@aﬁggﬁe@ %‘8&? 6&@8?%5?%@%‘9@%@%%“8& t port for a
signifi : § [ j 1 t aining to

| ar ge p&algtgﬁeggﬁg?g arllotgngt{lgv\%salng%ﬁgggl@??%rﬁﬁ?@rrémmgibg?g&g? ISeqcuél%ﬁgstecuti ve

t r ansm sgt@mingay eardel pdcieiseart odalwaysadhadieles for imvetiabbe.

Advant ageously, enpty slots are always reserved at certain intervals in
case wamsetutivedfinamiasiony ezen Kobereds agligymediete shot aiaglahte. packet arrives it

i's assigned an e?rly ti msj sl ot iyﬁhat was hel d open,. %%zﬁite t he concurrent
t r ans i A8VEHABFOUSLYD| SHRRIY; YIS GHe POMY STESRNES 2t RFIGHGARIREA!S I8t put port .
An enbodi nent. i ng. time-slot. i il i I -aglvant ageousl y
reducesurtgﬁ%tm%&&eg‘ﬁﬁgp%ggﬁﬁlﬁ@gyaﬁﬁe%m _%%%g%{&g&bsﬁ?%her overal |

t hr ougnpstoncARAldFTy AAXANAUS Ghas hBldorthl Begbitetbhclifgrest  processors
are provided wth re information, including tinme availability

i nf or negramitson efaplofalityefilopgpapas dssogls tleusamadlitpudaotrt.ng to send to

the respective output port. Accordingly, the request processors can make

more i nf or HedcdOsNENSUHBE tinewiot AVALFRIE HPBHeENMM send at whi ch ti mes,

;Eglsablba V%?l a{g%guﬁgllr%é{léé/s’ the Worklddd gﬂ%e %l('l){‘l{l‘%i]gyst’[él%f {)%ocvigﬂz%dl tions ina
higher overall throughput. Another advantage of this method is that request

processors are provided with more information, including time availability
information for each of the input processors currently wanting to send to the
respective output port. Accordingly, the request processors can make more
informed decisions as to which input ports can send at which times, thus
balancing priority, urgency, and current traffic conditions in a scalable

means of switching-system control.

OVER-REQUESTING EMBODIMENT

In embodiments previously discussed, the input controller submits
requests only when it was certain that if the request is accepted it could send
a packet. Furthermore, the input controller honors the acceptance by always
sending the packet or segment at the permitted time. Thus the request
processor knows exactly how much traffic will be sent to the output port. In
another embodiment, the input controllers are allowed to submit more

requests than they are capable of supplying data packets for. So that when.
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means of sw tching-system control. OVER- REQUESTI NG EMBCDI MENT I n

enbodi nents previously discussed, the input controller submts requests
only wherwpto3me®ocrertain that if the request is accepted iPCTA0Y/2B4sENd a
packet. Furthernore, the input controller honors the acceptance by al ways
sendi ng the packet or segnent at the permtted tine. Thus the request
processor knows exactly how nuch traffic will be sent to the output port.
In another enbodinment, the input controllers are allowed to submt nore
requests than they are capabl e of supplying data packets for. So that when.
54 WO ObemizeaY lpey1lsdmaha mpiaoatgtier 10 therdata awBch.rtbminhst i nput
controller the data switch, the. |npyt ontrol.ler can make requests to
send MasRaialRs ARG SaHEs S jo st M BRCiels TPRRE RSeIAaR VRS greater than
N. In thi I. . o I bl t es per

dat a- séﬂ%.%%g%%}wmtﬁg‘%ﬁ? nplut' %&Hﬁ%ﬂf)@#ﬁmﬁl@g}e@%&? E;l)::tl%pl urality of

accept %ﬂﬁﬁiﬁ]@%(ﬁfbﬁt Eyvaes P&edé‘cﬁﬂs@ﬁﬂingoéy%;@ﬁ&q{e%aﬂ fputBORsER8et 0 sel ect up to
N acceptances that it will honor by sending the corresponding packets or
segnentrsceives agderaie ofacreptame motiows fom docepuastqescedsars, ah | nput

controller wll honor, then that input controller w_/]Il informthe request
pr oces $H09SahictleddBodN @sseripneeaahs ToHlwneh gy SRR thel | not. In the

next rei%uest cycl e "kn,[i%ut contrgl Iﬁ]gs tgﬁt_ received rejections send a
second GOOTREOBF IERATEEE O S GENFRE et s CARATCTRET & ORo P HeEpted in the first
cycl e. oBBepERaHeHanRhARRTPes MR REInG, MiTRRL BbuPcaapbmeces — and each
request processor can choose additional atceptanceS that 1t will act upon.
Thi s predeagoananhé regest Srocassouedficlohcdepurst will tedonoféd enhdt hese st eps
conpl ete, the request processors have permtted no nore than the maxi mum
nunber vaficparitenet. tlhdhe aant tesussiteriale,etpuiconieliges that sagieiedd Thi s

enbodi nent has the adva a%e t hat th% r.e ueft processors have
rejections send a second round of requests for packetsthat were not accepted

in the first cycle. The request processors send back a number of acceptances
and each request processor can choose additional acceptances that it will act
upon. This process continues for a number of request cycles.

After these steps complete, the request processors have permitted no
more than the maximum number of packets that can be submitted to the data
switch. This embodiment has the advantage that the request processors have
more information upon which to make their decisions and therefore, and
provided that the request processors employ the proper algorithm, they can
give more informed responses. The disadvantage is that the method may
require more processing and that the multiple request cycles must be

performed in no more than one data-carrying cycle.

SYSTEM PROCESSOR

Referring to FIG. 1D, a system processor 140, is configured to send
data to and receive data from the line cards 102, the input controllers 150,

output controllers 110, and request processors 106. The system processor
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nore information upon which to nake their, decisions and therefore, and
provi ded that the request processors enploy the proper algorithm they can
gi ve nor ewprBonmwed responses. The di sadvantage is that thecratsShoeB4may
require nore processing and that the multiple request cycles nust be
performed in no nore than one data-carrying cycle. SYSTEM PROCESSOR
Referring to FIG 1D, a system processor 140, is configured to send data
to and receive data fromthe line cards 102, the input controllers 150,
output controllers 110, and request processors 106. The system processor
55 WO ¢3ho180eater@ttiusterzdeyices dRthonitsde o6 thi systans BIChas @evi ces 190

Cow | | SBBYERaEOR Shl dhanmeedie A ters: ok Sl ol bosia 3 TP BB 1 < Y26 and
148 of %%tg%\xﬁ?éﬂ LAk SES B0 %(Zrntfma(f %Z&ﬁ!g%fftﬂé cb'lgt??lr st} A3¥St em processor.

The system proc¢essor can u ata récerve m 1 nput controllers 150

and frféé'bf\%@l!li%?hs@'bz/ctﬁé%%t%nﬂ%cé@oﬂ The'sysendbedtaksorraageerit syst em of
| ocal conditions and to respond to the requests of the gl obal managenent

syst emlath mpedived ditamlihyeutscomtidllore hil and o o¢duestpracessoonh@6tted by path 152
that is a neans_for themto communicate w.th othar. Addi tionally,
connectiforn ps2lohpl BiRBageacal syiskam of lofd §9Bd1tIons #BAJ0 Ae5HRBRE t o0 a gi ven

conneciEdeaiiSor ineihel Bt gttt FpPat R M fP o he
connect & It 00hAGULE by pRtT SR iHa is EQIBRIHAMent R? al | ows an out put

controller to send a pac e system processor by first sending it

t hr ougforhhantdesseeite dtharp W ddinohsldy,| ennediien $§3 thdowsrtheeptem can send
packets to the control system 120 by nmeans of 1/O connections 146. The

syst enpiocosEgsosendagackst isax RBEs inpoheartieollsdB0d1y sypdingrtby neans of
ConneC  OSh e dafasitich et conflectd SuE It RoRGoNEe" The fufegs transmt and
forwards the packet to the connected input controller. Similarly, connection
152 allows an output controller to send a packet to the system processor by
first sending it through the connected input controller. The system processor
can send packets to the control system 120 by means of I/O connections 146.
The system processor receives packets from the control system by means of
connections 148. Accordingly, the system processor 140 has transmit and
receive capabilities with respect to each request processor 106, input
controller 150, and output controller 110. Some uses of this communication
capability include receiving status information and from the input and output
controllers and the request processors, and transmitting setup and

operational commands and parameters to them in a dynamic fashion.

COMBINED REQUEST SWITCH AND DATA SWITCH

In the embodiment illuétrated in FIG. 1E, there is a single device |
RP/OCy 154 that performs the functions of both a request processor RPy
106 and an output controller OCy 110. Also, there is a single switch RS/DS
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receive capabilities with respect to each request processor 106, input
controller 150, and output controller 110. Sonme uses of this comrunication
capabi | i twoionolwee recei ving status information and from Poe/tisapeasiand
output controllers and the request processors, and transmtting setup and
operational conmands and paraneters to themin a dynam c fashion. COvVBI NED
REQUEST SW TCH AND DATA SWTCH In the enbodinent illustrated in FIG 1E,
there is a single device RP/OCN 154 that perfornms the functions of both a
request _process

r RPN 106 and ui put controll er 110, Also, there is
a si ngﬂé@hﬂ&l&ﬁ%ﬁ@ﬂj@e nV@@%?%Q@géEQWWW@BE\ﬁ@BD%%? performs the
functigns of. ho t | - i.t.ch DS 130.
The i ﬁ@gac%wla@l Jﬁ_)ng%tgciﬁglfﬁ%ecam %@%@8?@%@%98@?%? %ﬁ{i% Smﬁhgns al r eady
descri ?l%tiCﬁlS%'PﬂéE?%ﬁéﬁ@éd in'{hes E6RIherfO qqlreqiﬁgﬁmlﬁﬁ%msonﬁwe and
deconpose the packet into a plurality of segnments and al so perform ot her
functi pagsealndedyndasernhbedcket inti sphodityerfisegiifeats mplialsocont rol | ers then
request permi ssion to inject the packet or segnents into the data swtch.

In a fpesbrmmsbel fumetions prepdy)desaribsddr shisidocsmenhe TheARPHY | ust rated in
FIG 2D. ~‘Ijh§se éequest gacket S. are .i J’éj eﬁt ed 'knt o RS/ Dstsmttg\(,:&kl] 156. In one
scherme CopfraUers then EeqUesh RREFTISSIONOIRICEL e PACKE L rEEADEQ P ch at t he
same gg{ge B3 he data packets. In another schene, these packets are

i nj ect al speci al request-packet-injection tinmes. Since the request

packets arer, gengrexhbydishait! B refadst fatlet paokeesforti@lustrated in
mul tipl e-1 ength-packet switch enbodi nent of a grevi ous section can be

advant #j€b2d).yTheedreiqpestt packetspare pojsetedlintoaR § 420 switehblddfi. nlemene t he request
packet is also a segnent packet . as il.lus r?{f%é n FIG  2F. The i nput
cont r oFFlegme.dhgss TeRBCHt Raskelegfdniecteddniogne RS/DS switch at the same

time as the data packets. In another scheme, these packets are injected at
special request-packet-injection times. Since the request packets are
generally shorter than data packets, the multiple-length-packet switch
embodiment of a previous section can be advantageously used for this
purpose. |

In a second embodiment, the request packet is also a segment packet
as illustrated in FIG. 2F. The input controller sends the first segment, Sy, of
a packet through the RS/DS switch. When Sy arrives at the request
processor section of RP/OCy, the request processor decides whether to allow
the sending of the rest of the segments of the packet, and if the rest of the
segments are allowed, the request processor schedules the sending of those
segments. These decisions are made in much the same fashion as they were
made by the request processors in FIG. 1A. The answers to these decisions
are sent to the input controllers through the answer switch AS. In one
scheme, the request processor sends an answer only when it receives the first
segment of a packet. In another scheme, the requést processor sends an

answer to each request. In one embodiment, the answer contains the
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a packet through the RS/DS switch. When So arrives at the request
processor section of RP/OCN, the request processor decides whether to all ow
t he sendiwg@ 0ef130he rest of the segnments of the packet, anacCirfusotizssnest of
the segnents are allowed, the request processor schedul es the sendi ng of
those segnents. These decisions are made in nuch the sanme fashion as they
were nmade by the request processors in FIG 1A The answers to these
decisions are sent to the input controllers through the answer swi tch AS.
In one schene, the request, procieasor sends an answer ongﬁdghen it receives
S

the fimépimeadaagih offthe tigaginderval that fha ranegdiersssOf s t processor

d t h | I . tai
he. S7SlerogbEaaeto B Pb e e S as Bt RO et BRUARE I Mherval
that t 51?[8@?0(915 %@Mu&ﬂﬂ%reﬁ‘@i‘ thheherensRndr Bg%l@ieﬁ{fshﬁht gggment of the
same packet. The nu 1

er of Irnes 160 into RP/OCN 154 is usually greater

t han t figcRyBelssidn seamentte RAAOCAr &n tigh waty, fer segasindn thao henveer  t he RP/ OCN.
In this way, the segnents that have been scheduled to exit the RS/ DS
swi t chbearesciiedeladotoprrsisthe RYEhswiieh rey age te mrischirougivthendSodput

controllers, while the se nts that_ are al so requests have a path into
RP/ OCNFVHHCRAIP. ilP ﬁ’u&%}géo?ﬁ'@ RSB eghe segmsats té%t}ﬁgﬁ.ﬁ%me&u&?ts[ hg nunber of

schedu] ed [ S switch 156
Thto ottt POTERSRPLORIED VER B FRE tl rurie R i dhest ST 2

i nter nﬁ‘]{u's%hé RusMdr O sERdaRe d B8aeeks GRBe&RIRE nhifbet af iaks RBOCC at the next
cycle.”1n case a packet is not  able to exit the swtch i medi ately because
al |l ofrobhBSEDSmstitdH MGimo eulpucoatiolliehéfé, then thepexasssprelels keep t he

segnents of a data packet fromgetting out of order. . Thi cedure al so
keeps e HENDS intespdlbERIcHYiigh By So]aiﬁe@?du%%m’éﬂp Qé&g%@:’ SM travel i ng

from n.i nput cantroller | to an output controller section of RP/OCK
t he 2 'the 1%}& cycc:)le. o P 1

In case a packet is not able to exit the switch immediately because all
of the output lines are blocked, there is a procedure to keep the segments of
a data packet from getting out of order. This procedure also keeps the
RS/DS from becoming overloaded. For a packet segment Sy traveling from
an input controller ICp to an output controller section of RP/OCy, the
following procedure is followed. When the packet segment Sy enters
RP/OCy, then RP/OCx sends an acknowledgement packet (not illustrated)
through answer switch AS 108 to ICp 150. Only after ICp has received the
acknowledgement packet will it send the next segment, Sy+;. Since the
answer switch only sends acknowledgements for packet segments that
successfully pass through the RS/DS switch into an output controller, the
segments of a packet cannot get out of sequence. An alternate scheme is to
include a segment number field in the segment packet, which the output
controller uses to properly assemble the segments into a valid packet fof

transmission downstream.
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foll owi ng procedure is followed. Wien the packet segnent SMenters RP/ OCK
then RP/ OCK sends an acknow edgenent packet (not illustrated) through
answer sSWOOB/0861.08 to | Cp 150. Only after |1 Cp has recei Ped/ushy23411

acl ui ow edgenent packet will it send the next segnent, SMHl . Since the
answer switch only sends acknow edgenents for packet segnents that
successfully pass through the RS/DS switch into an output controller, the
segnents of -a packet cannot get out of sequence. An alternate schenme is to

control | or *19eackBopTgRem ficve Bl B LaghaRagnithe S0a ¢ mﬁﬂipg‘é}ﬁgt for
t 2/ 0d: t
fr om RENOLE. pACH BRI ERed i 16, BE. (SHICE Ind ehbER B ¢ BAck T F KUt e

FI G 2EhoRiBaeivehs tB@Xél&%cﬁ ?fhd SptndiRgleeket he SR&HH chglbdtive to the length
of the segnent packet, the system can be desidgned so that an input

cont r oldesignedndithgt ahenmegoatrollG\endiRPIEGegment Sy, toyilP /€A willecei ve an
answer before it has finished inserting the entire se%ment SMinto switch
RS/ DS. typicely seemaye appnswsebeivee hendinished mseitinghe ¢alirg he i nput port

rocessor can.advant a begin. the .transpission of segnent SMri
Pm"redi é?@inﬁn?gwlﬁ ﬁﬁggﬁﬁ/ %§ng[ﬂ1tgl§'i%?y’dp Caé%g]}?e%ﬂs‘”%m An ignput control | er

i ] g . i t kes. Th f , th
onber Copay it RS BRor o B b e S or Te ot

gr eat efranbaisdibe off 4sBeEn 08, [ daiesdistePe follvingt the®rasentissidd o t he sanme i nput
control l er. Advantageously, an answer switch enploying this procedure

cannot sbgwentSaver| oaded since all answers sent to a given input

controller are in response to. requests Previ ousl slgnt bP{ that controller.
mput controller receives 1o more than one answer 1or each request

it makes. Therefore, the number of answers per unit time received by an
input controller is not greater than the number of requests per unit time sent
from the same input controller. Advantageously, an answer switch
employing this procedure cannot become overloaded since all answers sent
to a given input controller are in response to requests previously sent by that
controller.

Referring to FIG. 1A, in an alternate embodiment not illustrated,
request switch 104 and answer switch 108 are implemented as a single
component, which handles both requests and answers. These two functions
are performed by a single MLML switch fabric altemnately handling requests
and answers in a time-sharing fashion. This switch carries out the function
of request switch 104 at one time, and the function of answer switch 108 at
the next. An MLML switch fabric that 1s suitable for implementing request
switch 104 is generally suitable for the combined function discussed here.
The function of request processor 106 is handled by an RP/OC processor
154, such as those described for FIGs. 1E and 1F. The operation of the

system in this embodiment is logically equivalent to the controlled switch

59



Referring to FIG |A, in an alternate enbodi nent not illustrated, request
switch 104 and answer switch 108 are inplenented as a single conponent,

whi ch harmalbes/oBesh requests and answers. These two functi eac3/tes23er f or med
by a single MLM. switch fabric alternately handling requests and answers
in a time-sharing fashion. This switch carries out the function of request
switch 104 at one tinme, and the function of answer switch 108 at the next.
An MLML switch fabric that is suitable for inplenenting request switch 104
is generally suitable for the conbined function discussed here. The

funct i ofy 8§10y ueﬁﬂlsﬁ@%@éﬂéwt @876%’5%8@9&1%4 1edupss te FPP@T fr ocessor 154,

thi's onBoanIe et (g R ry SR P R T 2% ne control | ed witch 50 V0
03/ 013061 PCT/ US02/ 23411 system 100. This enbodi nent advant ageously reduces
sw Ta e R B R R BN ebodi ment of the i nvention
Fequest sw ok Tl bibDaRRancP i he Datseica et PRUCH s enbodi ment
s, o8 ana g £ Ao Tl Pol BRI AR A I ahED SRS, (-

| ogi cal dnsveguiwighentd the ddie switeRD A gds datbadewehe bt RAGefBqYeske switch
enbodi ment described for FIG 1E. This enbodi nent advantageously reduces

t he anohatmueltiplé-tengthmacketessdiech descrippt éatenforddkGs.d2B yisd 24 @ and dat a

switch system 13Q. The cantrol systens discussed above can_enploy two types
of fl oWPEahe? 8 Q&Wéﬁ%&mfﬁé qq‘l‘?%‘%lﬂ?@h@&@g}ﬁla GRiEYRISHL igriBRer net hod,

R I T e T D T
Thi s metodeAemBbERent advantageously reduces the amount of circuitry
needed to implement control system 120 and data switch system 130.

The control systems discussed above can employ two types of flow
control schemes. The first scheme is a request-answer method, where data is
sent by input controller 150 only after an affirmative answer is received
from request processor 106, or RP/OC processor 154. This method can also
be used with the systems illustrated in FIGs. 1A and 1E. In these systems, a
specific request packet is generated and transmitted to the request processor,
which generates an answer and sends it back to the input controller. The
input controller always waits until it receives an affirmative answer from the
RP/OC processor before sending the next segment or remaining segments.
In the system illustrated in FIG. 1E the first data segment can be treated as a
combined request packet and data segment, where the request pertains to the
next segment, or to all the remaining segments.

" The second scheme is a “send-until-stopped” method where the input
controller sends data segments continuously unless the RP/OC processor

sends a halt-transmission or pause-transmission packet back to the input
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be used with the systens illustrated in FIGs. 1A and 1E. In these systens,
a specific request packet is generated. and transmtted to the request
processorwoO mfoimbl gener at es an answer and sends it back t®@Crhesor/zgaut

controller. The input controller always waits until it receives an
affirmati ve answer fromthe RP/OC processor before sending the next
segnent or renaining segnents. In the systemillustrated in FIG 1E the

first data segment can be treated as a conbined request packet and data
T TV e W LS B o TR
wher e é%g%deﬁﬁ “’This%%@%‘ayaﬁgﬁ%ﬁéﬁ%ﬂﬁ&ﬁe SRIORETIS. AR DHRYESY 190l ess the

RP/ OC protessor  sen -transm ssion or pause-transm ssion packet

back tgd OE. PR it WEhOSU ELERE I PedédifRd 2 haR4t bausosignal lier . A di sti nct

request packet is not used as the segnent itself inplies a request. This
met hodcaaaimues tresmsthivingsdgneerdy sné packéth uSthervase, upoRlreseivireg aand 1F. I f the
i nput controller does not receive a halt or pause si{gn&l, tht conti nues

t r ansialt piggabEgheitt YnBINY IGrEE XS STCSBR e FRIRISSIGRPRCKECEPW WP a  hal t si gnal
it wai til it receives a resune-transm ssi cket fr e RP/CC

pr oces@@&dﬁoﬁﬁ%ﬁ?&%&‘&% rﬁﬁe]éﬂ%g% U 8%@%1 1?%&5?&5&%6}111?%5} éﬂnber of

time pghieQslsiddadi hhb S8l RNEHAKeOBnP Afdtlesafbst hen resunes
transfnﬁgllgi on.dqgﬂht8 I Eéarrlgﬁﬁe?’%%lgﬁgfi C lm)ves prgrrpt ly frorsn i ngut t o out put,
and i nmpgishieiceo Nigedis wanadér affeubputs pompie foat elput tegutpmnted, desirably

preventing an overload condition at the output port. This "send-until -
st oppeattd snpontiingrrongestigpacinaoutpus if pediatdy regyleiedededtalyi t ch. A

ivel | 1 el ter. |.d, b t d.. hat..th
Cout o BEFOAPEAPE Yo Ba8 cORRYPLF e C-BRBEHE ek P GEL ki 1| ed i the
o etbfpteec oA USR8y LIS SHEA! BHNERIGARIL O _construct a

sof t wat e program | nmputer network served as a
A massively parallel computer could be constructed so that the

processors could communicate via a large single-switch network. One
skilled in the art could use the techniques of the present invention to
construct a software program in which the computer network served as a
request switch, an answer switch and a data switch. In this way, the
techniques described in this patent can be employed in software.

In this single switch embodiment as well as in other embodiments,
there are a number of answers possible. When a request to send a packet is
received, the answers include but are not limited to: 1) send the present
segment and continue sending segments until the entire packet has been sent;
2) send the present segment but make a request later to send additional
segments; 3) at some unspecified time in the future, re-submit a request to
send the present segment; 4) at a prescribed time in the future, resubmit a
request to send the present packet; 5) discard the present segment; 6) send

the present segment now and send the next segment at a prescribed time in
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request switch, an answer switch and a data switch. In this way, the
techni ques described in this patent can be enployed in software. In this
si ngl e svwoob/oewbodi rent as well as in other enbodi nents, PCThiSoR2:31E a
nunber of answers possible. Wien a request to send a packet is received,
the answers include but are not limted to: 1) send the present segnent
and continue sending segnents until the entire packet has been sent; 2)
send the present segnent but nmake a request |ater to send additional

segnments; 3) at sone unspecifjed tine uture t a request to
send t tie foterse fdns o§ prdinarysgkian glep"i“éé’@ﬁ %Eﬁo‘{lﬁeh@n?ﬁeltsﬁ]éatftﬁp ure, resubnit a
request to send the present packet; 5) discard the present segnent; 6) send
the pr¥3@oHS 8%y ?@ﬁ?qﬁBﬁ}n&H ‘send the next segment at a prescribed tine in
61 WD 03/013061 PCT/US02/23411 the future. One of ordinary skill in the

t f i :
ﬁ/]EJLTI é&’@f@%&@&@ﬁ@@%ﬁ@%mwgﬁﬂi ng re glr;e[rﬁnt f]e sendi ng
t f t t I t I
many of ¢ heMellBgt e GRsB 6P PRI Ry MUEREE EpuE L Lo h
present, Lga{/gﬂ@bgfggpgtphﬁgto%t ?1'1‘h?anh/”tﬁqwQIe%h%ﬂmbé’lnbb@ﬁ@émgl@ﬁ,thé he logic at

a nodeP} reguiring many gates Mnimal chip real estate

| s usegwfit‘éfwé A fosRd 1ﬁQH@§fc%€nﬁ1%té1ﬂea1ﬁrmuhe pafenitd Mcocpuratedt byns avai | abl e.
Consequently, the size of 'the switch is |imted by the nunber of pins on

the chigfer@ideethe logic bhenadoisnerykinplg, 00t IRGUEHRE ﬁ@ny ei¥here is anple room
ot b T agimomdchmfoasesarosasetrd oais hebredpatrodl pekhAFlr 1EF SRS
t Efoﬁgﬁgﬁ“ﬂ%é quﬁs%v%il%}ﬂqhﬁ §n%e'ﬂgl ﬁt%%atge %?zr?rsﬂﬁ?e %W?@lﬁﬁ H.&ﬂﬁ/ébar %23%? baln ?Wl Id'ts h
possi bl & LB find B the @lH%ﬂ?éﬁ‘tﬁﬁhtHe%rﬁ@m@tﬂsﬂlggld OAhnandhglyhl s

there is ample room to put a large number of nodes on a chip. Since the

lines 122 carrying data from the request processors to the request switch are

on the chip, the bandwidth across these lines can be much greater than the

bandwidth through the lines 134 into the input pins of the chip. Moreover, it

is possible to make the request switch large enough to handle this

bandwidth. In a system where the number of rows in the top level of the

MILML network is N times the number of input controllers, it is possible to

multicast a single packet to as many as N output controllers. Multicasting to

K output controllers (where K <N) can be accomplished by having the input

controllers first submit K requests to the request processor, with each

submitted request having a separate output port address. The request

processor then returns L approvals (L < K) to the input controller. The input

controller then sends L separate packets through the data switch with the L

packets each having the same payload but a different output port address. In

order to multicast to more than N outputs, it is necessary to repeat the above

cycle a sufficient number of times. In order to accomplish this type of
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bandwi dth. In a system where the nunber of rows in the top |level of the
M.M. network is N tinmes the nunber of input controllers, it is possible to
mul ti castwe osiomybe packet to as many as N output control | @Cg/UShiHicasti ng
to K output controllers (where K < N) can be acconplished by having the
input controllers first submt K requests to the request processor, with
each submtted request having a separate output port address. The request
processor then returns L approvals (L < K) to the input controller. The
input controller then sends L separate packets through the data switch
with t henulticasiigieths impuh corivpRerstrhestdare apesss dadtosed naultidster ent out put

port address. In rder to nmuJticast to nore than N outputs, it is
necessa?glglteés Feéﬁ'eg%etWé?e%?&WSLaWéltgt Q351¢ SYSIRNGCERBEY tOf tinmes. I n order

to acco ' j : - 1 .multicasting,
t he inp[tﬁHJ %:e(?)ln D?Ic?)ql ﬁ%é&é@%@{ulﬁé@%ﬂg&%@@é@ o‘;ls(?{a g}ég%;éf{ﬁf@é&thgc%ﬁ%s sets.
The necessary changes to the basic system necessary to inplenent this type

of mul tt i i i i inthe art. SPECH AL

MULTI mﬁfﬁgﬁk%ﬁﬁgwa?%ﬁ%@%ﬁ anot her enbodi nent of system
100 that s t I I Requ controller 120 0, in FIG 1A
has been r%%é%‘ \/n\%i% tﬁhﬁz‘ﬁ %fé(g‘gtainﬁgwﬁE&W@&@%ﬁfﬁ#@ﬂ@?&%&nd dat a

swi tch d3hdrasmulR@BtiheP RAGALs WohnfroMét 126 886w A FER 1%%5&%@1&0- _The

mul ti casting techni queS enpl oyed here are based on those taught in

| nvent i mpladed with mublticeststg mealest corsradlent20 caral @dtursakitchyl 3 heyt put ports,

t hat taken to?ether, forma nulticast set. There is a fixed upper limt on
t he nunBRED BPlaesryedl muyticaying data sagich«d0. The mpéticasting is L and if there

oL & e TR e P B i s A Y, T 225"
set. MihiGast pREIPiE 8AHES BSH1aFAird 0TIk $BeY, Mot diddith§Sihpddr essi ng.
form a multicast set. There is a fixed upper limit on the number of members
in the multicast set. If the limit is L and if there are more than L members in
the actual set, then a plurality of multicast sets is used. An output port may

be a member of more than one multicast set.

Multicast SEND requests are accomplished via indirect addressing.
Logic units LU come in pairs, 432 and 452, one in the request controller 420
and one in the data switch 440. Each pair of logic units share a unique
logical output port address OPA 204, which is distinct from any physical
output port address. The logical address represents a plural number of
physical output addresses. Bach logic unit of the pair contains a storage
ring, and each of these storage rings is loaded with an identical set of
physical output port addresses. The storage ring contains the list of |
addresses, in effect forming a table of addresses where the table is
referenced by its special address. By employing this tabular output-port
address scheme, multicast switches, RMCr 430 and DMCr 450, efficiently

process all multicast requests. Request packets and data packets are
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Logic units LU conme in pairs, 432 and 452, one in the request controller
420 and one in the data switch 440. Each pair of logic units share a

uni que |wgiogal3oeut put port address OPA 204, which is distcmaisot/zam any
physi cal output port address. The | ogical address represents a plural
nunber of physical output addresses. Each logic unit of the pair contains
a storage ring, and each of these storage rings is |loaded with an

i dentical set of physical output port addresses. The storage ring contains

the list of d i t.f i t abl f. add wh th

e LSk 0 B0 DL SRR, Bl plerges vhere the
t put - par , i t i 1.C. DMCT 450,

UL Pt _8Bf4ge A 59 SENSIE LS G850, S obgR HER 130, g ONCT

packet syailiec B a @33/ Pi30REd Ry TiheSpPrastdahd logie RinitceB2eer 32, t50Bid0gi ¢ units
432 and 452, in concert with their respective storage rings 436 and 456.

Accor di imgiuyn, phicaigs ¢he papkes bnpafketachatem itle tabiel dcdndained addtsess is

received by the appropriate Jogic unit 432 or 452, which in turn,
repl | ca&tegagm@n@a%ﬁéb renitcatadopackst has g agi ortpneaddipssclakenifihed in its

i h | i d k h d k f
the. t S (iR ' B Gab oSt sDr dBE S SRR R oLt contr ol | er
110. Nommden@ﬁgaﬁéﬁg leStsRVEF efRt Se ﬁﬂ%gé&é{ Edvﬁﬁl%és Rm%hggi RMCT 430,

but are instead directed to bottomlevels of swmtch RSB 4 mlarly,

non- nmubit fredhstdad direaeldadb Honeveleveld ef switeh REHUR6aSindhtly, swii-ches DMCT
450, but are instead directed to bottomlevels of switch DSB 444. FlGs.
2G, 2H, meiticazy datzkpankdts2ieveh enfeadas tivdhedst patieatitiches d¥iCal 450 nodi fi cat i ons

for supporting nulticasting. Table is an overvjew of the contents of
hese iars MERe 8528848 DOEPRLISTS e T RIA:  mmsk | ndi cat | ng
approval f OTFFGS) f@l ?I—I‘;igf],rff 9K 50H9%! §bw additional packet and field

modifications for supporting multicasting. Table 2 is an overview of the

contents of these fields.



by a nulticast send packet. MF A one-bit field that indicates a nulticast
packet. MLC A two-bit field that tracks the status of the two LOADs needed
t o updat ewao3mi3oef nulticast addresses in storage rings 4®6Tarsd223456. M.F A
one-bit field indicating that a packet wants to update a set of nulticast
addresses stored in the switches. MRM A bitmask that keeps track of pending
approval s needed to conplete a nulticast SEND request. MSM A bitmask that

t hat keeps track of approvals for a nmulticast SEND request which have not
yet been processed by the nulticast data switch. PLBA Address in the

mul ti cast LOAD buffer where LOAD packets are stored. Used instead of the
packet buffer atfiAk$s PBAA wieaslaimiitdtinpasiprooaldior 3 sheglyedtieeks r’éﬁ’abﬂea
LOADI NG MULTI CAST ADDRESS SETS Loadi ng of storage rings 436 and 456 is
acconpl i shed using a mul byeasultisastiesndzesketgi ven in FIG 2G whose for mat

is based on that-of the packet 200__A syst Wg&n&ual_es_ma
LOAD requests. | WHn t he | paibitdicld thas tdicalss aipaticastpacketter | C 150, the
i nput control | er7processqr 160 exarnestheoutput—port adadress<OPA-204

and notes by thML‘gddr es:s%t%?’B{tﬁgeﬁaéh‘ﬁﬁckg&@? S*E;k@ﬂlﬁé%foéf_r@f%weﬁ&‘? ne
mul ticast |oad flag 65 W?é&a &t96dt HIGHHRRL 2adrk ses%%ﬁoé@éf'rgﬁmé Al

packet is a multicast |o d the set of addresses to 0 d resides
in the PAY field 208. |In|dfé enbodi nent, the |ogical output port address

that is given has been previous|ly supplied to the requestor. In
. MLF A one-bit field mdicating that a packet wants to update a set of

multicast addresses stored in the switches.

MRM A bitmask that keeps track of pending approvals needed to

complete a multicast SEND request.

MSM A bitmask that that keeps track of approvals for a multicast
SEND request which have not yet been processed by the
multicast data switch.

PLBA Address in the multicast LOAD buffer where LOAD packets
are stored. Used instead of the packet buffer address PBA

when a multicast load is requested.

Table 2

LOADING MULTICAST ADDRESS SETS

Loading of storage rings 436 and 456 1s accomplished using a
multicast packet 205, given in FIG. 2G, whose format is based on that of the
packet 200. A ‘system processor 140 generates the LOAD requests. When
the packet arrives at an input controller IC 150, the input controller
processor 160 examines the output port address OPA 204 and notes by the
address that that a multicast packet has arrived. If the multicast load flag
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ot her enbodi nents, the |ogical output port address is a dummy address that
triggers the controller to select the | ogical output port address for a
pair of wWoaBlhabe |ogic units; this OPA will be returnedPCo/ushz234eguest or
for use when sending the corresponding nulticast data packets. In either
case, the input controller processor then generates and stores a packet
entry 225 in its nulticast |oad buffer 418 and creates a multicast buffer
KEY entry 215 in its KEYs buffer 166. The buffer KEY 215 contains a

- bi i | d . h i i.ndi h
LoD SRIRE 20838 byl 88ed@HIE i Micact 1hd i e el B S S oS Barher adr ooa.
PLBA 21ioRatakiass e PAY 888 dz‘os.t[)igf?l{%&gb&aﬁ&edt%@ ;gg{caﬁéﬁﬁaﬁfe the

mul ti cast | oad packet is stored. request ¢ e nput

cont r ol pert gudoessshatris penetshadibednibleviastly simaddracketeqiRstdie request
controller 420 to load the .storage ring in'the logic unit at address OPA

204, an@theiemhodimentst the legidal oatpwigorbdddvess iR Badtromyi adtiresd ¢hathat t hi s
LOAD hags. been .done. e iLnput control]er fprocessor selects a
0

] Simlar]y, .t
data cy f%gqlﬁt%‘?%qﬂte@%ﬁei?ctﬁ@ gl byt pasitaddsess fopadiét of o the data
control : X d. i i.s_turne of f.. When bot h
bits of éﬁ}%%g€£0g2§gghg’§%%e@%\ﬂlE)DF 19[ ,Eh%egj %)#glﬁtre%%?‘?{?r OF ¥5C Whatitessor can
renove gdddihotiey cmtd i i buf.f- and nul ti cast
| oad buf fler1 %i nce itsg Sg?{g litdri:ﬂ?%éeselgg%?af Ie{gtg're?tl%ﬁtgs %Sghﬂie&g%tet ed.
Pr ocesstonfrafertfrecenabt theasgerlenatds pad kietred s phdletean® S Roth the request

controll et .420 ang t?e data controller 440. Each controller uses the
out put fcagh fter 4hand peeatpsckenultioasbbigiicr KE YWemre RilScin ito it s

g e M R RN TS
st oosa5a08 ¥0.09191300) ETIARIR g B L ARR DY 1
the setrgfroestdings s&heimultionstcidnd dAiffRRd address PLBA 211 contains the

address in the multicast load buffer where the multicast load packet is stored.

During a request cycle, the input controller processor sends the multicast

load packet to the request controller 420 to load the storage ring in the logic

unit at address OPA 204, and then turns off the first bit of MLC 213 to

indicate that this LOAD has been done. Similarly, the input controller

processor selects a data cycle in which it sends the same multicast load

packet to the data controller 440, and the second bit of MLC 213 is turned

off. When both bits of MLC 213 have been turned off, the input controller

processor can remove all information for this request from its KEYs buffer

and multicast load buffer since its part in the load request has been

completed. Processing of the multicast load packet is the same at both the

request controller 420 and the data controller 440. Each controller uses the

output port address to send the packet through its MCrswitch to its

appropriate logic unit LU 432 or LU 452. Since the multicast load flag MLF

203 is on, each logic unit notes that it has been asked to update the addresses
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storage ring pairs. MJLTI CASTI NG DATA PACKETS Milticast packets are

di stingui shed fromnon-nulticast packets by their output port addresses
OPA 204. Whlosiocmst packets not having the nmulticast | oadPCragoviE1203
turned on are called nulticast send packets. Wen the input controller
processor 160 receives a packet 205 and determ nes fromthe output port
address and nulticast load flag that it is a nulticast send packet, the
processor makes the appropriate entries in its packet input buffer 162,

request. buffer 164 and KEYs.buffer 166.. T speci al fi hh the

't 1 Bt gPrest el B a5 W BEE el i e pal e o TaPR) cast request
mask Wi%l%)d&?@ﬁ%ﬂ%@%lcﬁo%%ﬁleas@ @Pétﬁﬁeﬁeglilﬁ LorrbSotfligst ed from those
in the target storage ring. Is mask Is initially set to el ect all

addr essgsrdgh filepairng (all ones). The multicast send mask MSM 219 keeps

track of which requested addresses have been approved by the request
processors, RP 106. This mask is initially set to all zeros, indicating

t hat ndVAPLTAGEAS TaNeE VoA TR eRAGCKENT SWhen t he i nput control |l er processor

exam nes its KEYs buffer and selects a nmulticast send entry to submt to

the request Mahidagt packedPile difiengiishddefrokeyosnalfictfnbadidtt bgast request
mask is copied into the request packet 245 and the resulting packet is

sent t chelroutpyiuest agdmsssssOPA Megtieast paskdts oht R8/ing4heises t he out put
port address tp send ket to the | ti cast switch RMCT, which routes
t he paé%ﬁw@ﬁt f%dtfﬂ%gf\ﬁ%%ﬁwwéwwg cafled igHAERY S%@grwezm The | ogic
unit d rm 0 t it 1S . not eguest, and uses the
mul ti cas eﬁ‘é%%i%%%%ﬁ%@ﬁﬁﬁ%ﬁ@?% 100 A B b ok LG *her a2l 25411

whi ch oferdRSindd 28 388 olifput b§rt§£d@£c%§%nﬁi1ﬁﬁltfdéﬁﬂ%§d iﬂ'&grfﬂhtt ft%ﬁ%ti ng. For each

sel ected address, the logic unit duplicates the requést packet 245 making

t he multicast send packet, the processor makes the appropriate entries in its
packet input buffer 162, request buffer 164 and KEYs buffer 166. Two
special fields in the multicast buffer KEY 215 are uS(?d for SEND requests.
The multicast request mask MRM 217 keeps track of which addresses are to
be selected from those in the target storage ring. This mask is initially set to
select all addresses in the ring (all ones). The multicast send mask MSM |
219 keeps track of which requested addresses have been approved by the
request processors, RP 106. This mask is initially set to all zeros, indicating
that no approvals have yet been given.

When the input controller processor examines its KEYs buffer and
selects a multicast send entry to submit to the request controller 420, the
buffer key’s current multicast request mask is copied into the request packet
245 and the resulting packet is sent to the request processor. The request
switch RS 424 uses the output port address to send the packet to the
multicast switch RMCr, which routes the packet on to the logic unit LU 432
designated by OPA 204. The logic unit determines from MLF 203 that it is

not a load request, and uses the multicast request mask MRM 217 to decide
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foll ow ng changes. First, the |ogical output port address OPA 204 is

repl aced with a physical port address from sel ected ring data. Second, the
mul ti castwbloag1IeF 203 is turned on so that that the request/ysonzassors
know that this is a nmulticast packet. Third, the multicast request nmask is
replaced by a multicast answer mask MAM 251, which identifies the position
of the address fromthe storage ring that was | oaded into the output port
address. For exanple, the packet created for the third address in the

storage ring has the value 1 in the third mask bit and zeros el sewhere.
Sliedriod of i@

g
The | ogvléchumi the adiressesdBAtOTOREE THENUSLdR ! Wi tch RVCB t hat

apor oprrbt s Bt Bitle DR e PREAES nd Baup B Kb Qe RS RIN L Bl 1B i nes it
gener at L S b B T oval - For il ti cast
OB one. - sover packet o 1o 1 he. anoacr sui 1.ch
kb e s L R ST
; gd?ﬁdé]ffet Lﬁlf@rmkﬁﬂzaéépﬁc. 0% &te .g{tn.: Eﬁﬂulﬁgtqlﬁggfg“?ﬁ%cel ?gl ;Jﬂ:s

i 1 o2y w2 e BRI AR a8 PR RHA S I BE ke ok, Thus,

t he nulleRSthdBAHE StoriBS linkaRiswis Raledintoatdbegae potrhaldrbsse not yet
recei ved approval, and the nulticast send nask keeps track of those that

have bd&en eapppivaiic padketr @eateddyr the thisddddeesshia thelatosageonte diBfer 440. 68 WO

03/ 013061 PCT/ US02/ 23411 i t he SEND | ti t ket
are serhe N@luﬁh]eilhﬁleagwlﬁgij Hstr%%ggefﬁﬁ q%?%"&]g 1%5 %ﬁ@ﬁg{ﬁéﬁgéﬁ&z%gf halto AeKens

I nel Ud%aEIQ%f W tgéil?@l%?é[d packets to the switch RMCp that uses the physical

output port address to send the packet to the appropriate request processor,
RP 106. |

Each request processor examines its set of request packets and decides
which ones to approve and then generates a multicast answer packet 255 for
each approval. For multicast approvals, the request processor includes the
multicast answer mask MAM 251. The request processor sends these
answer packets to the answer switch AS 108, which uses IPA 230 to route
each packet back to its originating input control unit. The input controller
processor uses the answer packet to update buffer KEY data. For multicast
SEND requests this includes adding the output port approved in the
multicast answer mask to the multicast send mask and removing it from the
multicast request mask. Thus, the multicast request mask keeps track of
addresses that have not yet received approval, and the multicast send mask
keeps track of those that have been approved and are ready to send to the

data controller 440.
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send mask MSM 219. The out put port address is used by the data switches DS
442 and MCT 430 to route the packet to the designated logic unit. The

| ogi ¢ uniwoms®aoes a set of multicast segnment packets, eaelTiutemiscnl to
the original packet, but having a physical output port address supplied by
the logic unit according to the information on the nulticast send mask.
The nodified nulticast segnent packets then pass through the nulticast
switch MCB, which sends themto the proper output controller 110. The

s e S e e
Reasse I hRxt : t ffer 172 for
Send m g s e e R A e O g

packet sead enggkadiSds 2d 9l Mg Gutput portrEAresE is wedept tHehdta sheycheypass the
mul ticast switch 448. Instead, the data switch 442 routes the packet

t hr ougDS $2tanid NS 48D toavste the paskeplactikedesigphiasilogic wut.pdtheport addr ess
OPA 204. . MULTI CAST BUS SWTCH FI Gs. 5A and 5B are. diagrans show ng an

) € er nApECHHIGARS ST HRIEHBRATSERRA BASEn Py IRIOCAL oG US| b an

on-chip.. st.r I -] 1,aar. howi ity of request
pr ocessb%ﬁgll%&%f% g?%%‘ﬁﬁé% %@%gﬁ@z@%ﬂg)ﬁ 9%&%?%"%@%&?6(1%83&24“ bus swi tch
510. Fh&yicaBit Scrdidioas B sfeiaien dnkths hdlitityst Rbn@uilltt THOCessors 546

i nterconnected by neans of a data-packet-carrying nulticast bus swtch
540. Amudifiedantitivastkssiniat paokets ohen pdssribtouie the noudtipast gwarttls, whi ch taken
together forma nulticast set. Bus 510 all ows connections to be sent to
speci fi e L ctions |i ke an Mby-N 69

i f iMCpeyilech sqnds dbemdpdhe prepenautpsontplist £ bt | i k b
WD 03/ 01306 PCT/th{ﬁOZ/ n%aed not be

3411 cross swithjl V\/ﬂere Magd N
equal , and PERHENTIRST PEIFSANG 5442 G Ed e T P2k he bus
repr es et SRR ehd M dilef AfintTRlrs, IEACIS and IPA 230, and the NS 226 field.
Reassembled segment packets are placed in the packet output buffer 172 for
sending to LC 102, thus completing the SEND cycle. Non-multicasting
packets are processed in a similar manner, except that they bypass the

multicast switch 448. Instead, the data switch 442 routes the packet through

switch DS 444 based on the packet’s physical output port address OPA 204.

MULTICAST BUS SWITCH

FIGs. 5A and 5B are diagrams showing an alternate method for
implementing and supporting multicasting using an on-chip bus structure.
FIG. 5A is a diagram showing a plurality of request processors 516
interconnected by means of a multicast request bus switch 510. FIG. 5B is a
diagram showing a plurality of output processors 546 intercormected by
means of a data-packet-carrying multicast bus switch 540.

A multicast packet is sent to a plurality of output ports, which taken
together form a multicast set. Bus 510 allows connections to be sent to

specific request processors. The multicast bus functions like an M-by-N
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request processor has the capability of formng an I/Olink 514 with zero
or nore connectors 512. These links are set up prior to the use of the
buses. A wgisemosequest processor 516 only |inks to conneeCorsosidit hat
represent the nulticast set or sets to which it belongs, and is not
connected to other connectors in the bus. The output port processors 546
are simlarly linked to =zero or nore data-carrying connectors 542 of

out put multicast bus 540. Those output port processors that are nenbers of
the sane set have an I/Q link 544 to_a coin-lgctor 542 on the, bus

r epr es6FRIshyr swHehswherepfeand Nawgfaet besaranrad were Higdinles Skt e

d 1 cal,l fi bl e. di.ngl i al L QAD dd,
change S e ndve SobRRUe: F0F F SO rnmssr R GrR ot SRl Frcher set. One
r.equesﬁ'ecﬁié%?gﬁ&rssélsh pcﬁE'c%%ﬁﬂli@%fﬁ%ﬂiﬁ%%ﬁ?@ﬁﬁl'5‘1@ WitkZerglgpcessor) of a
grven nmu t1cast set. n 1 nput P rt processor sends a nmul t1 cast request

only t endreedibBcir9s®2 s dheSelBnlkd atehet aptpridriéthétse of thedtusakesr a mul ti cast
timng scheme where nulticast requests are nade only at designated tine

per i odgivavoRQueSioprocessan Silapaly boks tocomrecids Madshairepsentiire nmul ti cast
request in its buffer, it waits for a pulticast request. cycle 650 to send
its redudcastisst g @t‘w&%gggé}do%sﬁg? %%%%1@%63&? Ofh¥feives a multicast
request__j r s t h of t i i | on the
char ed BBt ABRFisHE iy 3 he R R by e P s AP USRI E, BuRREMS, iot

pr ocessefsot IHE datLcdPing QONREI B 547 oPolplt BIEEASBIs FAOEI ves two or nore
mul ti cast requests at the same time, it usés priority information in the

r equesflhote otgmitdmrivhiotiessoes) thes ase membpraof theosandeet hage aAfl/er t he REP

processor has selected one or nore requests to put on the bus, it uses
connectigk Bibta » coppesienddd an thabys ieprpentiag thiesctelhewf ore 70 WO

gglnf[) rlgggépepc }équgg%ég:ﬁ 1a]hds ﬁﬂﬂ ia'?g d?ﬂarﬁpc% yrco% 1 glﬁ%blg.a Iéc%?dih%?y,w nning i nput
special MC LOAD messages add, change and remove output ports as
members of a given multicast set.

One request processor is specified as the representative (REP
processor) of a given multicast set. An input port processor sends a
multicast request only to the REP processor 518 of the set. FIG. 6C
illustrates a multicast timing scheme where multicast requests are made only
at designated time periods, MCRC 650. If an input controller 150 has one or
more multicast request in its buffer, it waits for a multicast request cycle 650
to send its requests to a REP processor. A REP processor that receives a
multicast request informs the other members of the set by sending a signal
on the shared bus connector 512. This signal is received by all other request
processors linked to the connector. If a REP processor receives two or more
multicast requests at the same time, it uses priority information in the
requests to decide which requests are placed on the bus.

After the REP processor has selected one or more requests to put on

the bus, it uses connector 512 to interrogate other member of the set before

70



processor may be a nenber of one or nore nulticast sets, and may receive
notification of two or nore nulticast requests at one tine. Alternately
stat ed, awp@ge®s1 processor that is a nenber of nore thanPem@snupMicast set
may detect that a plurality of nulticast bus connections 514 are active at
one time. In such a case, it may accept one or nore requests. Each request
processor uses the sanme bus connector to informthe REP processor that it
will accept (or refuse) the request. This information is transmtted over
connector 512 from each request processor to the REP processor by using a
ti me- shending ancinsmer pEaket ba@imestﬁe pliogegdeputeenteolsar & 1augst ti ne sl ot when
it signals its acceptance or refusal. Accordingly, the REP processor

recei V@gocqswg@ﬁggge F TRy qofﬁ;@@ﬂgggorpﬁngﬁ}cggte%’t%an#ég?.ﬂfq{e?‘é%e bit per
menber of..th . : [ i d10 ocessors inform
t he REIEOU&‘%@%% ?%%Vg@ggggroefallnth?ﬁn%@t %g‘tﬁ g%ﬁ%g%ﬁlfn%eﬂg%% a¥he REP processor
then by ligs aareg\:llsét' Betssbt thatask nididber dTdh6As than oMeimghitivasbests of the

mul ticast Set dcce the request; the value 1 indicates acceptance, the
val ue Gniyndéteet @at pelusdity ofndilititest bos conmectionstHd a5t vagkat phdi cat es whi ch

menber. The reply fromthe REP processor to the igpat _controller includes
this bitimask sundl ¢ caseeift ER acpRPLOBGPE RIS CARGIE- £8P FIUCEY by neans of

th itch., The REP | i i . ket
back | STatFRHRCS N ET B B ST Eaee g RO B R R B S EL ™ Cer 05 A ¢
deni ed ¢ lz{cf-cggﬁorrr@ﬁ{réi%ztch Aisol & real HeEsRhedoRis fasiisRAURRE nul ti cast

cycle. 1T an erna e odl nent, each output port keeps a special

buf f er RhBacthP51addm Bakh iréQsdst pRicefsr tutihe REP piosessombyhmsing At a
prescribed time, an output port sends a status to each of thg REP

pr ocessims-shaong espameli Fgch sequest piocessoades sasticutn; Bmsee¥beBont i nues
i ch GUBOeISTE WeeBres soaatety AR BB e REF prittsilHBells 2CVance

responses from all members in bit-serial fashion, one bit per member of the

set. In an alternate embodiment, non-REP processors inform the REP

processor ahead of time that they will be busy.

The REP processor then builds a multicast bit-mask that indicates

which members of the multicast set accept the request; the value 1 indicates

acceptance, the Vaiue 0 indicates refusal, and the position in the bitmask

indicates which member. ‘The reply from the REP processor to the input

controller includes this bitmask and is sent to the requesting input controller

by means of the answer switch. The REP processor also sends a rejection

answer packet back to an input controller in case the bit-mask contains all

zeros. A denied multicast request may be reattempted at a subsequent

multicast cycle. In an alternative embodiment, each output port keeps a

spécial buffer area for each multicast set for which it is a member. Ata

prescribed time, an output port sends a status to each of the REP processors

corresponding to its multicast sets. This process continues during data

sending cycles. In this fashion, the Rep knows in advance which output
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ports are able to receive nmulticast packets and therefore is able to
respond to nulticast requests imedi ately w thout sending requests to all
of its nrmwoansiceDuring the nmulticast data cycle, an inpucearsoz/zdsier with
an acceptance nulticast response inserts the nulticast bitmask into the
dat a packet header. The input controller then sends the data packet to the
out put port processor that represents the nmulticast set at the output.
Recal | that the output port processors are connected to nulticast output

bus. 4G RBL AB0LE 0L NGB WORT SN SRIRSL ABIOGaRSAAI g0 Connect ed

to mul ort 'processor recei ves the

packet phedast ﬂeqaé\s&mﬁ]ﬁleHE@elyrwithbﬁ@@ehdmg f&ltﬁlsst@@o bliefatt put bus connector.
An out put port processor |od6ks for O or at atime corresponding to its

posi ti etemhbettshe set. If 1 is detected, then that out put port processor is
selected for output. After transmttjng the | ticast bitmask, the REP
out put portDQKb‘rge@fx@fthhCﬁ@féihﬁa%CW H1 WS COHEO t‘ﬁltbéé@éﬁe]bwl]@ﬁe same

h
R R S T e T L R e G e O
al ter n:ﬁ% 1ﬁ§99961‘f‘(?(5ﬁe? thel?séﬂdhgﬂll@ d%x‘t'é é?:'ﬂ?&ﬂ rou%&tz%&@gré&?sso } hat

represen mul t1cast set be i nple a plurality of

conneclgdtsep ﬁb%am’setbb ynulgdastisegatt the ompmurRecaﬂ thatbeicutpetkestt o transmit the
bi t - mask. In anot her enbodi ment, where the nulticast packet is sent only

in caspraddssoifs arheonueqied &0 ol ticaniouanr busdd@penalogaexis thea 0 i ndi cates an
ot PHETSRTIED ] BT GRES crocerpeied PBAAS DTeR ks LIRS deni ed. A
sty BRASRE Bl U8 198 PSR, Bl G SRAL Sl eSS o sccen!
back bmmﬁ@aéte&aﬁm &gtﬂ@@a@u@gﬁﬁ Eoth&Rttor. AAh BEHRE ORI PeRESBr t hat 72

looks for O or 1 at a time corresponding to its position in the set. If 1 is

detected, then that output port processor is selected for output. After

transmitting the multicast biﬁnask, the REP output port processor

immediately places the data packet on the same connector. The selected

output port processors simply copy the payload to the output connection,

desirably accomplishing the multicast operation. In alternate embodiments,

a single bus connector, 512 and 542, that represents a given multicast set

may be implemented by a plurality of connectors, desirably reducing the '

amount of time it takes to transmit the bit-mask. In another embodiment,

where the multicast packet is sent only in case all of the outputs on a bus can

accept a packet, a 0 indicates an acceptance and a 1 indicates arejection. All

processors respond at the same time and if a single one is received, then the

request is denied.

A request processor that receives two or more multicast requests may
accept one or more requests, which are indicated by 1 in the bitmask

received back by the requesting input controller. A request processor that
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WO 03/013061 PCT/US02/ 23411 rejects a request is indicated by 0 in the
bit-mask. If an input controller does not get all |I's (indicating 100%
accept ancwp oBor3oal | nmenbers of the set then it can nmake &ootuser2:itenpt at
a subsequent nulticast cycle. In this case, the request has a bitmask in

t he header that is used to indicate which nenbers of the set should
respond to or ignore the request. In one enbodinent, nulticast packets are
al ways sent fromthe output processor imrediately when they are received.

I n anot her enbodi nent, the output port can treat the multicast packets

j ust | irgectd hesqueat ieendicanetl by ihehs burradsli. nlftaneinput gositrgdtertdodguf fer to be
sent at a later tine. An overload condition can potentially.occur when

upst r eaot @striddss (mdéepiion 100% apeentames) dasall pagrkbers of dhe siidheniwo or nore

t d | ot ,of ffic tq,. t pyt t. Il that all
packet &t FHM AR OB Hfritiet AmbS o a PR Y oA fUS Cohavecpeen
appr pv?éiqx?é’st 1€ AriRRENL in;’ fhe He\‘%géfel]flxﬁt RRea%s %dﬁclfx{e \?high\ﬁt? nhgfiest processor
recei ve$it 00 Imany requests, ether as a result of multicast requests or

becaus @ faB&Yet Jhoxilld SpOREIO\WRAENort FhS Btfheb® IhenOsthBodinRaft! or ot herwi se,
t he request processor "accepts only as nany as can be sent through the

out put npaolticastArmdiett aglafwannsenigrdmdhbe atitpan procesputinpoediatdynot occur when
using the control systemdi sclosed here. Referring also to FIG 1D an input
cont r olkan thextare se¢ravis@din Frrhsreanbpdimend dhg %&a%mt ¢rseahibene dat a

itch : I SR | [ di d K in j buf f
wnen aft Agendrg covart b SUlsEbpters pha B aR SEBHIPERT EFoRe el i clent
i nf or mat,ig tﬁlgtg _PY"Qé:SﬁtE’lafiﬁl%ts are not being accepted for which output

tha

ports suc It may evaluate the situation and determ ne the type and

cause of thamyesdeaticonditioarat betentiallyaworut béeaygisesamrdesessor 140 of this
situation by sending it a packet through the data swtch. Recall that the
syst emfqueas sendasuldicgpipaskeisy obwhent@wocsriners ipstsatpsquieesont rol  system

120 ancsielj[lg atlgg oP %ta?ﬁcs ¥(\§ E)ﬁé‘ o&t%%t p-orrq.e Recall that all packets that exit an
output port of the data switch must have been approved by the respective
request processor. If a given request processor receives too many reqﬁests,
whether as a result of multicast requests or beéause many input sources want
to send to the output port or otherwise, the request processor accepts only as
many as can be sent throqgh the output port. Accordingly, an overload at an
output port cannot occur when using the control system disclosed here.

Referring also to FIG. 1D an input controller that is denied
permission to send packets through the data switch can try later.
Importantly, it can discard packets in its buffer when an impending overload
occurs. The input controller has sufficient information about which packets
are not being accepted for which output ports such that it may evaluate the
situation and determine the type and cause of the overload. It can then
inform the system processor 140 of this situation by sending it a packet
through the data switch. Recall that the system processor has a plurality of

1/0 connections to the control system 120 and to the data switch 130. The
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73 WD 03/013061 PCT/ US02/23411 system processor can process packets from
one or nore input controllers at one tinme. System processor 140 can then
gener at e Wod3sedl appropri ate packets to upstream devi cepCrasontaim t hem
of the overload condition so that the problemnay be fixed at the source.
The system processor can also informa given input port processor to
ignore and discard certain packets that it may have in its buffer and may
receive in the future. Inportantly, the scalable switching system

di scl osed here is immune to overloading, regardless of cause, and is

t her ef osySterB PEPCRSAORMSATL PTAFESE PasketeBONTNE efinore it gapitellertain be sent

th h the dat itch at i al ti \ 1 h ti ith oth

dat a. | PO oroRRaRpoossob sal Can o Eontraa e SEnRERPBIBUE port processor

that t prga é?%?ur#s%retaﬁl gé’Yl@Hé {iin‘}?ﬁﬁ thePn Blk 't}%e Kl TBIREES sQfmde bus or to
Ft-mask. Tn the Ta

t hose ers im sone S er case, a specral set up cycle

sets t hgePibbrhemdyobd ifeARIHRS Sous&d. ETheydwm ProCedibt cathglso | N anot her
enbodi ment’, packets are sent through the special nmulticast hardware only

if all mfodmergivén idpmtipoest proeessor teigroveanddissackedrtain packaspbatsi bl e t hat
t he nunber of nul ticast s;tés is greater than the -nunber of output ports.
In ot hett TedbbaNednits butiperrd may Begvaimih ¢ loortatlye 8 sets with

M T s R A
mul ti caghbbifedstat e RGPS tﬁ&&@@ﬁgggdeéagwﬁgeém-ﬁfe&ch a single packet

arriving-into the 1 nput control uses a lurality of requests to be
sent to the Tieguelicsnbhicketaogn de sgitthatughytheidapasketis at @ specisent to the

data switch, 2. a type of nulticasting using the rotating FIFO structure
t aught tiig arry&m sane fisne andh <3theadat9pgn one gmnadement, agpeeiglibii ng a
mul ti Ca%%or%l{ss a REP output port processor that the packet is to be multicast to all
of the members of the bus or to those members in some bit-mask. In the
later case, a special set up cycle sets the switches to the members selected by .
the bit-mask. In another embodiment, packets are sent through the special
multicast hardware only if all members of the bus are to receive the packet.
It is possible that the number of multicast sets is greater than the number of
output ports. In other embodiments, there are a plural number of multicast
sets with each output port being a member of only one multicast set. Three
methods of multicasting have been presented. They include:
1. the type of multicasting that requires no special hardware in
which a single packet arriving into the input controller causes a
plurality of requests to be sent to the request switch and a
plurality of packets to be sent to the data switch,
2. atype of multicasting using the rotating FIFO structure taught
in Invention #5, and

3. atype of multicasting requiring a multicast bus.
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74 WD 03/013061 PCT/US02/23411 A given systemusing nulticasting can

enpl oy one, two, or all three of these schenes. SYSTEM TIM NG Referring to
FIG 1A w0 oanriogi ng packet enters system 100 through i npat/usonzs4iP6 on
line card 102. The line card parses the packet header and other fields to
determ ne where to send it and to determine priority and quality of
service. This information, along with the packet, is sent over path 134 to
connected input controller 150. The input controller uses this information
to generate a request packet 240 that it sends into control system 120. In
t he control AsyRtamysteanussp mylticaftidddan empkoy tise, tive, or elfdlesde packet to a
request processor 106 that controls all traffic sent to a given output
port. bfithére sgbamesl case, one request processor 106 represents one output
port 110, and controls all traffic such that no packet is ever sent to a
system out put part 128 w thout having been approved by the correspondi ng
requestSfé-EEJs\EoTIM Gome enbodi nents t he request processor 106 is

physi cally connected to the output controller 110, as shown "in FIGs. 1E
and | F, The requBsferpngteFiotn. 1Aqcni arayingieagkat keters $ysterayl 00 ecei ve requests

from ot her input con |1 ers that al ve data packets . wanting to be
sent t SmONEhdAREL BRg i)ég ogg}l}e_ Ca‘ﬁ%é anf]]ﬁ@shﬁnep?agg@gg%s tﬁ%lﬁﬂ%l“?the request s
based on_priorjty i tion.l. : ept one or nore
requeshgafiin fld dst REBIsaPidePtpis d0kde W7 A T BEAGERE o oe one or

mor e agﬁ‘ﬁﬁfty%ﬁﬂkcﬁfaﬁt)zépséﬁf’de. arigs $8Mnial6A LA Bn ARG theSi kel 508 to inform
the input controllers of accepted "wi nning” and rejected "l oosi ng" packets.
An i npeenticovdrieith 834 v tonaccted cgpttednttatiar pakkehe semdconbeItat a packet into

data switch 130 that transmts it to an outgut control] er 110. The out put
cont r ohpes this iifosmation to geeeraty 2 yeaussbpaqlef 440 & 16899ds N0 to the line card

control system 120. In the control system, request switch 104 transmits the
request packet to a request processor 106 that controls all traffic sent to a
given output port. In the general case, one request processor 106 represents
one output port 110, and controls all traffic such that no packet is ever sent
to a system output port 128 without having been approved by the
corresponding request processor. In some embodiments the request
processor 106 is physically connected to the output controller 110, as shown
in FIGs. 1E and 1F. The request processor receives the packet; it may
receive requests from other input controllers that also have data packets
wanting to be sent to the same output port. The request processor ranks the
requests based on priority information in each packet and may accept one or
more requests while denying other requests. It immediately generates one or
more answer packets 250 that are sent through answer switch 108 to inform
the input controllers of accepted “winning” and rejected “loosing™ packets.
An input controller with an accepted data packet sends the data packet into
data switch 130 that transmits it to an output controller 110. The output |

controller removes any internally used fields and sends it to the line card
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75 WO 03/013061 PCT/ US02/23411 over path 132. The line card converts the
packet into a format suitable for physical transm ssion downstream 128. A
request pwo®massK1that rejects one or nore requests additipomaishy23my send
answer packets indicating rejections to input controllers to provide them
with information that they use to estimate the |ikelihood of acceptance of
the packet at a later cycle. Referring also to FIG 6A, the timng of
request and answer processing is overlapped with transm ssion of data

ackets thro t he, data i tch, ich s .also.overl apped with packet
rpecept fS)Eﬁl' Bﬁ@"gﬁiazr'sfhﬁ mﬁ&a?%np%v&r@ 1'IF W@Cl}t‘;fstr}}%{ocs:%if%}‘\ﬁ?aﬁ SEgﬁ?ﬂﬁ | onpvvi th the

[ t J : RYIHA t i ' . by the Ii
e R R A
det er mMypendRecHacHehdditRmb R mayPhld AddcepackEd iadida died@em@t i on. A new
packet arrives at time TA at the line card. At tine tJhellne card has

recei vedimgnd contotiesetd sufividecthem withankemadtiiahebthiegrusstieh that the i nput

controller can begin its request cycle. he i nput controller generates
r eques?Stﬁ@@kﬁeﬂmmhhﬂQ@eofpﬁCP]@fénqq?Q}? gepacket @%Paﬁ“rfrﬁé’cl%at the system uses

o Gener 2t eyand-RL05est, EIALRRL R A0 B RRORRAANTS ST 21 e v o no
R T e
exanmpl gwitichyshied &dals® ovbGappaf, wfth?ﬁ@kﬁtretfe}ﬁ;ﬁl&l sd peeiigved by the line
card at time TA. The input controller generates request packet 240 that is
hand! egetfpriké byotherlile eardteoeiunciign witethsenputicar@lleburimg this tine
A S0 dami NG ETARE bl LAY PRRGH RO RENG TS0t GURTRE G ot the | ne
card. | aRRLT AN Lther PAEOMTSALIARES 60RO HRRSMinS AR AL E BUIESL S for Tts

port address 204 and QOS information. A new packet arrives at time T4 at

the line card. At time Ty the line card has received and processed sufficient

packet information such that the input controller can begin its request cycle.

The input controller generates request packet 240. Time period Trg 610 is

the time that the system uses to generate and process requests, and to receive

and answer at the winning input controller. Time period Tpc 620 is the

amount of time that the data switch 130 uses to transmit a packet from its

input port 116 to output port 118. In one embodiment, Tpc is a longer

period than Tre.

In the example illustrated in FIG. 6A, a packet K 602 is received by

the line card at time T,. The input controller generates request packet 240

that is handled by the control system during time period Trq. During this

fime period a previously arriving packet J 620 moves through the data

switch. Also during time period Trq, another packet L 622 is arriving at the

line card. Importantly, because a request processor sees all requests for its

output port and accepts no more than could cause congestion, the data switch
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out put port and accepts no nore than could cause congestion, the data
switch 76 WO 03/013061 PCT/ US02/ 23411 is never overloaded or congested.

| nput corwoa@Bloeost are provided with necessary and suffici @ea/usat/zamat i on to
determ ne what to do next with packets in its buffers. Packets that nust
be discarded are equitably chosen based on all relevant information in
their header. Request switch 104, answer switch 108, and data swtch 130
are scal able, wormholing MLML interconnects of the types taught in

| nventions #1, #2 and #3. Accordingly, requests are processed in

over | app@gvenetaradgdiar comesstpdc kaputopnirolerigre psovketdvath scal abl e, gl obal

trol_of th t . t | er f d,l t hat it
(ot o paSRERSTY BB EiF oG Sy LTEIh HTROGE U 3y CoRT BB S a timing |
d ¥ 8 3 ‘ , mng
erhod M e B e e R Bt ™ ol P g

li st refRe8 chQlnveibemnethioriasof3n tidir héwicdl Raxaest stvitckheo4,nput control | er,
| C 150, has received sufficient information from the line card to

const r usiswar swipohdt08p and elnt2<0itcITh30 arpadal adat wolrhkolingdyLNve ot her

packets in its input buffer and nay select ope or nore of.-themas its top
priori tli}terf@éftl@é’rfssﬁ)#@@ﬁﬁp%tﬁulg@t ¥1{1ﬁ“§’len'9@&%%§i£7p%‘5<#?- SYCCORARIY s into the

request_swi tch at tinme . TRmar i_not cycle. After
i e Trcaf sirobe e el Ephaf raFR R niole SRR T o o
there vaghiRafdchBbie, QO QMRS lof Fdsysherh 38 §d PR SousPp & f8FmbAe first
round requests Is réjected, the input” controller ~inmediately prepares
second iprd @ehier thetpersiitpdshehaskén od nsvevihyodgr systese withautsitand (or third)
request sub-cycle. 2. Request switch 104 receives the first bits of the
request pacldG. 4B i atiming dizgransdatshaweinpaekedeted thastapsrafet request
processor 1sgec(_ﬁfi ed in A figlg. 204 of tlhe re%uest. . )
overfapped processing of an embodiment that also supports multiple, request
sub-cycles. The following list refers to numbered lines 630 of the diagram:
1. The input controller, IC 150, has received sufficient information from
the line card to construct a request packet 240. The input controller
may have other packets in its input buffer and may select one or more
of them as its top priority requests. Sending the first request packet or
packets into the request switch at time Ty marks the beginning of the
request cycle. After time Ty, if there is at least one more packet in its
buffer for which there was no first round request and in case one or
more of the first round requests is rejected, the input controller
immediately prepares second priority request packets (not shown) for
use in a second (or third) request sub-cycle.
2. Request switch 104 receives the first bits of the request packet at time
Tr, and sends the packet to the target request processor specified in
OPA field 204 of the request.
3. In this example, the request processor receives up to three requests

that arrive serially starting at time Ts.
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3. In this exanple, the request processor receives up to three requests
that arrive serially starting at tinmeT3. 77 WO 03/013061 PCT/ US02/ 23411 4.
When t he wbios@ioequest has arrived at tinme T4, the requestPCprusoBsBor ranks
the requests based on priority information in the packets, and may sel ect
one or nore requests to accept. Each request packet contains the address
of the requesting input controller. The address of the requesting input
controller is used as the target address of the answer packet. 5. Answer
switch 108 transmts using the | PA address to send the acceptance packets

to the i nﬁpt\é}g‘%@ﬂt’tﬁ@tﬂiﬂr \ Egﬂgasta!?'ﬁv[a&%ﬁﬁiﬁslggaer ﬁeé@ﬁ‘g&%g at roller

recei ves acc ance noti cation at tine end ta packet

associ at ed wahRs tieereguetpbaseeeopabgty Infbambtien imtideaaskefscAndt the start of
the next data cycle 640.' Data packets f om the input controllers enter

t he data swirhghselect oneeormPorerequietsitequesnt. prach eegmst gacleatat es rej ection
answer packets 250 and, ,6 sends_ themthrough the answer swi.tch to.the input

con'f(rol lers C@Hﬁlﬁﬁth@c?f@r?%j %G?Q‘éﬁ@%tl PUigCOn{ER Tt @e@id@é‘?isrl I ect idolr;
biher re; ectlorepinnt b SRRONE Pyl e Wiber LRLOAR, | Ve by ne

i nput contrQlkefer 3hctdtme T8. This marks the conpletion of the request
cycle, or the first sub-cycle in enbodiments enploying nultiple request
sub-cycl e§. AnsvRegueisth D) trandiills skaupt the dP At dddeesERoapdd élngls at tine Ts for
duration TRQ In an enbodi nent that sup orts‘reciuest sub-cycl es, request
cycle 610 iasceptasieiprekgts © the tapret ¢anialles prakaye fhe rerHestsecond sub-cycl e

612 begips ot Lime T8 after all of the byt controllers have been
sends the data packet associated with the acceptance packet into the
data switch at the start of the next data cycle 640. Data packets from
the input controllers enter the data switch at time Tp.

7. The request processor generates rejection answer packets 250 and
sends them through the answer switch to the input controllers making
the rejected requests.

8. ‘When the first rejection packet is generated, it is sent into the answer
switch 108 followed by other rejection packets. The final rejection
packet is received by the input controller at time Ts. This marks the
completion of the request cycle, or the first sub-cycle in embodiments
employing multiple request sub-cycles.

9. Request cycle 160 starts at time Ty and ends at time Ts for duration
Trq. In an embodiment that supports request sub-cycles, request cycle
610 is considered to be the first sub-cycle. The second sub-cycle 612
begins at time Tg after all of the input controllers have been informed
of the accepted and rejected requests. During the time between T3 and
Ts, an input controller with packets for which there was no request on

the first cycle, builds request packets for the second sub-cycle. These
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of the accepted and rejected requests. During the tine between T3 and T8,
an input controller with packets for which there was no request on the
first cycwe,03bwobds request packets for the second sub-cyeceusitizaer 78 WO
03/ 013061 PCT/ US02/ 23411 requests are sent at tinme T8. Wien nore than one
sub-cycle is used, the data packets are sent into the data switch at the
conpletion of the Ilast sub-cycle (not shown). This overl apped processing
nmet hod advant ageously permts the control systemto keep pace with the
data switch. This overl apped processing nethod advantageously permts the
control systrequésis keeperpac@merd . hWiiee meateathanionesubiyCle B@Qsesl,a ti m ng

di agram of an enbodi nent of a control system that supports a speci al

mul ticast pribe&est pecksjrpe senhintp e dapomitbnt thegeiptdion ektifest s are not

permtted at, non-mul ti cast %)normal) request cycles, RC 610. An input
control |l er tlﬁéltsuﬂ?ég’cae&%%tk% "y multicast waits until the multicast

request cyclfyis WRHafps phdteSaf phdifiod 8V ENhoco e BEsthiI MUl L i cast

requests do no reques nt'ageously i ncreasing

the |i keddthslogstdmato &kbp baconith thodht SbitdeThingvellapséd Wi | | be avail abl e.
The ratio of normal to nmulticast cycles and their timng are dynamcally

cont r ol predekging mecthpd adveptageastopetmts the Gnisid systen toi lkdepgpakeagr am of  an
enbodi mang of a control system that supports tinme-slot reservation
schedul VHY tBe §atsswdcli th” FI Gs. 3A, 3B and 3C. This enbodi nent expl oits

number of s adGEnvs aad Bt ApRaT of AH St imeBhRS S SBRE L o &t
Bnsver e BB B et Sy e, Tore
660. Afinatti¢dseransser arenot perhited, attroa-plitiedst (norofal) request

cycles, RC 610. An input controller that has a packet for multicast waits

until the multicast request cycle, MCRC 650, to send its request.

Accordingly, multicast requests do not compete with normal requests,

advantageously increasing the likelihood that all targets ports of the

multicast will be available. The ratio of normal to multicast cycles and their

timing are dynamically controlled by the system processor 140.

FIG. 6D is a timing diagram of an embodiment of a control system

that supports time-slot reservation scheduling discussed with FIGs. 3A, 3B

and 3C. This embodiment e;cploits the fact that, on average, a data packet 1s

subdivided into a significant number of segments and only one request is

made for all segments of a packet. A single time-slot reservation request

packet 310 is sent and answer packet 320 is received during one time-slot

request cycle, TSRC 660. After the answer is received, the plurality of

segments are sent during shorter, time-slot data cycles, TSDC 662, at the

rate of one segment per TSDC cycle. In an example, assume that the

average data packet is broken into 10 segmerits. This means that for every

10 segments sent into the data switch, the system has to perform only one
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segnents are sent during shorter, tine-slot data cycles, TSDC 662, at the
rate of one segnent per TSDC cycle. In an exanple, assune that the average
dat a packwD B®13spken into 10 segnents. This neans that f®@CcTawer/y34110
segnents sent into the data switch, the systemhas to performonly one 79
WO 03/ 013061 PCT/ US02/ 23411 TSRC cycle. Thus, request cycle 660 could be
10 times | onger than the data cycle 662, and control system 120 could still
handl e all incomng traffic. In practice, a ratio |l ess than the average

shoul d be used to _accommodate _situations where fn in ut’mgor receives a
bur st OTSEGGJWI%aEk’é%%Q‘F@y\ERClSAﬁOI\@uﬁﬁE SRR IQERF AR HBonent s i n

Cont r ol°ela VL. Sl sosen 1) Sol s BRI, 1 BRECRlnellnftie MEpr £ P
Referring.fo Elrﬁoqe%’%ﬂaﬂt%ﬁe a@elceLEQ%Koﬁﬁ%ﬁlse&%@@cc&lﬁﬁﬁﬁﬁt@at a bits nmove in

bucket -*brigade tashion through these conponents. |In a preferred enbodi nent
of the giliopyiniehe balnpe pat rdedtdsaitsursinel dwiepadidest only 10%to 20% of
t hese conponents have a packet transiting through themat a given tineg;
t he remai nder are enpty. But even when there is no packet present (all
zeros) the shift registers consune power. In a power- saving enbodi nent the

clock signal _is appropriately turned off when no packet is present. In a
first dB%s\NEBvEdg{)/sIcN@’r&C MlIESck driving a given cell is tuned off as
soon as the cell determ nes that no packet has entered it, This

det er m nat i dinctatestvomtymponeniglie td ﬁﬁ%ywléch tabrig et esriadbntrol cel | . At

L?iﬁeé‘iééns@%ég?ékeat{ﬂ#sé%%%e%&%qéé‘ s ode R rar RO BB Sonas o
Fl.E ' : i il
enror s i B Bl R R AEL B S B TR R P A B on &1 o

causes data bits move in bucket-brigade fashion through these components.

In a preferred embodiment of the MLML switch fabric, simulations indicate
that only 10% to 20% of these components have a packet transiting through
them at a given time; the remainder are empty. But even when there is no
packet present (all zeros) the shift registers consume power. In a power-
saving embodiment the clock signal is appropriately turned off when no
packet is present.

In a first power-saving scheme, the clock driving a given cell is turned
off as soon as the cell determines that no packet has entered it. This
determination takes only a single clock cycle for a given control cell. At the
next packet arrival time 1302 the clock is turned on again, and the process
repeats. In a second power-saving scheme, the cell that sends a packet to the
FIFO on its row determines whether or not a packet will enter the FIFO.
Accordingly, this cell turns the FIFO’s clock on or off. |

If no cell in an entire control array 810 is receiving a packet, then no
packets can enter any cell or FIFO to the right of the control array on the

same level. In a third power-saving scheme, when no cell in a control array
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If no cell in an entire control array 810 is receiving a packet, then no
packets can enter any cell or FIFOto the right of the control array on the
sanme | eveWoO oBfo1aet hi rd power-savi ng schene, when no cell PoTASODE4ID| array
80 WD 03/013061 PCT/ US02/ 23411 sends a packet to its right, the clocks are
turned off for all cells and FIFGs on the sanme level to the right of this
control array. CONFI GURABLE QUTPUT CONNECTI ONS The traffic rate at an

out put port can vary over time, and sonme output ports can experience a

hi gher rate than others. FIG 7 is a di aar%f thﬁ bOh}%%' evel of an
MM daerdssapedetse itsaehtyihe degkgifre tned wahior sHseHs andddtids @Rowi ng how
configurabl e connect.i ons, are.made .t hysi cal output ports 118. A node 710
at theﬂl‘f’oﬁfﬂgﬁﬁ?@z?tﬂ%ﬁng]ﬂteoﬁwsc%qqugsao settable connection 702 to an

out put port 118 of the switch chip. Node A on row address O connects by
means i p ; B, C and D are on row 1,
704 anﬁdﬂﬁd@ﬁé%&gﬁpﬁfmﬁrg@“‘i&qw@g\?scm ums,' nodes B, C and D
connect to ree different g‘g%/sica{ outg‘?t orts 7%6. Sim|!larly, output
addr esses 5 8Rd8e4¢R oL BRNMRULROTE Gl S RNC! Hor &0 SRS PR v, out put

addres 5 L. I . dt a ! ata switch
out put %%%ﬁaﬁﬁi&l%%@ﬂ??%&nﬁ%ﬁ? g%értggﬁgﬂ%g gég'rzgﬁ% :d%arg} %1];11 %p%?ﬂr ality of

out put HBEHHS 1dRRbF aRMLFAN Aett®EtdtoAthealPe hugbnishifeaioagrikect i on. At the
data switch, output ports connected to one trunk are treated as a single
addr esandéi3 $Hoveikg lofw acidi gesble, coanineetions aee dadatosphyseal Mithiiér ent trunks

can have different nunbers of output port connections. FIG 8 is a diagram
of thePositid®. Aapdes/18ratshe %Emmd]&ﬁ"ﬁl %ﬁﬁhﬁ’éWIE’m“taﬁ@ Steﬁfﬁ@ﬁ;t aught | nventions

p2 and ERntfn 707% BRSRFR ol Pb bPRRRR ol NId0A A ARRe TS configured
address 0 connects by means of link 702 to one output port 118; nodes B, C
and D are on row 1, 704 and have the same output address. At three
columns, nodes B, C and D connect to three different physical output ports
706. Similarly, output addresses 5 and 6 each connect to two output ports.
Accordingly, output addresses 1, 5 and 6 have higher bandwidth capacity at

the data switch output.

TRUNKING

Trunking refers to the aggregation of a plurality of output ports that
are connected to a common downstream connection. At the data switch,
output ports connected to one trunk are treated as a single address, or block
of addresses, within the data switch. Different trunks can have different
numbers of output port connections. FIG. 8 is a diagram of the bottom
levels of an MLML data switch of the type taught Inventions #2 and #3 that
has been modified to support trunking. A node is configured by a special
message sent by the system processor 140 so that it either reads or ignores

header address bits. A node 802, indicated by “x”, ignores packet header
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message sent by the system processor 140 so that it either reads or ignores
header address bits. A node 802, indicated by "x", ignores packet header 81
WO 03/ 013W613P0GD61JS02/ 23411 bits (address bits) and rout @STiuse2/patcket down
to the next level. Nodes at the sanme |evel that reach the same trunk are

shown inside a dashed box 804. In the illustration, output addresses o, 1,
2 and 3 connect to the sane trunk, TRO 806. A data packet sent to any of
t hese addresses will exit the data switch at any of the four output ports

118 o TR ALl gt IRl ot i ess © 1. 2
o oAdig1eve (BBt B sl il BrPndyin i dEOBGR Sox goalihy 1 kel y to

be use r egar SS O t"s address: 0, 1, 2 or 3. is property

advant g@eOustritiSR0AItHesa@itesdet of 1] 2 abliBédrthentifo theaam@angc, the plurality
of out put connections 118. Si mfarly, packets sent to address 6 or 7 are

sent oUROt$AMkATRAa pasketRARNoLEY FATeaNadiRs sds Ol ISREEDeIdaa AND MORE  PORTS

When segnentation and reassenbly (SAR) .is utjlized, the dat ackets sent
t hr oughivitple a&m@ﬁ%fﬂ%%@é@}%ﬁ@@fiﬁ -t*‘lhléfﬁ’nﬁl?ﬂy Stﬁ%?@két@a.tgl n one

nbodi f..th A d:4 0 - ; i i m
Schemsbaaes i PEmFRURRS O b2 bRy Sl B iR o E R e B 01 10
gi ve peRELE EAR TRO. @:tétié?ifcahg,ea}lﬁg&ﬁﬁﬁ’é 501118 JFaskal TRO 99% sent to their

target  output controller. T ut controller nmakes a single request that

i ndi cag@smlholkelyaoybesegderdgardiess ofhehacketipbédrespdcKel orBhe request
processor uses this information in ranking requests; when a nulti-segnent

reguesfhmobéﬁﬁ acb’ﬁafﬁgiédl,lsh’ﬁﬁw)é]@ﬁﬁe@ﬁ t’{ﬁrf@ﬁ 1gd63é§1'%h7étan&‘lgmgw any )
subseqyent. request unti such t}] at, S nt ave been sent. The
i nput ﬂ@rHIPBﬁ&X&f,tO‘%tﬂ%t COEGERRS Lﬁt Sﬁ?ﬁ@g&u@sﬁgﬁ%&i?ﬁ@/@?s& d the answer
sw tchydesi-L Al 1aaIaTR 6 808.

PARALLELIZATION FOR HIGH-SPEED I/O AND MORE
PORTS

When segmentation and reassembly (SAR) is utilized, the data
packets sent through the switch contain segments rather than full packets. In
one embodiment of the system illustrated in FIG. 1A employing the timing
scheme illustrated in FIG. 6D, the request processors can, at one time, give
permission for all of the segments of a packet to be sent to their target output
controller. The input controller makes a single request that indicates how
many segments are in the complete packet. The request processor uses this
informatidn’ in ranking requests; when a multi-segment request has been
granted, the request processor does not allow any subsequent request until
such time that all segments have been sent. The input controllers, the
request switch, request processors, and the answer switch desirably have a
reduced workload. In such an embodiment the data switch is kept busy

while the request processor is relatively idle. In this embodiment, request
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reduced workl oad. In such an enbodi nent the data swtch is kept busy while
the request processor is relatively idle. In this enbodi nent, request 82 WO
03/ 01306IWB@3hUBHL/ 23411 cycle 660 can be of |onger duratrcerusohzaidat a
(segnment) switch cycle 662, advantageously relaxing design and timng
constraints for the control system 120. In another enbodi nent the rate
through the data switch is increased w thout increasing the capacity of

t he request processor. This can be achieved by having a single controller

120 managi ng the data going into nultiple data switches, as illustrated by
the swidyche 660 cawberodllosgetdm900 tieh ddth Gegienthswiteh eptlediGint of this
design, in a given tine period, each of the input controllers 990 is

capabl eado}ranmguﬁg 1&%@@&@@8% apddmNige COREraateior 4y eesel SysitRe stack. of
data s ches 930. In another enbodi nent the input controller can decide

to sen ‘fferent segrrents of the same packet to each of the data
switches, oy, ah?fh%? eﬂ hPt}é% t%? 2 ok ﬁbﬁﬁ?ﬁfc‘?éa ckets to the
data switches n other e od| men at®a given |rre step, different

segnmentwithbutjRereasiy MaCkphciay @fﬁwqﬁ@t@réé@mﬂtm@t@nw tches In yet
anot her enbodi nent, one segnent is sent to the entire stack of data

swi t cheshidveddiv hapanglal shgleasnirohler 126¢1 mnragm@@e;ﬂa@m goingf intdome for the
rtional to

segnent to. .waqrmhol e throu ata sw t nmount
t he nurPéBWP %fia@\ﬁ"fléﬂleéhﬁﬁagmsﬁ afqz,igbgﬁmg@pgv 1tqhpar @n@ Sy ﬁ@nﬁggﬁ@% all ows for
a plur d st. controller
® B! U MOt pARRURIAL SIS A0l RS TRRBSRC g teR)r comtroll
desi gngpetd gﬁmrc%ﬁﬂ%ﬂferscm [obd b1ecep§e%ﬁfg &p a&!;éartéleaaw @a{e @htar equest
switches 1 and a plural er of answer”™ sw tches . I'n yet other
desi gnswitdhes én dicestackol ﬂa‘@l sazvlmltdsé)?aOof[nraﬁqﬂmtenﬂmdmﬁlnerhean@m mul tiple
nunber of answer switches as well as a nulti %)

controller can decide to send different segments of the same packet to each

of the data switches, or it can decide to send segments from different packets

to the data switches. In other embodiments, at a given time step, different

segments of the same packet are sent to different data switches. In yet

another embodiment, one segment is sent to the entire stack of data switches

in bit-parallel fashion, reducing the amount of time for the segment to

wormhole through the data switch by an amount proportional to the number

of switch chips in the stack.

In FIG. 9, the design allows for a plural number of data switches that

are managed by request controller 120 with a single request switch and a

single answer switch. In other designs, the request controller contains a

plural number of request switches 104 and a plural number of answer

switches 108. In yet other designs, there are a multiple number of request

switches and a multiple number of answer switches as well as a multiple

number of data switches. In the last case, the number of data switches could

be equal to the number of request control units or the number of request
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nunber of data switches. In the |ast case, the nunber of data sw tches
could be equal to the nunber of request control units or the nunber of
request 380WBIOBL013061 PCT/ US02/ 23411 processors coul d becarishme34gr eat er
than or | ess than the nunber of data switches. In the general case, there
are P request processors that handle only inulticast requests, Q data
switches for handling only nulticast packets, R request processors for
handl i ng direct requests, and S data switches for handling direct
addressed data switching. A way to advantageously enplqy nmultiple copies of
r equest PEFEETITE S0 DG & ‘»@e@aéﬁh%@fulégﬁtﬂﬂ@wtl%ﬁwa@@ép@éa@ata on J lines
wth ogg g% e arriving fromeach of the.J input controller processors. In
this enbd nt, one of the duties of the input processors is to even out

t he | dt i il
e | 0ad 10 [iNBerRAaSLoRAItERGS: PTRBLSHELSPEORAISALT: g  Sim I ar

S
schene in sending data to'the Referring to F I D, a system

pr ocessmultlcdlt requestsf Qudatedwhitrhseficr hatalliagtanlpndiltiesgipsekeiat ® from the line
cards, the input processors, and the request processors, and to
comuni Igatesiprogessetefon dlandeng dérecomeqiedts, aid S ideta sygelss fosuch as an

adm ni stration.an nagenment system Data switch /O ports 142 and 144,
and coﬁf?‘ HW%%H@E?S%%@@%W%@&H& 148, are reserved for use by the
system proce T, pved fromthe
ot pr ocedsory SRR, ARt R UaRel B R kY PO
nanagengnb 1ys teabh @éc%de@ﬁsﬁkfit@l@ At v®afta ANO1iHE mﬁ%@mﬁ@aﬁi\mgr equests of
the gl obal nmanagenent system The al gorithns and nethods that the request
pr ocessivom emh efthadkeptheintrakripgbosssorsainbkiskkassotiioreny onabfe | ookup

procedure, or o si npl e ranki ng of requests by a single-value priority
field. thssdéﬁleé@r}'tﬁ@ BN PTOGLSEOISHS kP CHPh Olh e\lp%‘i%ﬁheﬂﬁéu@%ﬁst em the

switches. The request processors use a similar scheme in sendirg data to the
data switch.

Referring to FIG. 1D, a system processor 140 is configured to send
data to and receive data from the line cards, the input processors, and the
request pfocessors, and to communicate with external devices outside of the
system, such as an administration and management system. Data switch I/O
ports 142 and 144, and control system I/O ports, 146 and 148, are reserved
for use by the system processor. The system processor can use the data
received from the input processors and from the request processors to inform
a global management system of local conditions, and to respond to the
requests of the global management system. The algorithms and methods
that the request processors use to make their decisions can be based on a
table lookup procedure, or on a simple ranking of requests by a single-value
priority field. Based on information from within and without the system, the
system processor can alter the algorithm used by the request processors, for
example by altering their lookup tables. An IC WRITE message (not

shown) is sent on path 142 into the data switch to an output controller 110
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system processor can alter the algorithmused by the request processors,
for exanple by altering their | ookup tables. An I C WRI TE nessage (not
shown) i sweenb1dnl path 142 into the data switch to an out patr/usenmtyel | er 110
84 WD 03/013061 PCT/US02/23411 that transmts over path 152 to the
associated i nput controller 150. Simlarly, an | C READ nessage i s sent to
an input controller, which responds by sending its reply through the data
switch to the port address 144 of the system processor. An RP WRI TE

nmessag t shown) is t nd...nkoermatj on equest processor on
pat h lig_gﬂ@%sdnﬁﬁgl’ %3%@2@5%%‘%%ES%%?&XWO&QRB%gg_ ‘age is simlarly
used t"SihﬂiﬁW,%ﬂ@@REﬁ(ﬁE%@s%& e B REEES O inpMt oAt BEBASYHiER reply through
answer swtchi'108 to the syst%m processor on path 148. FIG 10A

i || ust ragmends oy séeiing 08Geplyetheonst thardutdewitde go de wirt agdwesklddi sm i s
achieved. Multiple copies of the entire switch, 100 or 900, including its
cont r olof¢he sgsternpratessors viin &P, WRId Himsgsags (Rotishesn) i6 usediet ruct | ar ger
syst ens. ac? of the copies is referred %o a. |l ayer 1004, .{@ﬁre can be
any nurBEf TBIOTAERGo 4 FPOBRE RiRECHPRERPatkl A6 Png 16F TeRES SWiKEh and
control s ' -0 . . | ayer may be a
| ar ge olp@c‘éﬁ%mf%bergg?%ggﬁgﬁg@p@ ntsf%‘c}sdt@)olin %@Z@%ﬁ?@ﬁ SQ board, or a

layer mRYcERB8iwhichfseAds YEEEHlyl tArdilsh ddeler s@ﬁtc@fwmt@ythe@g&%mlt i's

convenient in what follows to think of a |ayer as consisting of a system on

a boarpgocdssot bhpatlagd48a snmal | system can consist of only one board (one

| ayer) whereas Iargﬁr systens consist of nultiple boards._ For the sinplest
il

| ayer, as ddfCetldb ilhugtrates a pystem $000 wherervet apassAestes Bn a | ayer m
foll Omﬁaral%]lean & gchsl\é\”;/é&.hl\}l%sl'ﬁple co%?gs SPRRRS S \émwgt%ﬂ, o0 900,
including its control system and data switch, are used as modules to
construct larger systems. Each of the copies is referred to as a layer 1004;
there can be any number of layers. In one embodiment, K copies of the
switch and control system 100 are used to construct a large system. A layer
may be a large optical system, a layer may consist of a system on a board, or
a layer may consist of a system in one rack, or of many racks. Itis
convenient in what follows to think of a layer as consisting of a system on a
board. In this way, a small system can consist of only one board (one layer)
whereas larger systems consist of multiple boards.
For the simplest layer, as depicted in FIG. 1A, a list of the
components on a layer m follows:
e One data switch DS,
e One request switch RS,
¢ One request processor, RCp,
e One answer switch AS,

e Jrequest processors, RPom, RPim, ... RPrim
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One request processor, RC ,, One answer switch AS,,, J request

processors, RPO,,,,, RP1 m ... RPf_i,m 85 WO 03/013061 PCT/ US02/ 23411
J input cwotwolicers, |Co,r, I1G,,,,, ... I1G_i,,,, J outpar/usonryoel | ers,
oCo,,,,, OC,r, ... OC _I'mA systemw th the above conponents on each of K

| ayers has the followng "parts count:" K data swi tches, K request
switches, K answer switches, J-K input controllers, J-K output controllers
and J-K request. processors. In one enbodinent, there are J line cards LCo,

LCL, ... LGk, i i ng~card 02 sending data to every layer. In
this emod%%lP?%‘ﬁ%gr?lfﬁgﬁ a4y CII_”Q’, "ffe(g’dé“ the input controllers IC,,, o,

1C .1, .. e .Jdifeput dontholldrB® GO, exaxn! e Were an external input line 1020
o 2 p| st d ( J-1.13

carries wave diVvision multipleXed (D) ~ opt'lcal data with K channels, the

data can be Aleystbin withxhed abode compentied onigach o€ketlyieonhgs iegnal s by
optical-to-electronic (QE) units. Each line card receives K electronic
si gnal sfollowiagopaids cewniod £ Switehes larequestswiichesnKecandweres 1022 into

each |ine card me of the data input lines 126 are nore heavily | oaded
t han oter@rt‘g?eSi J]Kgl%@éﬁt CPRIG ?léni'g? uf %‘&H,r&f%%akdgi@h%ﬂ‘%e“ entering a |ine
card fr&@cgssgkven i nput line can advant ageously be placed on different

| ayers.”'I'n a dgl'ti on to denultiplexing the incom ng data, line cards 1002

can re-mul tifplbas ehitsodiHeae] ferdatd. inthisddBIY, DTl ver ept ivwah-t o- el ectronic
conversion for the incom ng data and el ectronic-to-optical conversion for

t he outeggohimedard 10ARIsendinghiata emeresy [preoc és dlus snReNimenRADE line. . . RPN, xa

receive requests. to send packets_to the line card LCN. I n one enbodi nent

i |l ust r%giér{eﬁﬂﬁhe ipppt comepliers dCno Leammuni Katiodnise: sigarplehe | ayer s.

There A Reils ainn&%mal input line 1020 carries wave division multiplexed (WDM)
optical data with K channels, the data can be demultiplexed and converted
into electronic signals by optical-to-electronic (O/E) units. Each line card
receives K electronic signals. In another embodiment, there are K electronic
lines 1022 into each line card. Some of the data input lines 126 are more
heavily loaded than others. In order to balance the load, the K signals
entering a line card from a given input line can advantageously be placed on
different layers. In addition to demultiplexing the incoming data, line cards
1002 can re-multiplex the outgoing data. This may involve optical-to-
electronic conversion for the incoming data and electronic-to-optical
conversion for the outgoing data.

All of the request processors RPyo, RPn1, ... RPyx.1 receive requests
to send packets to \the line card LCy. In one embodiment illustrated in FIG.
10A, there is no cdrmnunication betweé1i the layers. There are K input
controllers and K output controllers corresponding to a given line card.
Thus, each line card sends data to K input controllers and receives data from
K output controllers. Each line card has a designated set of input ports

corresponding to a given output controller. This design makes the
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controllers and K output controllers corresponding to a given line card.
Thus, each line card sends data to K input controllers and receives data
from K owopawimentrollers. Each line card has a desi gnat @dTgasp2/2d411 nput
ports corresponding to a given output controller. This design nmakes the 86
WO 03/013061 PCT/ US02/ 23411 reassenbly of segnents as easy as in the
earlier case where there is only one layer. In the enbodinment of FIG 10B
there are also JK input controllers, but only J output controllers. Each
line card 1012 feeds K input controllers 1020, one on each layer 1016. In

cont r askafRntB1$ ofl@Amehhedseedsy a9ith YhoB&lict caAR Wi thgedsicalodna t h each
out put controller 1014. This configuration results in the pooling of all

of the layéput buffers. In enbodi ment 1010, in order to give the best
answers to the requests it is advantageous for_there to be a sharing of

i nf or mat i on Indbewarbodimentsoft REGr BB dbere o 69 JKsIDPHAEORBILRTS, the flow of
ks, ToRonIYHen B o o et imenic CRpRER: R Sl B hare ' "
i nf | ' f o 1d LON. It

e g N R

out put 18 rAndseribRUtwiERBLEP bl ut EBhdollbNYENL. | Phisitdntiesedti®es a hi gh data

rate concentrator with the propérty that given the data rates guaranteed by
t he reqesslits o hegseding, oftdibo L iromrtpuabwiferss e eegedineyt BEl@yvier al | entering
data to their output connections. These MM concentra%ors are the nost

sui t ablardentn givertoe besl ansasss fa Hicireduesthd 1p alpayasetustine thevcont rators i s

(2,2 2580 2Pl e By B BB SRS AL R, o o1 e
over s Byl thcplyd aieimie et ad BN higcpresence of
achi evesommivgi®itions links 1030, the request processors RPy g, RPn 1, - .. RPN

share information concerning the status of the buffers in line card LCy. It

may be advantageous to place a concentrator 1040 between each data switch

output 1018 and output controller 1014. Invention #4 describes a high data

rate concentrator with the property that given the data rates guaranteed by

the request processors, the concentrators successfully deliver all entering

data to their output connections. These MLML concentrators are tﬁe most

suitable choice for this application. The purpose of the concentrators 1s to

allow a data switch at a given layer to continue to deliver an excessive

amount of data to the concentrator provided that data from other layers are

light during that period. Therefore in the presence of unbalanced loads and

- bursty traffic, the integrated system of K layers can achieve a higher

bandwidth than K unconnected layers. This increased data flow is made

possible by the request processor’s knowledge of all of the traffic entering

each of the concentrators. A disadvantage of such a system is that more

buffering and processing is required to reassemble the packet segments, and

there are J communication links 1030.
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bandw dt h than K unconnected | ayers. This increased data flow is nmade
possi bl e by the request processor's |alowl edge of all of the traffic

ent eri ng weasi1bl t he concentrators. A di sadvantage of su®kTAIS8YsHemM i S
that nore buffering and processing is required to reassenbl e the packet
segnents, and there are J communication |inks 1030. 87 WD 03/013061
PCT/ US02/ 23411 TW STED CUBE EMBODI MENT The basic system consisting of a
data switch and a switch rmanagenent systemis depicted in FIG 1A
Variants to increase the_ bandwidth of the systemw thout increasing the

nunber oW IS DadU&B it paM BADIMENETi | 1 ustrated in FIGs. 9, 10A and 10B.
The purpose of the present section is to show how to increase the nunber
of input pofhs tansit Dustemtcopsistisg ofhidata switch eadesudiah i ncreasi ng the total
bandw dt h. The technique_is based_ _on the concept of ,tw? "tw sted cubes" in
t andemmanageasd chsteubts depigted i FEG. dA. MW RI2RYR 1 dRCTEAHT 6s. A syst em t hat

cont ol M LS 0 CONGSILILONR ABEATRRIRTLE A G 020,
is il rb%ﬂsf&'gqllﬁﬁrﬁzﬁsjn 6, &/fd&%g%@ﬁ "Pﬁg})giiptcﬁbtdf%e te@eht oni ¢ or

optica 'S convenient to describe the roni c system here. The

basi ¢ Ruifsth Notodesk hetv Buabreasstistrambe dfinpMpdrisaid eltphibipoits of the type
taught Inventions #2 and #3 that has N rows and L colums on each |evel.
On t he wini¢ simuléansouslyemereasmenhe dofe] bandwidth. Abasechpéquaisipased each row on

e oneel Lol LOeL, AL o ou . BOGL MIET 2 M 50l Geegler than L
S o A LR, VPR S L el of N ches
The twoGHbeSaRELas BOMPohEN i§ Hédcribdd Tbedtior#4z Abliffusubgoe offa= 4.

small version of a twisted cube system is illustrated in FIG. 11A. System

1100 can be either electronic or optical; it is convenient to describe the

electronic system here. The basic building block of such a system is an

MLML switch fabric of the type taught Inventions #2 and #3 that has N

rows and L. columns on each level. On the bottom level there are N rows,

with L nodes per row. On each row on the lowest level there are M output

ports, where M is not greater than L. Such a switch network has N input

ports and NeM output ports. A stack of N switches 1102 is referred to as a

cube; the following stack of N switches 1104 is another cube, twisted 90

degrees with respect to the first cube.

The two cubes are shown in a flat layout in FIG. 11A, where N = 4.

A system consisting of 2N such switching blocks and 2N concentrator

blocks has N? input ports and N’ output addresses. The illustrative small

network shown in FIG. 11A has eight switch fabrics 1102 and 1104, each

with 4 inputs and output addresses. Thus, the entire system 1100 forms a

network with 16 inputs and 16 outputs. Packets enter an input port of the
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A system consi sting of 2N such sw tching bl ocks and 2N concentrator bl ocks
has N2 input ports and N2 output addresses. The illustrative small network
shown i n WD@®3/013081 has ei ght switch fabrics 1102 and 1104, peaaiso2/ed4th 4

i nputs and out put addresses. Thus, the entire system 1100 forns a network
with 16 inputs and 16 outputs. Packets enter an input port of the 88 WO
03/ 013061 PCT/US02/23411 switches 1102 that fix the first two bits of the
target output. The packets then enters M.M. concentrator 1110 that snoothes
out the traffic from12 output ports of the first stack to match the 4

i nput  pawitchesflloehanfikche st the bisecdIhd tslt@cbutp%\ttl Tafe gadeketmcket s entering
a given concentrator have the sane N 2 nps @%nlfl cant address bits, two

bits i nth@hlﬁglt@iéﬂpl\/ﬂz C%@Iﬁtﬁt%bbl%fhatﬁlﬁﬂéoﬁtﬂﬁ tlhetratac frored 2f eed a | ar ger
nb f | t | | t f

ol at 1 vaipUbadls bF e dlack 103806 ¢ BBt SR Se TR VB 5 a but e

that al ée%\%ﬁé%’cﬂ:&ﬁ ATE g?ftlflé %aél&t??rﬁ@ﬁﬁé%%{/él? 51‘156?&1&1?(515!?%0[ he s3Wd ches to the

second sta 0ose o cen rator 0 even out the

traffi oNjyDhpst-b nhﬂﬂ@&ﬁtsad@festshﬁtssﬁﬁ@fﬁﬁswtlllﬁéxgﬁb& STh¢ phfsose ot her set  of
concentrators 1I12 is al so | ocat ed between the Second set of switches 1104

and t hethbicoakentettooy i tomfeq:ﬂmlqmgﬁr sumBev efrelétavely lightlydogded dimesf t he type
illustrated FIG 11A.i sed fo the s m)dul es of a system 100 shown
in F|camrmasmé1ﬁénarréver relagiy dlgeaa'ﬂm%ci nHRG eI Bt rol | ers 12U.

TAin nse BEur o bulfi SiBertal blsRLRRTRIS RS Eﬁ%n o BB oone "there
are N2 £eguestio RROSESI Sadlbal thﬁﬂrlﬁﬁ'gm the cbh@eﬂ\@at%i/ A Qmpi put ports.

The request processors can either cede or follow the second set of

concentgwtthe sraffld thtoRh&inphitB oif e sédoati@st ofditarsgatchyst dmoti&Osdthat uses
tw sted-cube switch fabrics for request switch nodule 1154 and answer
swi t ch ofoiuicentrat®es L h12 evalsstloernd botweasn the sgcond set of switches

1104 and the final network output ports.

Given that a large switch of the type illustrated FIG. 11A is used for
the switch modules of a system 100 shown in FIG. 1A, there are two
methods of implementing request controllers 120. The first method is to use
the twisted cube network architecture of FIG. 11A in place of the switches
RS 104 and AS 108. In this embodiment there are N” request processors that
correspond to the N? system output ports. The request processors can either
precede or follow the second set of concentrators 1112. FIG. 11B illustrates
a large system 1150 that uses twisted-cube switch fabrics for request switch
module 1154 and answer switch module 1158 in request controller 1152,
and for data switch 1160. This system demonstrates the scalability of the
interconnect control system and switch system taught here. Where N is the
number of I/O ports of one switch component, 1102 and 1104, of a cube,
there are N” total I/O ports for the twisted-cube system 1100.

Referring to FIGs. 1A, 11A and 11B in an illustrative example, a

single chip contains four independent 64-port switch embodiments. Each
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and for data-switch 1160. This system denonstrates the scalability of the

i nterconnect control systemand switch systemtaught here. Wiere Nis the
nunber ofwb/o®@op@st s of one switch conponent, 1102 and 1102CTafSoz23aube,
there are N2 total I/O ports for the tw sted-cube system 1100. Referring to
FIGs. 1A, 11A and 11B in an illustrative exanple, a single chip contains
four independent 64-port switch enbodi nents. Each 89 WD 03/013061

PCT/ US02/ 23411 swi tch enbodi nent uses 64 input pins and 192 (3.63) output
pins, for a total of 256 pins per switch. Thus, the four-switch chip has
1024 ( 4w2ish)cnBodipiens used b inpiutiping arwb b2 63 #63) ghtiut pives, fonertotdnnect i ons. A
cube is formed froma stack of 16 chips,_ altogether containing 64 (4.16)

i ndepend@at pivk ber switclohdbus, the Sowr-awidclh chipshashl (g @Gﬁé@:ﬁ@:) i s connected

to a simlar cuhe; and so, 32 _chips are needed per tw sted-cupe set. Al 32
chi ps. RIES: DHRGHENAG! PO AIEEE! BRC RN GPELGHI N oA CH7% 5 OTBERY d. The

hree. doinAeicle o i eaEs: ffoadthereqitBinii QAR IQindUeriogEY™ 00 Aol e
ports. ym s{x/i{a‘heﬁ.o'i‘ & G40k O IWhgﬂr%Rg)’ﬁé eHbOYislcbAfe@ad 45 akPrimpport a

smal | er "nuiiber o i gh-" speed tran sion Ilnes. Assunme each electronic

|/ O copgBsl itso 332hanthre hdddedper Rtieedatute wanaddrimathipe arat e of 300

Megabi ts per second. Therefore, 512 OC-48 optical fiber connections

oper at ipnefeaablg MoGiigdivintassipgle ménted dircidoasd e Tharesubiesapdtlea 1:8 ratio
to interface with the 4,096 el ectroni W st ed- cube system

1150. ek &4e6hser 4800y EDP s YrEeh Sg%ﬁﬂgﬂé}fgéﬁ‘éo}%ﬁgﬁt % 1.23 Terabits
e S RaRR L, FISET S5, oBE R S e, 3 o Toek! oo
henc S8R, A1 By OIS bobpgn s semegter Lo L aror,
desi gn spBEd eaAkmKLien linggeAsayns each wiettronic /O connection, 132 and

134, operates at a conservative rate of 300 Megabits per second. Therefore,

512 OC-48 optical fiber connections operating at 2.4 Gigabits per second

each are multiplexed at a 1:8 ratio to interface with the 4,096 electronic

connections of twisted-cube system 1150. This conservatively designed

switch system provides 1.23 Terabits per second of cross-sectional

bandwidth. Simulations of the switch modules show that they easily operate

at a continuous 80% to 90% rate while handling bursty traffic, a figure that

is considerably superior to large, prior art, packet-switching systems. One

familiar with the art can easily design and configure larger systems with

faster speeds and greater capacities.

A second method of managing a system that has a twisted cube for a
switch fabric adds another level of request processors 1182 between the first
column of switches 1102 and the first column of concentrators 1110. This

embodiment, control system 1180, is illustrated in FIG. 11C. There is one

request processor, MP 1182, corresponding to each of the concentrators
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faster speeds and greater capacities. A second nethod of managing a system
that has a twisted cube for a switch fabric adds another |evel of request
processorwOob3®p3obet ween the first columm of sw tches 110Pcantor/bsaifir st
coluinn of concentrators 1110. This enbodi nent, control system 1180, is
illustrated in FIG 11C. There is one request processor, M 1182,
corresponding to each of the concentrators 90 WO 03/013061 PCT/ US02/ 23411
bet ween the data switches. These m ddl e request processors are denoted by
MPo, MPI, J 1. One role of the concentrators is to serve as a buffer.

... MP
The st PatvEepp e ddfeswilghee phewanykllerqaesbpiosessorharccmOad Pot or buf f er
1110 f1.0Mi Ng. A nber_of input control dal
nunber M0 MBSt sy iR oS B SRR bR B e b BTy acor's 1110,
t hat C%%%%E@g‘g%fﬁg%fhd?é?%@%s&%ﬁé f&alé’e%g tﬁggoﬂé’%nttﬁ%tért fréng{gaquests woul d

arrive at the Second set of request processors. e purpose of the

m ddl e frop 00eE®rhgl WBcdse aseledri ofehyutdigialbrasqar 4 lpge of the requests.
The m ddl e request processors 1182 can make their decisions wthout

know edymbef of hequestsatouowfthrdughbarfef afrthe impiddireconaeptataspddddl | ers. They
only need to consider the total E{gﬁd&d dt.h frﬁnaéipe m ddl e reﬁgest

pr oces &t $OEEHFRIORPARIdDecOmc YT IoRCEH $14 16 Al dlp AFRIE B MORIbM the ni ddl e
concen 0 e Wit : e i in the
cecond BRT Bk FebOL AR B AR OB RO s R RN o T

requeshr et 19821488 1eciNely Msealia RirPieaTTahe SONRKAC Bhd AEd@lel Ori ty of the
requests and di scards those”™ that woul d have been di scarded by the request
pr ocessapeshpdcebeys 1482 caanhakd hetrhizsmsipuowihsat knowleNek BRSIGTH ROUTI NG
FIG 12A is a diagramof a node of a type used in the MLM. interconnects

di scl ostetis of thedusterain thy Mip pemdrdlerby They enbireed tRegasitizp the

total bandwidth from the middle request processors to the middle
concentrators 1110; the bandwidth from the middle concentrators to the
second request switch 1104; the bandwidth in the second switch 1104; and
the bandwidth from the second switch to the request processor 1186. The
middle processor considers the priority of the requests and discards those
that would have been discarded by the request processors had they been sent

to those processors.

SINGLE-LENGTH ROUTING
FIG. 12A is a diagram of a node of a type used in the MLML

interconnects disclosed in the patents incorporated by reference. Node 1220
has two horizontal paths 1224 and 1226, and two vertical paths 1202 and
120, for packets. The node includes two control cells, R and S 1222, and a
2x2 crossbar switch 1218 that permits either control cell to use either
downward path, 1202 or 1204. As taught in Inventions #2 and #3, a packet
arriving at cell R from above on 1202 is always immediately routed to the

right on path 1226; a packet arriving at cell S from above on 1204 is always
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has two horizontal paths 1224 and 1226, and two vertical paths 1202 and
120, for packets. The node includes two control cells, Rand S 1222, and a
2x2 crosswaropwiobrh 1218 that permits either control cell PCo/ussm2mit her
downward path, 1202 or 1204. As taught in Inventions #2 and #3, a packet
arriving at cell R from above on 1202 is always imediately routed to the
right on path 1226; a packet arriving at cell S from above on 1204 is

al wvays 91 WO 03/013061 PCT/ US02/23411 imedi ately routed to the right on

path 1224. A packet arriving at cell fromthe left is royted downward on
a pat hlmﬁ%ﬁdl%té%’e’éoqt?g t9 thegighton pat t]aﬁéet},; pgg;ketiagnngtatﬁ:gglh i s not

i1 abl et .1 t gy : 6; ket
e ol REERES P aFIRYR) DRUYS TRy ST B0ke D Pokberl 0] o Packe
it cl o3€hat Balllig ofb98llablOkhd fzaaél&%tis PRt dysirufR@tioal@tioBbba Pethi s al ways.
routed to the right on path 1224. If a downward pathis available and if

cel I s 1BR26nd pecleacirihmpeataeflas Kiemm thealefiiandstet alovaevardain padalh t hen only
one cell is allowed to use that downward path._In this exanple, cell Ris
t he hi ghesrtakesrit elasey s karga ogef that paidris apbrvailable ifds alWaydownwar d pat h;
cell S is thereby. | ocked nds its packet to.the ri.ght gn path 1224.
Each cé‘P‘Fthliﬁélﬁ?j%/lS? Oﬁ?éﬁb@ﬂofﬁa gﬂ%W%&Bﬁrﬁlﬁ@?’%ﬁ © f}q%ﬁgﬁﬁut put to the
right. oNot esthat, fh\ﬁ’t}@ 0 nackst $at frahts & erthggr}gath,sth'eﬁ oﬂ?fon& %quel | cannot
accept "a packet from eﬁoove. a control signal (runnimng parallel to paths

1202 apfokz@4o wRethaivwnwhel sah! Inypwaxeminle, @R s tie ldghegher | evel . By
this neans, a packet from above that would cause a collision is always

pr evenpeibrity onil entleretnfrst cbeide. to usepbe tawniwprd aath; saldets ther¢bsi ng at a node
of ten AP ATHB B D 0bRkE TERAPDE 1 45 algeh coUeRAsbhy el mi nat i ng
1, 1ol by Y B o Ao R Ry S HRPEAL RN anom o1 or

its path to the right is in use, the cell cannot accept a packet from above: a

control signal (running parallel to paths 1202 and 1204, not shown) is sent

upward to a cell at a higher level. By this means, a packet from above that

would cause a collision is always prevented from entering a cell.

Importantly, any packet arriving at a node from the left always has an exit

path available to it to the right and often an exit available downward toward

its target, desirably eliminating the need for any buffering at a node and

supporting wormhole transmission of traffic through the MLML switch

fabric.

FIG. 13A is a timing diagram for node 1220 illustrated in FIG. 12A.
The node is supplied with a clock 1300 and a set-logic signal 1302. Global
| clock 1300 is used to step packet bits through internal shift registers (not

shown) in cells, one bit per clock period. Each node contains a logic

element 1206 that decides which direction arriving packet(s) are sent.

Header bits of packets arriving at the ﬁode, and control-signal information

from lower-level cells, are examined by logic 1206 at set-logic time 1302.
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FIG 13Ais a timng diagramfor node 1220 illustrated in FIG 12A. The
node is supplied wwth a clock 1300 and a set-logic signal 1302. d obal

cl ock 130w0ios/oummed to step packet bits through internal sirCTtUSOBea4st ers
(not shown) in cells, one bit per clock period. Each node contains a |ogic
el ement 1206 that decides which direction arriving packet(s) are sent.
Header bits of packets arriving at the node, and control-signal information
fromlower-level cells, are exam ned by logic 1206 at set-logic tinme 1302.

92 WD 03/ 013061 PCT/.US02/23411 . The, | ogic th i des (1) t t
any. paCkeLCEIacHErCeT (Do s 1 e Sigaeckel e EELf Oy L 15157 ana (9
t . t.l Ll ot | i | f th

packet e KB oDl L e e 1302t s

pr ocesg ok gefsoRpe e uratida cfahe paskdtthransihthirosgicthetnode. sytsthem that is the
subject "of this invention is well suited to handle | ong packets at the

sane thewt saslsgionime 48602¢ns progesplisrepentsd. of packets of different |engths
SUpbor Lo t 16 faakich Wik s ASHOREH Gt SR GHPECkO P al [ty of packet
i s Susgeantph ¢ Rredt SuiisboRTRRAE Tohe TASEITEE BhOinRAE JRRPSEIO Y (2 S0
node. | e A o e e T o each sor passing.

t hr ougiheiitt waf tEoub2Bin ¢hbsdinwreoia dualewit2iOhatisubperss fys BeadeQ t hat

desirably supports a plurality of packet |engt ﬂs, égur | engths in this
exanpl An dabbdineesitithaizapparts agduwnlity; of packetdaegtha and §0FS RBF i zont al  pat hs,

L, oL e RO S R PRIy AL R, Lot e
ﬂgﬁgt L&@ﬁ@rﬁ%ﬁ@%& DRttcAEs b Yol 53334 iherdaPbaftag keicreof  medi um

each set handles a different length packet. Each node in the data switch has

at least one path from each set passing through it.

FIG. 12B illustrates a node 1240 with cells P and Q that desirably

supports a plurality of packet lengths, four lengths in this example. Each

cell 1242 and 1244 in node 1240 has four horizontal paths, which are

transmission paths for packets of four different lengths. Path 1258 is for the

longest packet or for a semi-permanent connection, path 1256 is for packets

that are long, path 1254 is for packets of medium length, and path 1252 18

used for the shortest length. FIG. 13B is a timing diagram for node 1240.

There is a separate set-logic timing signal for each of the four paths: set-

logic signal 1310 pertains to short-length packets on path 1252; signal 1312

pertains to medium-length packets on path 1254; signal 1314 pertains to

long packets on path 1256; and signal 1316 pertains to semi-permanent

connections on path 1258. It is important that a connection for a longer-

length packet should be set up in the node before shorter lengths. This gives

longer length packets a greater likelihood of using downward paths 1202 and
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used for the shortest length. FIG 13Bis a timng diagramfor node 1240.
There is a separate set-logic timng signal for each of the four paths:

set- | ogiwOoaBgmabl 1310 pertains to short-|ength packets omCpaish2/1R50;

signal 1312 pertains to nediumlength packets on path 1254; signal 1314
pertains to |ong packets on path 1256; and signal 1316 pertains to

sem - permanent connections on path 1258. It is inportant that a connection
for a longer- length packet should be set up in the node before shorter

l engths. This, gives |onger.|length packets. reater |ikelihood of using
dommr@oﬂaﬁl}ﬁs%ﬁ@gr‘%\ﬁ’éﬂtg‘@ thﬁsﬁ%}cgﬁgéeﬂ W%i‘?a} FB80 91181204 and therefore
exitin he i t,C 1l ker i I fof LCl

PR O A A e Sy L

whi ch i 1140kHion% RAAKAE Packets) 53408 R dACKeRAT Aok @fniier semi - per manent
signal 1316. Simlarly, 'Signal’ 1312 for nmediumlength packets is issued

one cl gekmpeeniosghalt ¥316. afinidandy,tsigred A8 2doyneidiuBiength pasketsdisone  cl ock
period after that. Cell P 1242 can have zero, one .two, three, or four

packet sssrederiengjoek pevind letereand dwrt preketsignah1HH] isdssdebona 254, 1256 and
1258, respect i.v(gl . % all packets arriving fromthe left, zero or one of
t hem cdACHEPERA aﬁ(g rd. Also at the same time, it can have zero or one

ket ter f . 24 - i to th i ght
packet ent ey %?Pilggg]\,%?ﬁ}aé&e%&o 12821 U LY b %ﬁ&e%ﬁte@ﬁ%% 0 the rig

for that pac As ah  €xanple, assune cel as three

packet syrRNigEIREMithe Teft ba Paghs 1252, 9284 1256 an@d268) regpettvel pn@fpacket .
Assune the nedi um packet is being sent down (the short and |ong packets

are beiaibpawkets awivihg fram g lefCaaeeouens pi/thenhean he denirdeiavwesdi - per manent

paths to the right are unused. Thus, cell P, can accept ejther a nmedium or
seni - pehlrarié e pamg SIMe.1hRTABBVRZER o1 B8 Pagket elgﬁlﬂﬁ%%%%ébﬁf’e &%short or

vero { o 2BuPUbEEREHE o B P B oy B DAy gl satie can have

example, assume cell P has three packets entering from the left: a short, a
medium, and a long packet. Assume the medium packet is being sent down
(the short and long packets are being sent to the right). Consequently, the
medium and semi-permanent paths to the right are unused. Thus, cell P can
accept either a medium or semi-permanent packet from above on 1202, but
cannot accept a short or long packet from above. Similarly, cell Q 1244 in
the same node can have zero to four packets arriving from the left, and zero
or one from above on path 1204. In another example, cell Q 1244 receives
four packets from the left, and the short-length packet on path 12:52 is routed
downward on path 1202 or 1204, depending on the setting of crossbar 1218.
Consequently, the short-length exit path to the right is available. Therefore
cell Q allows a short packet (only) to be send down to it on péth 1204. This
packet is immediately routed to the right on path 1254. If the cell above did
not have a short packet wanting to come down, then no packet is allowed
down. Accordingly, the portion of the switch using path 1258 forms long-

term input-to-output connections, another portion using paths 1256 carry
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or one from above on path 1204. In another exanple, cell Q 1244 receives
four packets fromthe left, and the short-1ength packet on path 1252 is
routed owamar®eéon path 1202 or 1204, dependi ng on the sectiusg2/ad41cr ossbar
1218. Consequently, the short-length exit path to the right is avail able.
Therefore cell Qallows a short packet (only) to be send down to it on
path 1204. This packet is immediately routed to the right on path 1254. |If
the cell above did not have a short packet wanting to come down, then no

packet 1b1§1% %Jat:ﬁé@dsuc%% SORIOT diang, Yattshe Atk olne TPt kewd &ed usi ng path

1258 f l'ong-" term i nput -t o-out put connecti 6ns, anot her ort| on usi ng

pat hs Jl?cﬁérmrffam%aﬂ@p@ﬂismdmﬁ aB#tdividuehd THd such as a
SONET frane, paths 1254 carry long I P packets aqd Et her net franes, and

pat hs 1o&zicehpats d30Rwimdsl 204 Garey Dackeds ofemy leBEMs. Vertical paths 1202 and
1204 carry packets of any Iength MULTI PLE- LENGTH PACKET SWTCH FIG 14 is

a circuit diagramof a t upporting the sinmultaneous
transmiMdibhl [T:)falcEN ggﬁté\(ﬂékm and connections show ng
nodes in two colums and two |levels of the MLM. interconnect fabric. The
nodes are ofFIGxd%lyp&l&hnmagmmloéamBOﬂ\@rﬁa§WléﬁdﬂpﬁN@Pplm thel e packet

1939 AU TR OL A EE R ST nglh T 30{11'?%5%@%:%0%53? o
hor i |_.path |
oput - AEowBRa0Res BE3% SAuh e b6 BB oLEBIERL st etS 3 S th
cel | D.raMeE! GRIndems B?e 4282 @pd shéfh 1ﬁ€FIC¢61f2IB/ velhihen b@ﬂ‘tgt h of

transm ssion. Two packets have arrived at cell L fromthe left. A long
packet mhRiple packatdsndths sonlgrid/a kngﬁutaedsmmasm@mfypﬂimh 1202. A short

ot he IInFghETGIOR 1434 Rohionie 161y Dagkead SoBsme GURC RGPt he node.

contai 11atgeach has two horizontal paths, 1434 and 1436, through them. Cell C
1432 has a single input from above 1202 and shares both paths below, 1202
and 1204, v&;ith cell D. Vertical paths 1202 and 1204 can carry either length
of transmission. Two packets have arrived at cell L from the left. A long
packet, LP1, arrives first and is routed downward on path 1202. A short
packet, SP1, arrives later and also wants to use path 1202; it is routed to the
right. Cell L allows a long packet to come down from the node containing
cells C and D, but cannot allow a short packet because short path to the 1'ighf
1434 is in use. Cell C receives a long packet, LP2, that wants to move down
to cell L; cell L permits it to come, and cell C sends LP2 down path 1204 to
cell L, which always routes it to the right. Cell D receives a short packet,
SP2, that also wants to go down path 1204 to cell L, but D cannot send it
down because path 1204 is in use by the long packet, LP2. Furthermore,
even if there were no long packet from C to L, cell D cannot send its short
packet down because cell L has blocked the sending of a short packet from

above.
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cells C and D, but cannot allow a short packet because short path to the
right 1434 is in use. Cell Creceives a |long packet, LP2, that wants to
nove dowwotod/oemwbl L; cell L permits it to come, and cel | PCTA®S02is34LP2 down
path 1204 to cell L, which always routes it to the right. Cell D receives
a short packet, SP2, that also wants to go down path 1204 to cell L, but D
cannot send it down because path 1204 is in use by the | ong packet, LP2.
Furthernore, even if there were no |long packet fromCto L, cell D cannot
send its ort down because cell L has bl ocked the sending of a
shor t @diﬁ B@&i&ﬁﬁﬁo e. 95 WD 03/013061 PCT/ US02/ 23411 CHI P BOUNDRY I n
systens such as the ones illustrated in Figs. 1A _1D_1E _and 1F it s
possi bl e t olipystems Snglﬁrﬁ%thQﬁHQSH@uW%f@éﬁil&gi%éﬁ’erh% Bk adlEgte chip. For

le int ill din Fig. 1E the | |1 | Cs
nd ol RleP IR et oh ey o ctugbmentn 8Ll BB he output
t I i t1w kL h& f
Chat | EoT 6XESTe SoTr o fd B P o FIE A SO RBRE P Rpb e TS T Pl Tora

for 1ing4q cedpslscddtidlldeasd YauATMiResweednitiodd wid Hebhgneant than the input
controllers that receive Internet protocol nessages or Ethernet franes. The

| Cs andoRP6IESs @RI anaphtes Toghuflfa isspaedfic tythe typaol aressepemon to al | of
t he system protocols. In one enbodi me(éwpt all or a‘hc;)l yrf\I i %g gf t he
f ol | owklars 18 e aesrized Aivm He inasad- o Hes hegnpubsiprolers £OF BhGest and data

switch /DS); .th swer switc AS). ; 0gi.G.In the 1Cs that is
comon c%@%gﬁﬁg s {Vc?cglr@/,? IMeS2Es r]ﬁ%}% %8 fS& g 1<waetnlQ @%}ﬁxpép}é@t
controllers that receive Internet protocol messages or Ethernet frames. The

1Cs and RP/OCs and also contain buffers and logic that are comimon to all of

the system protocols.

In one embodiment, all or a plurality of the following components can

be placed on a single chip:

the request and data switch (RS/DS);

the answer switch (AS);
e the logic in the ICs that is common to all protocols;
e aportion of the IC buffers;
e the logic on the OC/RPs that are common to all protocols;
e aportion of the OC/RP buffers;

A given switch may be on a chip by itself or it may lie on several
chips or it may consist of a large number of optical components. The input
ports to the switch may be physical pins on a chip, they may be at optical —
electrical interfaces, or they may merely be interconnects between modules

on a single chip.
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the logic on the OCJRPs that are common to all protocols; a portion of
the OC/ RP buffers; A given swtch may be on a chip by itself or it may lie
on sever awoO oshidpsi or it rmay consist of a | arge nunber of @priusat/23411
conmponents. The input ports to the switch may be physical pins on a chip,
they may be at optical - electrical interfaces, or they may nerely be

i nterconnects between nodules on a single chip. 96 WO 03/013061

PCT/ US02/ 23411 H GH DATA RATE EMBODI MENT I n nany ways, physical

i npl enent at.i ons, .of riped. in.this patent are pin limted.

Consi ddﬁié}éy@ﬁﬁoaﬁwgmﬁ@hl n the previous section. This wll
be illustrated by discussing a specific 512 X 512 exanple. Suppose in this
exanpl e t haln frewypuest, phiysicel enpiealentasiging afsysiears dasgribad n ghiss ar e

requi red per data,.si.gnal, on.and off the chip. Therefaore total of 2048
bins amBIEaHR PRHITHSEaGYPH AR ARYST AN 2B I SCURSFOTR S PTOVRHA t i on. 512

pi ns ?rsgﬁtﬁ&ﬂ“*rltﬁr gﬂlf’bé"ﬂl t?it@@%&r%}%ﬁ?ﬂ}lg%gsgggfﬁ Sszhﬁ%’éizf@ﬁget‘? go”i on of

the input con ers.  Suppose; c ‘exanpl e,

differ eaﬁ?gake |10 gii§ ex AnPlPHat 1GRIpowRE IYEFBRRHEELRIE Isufearangiaeand (Mops). Then
a one-ch system can be used as a 512 X 512 switch with each differential
pi n- paipinch@naguired paniag sgnd26n Mpeff the cinpt Rberedorspditotehtoft he singl e
chip can be used as  a 256 X 256 switch with each chanpel at _1.25 gigabits
per secdAd nichpEn) requinerdp canyi the datarpn greotithe whup slnsyddigmad 12 5 Gps: 64

%4 2 SR Rt AaPbi oA s B el oo
can b 50 SHRRIUE, SEbRale hplyetnt (O, QRIS IO for et
ei t her pi@peir cafiecarit 625 alepddits pesvicoall (Vb Mhea ak2-%hipkZstemit ch with the
different internal |1/0s used to _ o _

can be used as a 512 X 512 switch with each differential pin-pair channel

running at 625 Mbps. In another embodiment the single chip can be used as

a 256 X 256 switch with each channel at 1.25 gigabits per second (Gbps).

Other choices include 125 X 125 switch at 2.5 Gbps; 64 X 64 at 5 Gbps or

32 X 32 at 10 Gbps. In case a chip with an increased data rate and fewer

channels is used, multiple segments of a given message can be fed into the

chip at a given time. Or segments from different messages arriving at the

same input port can be fed into the chip. In either case, the internal data

switch is still a 512 X 512 switch with the different internal I/Os used to

keep the various segments in order. Another option includes the master-

slave option of patent #2. In yet another option, internal, single line data

carrying lines can be replaced by a wider bus. The bus design is an easy

generalization and that modification can be made by one skilled in the art.

In order to build systems with the higher data rates, systems such as

illustrated in Fig. 10A and Fig. 10B can be employed. For example a 64 X

64 port system with each line carrying 10 Gbps can be built with two
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keep the various segnents in order. Another option includes the master-

sl ave option of patent #2. In yet another option, internal, single |ine
data carwgion@idobhes can be replaced by a wi der bus. The Pag/usex2ym i s an
easy generalization and that nodification can be made by one skilled in
the art. In order to build systens with the higher data rates, systens such
as illustrated in Fig. 10A and Fig. 10B can be enpl oyed. For exanple a 64
X 64 port systemwi th each line carrying 10 Gops can be built with two 97

Syt om W BEER PRNG1ag Yt 16 Bbey SR Bt R nsad T T ohi ng

system t 8 chips and
2 X S B e R 2 L ml ogi e wi ¢ h

f ewer mgmlmm hGhps agquitsy ahq;ssrzaﬁb&lmi 30 s;&tcﬁnﬁapso Bpspin pair. In
cases ere the /O runs faster than the chip logic, the internal swtches
on t he reditige d&rchipsve nore rows on the top level than there are pin pairs

on the chip. IC SYSTEM REPAI R Su e one of the,enbadi ments
descri bed ||Qtﬁﬁ1e Qiosiss Wil feyer pins gﬁg%WW%tSBFﬁ@%PB§ Qare required

to bu 'ﬁ%ﬁb}sﬁy&@?ﬂhgﬁf Tl fAbRCIO Bl A0 AR hip 1B each of the

system™ to a the mw th
aut omathg 11ﬁt@ﬁ?dl lswif¥hds Gﬁltﬁé cﬁﬂiﬁcm&%ﬁdre roWiese ti¥ t@@llét‘relatflﬁn' abel ed Co,
C1, CN. In normal node chips Co, Cl, ... , OCN.1 are used. A given

rressagehm@ etreqnlmpauponrthech@grrents Each of the segnents of a given
nmessage is given an identifier |abel. Wien the segnents are collected, the
identifier |abels are co_rTIpar ed. If one of the segnments is mssing, or has

an i ncAUel® MdentCrSaSTadl RERAIRone of the chips is defective and the

defective chip can be identified. In the automatic repair
Suppose one of the embodiments described in the previous system is

used and N system chips are required to build the system. As illustrated in
Fig. 10A and Fig. 10B, each of the system chips is connected to all of the
line cards. In a system with automatic repair, N+1 chips are employed.
These N chips are labeled Cy, Cy, ... , Cy. Innormal mode chips Cq, Cy, ...,
Cy.p are used. A given message is broken up into segments. Each of the
segments of a given message is given an identifier label. When the
segments are collected, the identifier labels are compared. If one of the
segments is missing, or has an incorrect identifier label, then one of the chips
is defective and the defective chip can be identified. In the automatic repair
system, the data path to each chip Cx can be switched to Cy+;. In this way if

chip J is found to be defective by an improper identifier label, then that chip

can be automatically switched out of the system.

SYSTEM INPUT-OUTPUT

Chips that receive a large number of lower data rate signals and

produce a small number of higher data rate signals, as well as chips that
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system the data path to each chip CK can be switched to CA<+1 . In this

way if chip J is found to be defective by an inproper identifier |abel,

t hen t hatwolp1306an be automatically swi tched out of the P¢IESM28YSTEM

| NPUT- QUTPUT Chi ps that receive a | arge nunber of |ower data rate signals
and produce a small nunber of higher data rate signals, as well as chips
that 98 WD 03/013061 PCT/ US02/ 23411 receive a small nunber of high data
rate signals and produce a Iarge nunber of high data rate signals are

commerci al ]y avai | abl Thgs & ps are congcent rat ors byt sinply data
expand.rﬁgewp ar BB PHEIOEOE Pl atagaf@rﬁy&r} Séﬂ‘iifalso gl ab&?dn@na 'chi ps are

conmer ci ai_l.abl e o conne S jfferential
logic t ?ng%é& ag%ts gg&s%%;p ‘e’f‘%@y%ﬂgﬁ%ﬁ Tﬂgsjslegoilg? é% ire 32

differ AR Ok rt, the system
requir i&fgﬁ%ﬁé@% EuPé1ﬂ§plﬁ§%%cél)§§aﬁ1§)1(ﬂg %ltr:%e%?gﬁn#grgr glﬁ 1 Iy ng<L31{£\}3311|DIEJ)(6)1bI e l.ine card;
and onehlifs.- 167/ £Xd thibphipsarenohneerdiaby gmﬂatbﬁmtd%é’olﬁlectamyenmatl ng mux is
not used and the 16 signals feed 16 |asers to produce a 10 Gobs VDM

si gnal .usTie 62§ dvibps dﬁfergnmaidaglostoﬂ&:ﬁbps oglicalsystemsx B 16fiupiyy control | ed
t ket t t t full] .10.Gb | 16

cust omSaFaE ReayLs dadlimstiabigiClid ASsodlr e SRS ER BROOugE o voul d-

h t Tb

ave a Co[;gfcﬁ%%?ﬁ%h{;{}glh I%gpﬂlé“l‘éﬂ ‘?{ o%né% %@{ ?u*%‘r toﬁe'@ ﬁuﬁ&% (Tbps) .

Anot herP gy afl or t e con ction of a
128 X Ja%f%ﬂwetme 64dp a8d he TCr-URP/OQ @11}52115 affbSr BedigR o, 32T he 128 i nput
ports would require 256 input pins and 256 output pins. Four such chips
coul d enesettating honpmsaot Gs@bpsad pac ke signals i lsges éopradiecd ar egoi ng

di scl osure and_description of the jnventionis _ill usgbag(l g?zand exenpl ary

t her eofl0 GR@SWEPMSiSid. Aigraferaradiaoday s tegaology, a
fully controlled smart packet switch system running at a full 10 Gbps would

»—-»(

require 16 custom switch system chips, and 512 I/O chip sets. Sucha
system would-have a cross sectional bandwidth of 5.12 terabits per second
(Tbps). N

Another currently available technology allows for the construction of
a 128 X 128 switch chip system running at 2.5 Gbps per port. The 128 input
ports would require 256 input pins and 256 output pins. Four such chips
could be used to form a 10 Gbps packet switching system.

~ The foregoing disclosure and description of the invention is

illustrative and exemplary thereof, and variations may be made within the
scope of the appended claims without departing from the spirit of the

invention.

99



scope of the appended clainms w thout departing fromthe spirit of the

i nvention. 99 WD 03/013061 PCT/US02/23411 W Caim 1. An interconnect
struct ur ewbasiomyent | east two input ports A and B, a pl uralritusy2/zds1out put
ports and a nessage MA at input port A wherein a decision to inject al

or part of message MA into the interconnect structure depends at least in
part on the arrival of one or nore nessages at input port B. 2. An

i nterconnect structure having a plurality of input ports including an

i nput port A and a plurality of output ports including an output port X
and al IWelClgémt of a nessage MA arriving at input port A, wherein a
decision to inject nessage MA into the interconnect structure is based at

least in pajt OnahQicc@SRRELAhaHrdhdHnS Ut Ridkt BAS Inpit pdrtsAD ah@t er connect
structure in accordance with Claim?2, farther including an input port B

and a MgsSsgeali oftoutppipornpoand Bovdseags MA beinpuogont Af whettepta port X bases
in part the decision_to inject nessage MA into the interconnect structure
on i nf deesiaroie Whetiralhespaigel nBssage inde dhe Briesermnestsi@ctii® i n accor dance
with Caim3, erein nessages. nd MB are targeted.for output port X
5. An idﬁP@}%o%mg%%t 1B HACR @1ﬁlvg/@g€9%%@1%ﬁz s %Srﬂqé”%ﬁé?@i n the tining
of thednjection of MA into the interconnect structure depends at |east in
part on'the arrival of one or nore nessages at input port B. 100 WO

03/ 013061 PCT/US02/23411 6. An interconnect structure S having a plurality

of input ports into the structure and a plurality of output ports fromthe
structure ahd a An interconnect structure having a plurality of input ports

including an input port A and a plurality of output ports including an output
port X and all or part of a message MA arriving at input port A, wherein a
decision to inject message MA into the interconnect structure is based at

least in part on logic associated with output port X.

3. An interconnect structure in accordance with Claim 2, further
including an input port B and a message MB at input port B wherein the
logic at output port X bases in part the decision to inject message MA into

the interconnect structure on information about message MB.

4. An interconnect structure in accordance with Claim 3, wherein

messages MA and MB are targeted for output port X.
5. An interconnect structure i accordance with Claim 3 wherein

the timing of the injection of MA into the interconnect structure depends at

least in part on the arrival of one or more messages at input port B.
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message MP at input port P targeted to an output port O of the interconnect
structure and neans for sending a request frominput port Pto a logic L
associ at edowsdiBoeut put port 0, said request asking for inpai/ysez/e3PLto send
nmessage MP to output port 0. 7. An interconnect structure conprising a
plurality of data input ports and a plurality of data output ports and
means for jointly nonitoring incomng data packets at nore than one of the
plurality of data input ports. 8. An interconnect structure in accordance
with Caim7, wherein said nonitoring nmeans_is_associated with one of said
plurality of.datAndpicpenneshpyctis Shaving apheebey elsnpit Boktsut port by data

ket i Vi t f id data i t ts; 9. A
"t er c MR SSUEGRE 4R & MURIES AT Tl HPBTUGREF 8 2 cach of said
I i ' i i th ith.
o an T B AR B B e B o e i “cai

I Nt er CQRNealre ahi YeddHsEor BEAAIHABS @qd_éét&icﬁﬂilﬁd@it,pcﬁtPQQladsgic_Sw tch and an
answer switch, where the request switch and the answer switch are anal ogs

of t he adsdcatedivith outilit pant Onsadaequest eslang dor tnpait partdt tosedathce with G aim
10, wherein said nonitoring neans includes said request switch and said
answer m¢iseaaMP i@euingt p9rid¥3061 PCT/ US02/ 23411 12. An i nter connect
structure in accordance with Caim 11, wherein said nonitoring neans
controls the flow of incom ng data packets fromsaid data input ports to

sai d data swi t chanWhREEONRY 8firlRde BdmDRkHg! MHRELORMSTdata SilCt Ure s

prevented. 13. An interconnect structure in accordance with C aim 12,
wher ei porsaind aphiralosy efdareanspulgorisendoness foo jsiatly mah@o=wet ch in
response to , ,

incoming data packets at more than one of the plurality of data input ports.

8. An interconnect structure in accordance with Claim 7, wherein
said monitoring means is associated with one of said plurality of data output
ports which is targeted as an output port by data packets arriving at one or

more of said data input ports.

9. An interconnect structure in accordance with Claim 8, wherein
each of said plurality of data output ports has monitoring means associated

therewith.

10. - An interconnect structure in accordance with Claim 9, wherein
said interconnect structure includes a data switch, a request switch and an
answer switch, where the request switch and the answer switch are analogs

of the data switch.

11.  An interconnect structure in accordance with Claim 10, wherein

said monitoring means includes said request switch and said answer switch.
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qual ity-of-service paraneters included within said incom ng data pockets.
14. An interconnect structure in accordance with Caim 13, wherein said
noni t or i NMyormamn®eéensures that partial incom ng data packePSTarse2/esver

di scarded, and only | ow quality-of-service data packets are di scarded
during severe overload conditions. 15. An interconnect structure in
accordance with C aim 14, wherein each data input port includes an input
card, said input card including neans for sending request data packets to
said request switch to request pernmission to transnmt data packets to a
target ed datld. oufmuintgsoennect strugiure it escosdametwidh Clatut &, Wheasdioor dance with
Gl aim15, wherein said ans ch i.ncl udes  neans. for qqr ant.i.ng

it
per m s$EShMOBIORNE MR CQt S tlﬂse\(l)\ﬁ?W pmingidata NeSkRES MY Wiy dat a

itch., 17 ' - | i yvel f d
packet dor i APl AR EER B R LR R T R R R o

i ncl Udisﬁglcnﬁeﬁg)gi-éivelﬁ%ed_ associ ated wi th output port Z which controls the
entry into interconnect structure N of data packets targeted to out put
port Z. 102 WD 03/013061 PCT/US02/23411 18. An interconnect structure in
accordance with Claim217, wherein |ogic Lz schedul es entry of a data packet
i nto intercdAnechnsinfereeniicst Nrpeleyin arcordancetvitly £lym d2piheesinassoci at ed

with output port. Z. 19, aﬁp i nt erconnect dé%{uct re in_accordance with Caim
17, wnerl omgriniggprais lunnachrelo vhd i FYeh Tttt icket into
| nt er C%[%ag%o?s@mw gtﬁran'}été’itéﬁﬁglug{gdRﬁ%ﬁ%@?&"hﬁhﬁﬁﬁ% dgta § into a buffer

associ ate h outp por n 1 nterconnect structure in accordance
with Claim1l7, wherein the logic Lz schedules the entry of a data packet
into interconnect structure N based on the bandw dth of a channel from
out put port 1Z  An interconnect structure in accordance with Claim 13, wherein

said monitoring means ensures that partial incoming data packets are never
discarded, and only low quality-of-service data packets are discarded during

severe overload conditions.

15.  Aninterconnect structure in accordance with Claim 14, wherein
each data input port includes an input card, said input card including means
for sending request data packets to said request switch to request permission

to transmit data packets to a targeted data output port.

16.  An interconnect structure in accordance with Claim 15, wherein
said answer switch includes means for granting permission to said input card

to transmit a data packet to said data switch.

17. Aninterconnect structure N which selectively transfers data
packets from a plurality of data input ports to a data output port Z, including
a logic Lz , associated with output port Z which controls the entry into

interconnect structure N of data packets targeted to output port Z.
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21. An interconnect structure in accordance with Claim 18, wherein a logic
Li associated with a data input port | requests perm ssion of the logic LZ
associ at edowsiBoout put port Z to send a data packet M fromcirnysor2ort |

t hrough interconnect structure N to output port Z. 22. An interconnect
structure in accordance with Caim2l1, wherein the logic Lz may accept or
reject the request to send data packet Mthrough interconnect structure N
to output port Z. 23. Al interconnect structure in accordance with Claim
22, wherein the logic Lz schedules the entry of data packet Minto

i nt er connectl&t r ot intercomnaet sructuse imaegereaece withdaimds, whessi13061

PCT/ US02/ 23411 . 24.. An | ntercpnnec tructure in accorda with Claim1l7,
wher ei nogi b Sehiles SR 8 hzpacker BYREH GCs RIS R eS8 r t of

i nt er connact truyct : I i with a targeted data out put
port of o %etset?@lgnoﬁgacw@?ﬂr\%%?glrake gﬂé%ggﬁ'ﬁégﬁggbr edetermned tine for entry
of predeterm ned nenbers of S to enter input port N 25. An interconnect
structure in accordance with C aim 24, wherein |logic associated with said
data input pért permitesnhbet segtueeceaSadatdeawithieaberld, sfheSeiant er

i nterconnect structure N at a tinme _determned by said |ogic associated

wi th sathe legicder echeglzies baepiy Qior data packeAdnioinereoppRE SBEFWIEt ure i n

accord e Wth i m,25 rein said_segre r at i S
acco rrplaﬁ(sj:f?égﬁ S tg@ %a&ﬂw%ﬁﬁm@keap%ﬁg%%?}“?ﬁ? %% S%c[%%tg f%l% 8ﬁgp¢[e novi ng t he
dat a i”g@rt i fferent sequence. 27. An interconnect structure S including a
pluralify of input ports to the interconnect structure and a plurality of
out put ports fromthe interconnect structure with P and Q being input ports
to the structure and neahs for jointly nonitoring the flow of nessages
into input 20. An interconnect structure in accordance with Claim 17, wherein

the logic Ly schedules the entry of a data packet into interconnect structure

N based on the bandwidth of a channel from output port Z.

21. An interconnect structure in accordance with Claim 18, wherein
a logic L associated with a data input port I requests permission of the logic
L associated with output port Z to send a data packet M from input port I

through interconnect structure N to output port Z.

22.  Aninterconnect structure in accordance with Claim 21, wherein
the logic Lz may accept or reject the request to send data packet M through

interconnect structure N to output port Z.
23.  An interconnect structure in accordance with Claim 22, wherein

the logic Lz schedules the entry of data packet M into interconnect structure

N at a time T in the future.
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ports P and Q 28. An interconnect structure in accordance with C aim 27
wherein |logic L associated with an output port O of interconnect structure
S noni t orwo oges®ages from both i nput ports P and Q t hat arPeTtsoyeised for
out put port 0. 104 WD 03/013061 PCT/ US02/ 23411 29. An interconnect
structure in accordance with Claim28 wherein the logic L grants

perm ssion for a nessage at input port P to enter the interconnect
structure. 30. An interconnect structure in accordance with C aim 28

wh [ the | ogic L deni i SSi f [ t . t Pt
enter the Bt or SBANESROTICPLEEUAILIC BRCORREPAL SHECHSEL | GOFBEI e 1n
q e o8 ! A . ! .
concer ArgUan s QLR T G ST B4 BB iR okt BT RIRB R Cormi ng
mssag%tﬁ@nﬁ&N%E&'Io%@%w@iét@d%iﬁ?ﬁtér@et@ﬁ‘ﬁ%ta gupREbsHUT to accept or deny
on T of a

perm ssi to enter the interconnéct structure S. 32. An

I Nt er copRecsnretf stelidtire N schedulds agpredgbmmiabd timeofor emint oports to the
i nterconnect structure and a plurality of output ports to the interconnect

st r uct predetadnincdesembersvd Sito amter Hpwt PPBMY. P of the interconnect
structure with nessage MP targeted to an output port O of the interconnect
structure and apparatus designed to send a request frominput port Pto

ogi e L assggl at g0 KL RCPUE 0K bl hot DS, EENRRI DbRIGEr _ | nbut

port Pto s ssage to ou n I nterconnect structure

I n a?¢96%@%§odﬁé€eﬁ WAtRIsBBZatwhiesaigort pdrendiesile deqoened § 8o that denyi ng
n

per m ssi for input port P to send nessage M through the interconnect
st r uct yhembersaftPettep duterddnnschetaeduratN btasimé detepaimedory bawdor mat i on about

message MP and inforpation about nessages at
logic associated with said targeted data output port.

26. An interconnect structure in accordance with Claim 25, wherein
said sequence permutation is accomplished by sequentially placing data into

a buffer and removing the data in a different sequence.

27.  An interconnect structure S including a plurality of input ports
to the interconnect structure and a plurality of output ports from

the illteréomlect structure with P and Q being input ports to the
structure and means for jointly monitoring the flow of messages into input

ports P and Q.

28. An interconnect structure in accordance with Claim 27 wherein
logic L associated with an output port O of interconnect structure S monitors

messages from both input ports P and Q that are targeted for output port O.
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105 WD 03/ 013061 PCT/ USO02/ 23411 input ports other than input port P wth
sai d nessages also targeted for output port 0. 34. An interconnect

st ruct ur ewprezacwoer dance with C aim 33 wherein a request RCrasspzd4ifrom
input port Pto logic L wwth said request asking perm ssion to send
message MP frominput port P to output port O through interconnect
structure S. 35. An interconnect structure in accordance with Caim 34
wherein the request is a data packet RP. 36. An interconnect structure in
accordance with Claim35 wherein data packet RP is sent frominput port P
to logic L 24 ouggh ihtetconaecngnictustinuctordans: with. Clanmi 2& whesemect structure
in accordance with Caim 32 wherein data packet RP is sent frominput port
P to | tgilogic Ligrentgipeamissimref@onmestagest ingutnost i igpater 28 1 rom

i nterconnect structure S. 38. An interconnect structure in accordance with
d ai m BigropRapel HTUGECa packet RP contains data. 39. An interconnect
structure in accordance with Caim 35 wherein data packet RP does not
contain data. i06 WO 03/013061 PCT/US02/ 23411 40. An interconnect structure

in accordangg wiAf iGeRidinde: MRKEIJIn RBbAINDE W POIS Zhdhetiut ports are
connected via a plurality of nodes and interconnect lines. 41. An

i nt er criegtic Btdani¢wperniission dor alarseagu athnpiiaont Roowméaréhe  each out put
port of the interconnect structure has logic L associated therewth.
mterconnect structure.

31. An interconnect structure in accordance with Claim 28 wherein,
the logic L examines information concerning 2 message MP at input port P
and information concerning a message MQ at input port Q in order to make
a decision to accept or deny permission for MP and MQ to enter the

interconnect structure S.

32.  An interconnect structure S including a plurality of input ports
to the interconnect structure and a plurality of output ports to the
interconnect structure and a message MP at an input port P of the
interconnect structure with message MP targeted to an output port O of the
interconnect structure and apparatus designed to send a request from input
port P to logic L associated with output port O with the request being for

input port P to send message MP to output port O.

33.  An interconnect structure in accordance with Claim 32 wherein
the logic L granting or denying permission for input port P to send message
MP through the interconnect structure to output port O is based at least in

part on information about message MP and information about messages at
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42. A nethod for sending a nessage MA through an interconnect structure,
said interconnect structure having at |east two input ports A and B, the
nmessage M&Oasni13psng at i nput port A the nmethod conpri si ngCrhsoyeaps  of :
nonitoring the arrival of one or nore nessages at input port B; and basing
a decision to inject all or part of nessage MA into the interconnect
structure, at least in part on the nonitoring of nessages arriving at

i nput port B. 43. A nethod for sending a message MA through an interconnect
structure, said interconnect structure having an input port A and a

Pl ur al ift (RfrtCsthBEthaROhbEt & IPURH R GaRNmesdapet ahel fargétecaftd al | or part of
nmessage MA™ arriving at input port A the nethod conprising the steps of:
moni t obutitipegt ©. associ ated with output port X, and basing a decision to

i nject nessage MA into the interconnect structure, at least in part on

i nformation concerning a nessage MB targeted for X and entering the

e o UGS oo, el b A0 IO
| nt er C??g&%‘#st Zlg[iygéﬁ'tr i?oﬂlaiﬁgggl[aé’rt@" t‘é_rlgéict]! ﬁﬂféh dalaehRybsiBapt s, and a

pl ur al a out put S, said nethod conprising the step of jointly
moni t ObAEissEOM sthddatesagpadR et @mdhpwiret Phaiomet mfrt Ontrphginal ity of data
i nput ports. 45. A nethod for selectively transferring data packets through
an i ntmtecommect stswstutstbre N froma plurality of data input ports, to a
data output port Z, the nethod conprising the step of nonitoring a |logic
Lz, associated wth an output port Z to control entry into the

|t er connect oot AGLUIS M 8Lt sERLAPRCKRLRIR PRIk RO 2 46 A

met hod for ndi oug Irntercon
the request is a data packet RP.

36. An interconnect structure in accordance with Claim 35 wherein
data packet RP is sent from input port P to logic L through interconnect

structure S.
37. An interconnect structure in accordance with Claim 32 wherein
data packet RP is sent from input port P to logic L through an interconnect

structure T distinct from interconnect structure S.

38.  An interconnect structure in accordance with Claim 35 wherein

data packet RP contains data.

39. An interconnect structure in accordance with Claim 35 wherein

data packet RP does not contain data.
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structure S, said interconnect structure including a plurality of input
ports and a plurality of output ports, with a nessage MP at input port P
t arget ed wo o3amoout put port 0, the nmethod conprising the #Cegsovisisendi ng
a request frominput port Pto logic L associated with output port 0, and
nmonitoring logic L to grant or deny the request to send nessage M from
i nput port P to output port 0. 47. An interconnect systemconsisting of a
plurality of nmodules including the nodule Mand the nodule N that is an
inactive part of the structure wherein: there is a nethod of  determ ning
i f the nodu#@. MAs ivteieamieststaneturain asesedance vaithiedaism By avhenein s
automatically exchanged faor the nodul e N, 48. fn. i.nt excopnect . structure
wher ei g2 lﬁ?@%a@%w@g@@mmmm are|CORREHied Via &P Udﬁjl]g'dorflﬁ? 4 he structure
and a nessage SegnBnt M2 of 108 WD 03/013061 PCT/ USO02/ 23411 length L2 is
r out ed Y fﬁ C%tructure and L1 and L2 are not equal and there are
i nterconnect |ines reserved for nessage segnents of length L1 and separate
i nterconnect lines reserved for nessages of length L2. 109

41. An interconnect structure in accordance with Claim 40 wherein

each output port of the interconnect structure has logic L associated

therewith.

42. A method for sending a message MA through an interconnect
structure, said interconnect structure having at least two input ports A and B,
the message MA arriving at input port A, the method comprising the steps
of: '

monitoring the arrival of one or more messages at input port B; and

basing a decision to inject all or part of message MA into the
interconnect structure, at least in part on the monitoring of messages arriving

at input port B.

43, A method for sending a message MA through an interconnect
structure, said interconnect structure having an input port A and a plurality
of output ports including an output port X, and all or part of message MA
arriving at input port A, the method comprising the steps of:

monitoring logic associated with output port X; and

basing a decision to inject message MA into the nterconnect
structure, at least in part on information concerning a message MB targeted

for X and entering the interconnect structure at an input other than A
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44. A method for sending a data packet through an interconnect
structure having a plurality of data input ports, and a plurality of data output
ports, said method comprising the step of jointly monitoring incoming data

packets at more than one of the plurality of data input ports.

45. A method for selectively transferring data packets through an
interconnect structure N from a plurality of data input ports, to a data output
port Z, the method comprising the step of monitoring a logic Lz, associated
with an output port Z to control enfry into the interconnect structure N of

data packets targeted to output port Z.

46. A method for sending messages through an interconnect
structure S, said interconnect structure including a plurality of input ports
and a plurality of output ports, with a message MP at input port P targeted to
an output port O, the method comprising the steps of:

sending a request from input port P to logic L associated with output
port O, and monitoring logic L to grant or deny the request to send message

MP from input port P to output port O.

47.  An interconnect system consisting of a plurality of modules
including the module M and the module N that is an inactive part of the
structure wherein:

there is a method of determining if the module M is defective and in

case it is defective, it is automatically exchanged for the module N.

48.  An interconnect structure wherein a message segment M; of

length L is routed through the structure and a message segment M, of
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length L, is routed through the structure and L, and L, are not equal and
there are interconnect lines reserved for message segments of length L; and

separate interconnect lines reserved for messages of length L.
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