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mllions of tel ephone voice calls of the world. Tel econmunication sw t.ches
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15 control voice call traffic are called circuit switches, which means that for each call a -

type of bi-directional circuit, usually audio is set up between the calling party and the
called party. The circuit that is set up has the bandwidth and transport timing
necessary to simulate a face-to-face conversation without distortion or time delays that
are objectionable to the parties. _ |

20 An alternative to circuit switching is called packet switching. For packet
switching, the calling party is responsible for _'i:Onverti‘ng the information into one or
more packets. This information could be encoded voice, it could be encoded computer
data, or it could be encoded video. A numl.aer to guide the packet to its destination, i.e.

~ the called party, is typically included in a packet header . The packet switching

25  petwork then has the task of routirig each ﬁacket to its respective destination without
undue distortion dr delay. The called party usually has the equipment fo receive the '
packets and decode the information back into an appropriate form.

The extremely rapid growth of packet switching traffic carrying voice,

computer (LAN/WAN) , facsimile, image and video data to an ever Widening variety



protocols. Many vendors and service providers have joined forces to define
a_gl obal 5 standard that permits packet sw tching services to be provided
in a ubiquitous fashion. The result of this coordinated effort has been the
rapi d devel opment and deploynent of an Asyrpchronous Transfer Mde (ATM as
a standard neans of efficiently routing and transporting data packets that
have stochast bfRichtiors, alohf Rtttie Praposals uset ﬁ?a@mﬁmﬂi\faﬁoﬁa& [hfoemagaent ATM
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G gabits per {R&ORRking ATH (drpdliblé withvoiRC @it and video services. ATM has been
embraced by the computer, LAN, and WAN industries, so a seamless packet
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communication from the source computer through LANs, WANS, and the public-
switched network is a reality.

20 ~ Asthis level of connectivity becomes available to the entire spectrum of users,
the demand and volume of ATM traffic that may be generated in the future is virtually
limitless. As a result, the number and size of the switches and cross-connects required
to route the projected ATM packet traffic may also grow by phenomenal rates within
the next decade. ATM switches and cross-connects for toll and gateway applications

25  may require aggregate bandwidths ranging from 155 gigabits per second (1000 inputs
at SONET OC-3 155 Mbps rates) to 2.4 terabits per second (1000 inputs at SONET
0OC-48 2.4 gigabits per second rates). Additionally, if demand for broadband services
to the home and LAN/W A'N._ connectivity through the public-switciled network grows
as some experts beljeve, then local telephone exchange carriers'may install ATM -

30  switches and cross-connects for metropolitan area network (MAN) applications having



By necessity, nost of the current architectural research and
har dwar e/ sof t war e devel opment- for ATM swi tches has concentrated on swtches
with much snmaller 5 aggr egat e bandwi dt hs whi ch neet the nore near-term '
needs of the narketplace. For exanple, nost 3projections within the LAN WAN
comunity require aggregate bandw dths ranging from 150 Mops to 12 G gabits
per second, araggregdte bindwidths wirgind fdmpI0dGipabits pértsbeonditb 75 Gigabits per

t el ecommuni cations_industry call for aggregate bandw dths ranging from 20
G gabits per s¥€emdi to 160 G gabits per second. Mst of -10 these ATM
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performance of the resulting ATMswtch. The first of these issues is cell

‘| oss due to bitechiolagywi t hin the internal |inks of the distribution network
(al so known as the switching fabric), gnd the second.is cell |oss due to
Contenti on for out pLRT GEFIPLE HET CREHPD AEEns Py acen. PLsh HERUESRULSIRHSE BYE 4 e
switch at {ghe P ' I ' | ek lﬁﬁ% ed 30
by desi -gnilﬁg ﬁﬁ%ﬁ%%%ﬁguéﬁ?%& é%ﬁ?éwﬁgﬁlfgerl gé%#g%\@fc an ,ﬁﬁ:\éks)
such that nmul (hedestagés) inteicofifechad byestagdsuflinkd (lirlksstaged) @ irbvide pailiiple pAthsa
result, if two or nore 4 ATMcells attenpt to use the sanme shared

resour ce (noddstween inputsportsi andioutpugports. Clos, Banyan and Benes networks are examples

of such networks. A multiple stage network design can yield networks with very high

levels of performance (low blocking probabilities, low delay, high degrees of fault
20 tolerance, etc.), and may result in low system-level cosis, because network resources
' (nodes and links) are time-shared By the many different paths that can be set up within
the network. Physically realizing a mhltistage network for a large throughput ATM
packet switch is, however, a problem because of routing time and processing power.
| Any large, high-throughput ATM switching architecture must address two
25  fundamental issues that profoundly effect the overall performance of the resulting
ATM switch. The first of these issues is cell loss due to blocking within the internal
links of the distribution ﬁetwork (also known as the switching fabric), and the second
is cell loss due to contention for output ports by two or more ATM cells that pass
- through the switch at the same moment in time. The first issue can usually be solved
30 by désigning a rietwork with sufficient switching fabric (nodes and links) such that

multiple paths exist between input ports and output ports. As a result, if two or more - '



switching fabric, each of the cells can usually find a path, thereby

el.im nating nost of the internal network bl ocking problem The second issue
réquires sone type of nethod and apparatus for handling cells

simul taneously arriving at the same output ¥ port. A general technique
for a swtch to handle cells destined for the sane output port is analyzed
in‘an article, eNeLt ' | Ty j ons on
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- P(cell loss)=[1-m (nR)] [err] Existing snall packet sw tches have
accept abl e celtermingtedmt onepf thetinpus & ongpfrthy putputpackpianedules; it cambe|sgensthat

probabi lity smaller than.existing uni.t re considered acceptable. . .5
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smal | er ATM_ Cethbrit 855 mebdPARsk N)Q(FNS fatid G swWiRdHPwROSR fhfidti o is to route an arriving
ATM cell to any of the m inputs on the output packet module connected to the cell's

s
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desired output port. The output packet module is a mxn switch with buffers that are
available for storing cells that must.be delayed when two or more cells cor.ltend fora

20  particular output port. If the arriving traffic is uniformly distributed across all output
ports and if the buffers within the output packet modules are sufficiently large, then
the ratio m:n can always be chosen large enough to force the cell loss probability |
within the network to be below ahy desired cell loss probability level. In fact, if the
network size (N) is large and if R represents the switch loading, then the cell loss

25  probability of a network with mxn output packet m_odules as shown by Eng et al is
given by: | B

P(cell loss)=[1-m/(nR)] [ I- i {(nRY* e(-nR)}/ k!]+(nR)"e(~nR)/ m! .

k=0
Existing small packet switches have acceptéble cell loss probabilities of approximately

10~12, s0 any loss probabi}ity smaller than_ exiSting units are considered acceptable.



Besi des the ATM cell | osses because of internal contentions, in an ATM
packet switch where all of the Ncells arrive sinultaneously at the inputs
of the 5 di stribution network, the cells nust be processed at each stage
and path hunts nust be processed before theSnext group of N cells arrives
at the network input ports. If for exanple, the incom ng transm ssion |ines
support SONET AkhotighZhére Gregsume asepewhs soaltbdwillingitoggay fohametenesngiile BTV N
ATM cel | s that arrive together nust be processed and sent on to the next
stage of the pepdessqsobahility if pchiuere aveitbblads (the duration of 10 an ATM
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Present commercial njicroprocessors can_process approxi mately. 15 100
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instruction, these,1.,45x [err h _hunts woul d by l.

bt ocessi ng polartgle M ebBia el alses SRk S GRER GE-48 7' Lol per
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necessary for a large AT R packef switch. Two appr.oaches to solving the path

hunti ng probl andsent dntodhe neitctagd of Gregpifiéline expryr éatano seconids (the duration ef
sel f-routing, control

t echpi_ques to performthe_required path hunts. For
i n-band cbhtran4 lanea 2.5t a@&ﬂ?@é@?%ﬁ%‘i‘bu@%‘t%@&ﬂéﬂﬁ?e Bl ashbstantiah o
ATM dat a cel | . ] .3l
the ol Fow ng RS BEWEEEssliy o if BereRile rEalifuil Sorpferc AEBaB S olcrEfot
el ements to beorkIBNIdelly! (Ber aANEIFE) tHenak leas 14336 0F pddSmints st baeionipléted Thi s
results in relatively 25 conplicated hardware wthin each node of the

network in or ¢verytseconst, which ¢asrespondsdo pa averngapionessingaatetaf one pathrhushevery he
cells that pa t hr ough aé node) when, Feterm’ ning how to route the
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to the 30  pad5xhoP pathdnee wodldrequikediths ®rdliprocesihg power eiutlicast ESof t i ng
- fromthe path hunt are injected into the switch fabric to set the paths.
This second appetopedcessegyi Thus, apath huné contradlep basedfonisamethingother then asingde
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" Two approaches to solving the path hunting problem can be envisioned. One

20  approach uses in-band, i.e. self-routing, contro} techniques to perform the required
path hunts. For in-band control téchniques, the connection requests are prepended to
the ATM data cells'and routed through the switch along the same paths used by the
following ATM paYldad. This approach typically requires processing elements to be
distributed throughout all of the nodes in the network. This results in relatively |

25  complicated hardware within each node of the network in order to perform localized
path hunting operations (on only the cells that pass through that hode) when

"determining how to route the arriving connection requests and ATM cells. The second
. approach uses out-of-band control techniques whereby the controller and switch fabric

~ arelogically separated with this architecture. Connection requests are routed to the

30 path hunting controller before the control signals resulting from the path hunt are

injected into the switch fabric to set the paths. This second approach requires that the



because of the nany path hunt operations that nust be perforned in a very
short period of tine. Since the path hunt operations in sw tches that use

i n- band control techniques 5 are only based on localized traffic

i nformati on and not on global information v th respect to all of the swtch
traffic, the connections resulting fromin-band path hunting may not al ways
be routed in eaibfBind @iiofer hive t?exﬁ&xaahg pro€essing Powes, (BOmeAdRAGbE ML I O
techni ques often require nore switch fabric (stages and nodes) to provide

t he same oper bt:ctamge oﬁﬂleananyrpath hust opsratiohethmt muptchegerformed ircdvérgskorton

out - of - band contqrﬁ:) techni ques. In addition, out-of-band control ATM
switch archit £enee e t‘%‘ﬁare many simlarities vmth the partitioning of many

central i zed controriiipehe Bt Bhelsi B a ShAGHs SRR EE I PR RS IR T o
architect ye ghytlgbidedldh lf)@é!lﬁ:@d%ﬁl&ﬂfdlﬁﬁﬁbﬁﬁﬁd h délabél’i&ﬂahh%dlﬁrﬁhba%d
on newer architectural approach. Thus, an out-of-band control ATM

swi t ch shoul draspectfto all fof the SVnmtrafﬁe,rthe tormectionsiresulting fromrid-Hand patihdhuating
st andard archltectural t|t| &% (?nthe ot her tland the difficulties
associ ated wi BRYZeL %grwp irgal; fashion. d\ka igpulh systems Heing in-band o N

arriving ATM r

out - of - band co%%%lt%%gggéﬁ?%ﬁﬁ%‘gg gwﬁ nfa b?l{cgﬁggé’s%gﬁglro g% t@ﬁﬁ?ﬂ(\l/eotrh ®of a
newer i n- bandsfiAdbpethtisy\thidictéristids he§ 1645 expensive Wt based On out-oEbahd goritrol

Si ngl e path hunt requires at |least one read froma busy-jdle nenory and one

wite to H butsghnigues. rhmdd;tlonr,\pptawﬁabamdmgtrolegm swigeh architestwes sharemany y. | f
N=256, then the .control It nake 512 mamg‘gé %ccesses ever%@}ﬁi_%gnan
Seconds, so t FONIARSES itk the pAINORG O Hiny Ring tHlEcOmBRcRIon, nce
340 pi co secogdy ?ﬁ%ﬂ%& ﬁ%d%t? iR hatOeRbiafibed éohgﬁllé’x‘s' s%%@de@el@ﬁh@htfyf'&t

schenme different present standar architectural® portioning is

required for eysyern bbsedfonmfigiction architectiire showldlyigdd fawerldebigh iprobles thanainge
ATM switches will be required coupled with the uncertainties and

shor t coni ngs ar mmrhasmawmr@lumm appregelt Thise an oyt-elbandreatrohnd

d f hitect th t

Chr oughput’s. aATM sRER SRR Snerd Stogt Ibvi SRl Faliiack Sits Al nayRReee chinfle
component s 30y AR SiATSHR ycmhabmmwmxﬂm&esa%&@mm@mdes' re of

some users for even Iower AT oss proBabilities shows a need in the
art to provi dperﬁoﬂmngpamll-gintsxhram@bpﬁ-band cohtroller for N arriving ATM cells and the

time reqmred by a standard partmoned out-of-band controller to perform N path hunts

tends to argue in favor of a newer 1n-band control switch architecture. For example

20  assuming a single path hunt requires at least one read from a busy-idle memory and
one write to a busy-idle memory, N path hunts require 2N accesses to memory. If
N=256, then the controller must thake 512 memory accesses every 176 nano seconds,
so the average memory access time must be 340 pico seconds. Since 340 pico seconds
memories aré not commercially available, a path hunt scheme different than the

25  present standard architectural portioning is _required for any out-of band controller.

The high ﬁrobability that large ATM switches will be required coupled with

the uhce_rtain_ties and shortcomings of present ATM architectures demonstrate a étrorig
need and desire in the art for a packet switch architecture that will operate with
throughputs at the terabit per second levels and yet may be built using compénents

30  manufactured by existing technologies. Also, the desire of some users for even lower

ATM cell loss probabilities shows a_need'in the art to provide a large high throughput



ATM switch that has nultiple ATMcell loss priorities. Additionally, it is
desirable to provide an ATM packet switch with nultiple cell |oss
.probabilities in which even the | owest cell l|oss probability is as good or
better than those of known ATM sw tches. Sugmary of the Invention 5
Briefly stated, in accordance with one aspect of the invention, the _
f or egoi ng prob ) LAl I: R}
architecture hémaaftﬁgﬁgw %@%Rmb%’r&g%@ﬁ ?&gégr P‘ggﬁ@%%l?gé{eﬁ ngsns'z}brl]%foe

st age, reducedpfovider @OATRE psckevdwiedh With fiultiplé BelPlokss plobRbilile€ which e®én the
operating with nultiple cell loss priorities, and output packet nodul es. 10

| n accordance lowest egll losspnobabilitycis as goedher betterthanthpse dfdknowmeEVhsitehsbl ens
are overcone by vi di acket switch for a switching tel ecomunication
packet from anyliBMRERAReAERIEEL Ut 1ines to any of a nunber of output

| i nes. Thi s packet ] ' i r | | :

havi ng an i%nput portﬁwt‘;j(;l ng’(lt:t élcijﬂJ %ﬁé@gésj@@t°f‘€té‘s‘?eggﬁ‘hf ?{r@{‘{é‘?‘?’?ﬁ%f‘ﬁﬁ% of
i nput | ines angroblentstire overeome bypreviding anhETNSpacketispliich peshitectufe Ravinilines ut
to F input ports, where F of a switching network, which has | input ports
and P output peArdswith ong ATM celliperiod siotaBse? singlgistage; reduged; interqpaneeys switeh

than 1, | is a.nunber th g an i.nteger .mul tiple.of t nunber. of i t
[ines, and P | EBHeT ot Pl SRk Wil il Tost PPRisS ok Bt e
i nput ports. 'Iép&kgmg,gmggg network is partitioned into a nunber, C, of

pi pes, where I's an I nteger having a value 20 equal to P divided by I. A
nunber outlfut nodul heaccoitdante withahlodier aspeet of the idventiod, theiforegoing problems are

i nputs, are connected to P _qutput ports of the _sw tching network. Each of

the out put: nodRNescamgby praviding apaskes gwiteh forasyyitching telesommunication pagket ne p

urbor b ur al | rrhapy S TMERe ofFipUF s L afy 81 Ribhoffdh ol AR DS ekt
connect ed to awithifclul¥La AuthBett ofdRputlihteFadts, sadh Ravivgtan inpiit periidonhediéd %

Each pipe of the C pipes has a path from each of the number  of I nputs |ines
that i s conneasspective inpat lins pEtheinumberofimput lines apd an loutput perdl Eash of theut put

15 i o P e A
50 B O el el

priorities.  thénl,Iisanumber that is an integer multiple of the number of input lines, and P is a

number that is an integer multiple of the number I of the input ports. The switching
network is partitioned into a humber, C, of pipes, where C is an integer having a value.
20 equaltoPdividedbyl. A nutizbef output modules, which together have a number of
output module inputs, are connected to P output ports of the switching network. Each
of the output module inputs is connected to a respective output port of the P output
ports of the switching network. The output rhbdules together have a number plurality
of outputs, each of these output module outputs is connected to a respective output |
25  line .Of said number of output lines. Each pipe of the C pipes has a path from each of
~ the number of inputs lines that is connectable to a respective output line of the |
plurality of output lines. Also, the packet switch includes path hupter for hunting a
path for a telecommunication_packet from its respective input interface to its desired
output line. This path hunter hunts paths fonl' telecommunication packets having at

30 least two different levels of ATM cell loss priorities.



Brief Description of the Drawing FIG 1 is a block diagramof a generalized
growabl e packet switch; FIG 2 is a slightly re-drawn Fig. 1. FIG 3 is a

bl ock diagram of a growabl e packet switch in which the switch 5 fabric is
partitioned into L nultiple pipes accordingto the present invention. FIG.
4 is a block diagram simlar to Fig. 3, of a specific enbodi nent of the
present i nventBidef Descriptiohcfithe Dygwifd —4) and showi ng a configuration for
the pipes. FIG 5 is a sinplified block diagramof the enbodi nent shown in
FIG 4 which shows gJGedtisp bipakdizgramiofaigeneralizadgrowable packet switch; F| G 6.
illustrates the ting sequ s of requests to the controller shown in

FIG 5. FIG 7 is ?@?%ﬂf%ﬁﬁgﬁ?% eé%ﬂwﬂﬁué%ﬁam of an enbodi nent of an out put
module. FIG 8 is 310, bliy5blouddifninTalgoibie phden G iiinl WicRBRI St 11 2
pl an view of an amusenent park and its satellite parking |lots. 15
FIG 9 shofis falricisqhartitidned istb domubtiplepipes accerdingi® thd presedt invasion. :
probabilities both with and w thout the,assi%nment of prefereg,ces. FIG 10

is a sinplified bl JdG.diiagblaskshagiamesimilapta Big; hofsspedtic smbodisnant pftgd it s

™ <o o 850 U050 APy
11. FIGs. 13A- 13D W16 5)i9h BRebIRABIGN diagtam dfiiRe &RBSdiefNsHwrPinIG. gh :

controller in response to a sequence of requests. FIG 14 illustrates the
rol ling of patwhithishawsgreatqudetaids ofithe cetradleswi t ch havi ng four pi pe

controlle with a.si l.e I evel of, cell |oss iority. 25 - FIG 15
sty a b8 the r oG iffusomie i timing seapetres oF Eapeety inghie sontpplies showsn fh g
9

four pipe contygl kers with two |evels of cell loss priorities.
Det ai | ed Descripftion Referring nowto FIG 2, a large, generalized switch
10 for ATM communi G, Jrisa singpliffedblodkdibgrasiofdinapibdirhertof aA bt elo

has a nunber of input interfaces [err], a switch fabric 14, and buffered
out put nodul es 160 EIG. 8 is an illustrative example of rolling and its operation in a plan view of

an amusemexit park and its Satellite parking lots. _
- 15 . FIG. 9 shows plots of calculated values of various ATM cell loss probabilities
both with and without the assigﬁment of preferences. .
FIG. 10isa s.impliﬁec_l block diagram of a représentative switch controller 'and'_
its link controllers. | ’ |
FIG. 11 is a detailed logic diagram of a link controller.
20  FIG. 12 is a state table for the link controllef shown in FIG. 11. |
‘ FIGs. 13A-13D When joined together show the operation of a switch controller
.in response to a sequence of requests.
FIG. 14 illustrates the rolling of path hunting requests through a switch having
- four pipe controllers with a single level of cell loss priority. | |
25 FIG. 15 illustrates the rolling of péth hunting requests through a switch having

four pipe controllers with two levels of _céll loss priorities..



5 [err]. For ATM operation, input interfaces [err], are high speed
digital anplifiers that serve as a matching networks and power anplifiers
for fanning out information received on their inputs to multiple input
ports of the switch fabric 14. Each of the gnput interfaces [err] also
needs a capability to store one ATMcell, as w il be explained bel ow.
Simlarly for %ﬂ&%ﬁ@nbuffered out put nodul es 10 [err] are
concentrators at are ourtered to reduce packet |oss when two or nore _
packets are direct eRefefririguibwe (0 FERNQ, & ¢drgé,enéaliBedoswipuht 100for alT\iUt s [err].

Switch fabric 14 includes a fanout F where each of the outputs fromthe

i nput i nt er f ackemIpuwiedtiqns, Sshewy inblock diagram forms  ATMhswitehnl Q bas o number of 4,
such that if ATM switch is,..an NxXN switch then swtch, fabric i 11 have
EN- It ernal i ABBHIEEAes k0 Toud PRt Bl B et P modifesrifo -
Modul es [ ekr] ' I Adad fiagt. i ' onvert
t he FN out gut sﬂ%%/'?i %‘8{‘ gxhﬁggé?ggg’ﬁgﬂ%iﬁ%%ﬁﬁsggppﬁ?%agﬁeelﬁ%lgﬁ%ﬁggi_ t(;fl?r] .
Each out put nuahplifidrethal seavoaes matching neywérkyland psetsamplifiers forofammiag outind
then routes the ATM packets. at the front of each of these FIFO g,ueues to

their desired iBfprpatian received ongheininphts to ultipledppnt pews pktheswiteh Aabrigy}4

of et ches. © EhshioR i FROFRREREESI A DHAN TSGR £ Bk lly TR HoRCoR APIEEAK
each of its i nRUilINrdxpldifiddeldw. SafilarBf for ATM bpBiatioR WiifferdEouithut hodE¥E! .

It becones highly inpractical to nake an NxN switch out of a single
crossbar 16 opégatésy.qsare bencedtratomsvthatane byfferodpmrednce packetliosswhémtwa or rhare

when the size of, N excgeds 32. Thus nme.other way i s needed tq . realize
‘the general arR@gketd @ecgq@ldwnaradﬁm#eaﬁ%g the:samee PHIR tﬂfg%‘tP\‘}s E?“@)‘ Nelh ATM

switch 10A that is ' | i ; : | ze
of Nis at |east 25%9 ﬁ%ﬁéﬁg\kﬁq@)ﬁ%:&p e pat ge%?%cn%%@ﬁuﬁ)ggﬁ{@ﬁ{&pﬁ{
through the. svihfefficdsalZg-2N.4As inte@batModeRpl@ vAREN SWitch Eabrictll40 slidhntliat iThese
mul tiple paths are partitioned into groups called pipes with each pipe-

provi di ng exaATM switchplf} is apNxé ewitelnthen iswitoh fabwict 14 wilk havediNlinteronl ipputsut
port 10 _[err L thin the network u swi tch fabrj ' de up of
mul tiple 85 peé“ké& Quipits o oytput BI?HB{?FTE@'aéVeb P@Fﬂ“f Rf%dugeséggéf{ﬁs\(.gﬁ\aye fhe
same as t he O Y58 tor TBALER LG Mo FTih Grde? to convert the FN outputs of the switch

fabric 14 to N output module outputs Outg-Outn.1. Each output module 160-16\;_1

stores arriving ATM packets in FIFO queues, and then _routés the ATM pa_cliéts at the
front of each of these FIFO queues to their desired outputs Outg-Outy. when the |

20  output ports are available.
_ Switch fabric 14 is a general distribution network which may be a network of
swit;:hes, specifically crossbar switches, to provide multiple paths from each of its
input ports 170-17N-1 to each of its output ports 19-19N.1. However, it becomes
highly impractical to make an NxN switch out of a single crossbar to operate as the

25 switching component of switch fabric 14 when the size of N exceeds 32. Thus, some
other way is needed to realize the generé_l architecture shown in FIG. 2. |

Referring now to FIG. 3, an ATM switch 10A that is both practical and

possible for N inputs where the size of N 1s at least 256, is shown. Multiple paths
from each input 17¢-17).} through the switch fabric 14A are provided to prevent

30 blocking. These multiple pathé are partitioned into groups called pipes with each pipe
providing exactly one path betwéen each input port 17g-17N-1 and each output port |



Switch fabric as seen in co-pending and commonly assigned application 5
entitled TERABIT PER SECOND PACKET SW TCH, EPC No. 95309013.1, filed
Decenber 12, 1995, which is hereby incorporated by reference, is a single
stage, nenoryless, and non-self routing netyprk. Since the switch fabric
14A is not unconditionally non-blocking as a full NxN crossbar sw tch woul d

be, a controll 49,15, Lk u : t t . R pes :
for each ATM CZ?Q qggﬁlkgﬁ%mgg?&gbdﬂ ?ﬁgg’gﬁélgg?%}fgggggn eaﬁ%ﬁxgﬂl%gﬁ] t hat
coul d transpor pigeb@8¢-IBL ¢g! The éutputRdul et Gfaré besentdlly ik kfihe 89thes t O
find:a path thg%p*ei S ﬁogtbfockeed.p%or AI\ITM S%Pf%%qlaéA, ief tﬁ’:a nunbeer tof I nput

lines, Nis eqoutput modgles shown in H&&R.i nput line is operated at a standard
2.5 Ggabits per second data rate, .its aggregate throughput wll. be 0.640
terabits per s_econd.%“Slfgl p ﬁsﬁPdWﬂg’eg‘gBﬁ%ﬁéucmog&g ngﬁ.gng&napplwngnfact or
of two to 52 LAfid TERABIANPER SIBCOND PATRETUWITEH HE 80! 59900915120k
result in aggregate throughputs of greater than erabits per second.

Scal i ng to an Dédémberti@h 1895 evii¢h ibhéfebyGRebrporatedityi réferarde,is alsinglé staggyr esent
technol ogy, and the architecture of the present invention is believed to be
ext ensi bl e evememerylses; apd nonrself pruting setwarknSince she switchofabre L #AdeRYonent s

I ncreases and as_n f ast er .t echnol ogi re devel o Referrin ow
to Fia 4, a s pietationafly pa-RgRIReas IR NN grosfHE shRUE woBRERs, dSpREpf2
-speci fi ¢’ embodigTRaAudéd fd 1Rt For'h pettHiasal the fol Hipdof tdchYA BVPcell! Bifice each of

I nterfaces 120-12255 which - are connected to two hundred fifty-six ATM i nput
lines [err]0 Tthe pipetsph8ps]&af cankeins aipath that ceunltlarmasport the el lethetreal tpuepasaput
ports [err] 25 . of the switch fabric 14A. " The switch fabric 14A contains
a total of sixefthesgntralisr28 isfQ, %ﬁPa@vﬂ‘%tdﬁégﬂrilB@W 563 whi ch are

partitioned into fo [ : : LS : ' | f
t he nunber of out puF&bgm§§t§hi¢%§l§pﬁs&%%§§nﬂ£#§%Nplgrﬁg&%ggsygkgg%
The out put por éfehlifptllineis operaied &t 4 ¥ahdar@ 21516 ¢dabils %@: debéhd dutaltdte,Gis a'gE n
64x16 out put packet nodules [err]. The sixteen 64x16 30 out put packet

modul es are cothreughput will bevd.640 tetakits fier seqondi Scalingoen groping Juch AhdsBMstwitched
have heen Ked®y hEHOLLGHTHIO0 S FREHE lings A Qe 136t SHA PE STRBIRR IR 8been
be20 15t e20 ol i UG B TR Ry "t O
ATM switch size of 1024x1024 is considered within the present technology, and the
architecture of the present invention is believed to be extensible even further as the _
speed of commercially available components increases and as new, faster technologies
20 are developed. . | -

Referring now to F 1G. 4,2 specific émbodiment of an ATM switch 10A is
shown. In this specific embodiment ATM switch 10A has two hundred fifty six input
interfacés 12¢-12955 which are connected to two hundred fifty-six ATM input lines
Ing-Inp55. The o_utputé of the input interfaces are connected to the input ports 17g-

25  17N-1 of the switch fabric 14A. The switch fabric 14A contains a total of sixty-four
16x16 crossbar switches 159-1563 which are partitioned into four pipes 18(-183. The
_ ' fanout F is equal to fou_f which if the number of output ports = FN results in 1024
: output ports 19¢-191023. The output ports 199~191023 are respectively connected to
the inputs of sixteen 645(16 output packet modules 16¢g-1615. The sixteen 64x16
30 output packet modules are connected to tv.vé hundred fifty six 6utpﬁts Outg-Outyss.

~ Those skilled in the art will recognize that other combinations of components could



finding an avail abl e pi pe through the switch fabric 14A for each ATM
packet. The 5 controller 20 uses the fact that the switch fabric 14A is
partitioned into four pipes to break the pipe hunting tasks into four
paral l el pipe hunting tasks that are each fignporally shifted by an
acceptabl e anobunt. Details of one enbodi ment of such a controller 20 are

shown in FIG Jierahl '

menti oned pr e\?l9 X%E ;l ‘%%&’ %ﬁg% %ﬁ%i&ﬁt}lﬁ?}ktt%f)g?(s ?ﬁ%ﬁgﬂ?d{}feﬁgg%lg%?%}){%p}s% may
be contai ned qhstégdsfalie 6%k yutputghddulés shoes ialPIGU4t boards. Controller 20
woul d accept up-to 256 sixteen-bit request vectors from u&é‘io 256 |ine

i nput i nterfaces 120TYpowichal{A plse has acentrallen 20 whickrhas shetagks effhunting eadiest
vectors withi ach 176.nanosecond. . ATM cel | .inter to,cf e the 1024
Ut en- bi 1 c OB an AaIBPlE PeesaRighals s fabe TANTor et AT diskel”

switch 15 ¢fahgi kB Shel ' k@hl; ' _
processor ?:I o?Eh{r&z)iltie é}-ﬁgf&g% i:}1""et§ésj['t{ héfgﬁ?\/%\gfgéh %Eﬁé l%c}gp gt%goc| 08E6 E’é‘%ﬁg{%@?"m ts
the | ogic wit lbreakithe piperiuntihg easkihté foud @atalipl gipe htustihg/tatks thitfaré bachshel f

CMOS EPLD s or sim | ar devices ,thus making the cost of the controller 20
(in |arge quatémporally shifteq by anaserptable ampuntyfesailsnf ope embgdiment pEsuclya from
t he i nput interft?Cl?SIZélzo- 2255, tﬂ&f e 20 controller 20 and the novenent
of connect velPBFEF AT AR Yol'Per 20 to the crossbar ‘switches 150-1563

of the switch fabrigprife0.690 TefaBits pEBLo, NEDIS6 eh%auﬁaulzﬁéxﬁened;@wmgf

control information nust be transported every 176 nano seconds AlMcel I
i nterval . 16For and ahpie in FIGsad aad|§, thei controllen20anay beg caBsined pnapproximdtelyes,

256 16-bit request vectors, nust, be transparted.to the co ql l er 20 every
176 nano 25 $ighbReated cagyit bgards, §ﬁn§§@¢r8§aweﬂéamwm g%ﬁ"e@'&&ﬂ?‘ﬂ‘?s})er

second bet wee i ' I b- t '
sub system 1 qectfh i b b 338 iR SETRES 1 9712055 A b A Bl Bn cach |
the switch fafifesd fuestSiettots' Rithmtack 2260 AatfostondOATM kell fitervalod Tt the
switches [err] . This requires an aggregate bandwi dth of 93 G gabits per

second bet weel02hsixteenshitddnaectd@coobuseddo established hennsationswithinthesgitch 14A
sub-syste Thi.s. 93 G its.per, second, connect vector infornation can be
conpresseg’li n @W%gﬁ%@‘b&ﬁ%@@ﬁt&&%%é’ﬁe{#ﬂ" @ BRFOGHTROL rae g ahe
routed to an u ' efthits iH8U§ 5% Hithid Yhedod

conpr essi on t(la% 1ﬁ‘?ﬁque o &Hg%gég&fgmgﬁ:ﬁ%ﬁ é%%t‘?cgﬁé#%% i onﬂ'ggéﬂ%odtobe
del i vered wi t Be ivngienicttddaRith bffithe ahélf CMOS EPLD's or similar devices ,thus making the

cost of the controller 20 (in latge quantities) very reasonable.

The movement of request vectors from the input interfaces 129-12755 to the
20 controller 20 and the movement of connect vectors from the controller 20 to the
- crossbar switches 15¢-15¢3 of the switch fabric 14A isa challenging task, because
large amounts of control information must be transported every 176 nano seconds
' ATM cell interval, For example, in an ATM switch containing 256 inbut'interfaces,
256 16-bit request vectors must be transported to the controller 20 evefy l76lnano
25 seconds, leading to an aggregate bandwidth of 23 Gigabits per second between the
input interfaces sub-system and the controller 20 sub-system. In addition, 1024 16-bit
connect vectors must be transported to the switch fabric 14A every 176 nano seconds
to control the crossbars switches 150-15g3. This requires an aggregate.band‘width of
| 93 Gigabits per second betWeen the controller 20 sub-system and the switch fabric
30 14A sub-systém. This 93 .Giga'bits per second connect vector information can be

compressed into 29 Gigabits per second ( gi‘veﬁ that only one input can be routed to an



contraql connections or control |inks between these sub-systens shoul d be
dual Iy redundant (not shown in FIG 4), so there is actually 46 G gabits per
second of data 5 novi ng between the input interfaces cards and the
controller 20 and 58 G gabits per second of,fdata noving between the
controller 20 and the switch fabric 14A Preferably, high-speed serial-
links 22 will b

case, input i n?‘gpué‘ﬁg@ %ﬂ%@g‘t ” nt i ﬁgﬂco%pr}?%iﬂ?geglgg{{pegﬁ °‘¥ﬁ’ﬂé§r
Chput 100§ nt e BRI °5%ﬂ§‘5‘§?§t‘fre§|v§%§@’éﬁ’qﬁgﬁ FPliphfL Mg | 0°

woul d be requi ¢gtirol Gonfie¢tions6r coatrul linkybetdunahése\sabisQstemt should be dagini rol I er
20 to the pipes [err] (assum ng the aforenentioned data conpression

t echni ques ar eredpmzmémqt@hom i BKH éthO vhese isracuallyiol Gigabits Méetmnd ofdata
t-of-b trol S ddj t I
cost of tnse. HPUESBEPE it B %%?%rﬁ%a@%ﬁom‘s%@eg”%% RIS e
little increasgchbiif d'zﬁiﬁ{dvx Gs 4 35 Eﬂcq@gt the
: an

256-i nput ATM svmtc 10A of. rea y has @ I gh- speed

serial links rPmeférablg, Mghﬁpe&deseﬁmmubvibbbe/md té trmsmptlﬁs conttwd infomaation.
120- 12255, and_the switch_ fabric 14A ﬁ\/\/nen the fanout of four is jncluded)
and 1024 nor e FRrguch gsase, input Hyterfacek 42and 2255 waulddbergsoupedy fourssych ghat enlyr om

Thus. 't he addi U808} SR 1A waA R TelitrasdS s5Ye¥ydif ctiors SRR 1 Sum £ i
i nformatiqg i rlﬁfe?ﬁé@sSIZd?PZ ttalth@éaﬂﬁ%'uepﬁo %ahzsre&%l 1R watuld bétequited i N
the system by nerely nine rcent. ying the cal cul ations of Yeh et al.

fromthe arti aheve ﬁieeeéﬁhmtg(mMeawa:m frﬁﬂn the hentroliMdr 201to tHeqripespiSphl8y | ity of
the ATM switch 10A . shown jn FIGs:. 4 ahd 5 is [err assum that the
connect i ons of(aﬁwms.ﬁlﬁ%foxe@@yﬁm ﬁi%aq>mawam%fevlwaeﬁwné iegktodhe conpiect,
in our co- pend‘; gg) é)ppl ication entitled TERABI T PER SECOND PACKET SW TCH,
EPC No. 9530907 f filed-Decenber 12, 1995." This cell |oss probability

falls short of the Wﬁﬂh@@e‘-‘bf'ﬁﬁ%ﬁ-ﬁhﬁd tatitfol ks dééé réduitethé addigibnal0
[err] mentioned previously. 13 To reduce the ATM cel 0SS

- probabi | i 1Bes,hacdware cbstarf thée igh-spesd serial wpotrall links Q@aﬂ:esnglmm%namsevmom
as rolling, qutﬁe nPc;'ga\éle ?lsesovré?;ﬁ/ s;}sstt:e%g llasrtdlw(;}aeI cos%i V@Qﬁs? er;'ing that the 256-input ATM
switch 10A of FIGs. 4 and 5 already has 1024 high-speed serial links required to route
~ ATM cells between the input interfaces 129-12355, and the switch fabric 14A (when

the fanout of four is included) and 1024 more high-speed serial links are used to route
20 ATM cells from the switch fabric outputs 199-191023 to the output packet modules

169-1615. Thus, the addition of the 192 serial links 22 for routing of the control
information increases the total number of high-speed serial links within the system by
merely nine percent. | |

| Applying the calculations of Yeh et al. from the article "The Knockout Switch”

25 the ATM cell loss probability of the ATM switch 10A shown in FIGs. 4 and 5 is
' 4. 34x10'3 assuming that the connectlons of the inputs is symmetrical and not
' mdependent as set forth in our co-pending application entitled "TERABIT PER

SECOND PACKET SWITCH, EPC No. 95309013.1, filed December 12, 1995." This
cell loss probabiliiy falls short-of the acceptable ATM cell loss probability of less than

30  1x10-12 mentioned previously.



Rolling involves and fulfills three fundamental goals that are ainmed at
providing nore evenly distributed traffic |oads. These goals are: (1)
spatially distribute the traffic 5 evenly across all pipes 180-183 so
that one pipe will only carry its proportiqpal fraction of the traffic

| oad, (2) spatially distribute the traffic evenly across all of the 16x16

crossbar switches [ | {0 | 3 f
crossbar swi tches i]:a{eeg‘d‘\ﬁ fh)g ﬁ%ﬁ }8%&%0!%%@&3%&%?@?@6&%?@{%? l&?‘ép ?‘ﬁle :
traffic that apreating techniq@ kewn ElYollial| whithippevides masy étutistiddMdvahtagdier | ods

so that the traffic load 10 _ can be effectively decreased in an occasional
ATM cel | peri Kollinginvelves and falfilly three)fundamental grals that 4re @imsd ajtprovidimginore
destined for a particul ar outbut packet nodule. This.effective |owerdng of .
the traitic | axbilycisihie RRbdoads e hals ass o sorialvRaibie s user P\ g
during a ceng aﬁ%% ' r1gal g é‘érﬁ}’ | e next
consecutivg A%E/I&ggl in?gh’\kFqu\?ﬁel‘ggts élﬂé’?g?ﬂﬂg%?qga }f:iorrpetﬁ?%ﬂg%%ir‘m%ﬂe

popul ar 15 r émotion eftheitraffic toad€) spariatlytdistribyre ltlee traffic pvénlp acioss aliofithees,
will nost likely be |Iower, so the delayed cel.ls should have a higher

probabi | i ty ofl6%t6 ergssherswitches kSpel 363 withirrgachapipe 1 Bo-d B3 50 thatpasheotithe: swi ich

fcglblr ! f:nt1 Leervials cgﬂ?‘ggé%%&@ﬁéﬁ %QGH@W#@% gﬂ‘i {‘.ﬁtetm“ﬂ %lﬁﬁ%‘i‘%&e&?ﬁf@ﬁfﬂ A'2I'(|\)/|
I'n addition t@rirkiifh\giveg ATREEIL fErRa akbriis A0S ATV cBR pbiodyf soRRstkRé traffRf1bad

control to distribute the load, rolling also satisfies two further very

i mpor t ant 1ATMcaly be effegbelysdecFeased in ayppadcagidhaliATMivell petied Aviieh aniunusuallg Aighust
guarantee that ATM cel | __ordering ,can be sinply nmaintai ned when M :
streamis re- Y8huRe ofctraffic gxis ﬁgaunsﬁiw&p%g}ﬁweowm&%m@#?ﬁm
rolling causesgs f 1.he - \Wi-1 D . d ed
Gitreront!y t AR BetiBEof M ARt ol BbdduielBpcrty dSpfifg e of e R IR
guar ant ee t hagel\s\@rivRipt dutingdd cotigested ATM cellRiterval. 'THel R11S Y deldytludil the

t hrough each of the four paths to its desired OUtE;Jatd packet nodul e, but

each of the soextamssecutivaiTMueell intervahpyhen thedtaffic competing far the popular

lightly-1oaded 16x16 crossbar, switch so that the first atfenpt. .occyrs in a
16x16 cr o53baFeSOWfCeSH-SnFRINCRRPRS BROPRIGT Sptput EH“QF*‘%F%G"‘II "ré%lt Pgelé’}ﬁd very

few avai'l abl e h : ndul ] '
path hunt att }arrp' ’ %Oc{ggrdgwgﬁl%&@ dll?}glréolg eé%%ﬁﬁctg%{ %gki é?éhtg?ﬁ{?gl yt
enpty 14 (ATRvicBN imesl.dSinge tRwikthdabid] 4A isinémotylessthe K TMaxls that

nodul es). The rolling . . o ]
must wait for the next ATM cell interval are stored in their respective input interfaces

12¢-12355. o -

20 In addition to satisfying th:se three fundamental goals of packet traffic control
to distribute the load, rolling also satisfies two further very important ATM system
goals. First, goal (4) is that the ATM switch 10A must guarantee that ATM cell

ordering can be simply maintained when an ATM stream is re-constructed at an output

—

packet module 16¢-161 5 even if rolling causes some of the ATM cells within the
"~ 25  stream to be delayed differenﬂy than others. Secondly, goal (5) is that rolling must
also guarantee that the contrbller 20 will'.atte'mpt to route every ATM cell through
each of the four paths to its desired output packet'mo_duie, but each of the successive
path hunt attempts must occur in a more lightly—ldaded 16x16 crossbar switch so that
“the first attempt occurs in a 16x16 érossbar' switch with many previously-routed ATM
30 cells .(and very few available paths to output packet modulés) while the fourth and

final path hunt attempt occurs in an 16x16 crossbar switch that is virtually empty



technique is simlar to spatial path hunt techniques that pack as many
calls as possible in one portion of a spatial network, -which by forcing
near 100% occupancy in parts of a systemresults in the remainder of the
calls having a very high probability of bei4g 5 successful ly routed

t hrough the remainder of the systemif usage is bel ow 100% Thus, rolling
in its fourth(thewby praliding nanylivailabilé paths tosw@phdRcka micdules) T bility
of an ATM ceII( su_c{,:gssf_ul Fy bei ng routged. _Gan 1??)3 by pac?i nge%ﬁgéATM
cells in one teshnique isgimilaetospatiairpath buntdedhiniguas that packras manyaatl$ ks possitile h

goal (1) that,requires the traffic be tjally, distr] ed across the
network. Howelefne partigh p aB%at@E(B‘F%Oﬁ%d’VS@a’ l)y 5‘@%’6‘&,@% %PSFCUQﬁ?‘é’a’&iH?&S of
provi ded by t | L . | ' ' 1
Satisty both Seuidn i iEpdeabRdRrbI Sl B N0 i SOBBATEMAY,
[err] of S| Gucéedstusllyoroufelithivigh thdweinaieied of the shstemdigge ihbelow 00%e .
di stribution network, and assum ng that the switch fabric 14A is conposed -

of four pi pesThegraling in itefourtheand finad pathwat attamptarovdesigvery highprobahility
required to petfo 56x4=.10 ni.que: pa h s, for the ATM s . pefore
the cells canoé)%‘ ‘?‘MB@(S ge.ﬁ%g[yﬁ?ed @"??#ehﬁ#ﬂ%)eWspa@%@ﬁdemceﬁlmf our
pi pes, the 25 ; ' ' | |

i Vi des. 1 he.rom PUHER of (e, LIRS Ko 1o cobfie b abBEL) REPRASS ||
have path hunths traffi¢ be sprmiailp disttibutéd héross the netwark.pEob@0er as will b¢ kxeplained pi pe

181, then in &pe 182, and fipally in 20 pipe [err]. The_ second group
wi || havdOat belawntempostlspreadingrrspvided by the rollingdechnigye nermits the networkiten i n

[ 182, thep.i ' 18 fi ' [ 180. The third il
habe parh hurdmobabedBiv s bt plS DleR] P° o0 180 vt Shen'in pi pe
183, then in pipe ASQumigdndricad bthenssiisn bofs 17047 eop6 IR atiA TMave

path hunts perfornmed for its ATMcells in pipe flrst, then in pipe 180,
then in pi pe ceflithatmetd® o be fouted thyough the distribatioh nefiurk, andragsunilng thatdke i ng

of the path hunt arantees that t royted ATM cell s, are djstr.i bute

evenl y her ossSvateh b 1ﬁA¢§§9mp9ﬁea@3§?wanipeﬁ Kor ks, Reemibe pytolhand canisaller of
t he four u [ ( ! t ithin a
single gr@ﬂpaé(:dakr‘lmggé?g%@eegqlgﬁf %}B@(Zg{sfglﬁ gﬁ?’“@‘*#’ﬁ@ T?@?ﬁﬁi\gs&w ‘;"r‘@y@ 16x16
_crossbar swi tkdforelthe Belld@nHeube@d ATY disttibate\the ATM &éliskefilyaietass dil Four but ed

across all of 30 the 16x16 crossbar switches. 15 Referring now to FlGs.
- 5 and 6, a tipipesytht 2ffr ATM cellsarequisting gonnections; the rolling technique divides the

requests into four groups of equal size. The first group will have path hunts performed -
- for its ATM cells in pipe 18 first, then in pipe 181, then in pipe 187, and f;mally in o
20 pipe 183. The second group will have path hunts performed for its ATM cells in pipé
' 181 first, then in pipe 187, then in pipe 183, and finally in pipe 18¢. The third group
will have path hunts performed for its ATM cells in pipe 18> first, then in pipe 183, |
then in pipe 18¢, and finally in pipe 181. The fourth group will have path hunts '
_ pérformed for its ATM cells in pipe 183 first, then in pipe 18, then in pipe 181, and
25 finally in pipe 187. This ring-like ordeﬁng of the path hunts guarantees that thé routed
ATM cells are distributed evenly ac_rbss all four pipes. In addition, if the ATM cells
within each of the four equally sized groups are selected such that the ATM cells
within a single group can be routed i.n,to exactly four of the 16 inputs on any 16x16
~crossbar switch, then the'rou_ted ATM cells will also be evenly distributed across all of

30 the 16x16 crossbar switche;.-



according to the present invention is described. To satisfy goals (1), (2),
and (5) sinultaneously, the out-of-band controller 20 uses the tine
delay/tinme distribution described in goal (3), and these ATM cel |l del ays.
required by goal (3) nust be 5 provi ded dtgi ng each ATMcell interval. I'n
all cases, when a group of ATMcells is pasSed around the ring-1like

e ass gns the_cel | RefRrifnaon I FRAE 2166, atieRiB Singrens Gir el g e Chiqs, o 1 s
that the ATM : : ' f '
r e?as Si S nnent C%r‘l: éﬁié%? E’ﬁ/@k gg%ﬁ“@éf’%ﬁ%? gg gésé’ ﬁ?%‘t (rjl?oe ?&s?ggﬁgi‘?syel) i ({éz’lﬁﬁﬁ -(?)oad ed

set of 16x16 csimuitansously, thehrs-oE®and esntidier DO usdshhatigedeRgtimedistributibn An
addi tional advantage of this rolling technique using re-assi c);nment and

del ay of ATM cdasFribed iargegl )i and these ATMagelldlelayis seanined by gopb(3) exst be
ThA Lo ame St RPkded g FAATM el Dinryil 1 8 cRE.SHEN 4 GEuR OF AT CBRLISS |
64 connect i onspaegedﬁ{p{g@ {teQMgling ﬁmch&ép?ﬁa{@eifq\lfrpﬁl gﬁ@g*gm&q@ge 18qaket

nodul e 160-1615). s 15 occurs wt e rol beCause
al | of the ATMoneoller 2breassigne ¢tk ¢obis v themexe ATM celhintériral (periodd) AVHitlcsiquires
interval. Thus, the rolling techni gue when used in the qut-of-band

control | er 20 thakthe ATM cellxbe éﬁléY‘iﬂq*PibWQ:"eqlll perigds Becaisa of this resassigpmeniandy n -

th itch fabyhc 14 i I ' t jent
cor 1"t ervar dekit SAEACHorbUF s R i Wbt sFOTI S clfhBr SORRRLST
one ATM cqbl [ef it foteH mdSfindd phth Rt O An2ddRIonAl ddvantAddbils dllg théiqwr ©

routed through the switch fabric 14A would nornmally Tead to the conclusion.

t hat t her e woulsihgwe-assighinent anidedelaynoSATVE€gll intervalsis(thyt ibalsorallowsimoreithan
roper cell ordering. Ho er,,.the ring-1i deri t h, h t
\?mftﬁi h the outohsion FEVing A DY aﬁélﬁ%eggéeqe 'rﬁgsagfx%wgdﬁéﬁnsq#ﬁ g
stream of ATM cel | ' ' - - Kol
hianmon el nya% SeId bupuPodREEmBul 86, § (ERATHGR there HESD SARBHAELBLE 2
183 is the hi ahaivks Befdaieashifeh Tabric T4A So babh it plet sroklectby 11 3) ! Mhisfiact

that ATM cells are del ayed by at nost one cell period, ensures that proper .

cel I or dedfng ogcius with theiratlngrtechniquetbesauselallof sheeATM cellstdochot need torke swi t ch
e et o et B34l R A S A e
2, e et B it AP 8 ARl 1
within the switch fabric 14A and the output modules 16¢-161 5, even during a transient
cell interval that has an extraordinarily high traffic load.
20 The one ATM cell period delays incurred by some of the ATM cells as they

are routed through the switch fabric 14A would normally lead to the conclusion that

there would be difficuities in satisfying goal(4) of maintaining proper cell ordering.
HoWever, the ﬁng-like ordering of the path hunts within the ouf-of-band controller 20
guarantees that delayed cells in a stream of ATM cells will always be routed through
25 | lower-numbered pipes than non-delayed cells (where pipe 18 is the lowest-numbered
_pipe and pipe 183 is the highest-numbered pipe). This information, coupled with the
fact that ATM cells are delayed by at most one cell period, ensures that proper cell
" ordering will be maintained if the cells are extracted from the switch fabric 14A and
loaded into ﬁrsi—in-ﬁrst-out queues 174(-17463 (shown in FIG. 7) of each output
30 module of the output modules 16(-1615 in the order of the lowest numbered pipe to

the highest numbered pipe: pipe 18, pipe 184, pipe 185, and pipe 183.



Referring nowto FIG 7, the output nodule 160 (and the fifteen other

out put nodules [err] may be a 64x16 enbodi nent of the concentrator
described in Cyr. et al., U S. Patent No. 5,412,646, entitled "ASYNCHRONOUS
TRANSFER MODE SW TCH ARCHI TECTURE", i ssued Iday 2, 1995, and conmonly
assigned to the 5 assignee of the present invention, which application is
her eby i ncor por at edRéferning sove e EIG. T ¢heontitputtmaohidel | 6y (666 thefifiéeB otler cutput
specific case of the generalized caoncentrator shown in FIG 4 of the

above-refer enc@l@d‘-ﬁ&‘t i1 %tﬂc)lq_l%bff dhdk6 eybodimeny of tig ?R!@T&tﬁ?éoiﬂﬂsﬁékedriﬁdiﬂfes
Foterost of brbd R RAlRENe: 540048 lifed ShSYRRATROR S TRlANGFER MOBE |

provide a bet teyTHOREARCHMITECTU Hal My ',i9¢§3§naeéﬂniéﬁm§1&§ HediiPthe?

real - life anal ogy vmlFbe descrﬁég’qwth fespect to F , IS a

pl an view 6f assignesefithea prgsemtdinegmioanwhidB applicationds hérbley mcotpoeatedby _
transporting a large nunber of people from anusenent park_ parking.lots 511,
512, 513, or deterense; fheoniput moduletbodnddQ. 44 wepi}wq of fgﬁ_amr%hﬁe

le bet h nts . s ¢ |
Churt e tra nechiftalft HOUH i £id: 25 MO tftredct naferf SAIRARGN B ChPWAL (2™
four pipes of Sibd @ ol ifodhfbd.165AB] s aigwels Bsckbd Il @k Bb6v¥YeRirdtuedi X1 een

cars (representing the '16x16 crossbar “switches within a particul ar pipe),

and each shut tapplication; in the imterestiofirevitysthey sdlh notbe fSirtherdescribed lierg t he

out put links emanatjng froma single 16x16 crosshar itch). In this

anal ogy, &8ch cust SheBrovidss Beties BidersiaRdiag the ml%?f ﬂeaﬁﬂi}p@@hﬂu&fwﬁk

four parking g soddy witBe didcibed with sl (3H0S R ihlchSs APURSAER b RRT k520
a result, each customnmer s 1nstantly pl'aced I n”one of four groups, and

since the par kinfigemehtpdek systdrt 580€ Cohsidsethie prablém of Gahspoitinga hegy MurniberayT
equal nunber of custoners on the average. The custoners in any single
parki ng | ot 5peoplsirom snwsementpark parkingtlots$ 1di 124813, rHid te theramysemene of

si xteen |ines, 25 each Jipe., s assqciated,with a respective cay, of

the tram shut tﬂag] 5 #‘f;“ﬂ‘.‘g s g‘ﬁﬁg the P;?QPE%?%"?"&"%Q BPWISy Zﬁa‘f"rﬁyﬁtegﬁ iz{oeen

different jkhe I?&,ﬁggﬂt, raik M'HT] W -thut ichagh of

t he sixt eé% sgggrhgﬁég(o-gart i cu 3"#@?%%1_‘53? S g eled w t%r%)ﬁeeggﬂ‘ecﬁg area

to whi ch that aaglagoss Rahe fairtpipdsof svitch ifabeie 1A Batharam laftie ainrdontainsg i n

the parking lot, each custoner nust randonly chose one of the sixteen thene

areas 30 (repidesarrarnigepmeeenting the Hoxgrosessbirsvicheswithinespardenlamnipg), apdr e

2 ga'? ' a: 2 g C}Maf ggc tli)qtltﬁ[) ?@'Pg'ic}? %&‘Spgé"&’ Mtﬁ)'sjlsxg&%rrrxesregts ?Pe%%esén%% t{xé Qgtpﬁplirﬁé/saénllf‘n%thelg
froma single 16x16 crossbar switch). In this analogy, each customer (representing an

20  ATM cell) arrives in one of four parking lots 511, 512, 513, or 514 :surroun'ding the
amusement park 520. As aresult, each customer is instantly placed in one of four
groups, and since thé parking lots 511-514 are the same size, each group contains an
equal number of custdmers on the average. The custc;mers in any single parking lot
511, 512, 513, or 514 must then divide up -and stand in one of sixteen lines, where

25  each line is associated with a respective car of the tram shuttle train. The amusement
park 520 is sub-divided into sixteen different theme areas (The :Past Land, The Future
Land, etc.), and each of the sixteen seats of a particular tram car is labeled with the _ |
theme areé to which that seat's occupant will be given admission. Before arriving in
the parking lot, each customer must randonﬂy chose one of the sixteen theme areas

30 (representing the sixteen output pé.cket modules 16¢-1615) where he or she wishes to

“spend the day. Customers must then find an available seat associated with their



17 desired theme area on one of the four trains that passes by the | oading
area 531, 532. 533, or 534 of their parking lot. If a custoner has not
found an avail abl e seat after four trans have passed by, then he or she is
not permtted to enter the anusenment park qyring that day (This harsh
condition represents the |oss of an ATM cel’l" due to 5 bl ocki ng in. al

f i f the distributi k, .a | I but fini I bj i :

The 117t 1 ariePRe 1T 6eaan DR BRSPS Rk RS Dh e l9edBRareactal. D1 has
ne first tr e . Bagfeac: P73

or o~ apbc 11 o0 DRap ooy eey iy 8 {18 cusfifi R Br3iina SPelelB RN UL O,

her seat to bgoupe@ns have pdisdd By, &ien HelveRhé ot perivied to elftbr 116 amikém&t pask
straight to. the anmusenent E_ar_k 520. If 10 the custoner fails to get on the

first tram helusingghat dayg shxoudition representsabatbss ofian MM kelhdye Wl r eady
visited t other .parking | ot loadin eas. |f the custongr.is syccessful
at findi n\gghi f ifgin %FQ’PEBB’EF Pfg)ﬂ Besbiit networkos staal BRL ARt ROSTES I v ||
del i ver the custo ] . i.ag | ot
atop. 11 the cust onme it fimRHSEIRR R Ao b ine Mo CaR BUHRED, LT
then he or shalrendy vished thide otherphrkiny lotlieadifyg ardad, 56 thedlisimdia préspecifiedsi t ed

one other parking lot |oading area. If the custoner is successful at
finding hi s orseaignagbafulb HeweverHf the qustomer dpes find hisonner segtto) besracamtranor

her to th t 20 af .twn. addj ti Ki | ot st I

the custoner Aot ghgube Syl ftivenBink b bir'sPrbe B8 aiseent Tl S20. It
ust t e ' t @gpwalﬁ%ﬁltgaﬁ, | LS
'f EZmoﬂgg %ts Vi s”%sggﬂgn%n%g%r?g%ﬁ%tg%ﬂ’ ﬁ?/gl?%hes[% the arri ing s%c;og&rl]ml:agn
enpty, and't hevhicis hasalreadg visited two bthebparkinigdot loading iateasn iff the customenizer i n

hi s/ her. parking lot_|ine is also trying for the sane seat. The system 530
satisfies goasugospsfubatdinding his or herrpresspecified seat pxy theysegond tramgthat &am will nor e

cefls Y naeea. CARH IRt Hifob e Y pgnl i b P bkl vl iy AT,
techni que if WRQHmMRY fdils$6 gkt drlihe Fitfitrant Snd thsE@Ind tt2€ Théil RO Heithist WaitATM

switch 10A from4.34x [err] to approximately [err]. Using the analysis

t echni quess of ahth éryahe thitdetrand whichnbds onlyPwisked orwthetpatkingilotdoading areah df thel |

| oss probabilities for an ATM swi f.ch, 10A t hat has i pdependent conngctions .
to i nputs of CHEORIFF iscHceespiuf at fimlﬁras:b@roa ihRgSeabo shisd ,Mﬁr@@ﬂyﬁﬁéﬂwsr SO

has an out - of 12 . r ' . ' | ques
can be anal ytica W?@ﬁ%}&l&? g‘gﬁé%&ggﬁég?iadt@(fr *‘Eﬁ%ﬁaﬁﬁ@ﬁ%‘ﬂﬁ@é idfga)(,p%ggs ar
switches in pecagomhePfdil8e6 g¥tesh &1y oTithefifd thrédirams, then the customer must wait and

try the fourth and final tram. Fortunately, this tram has not visited any parking lots

20 yet, so the arriving tram is empty, and the customer s seat will be taken only if another
customer in his/her parking lot line is also trying for the same seat. The system 530
satisfies goal (5), because each of the successively arriving trams is more lightly-
loaded than the previous one. Thus_, a controller 20 rolling ATM cells indeed éan
fulfill goals (1), (2), and (5). '

25 - The rolling technique if used by itself improves the ATM cell loss probability
of ATM switch 10A from 4.34x 1 0-3to approXimatcly 10-11, Using the analysis
technicjues of the article "A Growable Packet Switch Architecture” the cell loss
probabilities for an ATM switch 10A that has independent connections to inputs of the
switch fabric 14.according to Galois field theoryl and also has an out-of-band

30  controller 20 that incorporates rolling techniques can be analytically modeled and

calculated. Each of the 16x16 crossbar switches in pipe 18¢ receives an offered traffic



18 |l oad equal to [err], where Rres is defined to be the fraction of the 16
I nputs to a 16x16 crossbar switch that are bl ocked in pipe 183 and routed
to pipe 180 for a re- attenpt. For a first attenpt at solving for the cell
| oss probability, let us assume that Rres=Rlg/ 16. Thus, the cell |oss
probability of a single 16x16 crossbar switch in pipe 5. 180 can be

determ ned usiggq Ecﬁ\i‘al?&RﬁLRO/ﬁ+Rf‘csEﬂrﬂez%th@é is ﬁ&kt ) lg«,’itgé)f{ftl&?(){ J#e%%ﬁutgpl [

n=l, and the svvltchloadlngls gl ven Ra=RL

assi gnnments, ttbea rﬁeﬂﬁlctossbamwmchlthmarqobloﬂeddl ihipipe F83rand riaudeﬂyo pipad8g foes rd-
pipe [err] 16x16 crossbar. switch can be calculated to be: 10

P(cel | 1oss i rat{smps. Fer a firstatienspt atselving:for ithsrcelfflossrrobabilityplet ys essumethat1 6

b: t hat to,th d t t,att '

g vor By 1T SRR I GRS Sy o Sruf i
: [ [ I npu
t%at 15y gre lﬁgﬁfd}%ﬁb@gzgl@ﬁf é%ﬁgﬁﬁg%t%l so the residue - P

t f RL/16=0.062 ab -t t
and pbr f o1 m naelk ooy LLmARRO) LD noins i a, b ki1 Honds) R PA G

the cell loss probability of a si ngl*e®® 16x16 crossbar switch in pipe 180 can

be det ermi ned 1S h2g, &Ja%@ﬁse@ai wag@; 1§§ﬂeﬁ%g§if=& A, ﬁmhgamﬁ and

the switch | oading |s’given by hes ghment

resul ting cel |lassigamemsptha bedulting detirloss ﬁmbdbjhﬂydbﬂsﬁﬂlyeroaﬂed)dm_@l [ pige Il8i)><16
crosshar switch is calculated to be: P(cell loss in pipe [err] . Thus, the

fraction of tHéxléCFQ‘-FEQR@W'@&MB@(E@“&#@Q%E? t hat are passed to the second
L 2 =Ra x P(cell |oss

[ ~af t t he f t tt t
!Olnpgi ge igg) c [Ie;f] i [erenr)r] ! 'Sl'h' @gqségﬂgltpf*dﬁo)r els?iﬁlp I's very close to the
assunmed val ue m‘usltﬁérﬂacn@&ofih@ IGSiﬁlb&ifPid PV6x 16 GOkbariBhEsle sQ&t&ﬁfe's%E&ﬂ ory.

The bl ocked cells are sent to pipe 181 for subsequent path hunting, and
t hey encount erpipe aftsyithgfitst ettemptiis giveh bTM cel | s from preV| ous at t errpt S.
sbar 30 _switch in_pipe 18

- Thus, the 16x16 C\r,\,glmZ can m)[ _2
anal ysis as a gro ERgxi{eell logs incpipe WBox~ G- 13"10 ) (. 3"10 )= 4 06"10
- By symmetry, this should have also been the same as the fraction of inputs that
15  are passed from pipe 183 to pipe 180, so the residue assumption of R;/16=0.062 above
was incorrect. By refining this assumption and performing a second atfempt, and now
assuming that Rres=R;/32. Thus, the cell loss probability of a single 16x16 crossbar
switch in pipe 18( can be-determined again using the equation of Eng et al., where
m=1, n=1, and the sﬁtch loading is given by Ra=RL/4+R,_/32. Using these
20 ' assignments, the resulting cell loss probability for a fully-loaded (R;=1.0) pipe 18
16x16 crossbar switch is calculated to be: ) .
P(cell. loss in pipe 18¢g)=1.2x1 0-1.
 Thus, the fraction of the 16 ihputs to.a 16X16 crossbar that are passed to the second
pipe after the first attempt is given by: |
25 £1-2 =Ra x P(cell loss in pipe 18¢) = (2.81x10-1) (1.2x10-1) = 3.37x10-2.
This calculation result is very close to the assumed value of
Rres=R,/32=3.13x10-2, so the assﬁmptidn is considered to be satisfactory. The
-blocked cells are sent to pipe 181 for s_ubsequéht path hunting, and they encountera
negligible number of ATM cells from previous attempts. Thus, the 16xi6 crossbar

30 switch in pipe 18} can be modeled for analysis as a growable packet switch, with



19 m=.1, n=1, and Ra =f -2, and the resulting cell |oss probability of
this nodel is [err]. The fraction of the 16 inputs to the 16x 16 crossbar
in pipe 181 that are passed to the pipe 182 is [err]. Simlar argunents can
be used to show that the resulting cell .l os® probability for cells entering
pipe 182 is [err], and the resulting 5 fraction of the 16 inputs to a
16x16 crossharmeaseagdahe R PE1-233nd shelreQfiflg Bell (636 prodability SthiATYbEAlis | oss
probability. in pipe ﬂ83 is [err], and the fraction of the 16 inputs to a
16x 16 cr ossbak4xidr2}.oThe fractionofithe 16 Mpussid thér é6xck6oerassbet inrmpe £8Y that atel

four pipe attenpts), i errl. .Thus, through the use of the rollin

t echni ques wi twwd%tﬂéﬁﬁ){md#z i iGh Sinilas arguments camiyg pisedtp s{\%ghat the
probability of . ] | e " t] '

puts. of 1 ts "eauiti] g prbpaiifiolbordetiSent P RERT8E s EORTAR drdife Boulef o
of [err] tg arfravtioffdid 5 npltsdo afl6ke6 elosshAr pasttetepipe 18 6MOLLE8 MaYRe bE
used in conjunction with the roIIin% t echni que descrlged above to decrease

the cell | oss rpsultie@ATM gelbiosa protmbilityin pipe 182 ix3.8xl 0t andehe fimedian of thg 16ack
to FIG 8 and.the anuse t .park anal o SO formof .15 arbitration was
requi red at t HBPYIS I ABAER STgoskrpacl rppieH % pibg: 183 (apd theregordmpErasied il iow

the line will ; hels j ' ,  f
custoner is rﬁqﬁee%.t%f%lsﬁﬁg%éme s%&?@%on‘%ﬂat%?gsééfﬁgé%gl}ﬁﬂ%@ggﬂg%ﬁ?@{l er
20 nust provi dat-df-batid tontrdliep 00, Sthe ATMcell 168 IpesHability \0f ag ATV siviteh A0AI with g

ATM cells w |l be assigned a particular |ink whenever two or nore cells
request adB@esdndependent sanrectippkat tie inppts of itsrswitch{abrim] 4% Rambe decsersed fromve

d f . t.h I bi hiti F
Arbitrari o scRamBteRtap ailiE el TYPRRES 10 87 EocBpRBROale i r R AT ce s
i's assigned the |inkprfbRnERRERTHAEHAS b M8ed R @ifuriclioh MAthhb filBng feehifiRle | OF

the analysis of the rolling technique’ presented above. However, 0Ot her
arbitration 24escritelabose trdecpmse thielcell lassgrobabilityof an A EM ssitchtl0At ¢ven
schene that has advant ageogs results is called the preference schene._ The

preference ar &fi iRsACITNg tesEhGy $and the amusexment pagk analogy oseme forgyof; ne

et ght s abs o R HeR kool LAY el Kaify sl Pt maBL SFE Hiomers,
whenever two @ tHelirfe Will bgivenlt PaitichlA Sédt ohthd HEmSMEN hbfitharSnecustimhérlis an

30 effective hierarchy iS created within the groupings of ATM cells.
. requesting the same seat. Similarly, the out-of-band controller 20 must provide an

arbitration scheme for selecting which of the arriving ATM cells will be assigned a
particular link whenever two or more cells request acéess to the same link. The |
20  arbitration scheme used can have an advantageous effect on the ATM cell loss
- probabilities. '
* One possible arbitration scheme is a random scheme to determine which of the
_ ATM cells is assigned the link. ’I_'he.random selection scheme is the scheme assumed
for the analysis of the rolling technique presented above. However, other arbitration
25  schemes are possible, and one partiéuiar arbitration scheme that has advantageous
results is called the preference scheme. The preference arbitration scheme assigns a
preference weight to each of the ATMcellsina particular grouping. ATM cells with
higher preferénce weights are given precedence over ATM cells with loWer preference
weights whenever two or more cells 'requesf ac.:cess' to the same link. As aresult, an .

30 effective hierarchy is 'creatt_’:d within the groupings of ATM cells.



20 The creation of a hierarchy may superficially seemto produce

undesi rabl e characteristics within the swtch fabric 14A, because custoners
wi th high preference weights will be offered better service than custoners
with | ow preference weights. In fact, the egpe custonmer with the highest
preference wei ght within each group can never 5 have his or her ATM cell

bl ocked by anot her ' - I i .akf, a
detail ed anal ysi s oﬂ?ﬁg%%‘cﬁwgf&&r{%@ﬁ%%gﬁély %F@‘r@?é%‘;‘ﬁ?%ﬁ%‘%? t hat

it actually | epdfactepistiewRNAGh® SWiteH TBFE §4A|, beoaubdRont@s withdfigh preference
probabilities, for all custoners- even for the custonmer at the bottom of

t he hi er ar chy weightstwill beexfferédobetter sqrviet thanmstomergivith 16w preference weights. In
results of this analysis are su rized in FIG -9, where the probability of
| oss of -an ATNAtelhe.ong castomenwiththe,highest ppeference weight wﬁlmphgr%sqagmsuert 0

an avail abke . f i o fap t hat
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a result, fourthatiif4ctuallytlegdsdb émpraved perfgmancesices lawsericgh dosstprobabilities, forall
hi erarchy for the four input, ports associated w.th,each grqoup, The _
b of or ence. weiCROMESS GLFAIGE e istometsa the Bariom of fg BeTGGhY Wil the YERAMES be
a fixed constg)gée}eg@iv%\%g not vary with tinme. The resulting plots 901, _
ZF In Fl )

902, 903 and indicate that the cell |oss probability

decreasesl@s nore pPRieresultstof this analysis pretmdrizedoh FIG % dvhez®the probabilitydfs o
shows that the inputs with the | ower preference weights 903, 904 have :

hi gher cel | | dess of apibM delli; d<., tiesprobakilityngfia eslhmot heing pazignest tofanravaidable
i'ghts 901, 902, . i ght be d.- - | th lots i

verants 0L S0 ifholfetiin R BAPELE HimBie el SRR ol St Sl 5t

random sel ect iggpferdfy éﬂyﬁ@oﬁﬁbﬁﬁﬁxd&d%?ﬁérzmsﬁﬁﬁﬁ dﬂ%ly"sﬂ,eitma@ragi 3 that

arbitration schema.tqiTl%e surprising and unexpectedresults are that
after path huthe grioupsizes wiere foatii.edi upf torfeurt APMpexdls cobild simultarmeonsly eotripete for
arbitrati on schene produces, cell |1oss probahilities which are higher than
the averal® ofctesstathesamgdink, Assuresult. fowsdiffsrent preferenceveights avess assigned to

schene. In fa the plat 910 of th om.sel Hely Lt atson seh
shows an aver gée@tec%ﬁepﬁrgys%ﬁgb%%ﬂ* }‘ﬁ’f‘f g@‘%f ??Fg%?t?&&flﬁﬁ_?gﬁ %#u%{?t t’g%r @éﬁgh
are notably hiyghgit abfRitdd With aParticit inpid pdft is afitithedib 68 aFxRd bfistanehaoe
cell loss probabilities for even the input ports wth the | owest preference
wei ght's wi t hi doeswiotivaey withtimenr The resalting plot$180d 902903 atdcd0dnmFdG. 9 indicate
that the cell loss probability decreases as more path hunts in more pipes are performed,

20  but it also shows that the inputs with the lower-preference weights 903, 904 have

higher cell loss probabilities than the inputs with higher preference weights 901, 902,
as might be exbected. Super-imposed on these plots is a similar plot 910 which
indicates the probability. of not being served when a random selection arbitration
scheme is used instead of the hierarchy arbitration scheme. The surprising and
25  unexpected results are that after path hunt attempts in four different pipes, the random
selection arBitration scheme produces cell loss probabilities which are higher than the
'average of the cell loss probabilities for the hierarchy arbitration scheme. In fact, the
blqt 910 of the random selection arbitration scheme shows an average cell loss |
- pfobabilities for_- all of the input ports which are notably higher than the plots 903 and
30 904 which are the average cell loss probabi-lities for even the input éom_ with the

- lowest preference Wpights within the hierarchy arbitration scheme. This phenomenon



21 can be explained by the fact that after three sets of path hunts in
three different pipes. the distribution of ATMcell requests entering the
fourth pipe is very different depending on whether the random or
preferences arbitration schene is used. In2the random sel ection arbitration
schene, there is a small but equal probability that all of 5 the ATM

cel | s are reqeesbeeyplained bly.thé-facethat aftérnhtiel sethiof path hlaptsan lthiree diffepent pigeene,
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i nterfaces 12eontentinn foran oytpublink il @ever qeeuk: ] the switch fabric 14A, and

t he out-of-band controller .20. 25 . = The i nputa jn faces .120- 12255
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2.4x10-16. It is worth noting that input ports that are assigned higher preference

20 weights will encounter even lower cell loss probabilities as indicated in F IG. 9. |
Referring back to FIG. 5,in order to provide a physical embodiment of the
rolling and preferénce methods, the ATM s§vitch 10A is segmented in to four basic
sub-systems. These four sub-groups 'éonsiSt of the inp-ut interfaces 129-12555, the
output modules 16¢-161 5,' the switch fabric 14A, and the out-of-band controller 20.

25 The input interfaces 12¢-12)55 within the network provide the necessary |
interfaces between the incoming transmiésion links and the l.inks'connected to the
switch fabric 14A and the out-of-'band controller 20. As a result, the i_nfmt interfaces
129-12255 must provide a tenniné.ti_dn for the input transmission line. For example, if
the input transmission line is a SONET link, then the input interface must provide for

30 clock reéovery, link error dete_ctioﬂ, SONET pointer processing and frame delineation,

ATM cell extraction, and an elastic storage function to synchronize the arriving ATM



22 cells to the systemclock within the distribution network. The extracted
ATM cells are then |l oaded into a FIFO buffer of the input interface. The
input interface nust also read ATMcells fromthe FIFO buffer and extract

t he ATM header fromthe cell. The VPI/VCl f22ld of each ATM header is then
used as an address into a translation tahle 5 | ocat ed on the input

i nterface. Thecebigttgpthe sybteihelotk aithirothe distiibition fetworkd Sheaxtrasted/ BTV CELS arel d
and the address of 't he output packet nodule to which the ATMcell is to be
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synchroni zed tcnigléted itsipath Hint ki®hisSelayed thevesiltstino\thé Swich\iablic 14ANOMEM
switch 10A. Each of the two hundred fifty six input interfaces 120-12255 in

FIG 5 are nurtheseiichiabricddAcigdeasied withhthe mgwf swatehGettinge Bbappopriately mouta thet
i nt-er f i 2 i gned |j as_ add i b | ette t
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connected is Gpédulel 6lpy.-Itfsﬁoﬁalbéimtédmhpbatncﬁpﬁtﬁuafadehab-mFgadmany isred
previously. These techni ques guarantee independence between all of the
inputs on any peovided sith®nedinkdb zacksoff the fiousfpipesyl 8gi¥g. of the switch fabric 14A. In

addition, the use of rolling (i.e. temporal spreading) within the switch fabric 14A may

C

require a copy of the ATM cell to be injected into each of the four links during any

20  one of two consecutive ATM cell intervals. As a result, the timing within the input .
interfaces 126—122 55 must be tightly coupled and synchronized to the timing of the
rest of the sub-systems within the ATM switch 10A. | _

Each of the two hundred fifty six input interfaces 12(-12755 in FIG. 5 are

numbered with an address ranging from 0 to 255, but each input interface is also

25  assigned an alias address given by a lettér between A and P. These alias addresses are
used to identify which input port the input interfaces will connect to within the stitch :
fabric 14A. The actual set of fdur crossbar switches to which a particulaf input

 interface is connected is determined by the Galois field techniquésﬂthat were described

previously. These techniques guaraﬁtee indépendence between all of the inputs oﬁ-ahy

30  16x16 crossbar switch of any pipe.



23 Each of the sixteen output nodules 160-1615 in FIG 5 is |abeled with
addresses ranging fromAA to PP, and each output nodule perforns an

i nportant function within the ATM switch 10A. Each of the output nodul es
160- 1615 within FIG ‘5 provides termnatio s} for a respective set of
sixty-four |inks emanati ng from5 the sw4ch fabric 14A. Each -out put
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nmenory | ocat i angvindlonfuaie® tise sixdyefous ihipatsap icodesired ongbf the sixt@hlontpiit porty,
accesses every 176 nano seconds, so it would demand nenories with 2.2 nano

seconds acces@ndiitprovidas buffering.of A Thbesllsde handle the prpblemsassosiateowith out put
dul e 160-1615 64 6 trat d x1l 6 sh
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sixty-fouggwrites. afyhee emﬁi})@y@ﬁﬁfof ﬁﬁgétﬁd'ﬂﬁﬁmg%y\ﬂg%ll lé?ﬁ&i’té@"l‘het}ﬂﬁstt he

menory size could be small (a menory speeds c ast) since t
buffering req tstragﬂt-fqmwamdl apprbaqtmbﬂdtpmhabbr cinstruet a sharedimemaryi ssdtthitimtt hi s
menory. In additjon, ‘the 64x16 concentrator could be inplepented as a

singl e | i nked cPilsk pesfarmsintyfourmemory. WW#@WC%@?mﬂmf%W@HVﬁM As a

reads for everyt I et e Secdhl heentoRNoult ibf A RS of Bxfbel i Sine
performs thi rum&&/ﬁsﬁgm for 5&?&&6& rfyu & fieng mnfa%we'x\a!teenapmﬂieami (and
| arger) nenories could be used, and ering for output contention

probl ens tHul atohtalmnpxdlelmtmmyﬂduahon@:aﬁhhbughrmnylepthns approach requires etghty
modul e. "Thus, this |atter arran‘g6errent |s({§he nore practical altern tlve for
an output nod@eEmoryccesses everyrhib BP0 seRondiniq K Woald demandmamoses With 2¢ oup

of smel ,_l Clrcyblo SWohGl icteld tBhes. An alternate approach would split each 64x16 output
| module 16¢-1615 into a 64x16 concentrator and a 16x16 shared memory switch. The

concentrator would be a memory system that provides for sixty-foui' writes and

20 . sixteen reads every ATM cell interval, but the memory size could be small (and
memory speeds could be fast) since the 'Buffering required for output contention
problems is not provided in this memory. In addiﬁt;n, the 64x16 concentrator could
be implemented as a single linked list sprgad out across sixty-four distinct memory
chips. As a result, each memory chip wouid require only one write and up to sixteen

25  reads for every ATM cell interval. The 16x16 shared memory switch only performs
thirty-two memory accesses every ATM cell interval, so slower (and larger) memori_es _
could be used, and the buffering for output contention pfoblems could be provided in
this sha'réd memory portion of the output module. Thus, this latter arfangement is the
'more,practical alternative for an output module. _ - .

30 ~ The switch fabric 14A is essentially a group of sméll circuit switches that

_provide the required 'connectivity between the input interfaces and the output modules



provi de the required connectivity between the input interfaces and the

out put nodul es 24 in response to the control signals generated by the
out - of -band controller 20. In the enmbodi nrent of the ATM switch 10A shown in
FIG 5, the switch fabric 14A is conposed @# sixty-four 16x16 crossbar

swi t ches, where disjoint groups of sixteen switches conprise a pipe. The

f our pi pes ar en respehsedopheeont®l signals geddtated biypke dtzhf-tand cantroljxr 26. I8&he and
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A through input P, and each 1 X crossbhar switch al so supports
si xt een ouf putard Ipidec] &3¢l andithesixteoh 16x16wrgssbarBwitches withinracgiveh pipear labeied -

each input interface caopnects to a different 16x 16 crossbar in each of the
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120- 12255 and the crossbar switches within the switch fabric 14A are .
det er mi ned usicragsteriswitchsuppartstsivtesn inputstiabelpdinpet threugheinpyt Brandeach above.
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| abel ed YY, wbssheof'te fourdipes! I8aelr8s, bit it siouddhow A nBRd. thatfai}inpuktistetface that
function of the out-of-band controller 20 for the switch fabric 14Ais to

.det ermi ne t hr eorpectipdrpwX impipe 489 igeguiseditochexonnecteditotinpat X in thewothes| | may
be routed. Onge the out-qf-band,,contraller 20 has  succ fully, defern ned a
e o6 thr ough e Bt thi-TRa SRNGHCRRMeX 54n demPAR e FE A B Th Mo
the task S j r i ' ' i he
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modul e. As a result, the fundanental path hunting task of a swtching
network is estferenead gboved dhese teehniques guasantee indeprndence befavepn ipug gosthiorhe

ATM switch - uting within switches in each pipe of the switch fabric 14A. FIG. 5 also illustrates

that output YY from each of the sixty-four crossbar switches is routed to one of the
20  sixty-four inputs on the 64x16 outpﬁt module labeled YY, where YY is an element of
the set {AA,BB,...PP}. | | |
| " The basic function of the out-of-band controller 20 for the switch fabric 14A is
to determine through which of the four pipes 18¢-183 a particular ATM cell may be
routed.. Once the out-of-band COhtroller 20 has successﬁilly determined a pipe through
25  which the ATM cell is to be routed without being blocked, the task of setting up the
path through the pipe is simplé, because by the definition of a pipe, there will exist
only one path within the pipe between the input port of the arriving ATM cell and the
desired output module. Asa resﬁlf, the fundamental path hunting task of a switching
~network is essentially reduced to the simpler task of pipe hunting in the ATM switch
30 10A.



30 I CA. 25 The out-of-band controller 20 still requires a |large
busy-idle table to identify the status of each of the internediate (FN)
1inks between the 16x16 crossbar switches of the switch fabric 14A and the
out put nodul es 160-1615 as busy and unavai pabl e or idle and avail abl e.
However, this |arge busy-idle table nay be sub-divided into many 5 smal

busy-idi e tabl és t e dutofband eattkodler ZQSﬁFﬁPeql@ﬁ@@&Far Obwgridld i@hle tafdéntifer eby
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swtch. Effectively, each e switch control 260- 2663 reads SIXt een
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FIG 10. The géitediler£P8)-B6LS Wit sittebrt s»ﬂteﬁ Sirolbs Yrittih @adH pipe hﬁnt controller
acconpl i shed by provi d| ng SWitch controller 260 sixteen uni que link

control | ers A24g-243. A unique switch controller 269-26¢3 is respectlvely associated with each of
the 16x16 switches within each pipe of the switch fabric 14A. As a result, pipe

* hunting operations can be carried out in parallel within ail sixteen of the switch
20  controllers of each pipe hunt controller 240-243. The third level of pargllelism is .
obtained by per'mitﬁng each of the switch controllers 26-26¢3 to perform parallel
processing over all s.ixtee'n of the output links attached to its resf.»ective 16x16 crossbar
switch. Effectively, each of the switch controllers 269-2663 reads sixteen busy-idle
bits from its busy-idle mémory in parallel, performs parailel pipe hunting operations
25  based on those sixteen bits, and then writes the sixteen resulting busy-idle bits into its
respective busy-idle memory in parallel with the other busy-idle memori‘gs. A
fepresentative switch controller 26¢ of the sixty four switch controllers 26(-26¢3 is
shown in FIG. 10. The concurrent processing of sixteen busy-idle bits is
‘accomplished by prbviding switch controller 26¢ sixteen uhique link controllers AA-
30 PP, each of the link controllers AA-PP is ass1gned the task of processmg busy-idle bits

for one 1ntermed1ate link between its pomon of the sw1tch fabnc 14A and 1ts



30 PP, each of the link controllers AA-PP is assigned the task of
processing busy-idle bits for one internediate |ink between its portion of
the switch fabric 14A and its 26 respective output nodules. In the
enbodi ment shown in FIG 10, the large busy6 dle nmemory required to control
switch 10A has been divided into many single bit menories, busy-idle
flip-flops, wijehptivb ofiphghdiics. IPihekmbddinem IB6wn heFIG llooﬂieQﬂgla fbu?gﬂﬂile
physically associated with its respective |ink controller AA-P

The general damembryrequired tecontol switch H0A hgebeenadividedinte many lmgte bmt erfaces
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requires the reque oope rough pipe Aunt "controller 241,

pi pe hunt @ontrol | eThe déherdlrddtafiee forreguesovdotats gereratéd b thd inpdQinterfaces 12¢-
circulates around the ring. In general, each of the input interfaces
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si xteen-bit request vector froma input interface is routed via a
respective corihterface imPFI.tS is mlﬁﬂblm%ﬁxtmmdmheﬂeeaébm oftheareduest vector
controll ers 240- 243, a &ht he -controll er 20 kes _t he vech nt o, one of
the sixteen s\ROIRA Q8RS Féw@eeasqs,mtawhﬂ%ﬂ an AZM gell within ainppt isteriaca s

controll en t are
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si xteen of thehé rdtfaetORELP Wil be s¥d tbhal wﬁk hat aliPall thet Bits WithinGhe fefibstebmr -
Each link controller is associated wwth a single |ink between the crossbar

swi t ches and tvnﬂbnﬂethalngcmTQé's ,Whertithe tcontssléen20ab¢ejvesithis pagieulapmequest of
.the sixteen-bit uest, vectqr. This finjte state nmaching circuyjtry that

associ at ed wi PECHT oy the mpwlen%fﬁe%qqae efbidsntify thatra path is required between the

source input interface and the i-th output module.

20 The entire sixteen-bit request vector from a input mterface is routed viaa
respective control connection 21g-21255 to one of the four pipe hunt controlle_rs 24¢-
243, and the controller 20 pokes the vector into one of the sixteen switch controllers
~ associated with that particulai' pipe hunt controller. As shown in FIG. 10, the sixteen
bits of the request vector are injected into a.switch controller and are distributed across
25  all sixteen of the link controllers within that particular switch controller. Each link
. cbntrbller is associated with a single link between the crossbar switches and the output
fnodule‘s, and it essentially pracesses one bit of the sixtegn-bit request vector. This
finite state machine circuitry that is associated with a single link controller consists of
one flip-flop (the single-bit memory required to store the busy-idle bit associéted with
30 this link controller's iink) and four logic gates (shown in FIG. 11). A state table

description of the link controller operation is given in FIG 12, where the state variable



one flip-flop (the single-bit nmenory required to store the busy-idle bit
associated with 30 this link controller's link) and four |ogic gates
(shown in FIG 11). A state table description of the link controller
operation is given in FIG 12, where the st&7 variable 27 is defined by
the busy-idle bit. The link controller hardware provides for one request
vector input bistdefifled by trir@yidlebits tFhelink@oatro et hasdware picvided bPorie fRfliest
desi gnat ed request-out; and one connection vector output bit, designated
connect. The ragtasdnputdit, designated reqiiest-ing ome resqpiest vector vbutput bitalesignateddesi r es
a connection through the link 5 _ associated vtgttg this link coq_yol | er -
otherwi se, it jeguestogyand oge connegtion vertar oufpit by, qenpegts 1ge redyest » 1»
if the logic "Janed : . W ' kS 4 |
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vect or out Sut dssdciated avithoisdink controflert bthetwige,dt isk'logie?0t. The teembstweeopr Dbit
was satisfied by this particular Iink controller indicating the ATM cel l

wi |l be rout ecPutbutibitisadegicd” Hithplagicyodunput request vecton hit wasanat isatisfied by
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(creating a | digikcdhtrollepindivating det ATMbcell widichesrobitedite it$ désiredtautput mesinbes t

vect or bi t%) and sets the busy-idle flip:flop to the logic "1" 15  (busy)
state. AnyUsupheanghke link awetiated with this link ¢ontroller otherwise, it isaloginiQ o Ther
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creating an OLHaBHEL\TM%H%Iot,Vl é’ﬁrﬁiréqh%ﬁﬁ\fcecio? bit@l%}itehfé?d the Fink eBnirfiltiwith a

request vector bit). A tinme-lapsed view of several consecutive sixteen-bit
request vect orlegipdd s requestiis assigned the limk reating adogio 1t cdrinect vestortbitandian Fi g.
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and busy-idle flip-flop clearing. Th timng diagramof FIG 1

illustrates tHegisyAthutpnt omthemonnend vektombit indicreating an gitputrequestdedtar bit that
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to pipe . sixteen-bit request vectors passing through a single switch controller is shown in Fig.

20 12, along with the resulting states of the busy-idle bits stored within the switch
controller. Th;: resulting output requést vectors and output connect vectors illustrate
the general operation of each of the pipe hunt controllers 24¢-243.

The use of rolling within the controller 20 requires a very precise temporal

ordering of two fundamental events: poking and busy-idle flip-flop clearing. The

25  timing diagram of FIG. 13 illustrates the synchronization and data flow that might be
used for the logic within the controller 20. .As indicated by the timing diagram, the
flow of data around the rihg of controller 20 is from pipe controller 24 to pipe
controller 24 to '_pipe controller 245 to pipe controller 243 and back to pipe é'ohtroller
249. Request v@ectots generated by iﬂput interfaces with alias addresses A, B, C, and

30 D are poked into pipe controller 24. Request vectors generated by input interfaces

with alias addresses E, F, G, and H-are poked into pipe controller 241. Request



controller 241 to pipe controller 242 to pipe controller 243 and back to
pi pe controller 240. Request véctors generated by input interfaces with
alias addresses A, B, C, and 30 D are poked into pipe controller 240.
Request vectors.generated by input interfacgs with alias addresses E, F, G
and H are poked into pipe controller 241. Request 28 vectors generated
by input inter ' Iy : : ' L ' | pe
controller 242{’&&‘5}35&%%’%@%?%@%@?‘%?3’8{@’1“? r?gtll}:tegglégtl ’eJr’ gg‘e@?’vﬁg ?H‘S%tdﬁggy
addresses M Npip@ contlldr 2245 £ Reghi&t vediénd gehdrated ORtinitlisterf8cts with dids Qi RSses
times and busy-idle bit clearing tinmes take place at different -noments

wi thi n each of M. M Qhignd Pharapokeshintapipe centgoller 249.- Thgpoking timel eng busy-iddé bit

i f i troller,. the r. t .hits fl th h the pi :
control I or i e e ke plase A AERSGE motientsishin sach ol ppalidy comralfest ¢
| \ ‘i Thi L .

o o eteca4qTaAs, BT HHBIA ALY Sy d1BE cdrtfolBh ME HaRL 9060 BYAGH 2009

request vect orthgsupdythé pipefcoatrolleriin plphabetical drdec(Ania P) ifbhe ignertdthes busik-idid |

al ways be given precedence 10 - over the request vectors generated from.:

i nput i nt er f ackitclgpring timess This es thag the aferementipredadyantages of
derived fromforeed independence. between the .inpgHt,s on articular 16x16
crosshar swi ;&Fﬁeﬁﬁfﬁw IQ%EI"T dmti}%tgg§°+h|°qeﬁgu’cl?)el‘?_ﬂ?s§3p$§7q8fs%tvﬁ‘é %i pe
hunter circui t generdBQERbm% Rbut inferfabd MRANKEHAIITERNC Gill ARvayd e Wi priGdbARUt
15 interfaces and the switch fabric 14A, which independénce 1s assured by .
t he use ofl0Gal wies thid rehjuest wecions, genemted femn inpat interfdcepwith alian addressapBt C, and

i nterface nmust__be appropriately routed to several different switch
control lers i nPedeh of the stages in the pipe hunting ring. The m xi ng
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al so requires request vectors generated on different input interfaces to be
rout ed t hr ouglpipshumtet girahitry.cBecauss of the dridependenhcarmettians| betweeni theinput he

control |l er. _20.. Sipce reguest,vegtors are_tine-multiplexed on.lipks within
the contrdPl erm?ﬁgc%ﬂqn e syitch %&H&éf’%@@!@r‘&d‘mﬁé Cg 13, as5uped; by the usexghy cel. |
.slot) that ar rLicul | . t Ok | ' ne 25 :
pi pe) hunt er S%@éﬂ%&g%&gg‘gﬁ%%&ﬁ#ﬁm?%@@ﬁ% ;faggénn gé\l)\ll tch

control l ers i rappRepriately routedtdyeveral diffepeh switch BortiolIdes in'éach oF M Eages BithéNg
of the request vectors, each -

pipe hunting ring. The mixing nature of the Galois field theory generated connections

requires each input interface 12¢-12755 to be connected to a different set of 16x16
20  crossbar switcheé within the switch fabric 14A, and as a consequence, it also requires
fequest vectors generated on different input interfaces to be routed through entirely
different sets of switch controllers within the controiler 20. Since request vectors are
~ time-multiplexed on links within_the éontroller 20, all of the request vectors (within a
particular ATM cell slot) that are expelléd from a particular switch controller in one
25  pipe hunter stage must (by definition) be routed to different swiich controllers in the
- next pipe hunter stage. To provide this dyﬁarhi’c routing of the request vectors, each
'. pipe hunt controller 24¢, 24,24 and 243 is connected to a respective small switching
network 30q, 301, 307 and 303, shown in FIG. 5. Alternatively, Simple multiplexers
'méy be used instead of switching networks 30g, 30}, 303 and 303, thereby greatly |
30 'decre:;\sing costs for the controller 20. Fortunately, the réquired configurations of

these small switching networks 30q, 301, 302 and 303,(or multiplexers) are cyclic



pi pe hunt controller 240, 241,242 and 243 is connected to a respective
small switching network [err] and [err], shown in FIG 5. Alternatively,
sinple multiplexers may be used instead of sw tching networks [err] and
[err], thereby greatly 30 decreasing cost® for the controller 20.
Fortunately, the required configurations of these small sw tching networks
[err] and [ errLira sBHoldieBL1S148 {0, [ 50Ualbet O
the ATM cel | peri odgmandeat he rﬂ?qﬁ?%?jazgérﬁqagﬁ?da%?éﬁg&%gﬁoggg%tgggrm' nebg a
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version of ATM@werifoltht@éntrdlier 20asibant fbeall blﬁh?aﬂit thfughilr the pipey i reaf time.
parallelismis a nodification of the previously described controller 20

desi gn whiléh rEepATWeswitches math HrandddR6 inpup lines; thedata mites; o enngictions Vpﬂpe
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t he enbodi nent shown in G IS approach to t sign of controller
20 creates four pokTh¢basipirieabelind tiecfoutth levet ofiparhilelizat sraamodificationofithée
group contains sixty-four bits.. The four, poke 20 _groups can be |abeled .
Wi th a concat enfayiously slesaribedconiroligri2@lesign syhichorequires thatigguest yeetorsrbe ropted
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switch controllers in pipe controller 240 of FIG there is al so a,
Sixty-four bi tthéssGequesk eec2rs argysaidifo dompriseaqoke graup: dnghe embédindent shovat iner

fifteen switch controllers in plpg, ]
o FIG. 5, this approach to the design of controller 20 creates four poke groups of

q

sixteen-bit request vectors, so each poke group contains sixty-four bits. The four poke

20  groups can be labeled with a concatenation of the four alias labels on the request
vectors. As a result, the four poke groups for the re-designed pipe hunter of FIG. 5 are
called ABCD, EFGH, IJKL, and MNOP. It is important to note that whenever a
single sixty-four bit ABCD poké group is being routed through one of the switch
controilers in pipe controller 24¢ of FIG. 5, there is also a sixty-four bit ABCD poke

25  group being routed through each of the other fifteen switch controllers in pipe
controller 24¢. As a result, thefe area tot_al of 1024 requést vector bits associated with
sixteen ABCD poke groupé that are being routed through pipe 18p ata single instant
of time.- The modified controller 20 processés _the request vectors for ail N input ports
(by passing them through all four pipe hunt éontro‘llers 24¢-243) every eight clock

30 cycles, and since this task must be completed within a single 176 nano seconds ATM

cell interval, the required clock rate within the controller 20 is 46 Mbps regardless of



controller 240. As a result, there are a total of 1024 request vector bits
associ ated with sixteen ABCD poke groups that are being routed through pipe
180 at a single instant of tinme. The nodified controller 20 processes the
request vectors for all N input ports (by péssing themthrough all four
pi pe hunt controllers 240-243) every eight clock 30 cycles, and since
this task nustthé)ﬁize(xggkegamihmdghblﬂl) of theNXI¢ ATTM stitok. As@assidt, Sihbe ded |

re

interval, the requi clock rateewithin the controller 20 is 46 Mp
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perfornmed every 176 nano seconds, so if each path hunt is_considered to be
an instructi oPeEeEBed eYsiy 446 nang-secprdsy sorifipack path huntis considered tabe a1 be an

i nstruction ex tl.on__then the controller,20Q can be vi d_as aral lel .
pracessor _capiBtb iR stetBbn anG SR bt hiel chfck S Soniend R Ralulif” afe.
The trade-of I ekedutioh! theR Y CmtdlId 20 ROy l?@é{aﬁé&&aﬂ?tﬁoéeﬁs&%pm%f ol l'er
20 (regardless of size) is an increase in link conhtroll’er logic conplexity
and an i ncr easestainirg gh86 gigabitsprr isecond paccessing kete.WEhetradessoff for mainsdininga of

t he contrfl l er as the size i s increases. ATM swi tch designs with aggregate-
t hr oughput@ i feaseadhie deya rate i thersontroller 204&egsrdlessaf|size is anyincsase ip dink 1096

and 32, 768 si - . t . ' , ' [
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bet ween pi pe ga¢tessilé SthgdsioTIRS corltidflet'Sthe kizRad Miche@bdss M TMisWifthideSigns with
controller 20 also requires a'slight increase in the hardware requirenents
for each |i nkaggnegatelthronghpts exeessanfll Tearatkitsoen secoind avill requiirerhetween$ii6t  a

parall el path h fouy Dbi ithin the ke group. Even, thou a few 20
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pr ocessi ngs r atg E;sulti ng fromthe next level of parallelismw Il typically
justify mmor Re¥eases in hardware. In a | arge ATM system a | arge
percentage of the guadditibn$y ficRsisingthe MirhberoTdipnalstRtweenepif® Oniftivilet brages, N

t he out put packet nodul es, because the functionalit . o .
the use of parallelism within the controller 20 also requires a slight increase in the

hardware f:quirements for eéch link coniroller, because each link controller must now
support a parallel path hunt on four bits within the poke gfoup. Even though a few |
20  additions are required to fhe hardware of the controller 20, the lower prqcessing rate
resﬁlting from the next level of parallelism will typically justify minor increases in
hardware. ‘ .
In a large ATM system, a large percentage of the overall system cost will
undoubtedly be concentrated in the output packet modules, because the functionality
25  within the outpﬁt packet modules is relatively complex. In particular, each output
packet module must provide_ a concentrator function that requires many FIFO-like
memories, and the required ac¢ess spéed of these memories is directly proportional to -
the number of inputs and outputs of the concentrator. Each packet module must also
| provide a large shared buffer memory in order to accommodate packets that are
30 temporarily blocked from their desired output port, and the required access speed of

this memory is proportional to the number of outputs from the output packet module. '



25 -within the output packet nodules is relatively conplex. In particular,
each out put packet nodul e nust provide a concentrator function that
requires many FIFOlike nenories, and the required access speed of these
menories is directly proportional to the nudber of inputs and outputs of
the concentrator. Each packet nodule nust also provide.a |large shared .

buf fer menory iTheoutiart packes andutedfiiether gravides s meang ofgAding patietgptortheir dysired
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that hel p decr d5€saserle Feayired gize of the Qutpytpackst madule are berefigitlyl ¢ are

beneficial. In the g | 5 0 {

nodul es was desi gnezx_?ﬁoe g&%%ﬁ%@)?ﬁ/l 811??‘0?12’%9? %@E}ag%%%dx %é%ﬁout put
links. This si desighedtiorsappory siktl-fiue thpud linkearntiilRén QlfxtPﬁf &P This Sidetis Qivectly
used in the distribution network, because 10 each output packet nodule :
must have exacré¢lgted hetheimimbep of expsshar switchesmsediintthe distributionametwerk, bedausehes

in the disf{ributi twork. T f oyt put at i f th
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crossbar switches within the distribution network will result in smaller

out put packet packst moduleowbers F isithe fasiont prowided by dhe distribusiop netyeask. The fagout

w thin the netwar l.ar,ger crossbar..swijches will be required so that there
will still be Eﬁ%?ﬂ‘?i“& . et‘Hﬂ'%b%’P_v‘@f‘ni'All{:'_eg'n,ate paths through the

di stributipn networlky 3 ind. BEsho Lt e dvodknt 46X d6c ASIRSig"
switches in FIG 5 cosuﬁs‘ggo%p ag‘e:aélogéh?}ﬁilrty-tm% 32x?t>‘2 crossr ar s%etches,
and t he si xt eenuiBerldf crodspart switohies tvithimithe distriibution@etworkowmillkrelndt incgmiadleed by

thirty-two 32x8 out put packet nodul es. Anot her, exampl e of thi s approach
occurs if the putPutpackemodyles. However.dp maintgindpwellassprobabilities withip the

_ network, larger crossbar switches will be required so that there will still be a
sufficient number of alternate patﬁs through the distribution network. As an example,
20 the sixty-four 16x16 crossbar switches in FIG. 5 could be replaced by thirty-two _
- 32x32 crossbar switches, and the sixteen 64x16 output packet modules of FIG. 5 could
be replaced by thirty-two 32x8 output packet modules. Another example of this
approach occurs if the hardware of FIG. 5 is replaced by sixteen 64x64 crossbar
switches in the distribution network and si:I:ty-four 16x4 butput packet modules. -
25  These examples indicate the tradeoffs between hardware in the distribution network
and hardware in the output packet moduiles that can be made within the'design' of the
ATM switch architecture of the presént invention. Unfommately, these trade-offs do
not come without cost, becausé_ the designs that have larger crossbar switches in the
distribution network (and smaller output packet modules) will typically produce lower
30  overall system level costs, but they also produce degraded levels of system

performance in cell loss probabilities. This degradation in the cell loss probability



switches in the distribution network and sixty-four 16x4 output packet
nmodul es. 25 These exanpl es indicate the tradeoffs between hardware in the
di stribution network and hardware in the output packet nodul es that can be
made within the design of the ATM switch é?gpitectur_e of the present
invention. Unfortunately, these trade-offs do not cone w thout cost,
because the desyityheom pdecraasedn the lguel of indeperdencabetwicen inputs drctheilarger but i on
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. on in- band/sahﬁtef;ﬂyé'gfweimﬁﬂoedun&ﬁsr&ﬁv&m feafured that Weuld 8 Ve Rfidd ia¥n_The

ATM swi tch shown in 5may al so have multiple levels of cell |oss 15

~ priorities iarchitecuretbased orv indbandl/selfatonting conteal technixpues;ias avill dbealescribed
different custoners. By defining a specific bit within the ATM cel |l header
as the cell %lgg’-pr_i ority bit, two different cell loss priority service

cl asses can be spe&L i @G < H vind |8 3 ' LL.hin

t he user payl oad %ﬁsrﬁﬁﬁ(g@s?glgh%h?%gﬁl4%%\?%8%?@%@2%%¥5b6%§1%%e :
priorityld evgfisritiddindaderith peovidd diffefme classtifNdeses levels 2o diffdrenticusiomess? be 20
operated such that a higher priority cell always has a higher probability

of bei ng. sucBysiefiningya speaifischit withinghe ATM cell header asthe cell llosseriopity bit, twp
cel I Thus. i AT calls are bl ocked and o pped.c thap Lh, Low ori ot 1Y

values or bits within the user payload might be used to identify even more class-of-

~ service priority levels. Using either of these techniqueé, the ATM switch can be
20  operated such thata higher priority cell always has a higher probability of being
successfully rt-auted through the network than a lower priority cell. Thus, if ATM cells
are blocked and dropped, then the low priority cells should be the cells that are
dropped. These cell loés priorities are completely different from the preference
weights described previously with resp'ec't to switching network 14A. A high cell loss
25  priority takes precedence over a high preférence weight (deécribed previously), but
u}vo cells with the same priority _level should follow the arbitration rules defined by the
ordering associated with the p;eéedence weights.
The pipe hunter architecture has to be modified slightly from its opefation
shown in FIG. 14; in order to provide multiple cell loss priorities. This is eaSily
30 accomplished because of the natural temporal ordering impressed on the requést

vectors as fhey pass through the pipe hunt controllers. This ordering puts an inherent



dropped. These cell loss priorities are conpletely different fromthe

pref erence wei ghts described previously with respect to swi tching network
T4A. A high cell loss 25 priority takes %r ecedence over a high preference
wei ght (described previously), but two cell’s with the same priority |evel

should follow,th rbitration,ryles defined b he ordering, associated with
the prec edencée‘(ﬁz Pgrﬂf?“%ifbeaﬁi’ﬁlé‘l the feamest X?Qfﬂ‘isilél%‘f‘ﬁntge pe-PsglielappEnachi ed
slightly fromg i ' ' : ' el i pl e
cel Pl oss. pri Gabsmdf Bidiint Gaguh JIIG B4, iffrod e WoitRimt Swb UBICrGf ity

nat ural tenporevel grsigisiof gequest @emesR0ind R td Bslp@séd thesughithe pipethftér nﬁéxﬁ33 er

through the pipe hunt controllers. This ordering puts an inherent -

| evel of pri ot implementoltiple prieritydqvelst Therquest veqtarssassaciasedhwiththe bighel -
approach. shown, i.n t timng diagramof FLG 14 is dified to.perm.t two
different pri &FoRY |°e'g1~‘r%?§B§S @nﬁlgﬁﬁ@é?k/é’@h&“%mﬁ“&gﬂ&cws’ 350 e‘i)&’é’i‘ed
t hrough t he pi [} ey=1 o ' ' enrnt b i sPEL O d | s. The
request veot ot R BHSty ATH Tt cath s TOATRER oy G, PHEGRARSE B RIGEE .

i dentified by peiokty groug of hequesioeetirs arel-the lowéargfiveitp pryipwi réqueitevectors is
low-priority ATMcells each is identified by a R'. The timng of the higher
priority groupllestratedinddG. ¥&ctors and the lower priority group of request

is ill in.FlLG 15, In FI.G 15 t.h
LSEOrS 1S Lottt Tae B ek ot v i B L L BRISSE

| JKL, and)¢NOgng WaSOP! F%E‘?’EB@B?EFG[—P@U@}&H%N@P%@E&WQ rdsEnt redifesf ar ds
with aliases ABCD, EFGH "1JKL, and MNOP reéspectively. The subscript y

represent s t heectotd artiving inllint cdrdsiwith aliases"ABOD, ERGH, dIKE, aigkMNOP outi ng. | n
FIG 15, these tinme slots are shown relative to an index tine slot i. Along

the left edgerespaetively. rEhesubscript yrepregenss theicslliting slat duringowhich thei ATvheellsour

sove contron feibliButitn Slo. 30 ekl Bl ol e R SR v o G0 Lk 1240
respectivel y. Albfg thedoftedge; eBeH timeSloRls difideR i tWelve peAbds O 1 ATIhe Bdr i N
time slot y is represented by [err]. Thus, for time Slot i and pipe O,

i.e., pipk 24colunins ttheyright|of the ime eolumn represent pipeccuntm!len 240; pige. cofitreller
Tt 50 't heaB bt chnalir ¥ and Ripe RaREO I 2R sPGLY eI THE BUSIE Rboe
request Vet OGSl ok Vil s oAl ARMSoff A SRy i ekl 9, 01 TRUQUBE e

circularly conne e con
: time slot i and pipe 0, i.e., pipe 240, the busy-idle bit vector is represented by B, ;.

~ The shading indicates the specific time periods when request vectors are poked into
20 the pipe controllers. The lack of shading indicates that those request vectors arrived at
" that pipe controller via circulation around the circulaﬂy connected pipe controller
described previously. For exa_mple, attimei, 6 and i; 7 request vectors R’ spcp; and
R” spcp,; are respectively poked into pipe controlier 0 and logically ANDED with B,
and By;, sequentially. If the busy-idle bits of vector By; indicate that a requested paih_
25  isavailable in pipe 0; then the path ‘is assigned and the busy idle bit representing that
path and the request vector requesting that path are changed to reﬂecf that .the path is
committed to fulfill a request in the present time period. Attimei, 7andi, 8 these
request vectors (changed to reflect any fuiﬁlled requests) are routed to pipe controller
1. Attimei, 8 and i, 9 these réquest vectofs'(again changed to reflect any fulfilled
30 requesfs) are routed to pipe controller 2. At timei, 9 énd' i, 10 these request vectors

(again changed to reflect any fulfilled requests) are routed to pipe controller 3." At this



described previously. For exanple, at time i, 6 and i, 7 request vectors
[err] and [err] are respectively poked into pipe controller O and logically
ANDED with [err] and [err], sequentially. ki the busy-idle bits of vector
[err] indicate that a requested path 25 I's available in pipe 0, then the
path is assig HYIRY 31 LictbRREesenthdgt hat hadd fhe 3¢t hiae

r equest vecto?ﬁrgeegﬂgg%%t@%a?’%gtﬁ?'fj?g%%tschaﬁﬁ?d to refidct thgt the path is

committed to fichaddek bt seléctinggathsifforh Aaepteclentd piperoptoiladtheAleatingef this 7 and
i, 8 these request vectors changed to reflect any fulfilled requests) are
routed to pi p@ipistrepseseatediby the *8i Fhus, vegtonRdascp, shauld §ad paths farralhitsct or s

(agai n changed eflect any fulfilled 3 equest s) _are rout.ed to pipe
control ler 2. uﬂbﬁﬁflﬁérqq}xegs s§ U ¢¥Lﬁelf‘ﬁ@§g°§- eﬁlfggfeqy tvg?tgrs(\g%tgﬁ ﬁOEWH%g} d
to refl ectgany; ' t h1ASetaf 0" S
34 tine i nspi %gggllgﬁléf Héf‘#é{r“?ggq??%ﬁheﬁ ?e\?gg%tg‘r% gtof%’rv?i'laand [erl:‘r?#é ﬁ%n\?? 11te ﬁ\gtﬂé1
first two chapésscontrotier Bcleargi @Peprésentedby *0)aadihe refuest eettars R ,scpnpand! | er,
the clearing of this pipe is represented by the *3. Thus, yector [ei\rr]
shoul d find p& ascdsre discarded; Asshown in HE. 18gthe other partions of the,controller work
self-conflict. These request vectors would continue to 5 circul ate, but
at time i, 111 etsﬁg’seén ftest vectors would return to pi pe controller O
the pipe controll eryifuld BEASHd (HaR BiciRBRERE oPXell s pRBritiEeEIRiGIREIOYEROT S
[err] and [err] are discarded. As shown in FIG 15, the other. portions of

t he contr b | e andoshouldndthdetetrfrometha desirdble attrihiites dfeollinge dn particulaheach of
i'nclusion of cell loss priorities techniques do nd shoul d not)

e ot_ 10 a
detract from thfsugeessivepath bunt afterpts OB?P?‘GFPﬁaﬁ@.snﬂﬁelbéﬁ‘lllP napeth of
t he successiv t .s.for a particular ATMcell still occurs in
a nore |ightl ;ﬁgﬁﬁg%%f’gﬂ@ﬁg%é%ﬂg%%ht ch. If a non-parallel controller :
approach (as shown If § nbh‘paraBikl éshtivllef SprodchqaPsiowrd inyFIGe B io frockss two
vectors, a data rate speed-up to perm.t all of the request vectors 15 to

be routed t hr prigtityt levelrequasbiéatorsya data rate speedp topsomisalliof the reguest veetprs | f

this is d d pndesifabl h rall el h t t :

i Gh- pr i oFs ty 0 beRed (eebythe sprrollsR vpihis e Rrrado ATM GELIRYE 1F Bigis ¢ he
troll i . , ' i red

ek ﬁy%xh@&‘ﬁﬂ&éhxbl%otg&kﬂ F;’i;gfaﬂgf@ddg@&gk r%a%uﬁp&ﬁrﬁ @g?@ﬁgués@qu' re

bet ween consecutiVve plpe cohtro nore conpri ocessing

| ogi ¢ i s requive@drsindoWw-privtity iréjtestordictos thesigh tBE contbédlee sinfudtanesusly teuld
requi red ordering needed to ensure that _hidgh-priority cells are routed
: . also be used, but more signals are required between consecutive pipe contro_ll_er stages

and more complicated processing logic is required within the link controllers. _
20 Nevertheless, the required ordering needed to ensure that high-priority cells are routed
before low-priority célls can still be maiméined if the link controller hardware is
designed Wim a hard-wired priority drdering. _
Analytical modeling has shown that the distribution network 14A works well
with tﬁultiple cell loss priority levels. For example, if the fully-loaded network of
25  FIG. 5 had four priority levels (higheét priority = level 0 and lowest priority = level 3)
and has input traffic that is equally distributed across all four priority levels, then the
distribution network 14A will route traffic of priority level 0 with an average cell loss
probability of 102, traffic of priority level 1 with an average cell loss probability of
108, traffic of priority level 2 with an a;/erage cell loss pi'obability of 107", and traffic
30  of priority level 3 with an average cell l_dss probability of 10™%. Thus, it is quite

apparent that the use of a high (and presumably more expensive) priority level can



before lowpriority cells can still be maintained if the Iink controller
hardware is designed with a hard-wired priority ordering. Analytical

nodel i ng has shown that the distribution network 14A works well wth
nultiple cell loss priority levels. For ex3Pple, if the fully-Ioaded _
network of 25 FIG 5 had four priority levels (u’r;ig.hest priority = level O
and | owest pr haye 2 gigrificanteffes) on the dvarage eplldoss peatiability that 1siexperienced py a

di stributed acrogss,all four priority levels, then the distribution network
14A wi || rout BHCHF U8t priority level O with an average cell |oss
probability of [errfhe, - L QL LY ] . rage cell

| oss probability of é‘}?’](/@&l%c?agﬁ @Eg%lﬁ%ﬁg%(ﬁ‘@hleé\l}gagm\%ﬂf%n aver age
cel | 1 oss probhdiohicfelectfoniceorhporrntt. Bithef éribddimentrhaptapitalize/on theqjaralel t h
an average cell |oss propability of [err]. Thus, it is quite apparent that
the use of5 a Bragessiegarchitectiren binclegironicsmbodiment is ghe mererajtractivepresantly 35
have a signifjcant e{ﬁfh'ect on _t.he a erag&_ cell. |1gss &roba Ility that is
experi enced bée‘:‘f"'ﬁ%? & JRRPCRY LT ancease RYRIOSHRRE e FORPRESP BEGE zed with

ei ther el ect rg&?]sqm h ' | gmﬂqﬁ t ' : LSS y
~capitalize on the gg‘r’% Ilqgﬁ’ggﬁj’ %ﬁ@?gg@ﬁ’éﬁarc itgcht%tsJFE&%r?hg ect rq{cl)ni c thé™
enbodi ment i spodsibleadeantdges ictonnectivigs cidriayphomic/electedni¢ embodimentasiovel and
ease of procuring the conponents necessary construction. However, a

phot oni ¢/ el eciitefEprnection teghnelegy kaewn s fe¢e-spacs sigital eptigs maebeemployed

ot or conridet YRR o ervBlcs AP bBRLCSE pahf Bl HHRRER byl
enployed. 10 ortfuy 0tthié PHAne Bf tHecdevideanBstelitall th provadd édimestichseewd@enof | i ght
propagating roughly orthogonal to the plane of the device substrates to

provi de connedevicass These\beamstiare routed usihg tonséss migors;y and hnlograms 4o the desired:s,
mrrors, and hoI,ograms to the, desired cei vers on the target &evi ce -array.
The free spacBCeiyFrsQn the target.deyice Jrrax,, iThe freg spacsopt ?FPWQ&‘EH Vi yst enrs

with very hig : L Vi ' : gh the
ATM packet o ERe B mak viRE R Wil 5 MR degies pfBHhERR iy ekl
free-spads didgévieds, optics in mnd, one of the advantages of the its
architecture results fromthe fact that the switch fabric 14A can be

i npl ement ed usi ng Adthougletheo\ Bifpacketswiteh 19Aowasiaitially desigoed withithey of nany
small, high- Slg)a?gl(_iielfslxr{ of" f‘ret:e-sp'ace digital optics in mind, one of the advantages of the its '
archifcectlxre results from the fact that the switch fabric 14A can be implemented using

any technology that can provide the functionality of many small, high-speed circuit
20 switches. Asa res.ult, the architecture of switch fabric 14A is essenﬁally téchnology-_
independent. An embodiment using free-space. digital optics as the interconnection
technology within the switch fabric is contemplated. The 16x16 crossbar switches
within the switch fabric 14A will be implemented with FET-SEED device arrays.
This approach may provide many benefits within the switch fabric 14A, because the
25  resulting design based on optical interconnections may have lower levels of signal
* crosstalk, lower chip counts (and pot_éntiall_y lower cost) due to increased device |
intégration, lower signal skew, and lbwer overall power dissipation (resulting in
'simpler thermal management techniques within the switch fabric 14A). These benefits
- might also prove to be useful in a free-space optical implementa_tion of the out-of-band
30 controller 30, aithough the design of the 640 Gigabits per second controller 30 is

éontemplated to be based on electronic technologies. -



20 switches. As a result, the architecture of switch fabric 14A is
essentially technol ogy- independent. An enbodi nent using free-space digital
optics as the interconnection technology within the switch fabric is
cont'enpl ated. The 16x16 crossbar switches 3fithin the switch fabric 14A will
be inplenented with FET- SEED device arrays. This approach may provide nany
benefits within thWhilsitheinvention bashesn particulasly idustrard andalesdribed gvittesi gn
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fabric 14A). AdiexemBR)Edrlor nibré MveR! sTPridkie) May 8e hﬁ?léﬁféhtéh ihflead ditREtPACE
optical inplenentation of the out-of-band 30 controller 30, although the

desi gn of 5t heshéwd aBdglebdritedper second controller 30 is contenplated to be
based on el ectroni c technol ogi es. 36 Whil e the invention has been -
particularly illustrated and described with reference to preferred _
enbodi ments thereof, it will be understood by those skilled in the art that
various changes in form details, and applications may be nmade therein. For
exanpl e, four or nore levels of priority may be inplenented instead of the

two 5 shown and descri bed. 37 Cains: 1. A packet switch for
switching a tel econmuni cati on packet. froma plurality of input lines to a
plurality of output lines, conprising: 5 a plurality of input

i nterfaces, each having an i nput port caonnected to a respective input |ine
of said plurality of input lines, and each of said input interfaces having
an output port; a network for switching a plurality of | input ports to a
plurality of P output ports; 10 each of said plurality of

i nput interface output ports is fanned out to a ' ,



respective group of Fof said | input ports of said network said network
having a plurality of C pipes, where Cis an integer of a value equal to

P/1; a plurality of ai d out put nodul es together having a
15 plurality of mtulwmllgmwmus doutpyt nmodul e inputs connected to
respective output porf of said plPurdlity of P output ports, and together
having a plurality of outputs, each of said output nodul e outputs connected
to a respective output line of said plurality of output lines; each pipe of
said C pipes hemime a path fromeach of the plurality of 20 inputs lines
that is connectable to a respective output line of the plurality of output
lines; and an. out of. band packetselitch forswitchingratelecmihmunication pgckeefrohsa f or

hunting a path _throu sai d packef switch for a tel econmuni cation packet.
2. The pac wé'eraLw gfg‘ﬁp‘é‘sh@étm PBLF#“M%QP‘&PHI&%& GHTRPRSIRG: 05 .

cach of sagd I neut | nterd e 8P BRARehPbadt Ao SSUTIRLERYA B
t-el ecommuni catrespestiveinipat lindofsaid Blaralifpbf iaphtides whddack BPs4 kit Riérfaces

through a first pipe to an input of a pipe controller of a second pipe and'
t he tel ecommuibaringiapreutme potleket is stored in the store of its respective

i nput interface of said pluyral, of j.nput interfaces while the contraqller
i s hunting an unbl ocked %%?tﬁﬁ°fk{°°¥§8m§.m aP’f‘I‘FéﬁHa‘Efaé’E‘p%tmwégﬁgﬂtyfoé thin

claim1, ""her%hgiut aﬁg of said input interfaces has a store for storing a
t el ecommuni cati on E’ac et ;- and sai d out-of-band controller rolls a request
for a patbOfor the 5 teachofsaidpluralityof nput diterfacelvutiut pofts isfabhed édut td and

an unbl ocked path through both a first pipe and a second pipe to an input
of a pipe contespestive grpup of § of spidd input ports pf spidpetwoslad t he

t el ecomruni cati on packet__i ed .nth toreof. its,respective in t
I nterface of said pl uralﬁa@n%‘t”%f%%)’tmg %P@Fﬁﬁ%&gcﬁ%?‘?sew fite bﬁ-ﬁ‘}‘&?ﬁg& 8#.'%
hunting an unRhpekadaltdes;, 4.  The packet switch as set forth in claiml,

wher ei n: _ - .
a plurality of output modules, said output modules together having a

15  plurality of inputs, each of said output module inputs connected to respective output
bort of said plurality of P oﬁtput ports, and together having a plurality of outpufs, each
of said output module outputs connected to a respectivé output line of said plurality of
output lines; o

| each pipe of said C pipes having a path from each of the plurality of

20  inputs lines that is connectable to a respective output line of the plurality of output
lines;and | ' '

an out of band controller having multiple priority levels for hunting a
path through said packet switch for a telecommunication packet.
2. The packet switch as set forth in claim 1, wherein:

25 _ ~ each of said .input interfaces has a store for storing a telecommunication

packet; and | |

said out-of-band controller rolls a request for a path _for the |
telecommunications packet which was unable to find an unblocked path through a first
pipe to an input of a pipe controller ofa secoﬁd pipe and the téle';:ommunications o

30 packet is stored in said input interface while the controller is hunting an unblocked

- path. S
This Sheet Has Been Replaced

AT AT




0 ., each of said input interfaces has a store for storing a’
t el ecommuni cation p m ; ' t-of-band controller rolls a request
for a path for the a ull(m'ﬁlmmmmng packet which was unable to find an
unbl ocked path through & fkrst pipe, a secthd pipe and a third pipe to an

i nput of a pipe controller of a fourth pipe 15  and the tel ecommunication
packet is stored iﬁ-theﬁ’@(ﬂa@kﬁﬁwﬂﬁhﬂﬁﬁéﬁ@@ﬂwmﬂhbl}i’hﬁfﬂﬂérface of said

plurality of input interfac i le the.c raller -i s _hunti an _unbl gcked
path. 5. The packet §\£}\ﬁ§1 c?ﬁsa!@ngg mFeg{ag%ﬁfaﬁ 3 StlF forstoes oggguﬂuca%on

out - of - band c; flahgr assigns an order of preference to ATMcells to
‘reduce a probability of losing an ATM cell by internal bl ocking. 20
6. The packet swi t chsaid cuebf-band ¢ontrollet milsatequekifoe a pathefor theut - of - band

controll er_ assigns an ,order of Er ef erence rolls a request

[ 1
for a path fofelecommynications packe afhschﬁa@mﬁ%ﬂé}gd\%gén@ksgggwb thropgh heth

Ut of a pi SOt peHah sechdd ot BE an fhriF GOL iR oBrAlNd of s i pigl s g "
switch for sweldbmtirdicdtRnGatket i€ stbied'in Baa hfiut int&Fate wisild e cantféllerqs k for

switching a plurality of | inputs to a plurality of P outputs; said network
havi ng a pl urlbmting anfunblgeked pathwhere C is an integer of a value equal to
P/1; 30 ch pipe havin respective pattern of swtching
its inputs to its 6‘ut pu&g?paa‘egéwc %&%&W%bm&&%f a pipe is

I ndepend of the patt . S\t Ghd f r l&eg Rlofdd of
out put me)l ul es connecte tooéé}%ﬁgﬁﬁﬁggiﬂ%‘%hg%ggt%?%us@ antgl%o dtiok .
an out of banghckeptnd! | er having nmultiple priority levels for hunting a
path through said packet switch for a teleconmunication packet. 8. The
packet switch as set T ofaid outrof-bandgontrollerzolls a request fora path-fonthe¢ control | er
rolls a request for a.path of .a telecomunjcati.o acket i was unabl e
Lo find an uriBlestREuiGians Reekly hishri danie 3o 6R3 oB a5 fpked hith el A e

pi pe. pipe, a second pipe and a third pipe to an input of a pipe controller of a fourth pipe

- 15 and the telecommunication packet is stored in said input interface while the controller
is hunting an unblocked path. _ | _
| 5. The packet switch as set forth in 'cl.aim 1, wherein said out-of-band
controller,aséigns an order of i)reference to ATM cells to reduce a probability of losing
. an ATM cell by internal blocking.
20 6. - The packet switch as set forth in claim 1, wherein said out-of-band
. controller assigns an order of preference to ATM cells, and rolls a request for a path
for a telecommunications packet which was unable to find an unblocked path through

a first pipe, a second pipe and a third pipe to an input of a pipe controller of a fourth

pipe.
25 7. A packet switch for switching telecommunication packets, comprising:
a network for switching a plurality of I inputs to a plurality of P
outputs; _ -
said network havihg a plurality of C pipes, where C is an integer of a
value equal to P/T; ' ' |
30 " each pipe having a respective pattern of switching its inputs to its
. outputs; | : '
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10 : mm has set forth in claim7, wherein said
out - of - band contro ﬁwr’ ayEMest for a path of a tel econmunication
packet which was unabl % tLo unbl ock gl path through both a first pipe
and a second pipe to an input of a pipe controller of a third pipe. 10.

cont Faller 1015 a requeart PO Sfilhd of ¥BRET aBRortcide Bt sallts o cn

. was unabl e t oswitochingof dredtherdgigespat h t hrough a first pipe, a second pipe
and a third pipe to an input of a pipe controller of a fourth pipe. 11.

The packet switch as seta plurality ofoutputimodnlessoanested twesaid plutality ePPodtputs;
control l er assigns an-order of preference to ATMcells to reduce a
probability of ¥ osi ng 20 an ATM cel | by |nternal bl ocki ng. 12. The packet

switch as et forth in | = Of - optrol | er
assi gns an order of pref%g?gnc%b#@ ﬁ W@er*ﬁ"'ﬂ‘ ﬁtﬁnoq{tyl?&%ffeéf PHOELR pat h
of a tel ecomrpamcthttoughsaxﬂqaaklmtswitclcfor\melewmbimchﬁoﬁpﬁkfkeﬁ.-n unbl ocked path

through a first pi \%Ie to_an input of a pipe.controller of a second pipe. 25
13. The packet s#it ch T8 paeket switeh as st &orth im claioy 7,whezpigrssidroutwif band

- of - band’ d f AT | 1
ol o 2 oque Rt 8152080 R00 6 R RlecblrEBHER RV bRE e voalls o
to find an uniy Mﬁduﬁﬁb&keﬁ*]fam cfﬁr%f pipé El?aﬁ‘ﬂfﬁ][;ﬂo% Eﬂcti pipae to an

i nput of a pipe controller of ath Witch as set
forth inl®aim?7, %ereThepaclcttswitebﬂséﬁfdﬂBﬁ clamohtvrrlﬁﬂréxﬁrsaﬂ&ﬁit@lﬂ-%aﬁdl order

of preference to ells, and rolls request for a path of a
t el ecomuni ca$9m0 e’f)&’i]ﬁé‘tm%‘ﬁsfz ﬂmﬁ%ﬂe@w@mmuan Rﬁ?k¢ﬁ€k‘éb “oatunable

Fourth pipe, ol AbmitocAdah it 21 bl Blaksebiuipy Wi inbut .

out - of - band Cppéb&h&dler@ﬁa&mﬁiplpél nds and est abli shes pat hs through sai d
packet switch for the 5 t el econmuni cati on packets. 16. An ATM swi t ch
for swtchi ng ATM Pckelhe pmpsmh@ seafth.macllamw ovheséitvisaidtont-bfiband ar ds,

each havi r ective ut . conn an ATM tel econmuni cation |ine

and an od put @ﬁﬁ%@)‘?ﬁ'ﬁﬁ% %Wf‘d’ﬂ aate F?H‘ﬁ}‘ﬁnﬁ?ﬂ@? nacketwhich pgs gnable

plurali ty Of {6 find an unblocked path through a first pipe, a second pipe andattnrd pxpe to an
input of a pipe controller of a fourth pipe.

11.  The packet switch as set forth in claim 7 wherein said out-of-band
controller assigns an order of preference to ATM cells to reduce a probability of losing
20  an ATM cell by internal blocking. |
12, The packet switch as set forth in claim 1 or 7, wherein said out-of-band
controller assigns an order of preference to ATM cells, and rolls a request for a path of
a telecommunications packet which was unable to find an unblocked path through a-
first pipe to an input of a pipe controller of a second pipe.
25 13. - The packet switch as set forth in claim 1 or 7, wherein said out-of-band
controller assigns an order of preference to ATM cells, and rolls a request for a path of
a telecommunication packet which was unable to find an unblocked path through a
first.pipe and a second pipe to an input of a pipe controller of a third pipe.
'14.  The packet switch as set forth in claim 7, wherein said out-of-band

30  controller assigns an order of preference to ATM cells, and rolls a request for a path of

This Sheet Has Been Reila ed




- _“_—\H

10 outputs; said network having a pI urality of F pipes, where F.is an

I nteger of a val ue iﬂm”'ﬂ 'ﬂ” of said outputs of said input
interfaces is fanne ﬂ ”ulﬂm of F and connected a respective input
of each of said F pipes’ Hhch pi pe having a respective
pattern of switching its |nputs to its outputs; each pattern of sw tching

of a pipe is pirleqommunicatignsmaekesahich was nablsorfind anjuniroaked pathrtbroughges: a
plurality of gfﬁ‘ ut  nmodul s connec gto sald IurfaJJ of P outputs; 20
each of said %ER AT, §'1?1ea'ﬂ‘ﬂr&n°g’5’§ (PIRS; 19 30 1pPY 0L 3 P'b%lfglpeand an out of
band controll er haykng tphak Wi om an
I nput of one of sa:{g pl EﬂrIIIE &s?{tf:rrﬁééu%éﬂf&nﬁﬂfae%ﬂeg?throulg&gggolug%ﬂ?lﬁugw tch
for an ATM pacdsttollep contetsis fi nwamwsmbhshﬁs patis thiough said packenswityh €dr theit put
nodul es. 25 17. The ATM switch according to claim 16, wherein an

i nput mteifatﬁée(‘@mml@m}wmaﬁkﬁt%y of input interfaces has a nemory that
stores an ATM packgh for t ket erl to ow_an ATM packet

whi ch was bl ocked duri ng“’} Nﬁ §S§X‘It b §© t a path from
an input of one of saidapishaly AT jhiPtike b&&?fefaé}?ﬂévlﬁ%ﬁ?ééﬂ@ctﬁr%' R T
switch for an ATM packet ‘'to a"desired output of one of sald plurality
of out put nodedmmecigdito my ATM teleoommilibicationiléne mﬂramnhtpnFﬁEPLACEI\/El\ﬂ' SHEET 19
DEC 1997 41 18. The ATM tch accordjng.to ¢claim17, wh re sal d

del ayed ATM packet is Btk 9@%%31"5231%0%%%@@@ |
respecti v degﬁtheg out put of its output nodule in proper sequence W|thout_
the use o Stanp. 19. The ATM switch according to claim 17,
wherein an input Interfagaﬁiﬁtwﬁrkhmghﬂuwaybn’pﬁﬁesmaeﬁeliﬂ@taﬁﬁﬁt%g&a‘ot‘&as a.
nmeans for reading a priority field of each incom ng ATM packet and neans
for rel easi ngvaiueeml&mPﬂector during a pipe hunting per| od assigned to its

ATM packet ding t e
packets according 12,4 Vtas léeodtgutg g}' salg Erllp% intgrfacleg is fanned out by a factor of

F and connected a respective input of each of said F pipes;

.-nr

15 each pipe having a respective pattern of switching its inpufs to its
- outputs; '
each pattem of sw1tchmg of a pipe is mdependent of the pattems of
swuchmg of the other pipes; _ '
a plurahty of output modules connected to said plurality of P outputs;
20 each of said output modules having a plurality of outputs; and
| an out of band controller having' multiple priority levels for huntiﬁg a
path from an input of one of said pluralit‘y bf input interfaces through said ATM
switch for an ATM packet to a desired output of one of said plurality of output
modules _
25 17.  The ATM switch according to claim 16, wherein an input interface of
said plurality of input linterfaces has a memory that stores an ATM packet for two
ATM packet periods to allow an ATM packet which was blocked during the previous
'ATM packet period to huht a path from an input of one of said plurality of input
interfaces through said ATM switch for an ATM packet to a desired output of one of
30  said plurality of output modules during the next ATM packet period. |
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18.  The ATM switch according to claim 17, wherein said delayed ATM
packet is communicated through said ATM switch to its respective desired output of
| its output module in proper sequence without the use of a time stamp.

19. The ATM switch according to claim 17, wherein an.input interface of
said pluraiity of input interfaces has 'a means for reading a priority field of each
incoming ATM packet and meéns for releasing a request vector during a pipe hunting

period assigned to its ATM packets according to the value in said priority field.
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