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The invention relates to large telecommunication switches that use data
5  packets in order to communicate at aggregate throughputs at the one terabit per second
level, and more particularly to such a method and apparatus for using a large

telecommunication switch to provide multicasting.

Descrintion of the Prior

10 Telecommunications have long used digital switching to encode, multiplex,
transmit and decode audio frequencies in order to carry the millions of telephone voice
calls of the world. Telecomﬁunication switches for voice calls have grown to very
large sizes to keep pace with the demand. Most of the switching systems that route
and control voice call traffic are called circuit switches, which.meaﬁs that for each call

15 - atype of bi-directional audio circuit 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 objectionable distortion or time delays.

An alternative to circuit switching is called i)acket switching. For packet
switching, the calling party is responsible for converting the information into one or

20  more packets. This information could be encoded voice, it could be encoded computer
data, or it could be encoded video. The number of the called party is typically
included in a packet header to guide the packet to its destination. The packet
switching network has the task of routing each packet to its respective destination -
without undue delay. The called party usually has the equipment to receive the

25  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
of locations, along with the proposals for a National Information Infrastructure, has
challenged both the packet switch protocols and system architectures.

30 Many vendors and service providers have joined forces to define a global

standard that would permit packet switching services to be provided in a ubiquitous
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leaving these functions to higher level protocols at the edges of the network. This

10  approach permits rapid routing of the short cells with minimal network delay and
jitter, making ATM compatible with voice, data and video services. ATM has been
embraced by the computer, LAN, and WAN industries, so a seam-less packet
communication from the source computer through LANs, WANS, and the public-
switched network is a reality.

15 If this level of connectivity becomes available to the average consumer and if
advanced broad band services that combine voice, broad band data and video are
sim_ilarly available at a reasonable price, then the 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 this ATM packet traffic may also grow

20 by phenomenal fates within the next decade. ATM switches and cross-connects for
toll and gateway applications may require agéregate_ bandwidths ranging from 155
gigabits per second (1000 inputs at SONET OC-3 155 megabits per second rates) to
2.4 terabits per second (1000 inputs at SONET OC-48 2.4 gigabits per second rates).
Additionally, if demand for broad band services to the home and/or LAN/WAN

25  connectivity through the public-switched network grows as some ekperts believe, then
local telephone exchange carriers may require ATM switches and cross-connects for

" metropolitan area network (MAN) applications having aggregate bandwidths ranging
from 100 gigabits per second (50.000 input§ at Ethernet 10 Megabits per second rates
and 20 percent occupancy) to 775 gigabits per second (50,000 inputs at SONET OC-3

30 155 Megabits. per second rates and 10 percent occupancy).
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wi t hout undue delay. The called party usually has the equi pment to receive
the 25 packets and decode the information back into an appropriate form

The extremelyodmRi-RigkaWs Po8h packet switsching traffic carrying voice,
conputer (LANWAN), facsimle, inage and video data to an ever w dening
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protocol s adévelyphennfor AMTM ewitetied has Séhcentrated on swivelivg Wit aeissaaterser vi ce
provi ders have joined forces to define a gl obal standard that woul d

pernit packéggregte bandwyidthsrthatowdl mest the poreviedeterinmeeds ol the imackegplace. For

example, most of the proposals within the LAN/WAN community have supported
5  aggregate bandwidths ranging from 150 Megabits per second to 12 Gigabits per
second, and most of the published proposals within the telecommunications
community have supported aggregate bandwidths ranging from 20 Gigabits per
second to 160 Gigabits per second. Extensions of most of these architectures to larger
sizes usually produce systems that are cost prohibitive, size prohibitive, and/or
10  physically unrealizable because of limits of the underlying to technology.

For example, very common designs for large, high-throughput switches use a
multi-stage interconnection network containing multiple stages of switching nodes
(node-stages) interconnected by stages of links (link-stages) to provide multiple paths
between input ports and output ports. Clos, Banyan and Benes networks are examples

15  of such networks. A muitiple stage network design can yield networks with very high
levels of performance (low blocking probabilities, low delay, high degrees of fault
tolerance, etc.), and may result in low system-level costs, 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 multistage network for ATM because of the very

20  short packet duration time is, however, a problem.

The design of any large, high-throughput ATM switching architecture must
address two 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 network (also known as the switching fabric), and the

25  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 by designing a network with sufficient switching fabric (nodes and links) so
that multiple paths exist between input ports and output ports. As a result, if two or
more ATM cells attempt to use the same shared resource (nodes or links) within the

30  switching fabric, the ceils can usnially find two disjoint paths that eliminate the
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2 ' fashion. The result of this coordinated effort has been the rapid

devel opme][]t a][]d depl oynent of an Asynchronous Transfer Mde (ATM as
a nmeans o icie routing and  transporting data packets that
have stocha (?oéﬁf‘l &‘ﬁlﬁ‘?s‘r%%a%ed arrival r4at es according to the recent
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streanl i ned orm'of error recovery and flow control relative to its
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error protection and flow control at the Iink |evel | eavi n t hese
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ol - ant” ThnsictqiBan ComtpAeinn EShmpaiy: 11" by Endlsh it B ReulE Id,
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i ndustries, SO a seam ess’ pac nication fromthe source
Corrlput er thdesig:lntdcﬂmme Yeiisentsithd stviiteh jmtb itwa distinct partsyastshbwd in€igvdr A i s a
reality.

Nx(FN) distribution network (which provides for N input ports) and a bank of K mxn
output packet modules (which provide for a total of M=Kn output ports). Given that
10  each of the links enianating from the distribution network is required to be terminated
at one of the inputs to an output packet module, it can be seen that the equation
FN=Km must be satisfied. The switching fabric is a memory-less Nx(FN) fanout
switch whose function is to route an arriving ATM cell to any of the m inputs on the
output packet module connected to the cell's desired output port. The output packet
15  module is a mxn switch with buffers that are available for storing cells that must be
delayed when two or more cells contend for a 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 any
20  desired cell lo_ss probability level. In fact, if the network size (N) is large and if R
represents the switch loading, then the cell loss probébility of a network with mxn
output packet modules as shown by Eng et al is given by:
P(cell loss)= [l-ml(nR)][l Z {(nR)* "™ W i\ H(nR)" """ Im!
k=0
Present packet switches have acceptable cell loss probabilities of approxxmately
25 10712, 50 any loss probability smaller than present units are considered acceptable.
Besides the ATM cell losses because of internal contentions, in an ATM
Packet Switch where all of the N cells arrive simultaneously at the inputs of the
distribution network, the cells must be procéssed by each stage of the path hunt
processing pipeline before the next group of N cells arrives at the network input ports.

30  For example, if the incoming transmission lines support SONET OC-48 2.5 gigabits
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15 ) If this I evel of connectivity beconmes available to the average

consuner and if advanced broad band services that conbi ne voice,
broad band QkboaamnRichacisx@20a32 sim barly avail able at a reasonable
price, then the volune of ATMtraffic that may be generated in the
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and 20 percent occupancy gl ga |ts per secon I nputs at
SONET OC- 3 least 15 of microprocessors would spend 100% of their processing time performing

10  these path hunts. Thus, a controller based on something other than a single

microprocessor will be neceésary for a large ATM packet switch.
Two approaches to solving the path hunt problem can be envisioned. One
approach uses in-band, i.e., self-routing, control techniques to perform the path hunts.
The Clos, Banyan and Benes networks multistage networks mentioned above typically
- 15  usein-band controllérs and control techniques. For in-band control techniques, the

connection requests are pre-pended to the ATM cells and routed through the switch
along the same paths used by the following ATM paYlo_ad. The in-band control
approach typically requires pérallel processing elements to be distributed throughout
all of the nodes in the network, resulting in relatively complicated hardware to be

20  duplicated in every node of the network in order to perform localized path hunting

' operations (on only the cells that pass through that ﬁode) when determining how to

route the arriving connection requests and ATM cells. The second approach uses
an out-of-band controller and out-of-band control techniques whereby the controller
and switch fabric are logically separated, so connection requests must be routed to the

25  controller, which performs the path hunting, before the resulting control signals are
inputted to the switch fabric to set the paths. - This second approach requires that the
out-of-band controller have tremendous processing power, (as mentioned above),
because of the many path hunting operations that must be performed in a very short

. period of time.
30 " Since the path hunting operations in switches using in-band control techniques

are only based on localized traffic information and not on global information
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band control techniques often require more switch fabric (stages and nodes) in order to

provide the same operating characteristics as a less expensive switch based on out-of-
band control techniques. Thus, there is a need in the art for a packet switch controller
that provides a global view of all paths to provide optimal path hunting for each
packet. '

For individual users, the path hunted and used is from one input to one desired
output. For these one-to-one users, it is important to find non-blocking paths for their
packets quickly and efficiently. Beyond the one-to-one uses, there aré a number of
uses for one input to multiple outputs capabilities, such operation is known as
multicasting. -

Multicasting is the ability of a switch to route a single input ATM cell to
multiple output ports. Multicasting is an important feature for ap;ilications that
require a single source to transmit to many destinations. Common applications of this
feature can be found in the distribution of video traffic from a video serverina CATV
head-end office to all of the homes that are tuned to a particular television show. The
multicastihg feature may also be useful for the distribution of an e-mail més_sage from
a user on a single computer to users on many spatially distributed computers in a
telecommuting environment. Although the protocols and signaling formats required
for multicast routing are not clearly defined by an ATM standard, one very likely
appx-'oach is for the protocol to require the user to set up a connection to all of the
output ports using a special VPI/VCI address that points to a linked list containing all
of the desired output ports. In many ATM switches based on self-routing control
techniques, the switch design of choice is for the input line cards to make multiple
copies of the arriving ATM cell to be multicast before injecting the multiple copies of
the cell into the network. This known design requires relatively complicated additions
to the hardware in the input line cards, be'cau.se a single input ATM cell might request
transmission to all of the N output ports, so each input line card must be capable of
creating and injecting N copies of the ATM cell into the network. This putsa

tremendous design burden one the line cards. Thu;, it is desirable to have an ATM
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community have supported aggregate bandw dths ranging from 20 G gabits per
second to 160 Gigabits per second. Extensions of nobst of these

architectur si zes usual4y produce systens that are cost

prohi biti veeﬁs{)ze proni E‘gs |Ov3e2 and/ or 10 physi cal Iy unrealizabl e because
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(node-stages) interconnected by stages of links (link-stages) to provide
ges) p

mul ti pl e patpgasket switch e provéde multicsstingrof 8 singie data gell topoultiple dditpss. Banyan and
Benes networks are exanples 15 of such networks. A nultiple stage network

desi gn can yi el d networks with very high | evel s of performance (Il ow
bl ocki ng.prqbabiliti w ay, high degrees of fault t ol er ance,

etc.), ﬁ stem | evel costs, because network resources
(nodes and i nkS)Bﬁéﬁy §thteB; inhRESdarkte wiltto ﬂ@d&pedbfﬁﬁﬁﬁﬁﬁnt@ﬁtﬂhé féregéingan be
set up within tthe network. Physically realizing amﬂtlstage net wor k

for ATM becawsllems ardmemmye Bproviding & distributed, dut-aft-band contrellérdor sroAdMer, a
E\r,mo? L ﬁ ,mng arpapkat spitch @amg 1(1312 I1 erfac,)ges %\2&1 Anaerlng ceh%gntocrl] gi%%%f)g smAle stage,
reduced complexity switch fabric, an out-of-band controller that provides for

10  transmission to multiple output packet modules to which destination output lines are
attached, and output packet modules which provides a copy of the desired ATM cell to
each destination output line attached-thereto. .

In accordance with another aspect of the invention, the foregoing problems are
overcome by providing a controller for a packet switch for locating multiple paths for

15 each multicast telecommunication packet, this controller includes a memory for
storing a busy-or-idle status of each connection of the packet switch between'its
switch fabric and its output modules. This memory is divided into a number of busy-
or-idle status tables, and these busy-or-idle tables are accessed conéurrenﬂy for rapidly
locating each required path for the multicast packet.

20 In accordance with another aspect of the invention, the foregoing i)roblems are
overcome by providing a controller for a pack.et switch which has a switch fabric,
which in turn has a number of pipes with each pipe having a number of crossbar
switches. This controller is for locating a plurality of paths for a multicast
telecommunication packet received on one of a plurality of input lines of the packet

25  switch. The controller includes a numbef of pipe hunting controlleré, with each of
these pipe hunting controllers controlling a respective pipe out of the number of pipes.

" Each of these pipe hunting controllers has a plurality of crossbar switch controllers,
with each crossbar switch of a pipe having a.respective crossbar switch controller
associated with it. The controller also includes a store for a storing busy-or-idle status

30 table. Each b{t of the busy-or-idle status table in the store is associated with a

respectlve connection of a respective crossbar switch and stores a respective busy-or-

s Sheet Has Been Replaced

RTI




address two fundamental issues that profoundly effect the overall
pérformance of the resulting ATM switch. The first of these issues is

cel'l loss du | ogkKij hi-Ri n the internal |inks of the
bl D6k ) ;

di stribution nown as the swtching fabric), and the 25
second is cel}, | t nt ent i for oyt pu rts by, two or, nore ATM
cell's that idle bﬂ;tés? g“&%‘r‘ﬁﬁéﬁer?ﬁ% g@ﬁ%ﬁﬁ?ngf‘%toﬁet@gtﬁﬁn%ﬁ’etm confrqliengan 1
first issue Gadesyeatd Bi¥oPe busy-or-fil MEkks RblERTeGikstIs 18ash SR B 1dhrl]
SUTTicient Surtohing oo e osyor il Haks Hblc o requsstiat Ieas ncbut o' plpaeStpat hs
exi st bet weemne optput packes maddledot gnet orpmore Sutpis lines atachdd, thedetd fov amiulticast

nore ATM cells attenpt tQ use the same shared resource (nodes or |inks)
wi thin the 3@acke$gpreustentlys dBrs.@llowing veay rapidand vesy affiojent mydtigagtingipagket nt

paths thag e ls{w'fgcﬂﬁtg%p%ﬁﬁons.
FIG. 1 is a block diagram of a generalized growable packet switch;
FIG. 2 is a slightly re-drawn Fig. 1.
FIG. 3 is a block diagram of a growable packet switch in which the switch
10 | fabric is partitioned into L multiple pipes according to the present invention.
FIG. 4 is a block diagram, similar to Fig. 3, of a specific embodiment of the
present invention having four pipes (L=4) and showing a configuration for the pipes.
'FIG. 5 is a simplified block diagram of the embodiment shown in FIG. 4
which shows greater detéils of the cohtroller.
15 FIG 6. illustrates the timing sequences of requests to the controller shown in
FIG. 5.
FIG. 7 is a simplified block diagram of an embodiment of an output module.
FIG. 8 is an illustrative example of rolling and its operation in a plan view of
an amusement park and its satellite parking lots.
20 ~ FIG. 9 shows plots of calculated values of various ATM cell loss probabilities
both with and without the assignment of preferences.
FIG. 10 is a simplified block diagram of a representative switch controller and
its link controllers. '
FIG. 11 is a detailed logic diagram of a link controller.
25 FIG. 12 is a state table for the link controller 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 according to the present invention. '
30 FIG. 15 illustrate; the mﬁltiple paths taken to the destination output lines for a

multicast cell. _ R
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4 ' I nternal network bl ocking problem The second issue requires the
SW tch designer to i dentify a technique for handling sinultaneous

cells. LA design technique for a switch to handle
celI's desti ngk?opﬁ?'gﬁg’ag‘g‘:@rﬁ out put 1f’l)ort is analyzed in an article, A
G owabl e Packet .Switch Architecture, IEEE 5 Transactions on

Commruni cat i 992, by Eng et al. and in another article

The Knockout Swit T e et al. This
gener al des?‘gfr.lniug @%g@?%ﬁgé éaeﬂgméﬁdtslvﬁ?c;’ &@fml stinct parts,
as shown in &fimudications, is shoNii(xE Bboclé \dfdghdrk Wrh2 AT $Wikdh KO"ﬁHsCarhlﬁfi&Y'o@es for
N input ports) and a bank of out put packet nodul es (which

provi de for ipubintirfaces Wﬂlh@ﬁlpmwpdr fabjic 14 andrbufferdd diftput readuttesoff6gt-he

| i nks emgnatjng fr mtﬂ& di stributiqn net vvork| required to be termnated
at one of t hEPV+lp APeBHOBUNPYARIeERCFIL0I- é -1 > augespsed digight t he

equati on W?%ﬁﬂggg%%e Q.? a ft?artdhﬂé r?éiwox:ﬁg &nd %&@&H&xﬁ&? E’drcfafnﬁng out

menory-1| ess
information received on their inputs to multiple input ports of the switch fabric 14.

Each of the input interfaces 12() - 12)\.1 also needs a capability to store one ATM cell,
as will be explained below. Similarly for ATM operation, buffered output modules

10 16¢-16v.1 are concentrators that are buffered to reduce packet loss when two or more
packets are directed to and contend for the same output of outputs Outy-Outy. 1.

‘Switch fabric 14 includes a fanout F where each of the outputs from the input
interfaces.12(-12)-1 is fanned out to F inputs within switch fabric 14, such that if
ATM switch 10 ié an NxN switch then switch fabric 14 will have FN internal inputs

15 and FN outputs to output modules 160;16v-1. Output Modules 16¢-16v/.1 have a
fanin or concentration factor of F in order to convert the FN oufputs of the switch
fabric 14 to N output module outputs Outg-Outy.1. Each output module 16¢-16v;. 1'
stores arriving ATM packets in FIFO queues, and then routes the ATM packets at the
front of each of these FIFO queues to their desired outputs Out-Outy.1 when the

20  output ports are available.

Switch fabric 14 is a general distribution network which may be a network of
switches, specifically crossbar switches, to provide muitiple paths from each of its
input ports 17¢-17N.] to each of its output ports 199-19rN.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 general architecture shown in FIG. 2.

Referring now to FIG. 3, an ATM switch 10A that is both practical and
possible for N inputs whe:e the size of N is at least 256, is shown. Multiple paths
from each input 17g-17).] through the switch fabric 14A are provided to prevent

30 blocking. These multiple paths are partitioned into groups called pipes with each pipe
prov1d1ng exactly one path between each input port 170'17N-l and each output port
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swi tch whose function is to route an arriving ATMcell to any of the m

| hputs on the out put packet nodul e connected to the cell's desired
out put port CladranciRighardpa@@t 15 nodul@ is a nxn switch with buffers
that are available for storing cells that nust be del ayed when two or

nmor e cel | s d8ptl&pw.{ ovithin thermetworka Thasitsputch fgbric. 144 istrhadearp éfthulgiple
traffic is unlform distributed across all output ports and if the buffers

within the pipes18g Smm bhe Repuiypadyles 16o-L6urare essentially the sayee as then t he
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probabi | i ty%ﬁ%ﬁg%ﬁmglqg be bel ow any 20 desired cell 1oss
probability | evel {i ﬁé‘{‘]ﬂﬁg ' r.ger; If R
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with mxn5 entittelTERABECRER S\ECIHNB RAECKEMMTGH}QERQ Nol 9530901 V.¢filey:
P(cell Iossbﬁc[l M&R@%’ [err]{ )[err]e[err]} ki]+(nR)[err]e[err]/m
Present paciecempet thd lich ineorpetated| byys eﬁ?‘@ﬂdl%ﬁlslltgl@agagﬁ,

appr oxi mat el egﬂ%gg 38%11%3‘@ %—tsglg?oﬁﬂx\é neBvtkP'SORAMd MAYerSHBLL $halilad: Present

units are c
unconditionally non-blocking as a full NxN crossbar switch would be, a controller 20

is included to hunt for a path through the four pipes for each ATM cell. Since each of
10  the pipes 18(-183 contains a path that could transport the ATM cell, the real purpose
of the controller 20 is to find a path that is not blocked.

For’ATM switch 104, if the number of input lines, N is equal to 256 and if
each input line is operated at a standard 2.5 Gigabits per second data rate, its aggregate
throughput will be 0.640 Terabits per second. Scaling or growing such an ATM

- 15 - switch by a factor of two to 512 input lineS and output lines should be straightforward
and result in aggregate throughputs of greater than 1 Terabits per second. Scaling to
an 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 FIG. 4, a specific embodiment of an ATM switch 10A is
shown. In this specific embodiment ATM switch 10A has two hundred fifty six input
interfaces 12~12755 which are connected to two hundred fifty-six ATM input lines
Ing-Inp55. The outputs of the input interfaces are connected to the input ports 17¢g-

25  17N.1 of the switch fabric 14A. The switch fabric 14A contains a total of sixty-four
16x16 crossbar switches 15¢-15g3 which are partitioned into four pipes 18(-183. The
fanout F is equal to four which if the number of output ports = FN resuits in 1024
output ports 190-191023. The output ports 199-191023 are respectively connected to

. the inputs of sixteen 64x16 output packet modules 16(-1615. The sixteen 64x16
30 - output packet modules are connected to two hundreéd fifty six outputs Outp-Outyss.

Those skilled in the art will recognize that other combinations of components could
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Besi des the ATM cell | osses because of internal contentions, in an ATM
Packet Switch where_all of the N cells arrive sinultaneously at the inputs
of the Cloosan ; Biphpesls 20e32wor k, the cdill s nust be processed by each

stage of the path hunt processi ng pipeline before the next group of N
cel I's arri ve@vatbeemusedeforsramplephirtypwiot 3.8 3atput Fodules soplddiave beanhmed nconi ng

5 " S arnseRE S AR RR] G et pdes o BdiCof: N ATM cel s that arrive
::)iogg[ ihﬁ(r__) e”:J/ Z ﬁ y b i . TP\% %\git?‘{ ﬁ%& 3%? 21?.?% go%tf&fer 90 wiicH B thé f%gks%ﬁﬁl%tlgé ahd'®
finding an available pipe 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 parallel pipe hunting tasks that are each
temporally shifted by an acceptable amount. Details of one embodiment of such a
controller 20 are shown in FIG. 5.
For the 0.640 Terabits per second, N=256 embodiment mentioned previously
10 and shown in FIGs. 4 and 5, the controller 20 may be contained on approximately
eight printed circuit boards. Controller 20 would accept up to 256 sixteen-bit request
vectors from up to 256 line input interfaces 120-12755 and perform path hunts on each
of these request vectors w1th1n each 176 nanosecond. ATM cell interval to create the
1024 sixteen-bit connect vectors used to established connections within the switch
15  fabric 14A. This requires that controller 20 operate with a proceésor clock rate of at
 least 46 Megabits per second. This moderate clock rate permits the logic within the
controller 20 to be implemented with off-the-shelf CMOS EPLD's or similar devices,
thus making the cost of the controller 20 (in large quantities) very reasonable.
The movement of request vectors from the input interfaces 12¢-127 5-5 to the
20 controller 20 and the movement of connect vectors from the controller 20 to the
crossbar switches 15¢-1543 of the switch fabric 14A is a challenging task, because
large amounts of control information must be transported every 176 nsec ATM cell
interval. For example, in an ATM switch containing 256 input interfaces, 256 16-bit
request vectors must be transported to the controller 20 every 176 'nsec, leading to an
25  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 nsec to control the crossbars
switches 150-15¢3. This requires an aggregate bandwidth of 93 Gigabits per second
between the controller 20 sub-system and the switch fabric 14A sub-system. This 93
30  Gigabits per second connect vector information can be compressed into 29 Gi'gabits

per second (given that only one input can be routed to an output during each ATM cell
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an ATMcell on a 2.5 gigabits per second link). For large values of N, a
subst anti al anount of processing power vm' |1 therefore be required to

conpl ete theSFat h hﬁ‘%}}?r‘?ﬁ?ﬂ‘éfperat i ons f&r all Ncells. (Note: If N=256,

then 1.45x 1 nmust be conpleted every second, which
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based on sonet hing other than a single m cr oprocessor wll be

necessary f 0F1@4),éﬂg@f¢\m°@&d1k’ @igabighper second of data movifigwbetayspn thedhpt t o

| t t h hunt h
T band, 3 eltiertast Srrabit 8 SolRehe 2oa R GRalis R sesond pEARREGAE hunes.
The d os, Baﬁéf@@e@ﬂﬁ% fler 20F A"t sWiH %ﬁhquAanr%{:aﬁﬁf %é&g@ge ove

typlcally 15 use I n- control ers and control I n- band

control techhnkp2Swill beused to transmiy dds bmtroienfoﬁﬁitmﬁ%rpn&r pendedpto the ATM
cells and routed throu?h the swi tch | ong the sane paths used by the
fol | owi ng ATIMestacED 520-13265 Wauld e @reunsd by fours such that only sixty-four serial links

would be required to move request vectors from the input interfaces 12g-12755 to the

10 controller 20, and 128 serial links would be required to move the resulting connect
vectors from the controller 20 to the pipes 18(-183 (assuming the aforementioned data
compression techniques are applied to the connect vei:tors).

While the use of out-of-band control techniques does require the additional
hardware cost of these high-speed serial control links 22, these links 22 cause very

15 little increase the overall system hardware cost. Considering 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 12¢-12255, and the switch fabric 14A (when
the fanout of four is included) and 1024 more high-speed serial links are used to route
ATM cells from the switch fabric outputs 19¢-19123 to the output packet modules

20  160-1615. Thus, the addition of the 192 serial links 22 for routing of the control
information increases the total number of higﬁ-speed serial links within the system by
merely nine perceﬁt.

Applying the calculations of Yeh et al. from the article "The Knockout Switch"
the ATM cell loss probability of the ATM switch 10A shown in FIGs. 4 and 5 is

25  4.34x10-3, assuming that the connections of the inputs is symmetrical and not
independent as set forth in our copending application entitled "TERABIT PER

' SECOND PACKET SWITCH," EPC No. 95309013.1, filed December 12, 1995. This
cell loss probability falls short of the acceptable ATM cell loss probability of less than
1x10-12 men_tioned previously. _

30 | To reduce the ATM cell loss probabilities, controller 20 applies a temporal

spreadmg techmque known as rolling, whlch prov1des many statlstxcal advantages.
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approach typically requires parallel processing elenents to be distributed
t hr oughout all of the nodes in the network, resulting in relatively

conpl i cat ed rdwar e,.t.0 he duplicated,in every node of the network in
order to per Q%apdg?éf’l?afgﬂz%‘ggh hunti ng f3 operations (on only the cells

t hat t hpough th d d i ning how to te.th
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requests nmustvéidy aerobesl] Fip_eé 184-283 so 4RADbAEOPIbE will VhlyCarR efs pRépbrtiédy® Pat h
hunting, before the resulting control signals are I nputted to the

switch fabri fractionsef the traffpcalond, (2rspatialy distribwepibe tmtiic evenly accosstalaf thene
Chowe) "5 BRI S s NS ST B e S
0 o R Al IR ol e el 1
only "based oarrives i 4 ghentA RN dell pefib® across two ATM il periodg botiat theniafieriation
can be effectively decreased in an occasional ATM cell period when an unusually high
volume of traffic exists and is destined for a particular output packet module. This
10 effective lowering of the traffic load is accomplished by delaying some of the ATM
cells arriving during a congested ATM cell interval. The cells are delayed until the
next consecutive ATM cell interval when the traffic load competing for the popular
resources, i.e. connections to popular output packet modules, will most likely be
lower, so the delayed cells should have a higher probability of being routed in the next
15 ATM cell interval. Since the switch fabric 14A is memoryless, the ATM cells that
must wait for the next ATM cell interval are stored in their respective input interfaces
129-12255.
In addition to satisfying these three fundamental goals of packet traffic control
to distribute the load, rolling alsd satisfies two further very important ATM system
20 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
stream to be delayed differently than others. Sec_oncily, goal (5) is that rolling must
also guarantee that the controller 20 will éttempt to route every ATM cell through
25  each of the four paths to its desired output packet module, but each of the successive
path hunt attempts must occur in a more lightly-loaded 16x16 crossbar switch so that
the first attempt occurs in a 16x16 crossbar switch with many previously-routed ATM
cells (and very few available paths to output packet modules) while the fourth and
final path hunt attempt occurs in an 16x16 crossbar switch that is virtually empty
30 (thereby providing many availaﬁle paths to output packet modules). The rolling
technique is similar to spatial path hunt techniques that pack as many calls as possible
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6 ‘ regarding all of the switch traffic, the routing that in-band
controllers perform may not al ways optimal with regard to internal

bl ocki ng. Ag|godaSRichardstpanks based onpin- band control techniques
often require nore swtch fabric (stages and nodes) in order to

provide thejgs @H@p&%h%tf'a%?aﬁp AeAGR! Which b9 fﬁ'gg@ He8S BO% REATaHE) mPakGdrbas ed

on out - of - band con t echni ques. there is a need in the art

for a packeta systehrciesultsinrthe tenainder of thetdals hgviny a dery laglgpmlbalblhw afibenig al |
paths to provi de%fgﬁtl mal path hunting for each pac
For i ndi vi dsuscessfally routedthsough the remeaindm@f theessystem if p&aedﬁbelpwd@@% o one

desired Thus, roiling in its fourth and final path hunt attempt provides a very high probability
5 of an ATM cell successfully being routed. Goal (5), by packing many ATM cells in
one portion of the network, superficially seems to conflict with goal (1) that requires
the traffic be spatially distributed across the network. However, as will be explained
below, temporal spreading provided by the rolling technique permits the network to
simultaneously satisfy both goals (1) and (5).

10 Assuming that each of the 256 input ports 17g-17y.; of FIG. 4 has an ATM
cell that needs to be routed through the distribution network, and assuming that the
switch fabric 14A is composed of four pipes 18(-183, then the out-of-band controller
20 may bg required to perform 256x4=1024 unique path hunts for the ATM cells
before the cells can be routed. To distribute the ATM cells evenly across all four

15 pipes, the 256 ATM cells requesting connections, the folling 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 finally in
pipe 183. The second group will have patﬁ hunts performed for its ATM cells in pipe
18 first, then in pipe 18, then in pipe 183, and finally in pipe 18¢. The third group

20  will have path hunts performed for its ATM cells in pipe 18 first, then in pipe 183,
then in pipe 130, and finally in pipe 181. The fourth group will have path hunts
performed for its ATM cells in pipe 183 first, then in pipe 18, then in pipe 181, and
finally in pipe 189. This ring-like ordering of the path hunts guarantees that the routed
ATM cells are distributed evenly across all four pipes. In addition, if the ATM cells

25  within each of the four equally sized groups are selected such that the ATM cells
within a single group can be routed into exactly four of the 16 inputs on any 16x16
crossbar switch, then the routed ATM cells will also be evenly distributed across all of
the 16x16 crossbar switches.

Referring now to FIGs. 5 and 6, a timing diagram for a rolling technique _

30 according to the present invention is described. To satisfy goals (1), (2), and (5)

simultaneously, the out-of-band controller 20 uses the time delay/time distribution
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out put. For these one-to-one.users, it is inportant to find non-bl ocking
paths for their 10 packets quickly and efficiently. Beyond the

one-t o-one WY66nart I RicRards ©032nunber of 5 uses for one input to nmultiple
out puts capabilities, such operation is known as mul ti casti ng.

Mul ti cast i nQekdridel8n @54l (B ' theATM cel | to
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to ali nkedufmgt con ning a
64 simultaneously arriving ATM cells to be routed through the switch fabric 14A to

10 any single output packet module 16(-161 5 (even though there are only 64 connections
or links from the switch fabric 14A to each output packet module 16¢-1615). This is
occurs withi the rolling technique because all of the ATM cells do not need to be
routed during the same ATM cell interval. Thus, the rolling technique when used in
the out-of-band controller 20 reSults in extremely low cell loss proBabilities both

- 15 within the switch fa.bric 14A and the output modules 16(-161 5, even during a transient
cell interval that has an extraordinarily high traffic load.

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 difficulties in satisfying goal(4) of maintaining proper cell ordering.

20  However, the ring-like ordering of the path hunts within the out-of-band controller 20

~ guarantees that delayed cells in a stream of ATM cells will always be routed through

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

25  ordering will be maintained if the cells are extracted from the switch fabric 14A and
loaded into first-in-first-out queues 174¢-17463 (shown in FIG. 7) of each output
module of the output modules 16-161 5 in the order of the lowest numbered pipe to
the highest numbered pipe: pipe 18, pipe 181, pipe 182, and pipe 183.

Referring now to FIG. 7, the output module 16¢ (and the fifteen other output

30  modules 161-1615) may be a 64x16 embodiment of the concentrator described in U.S.
Patent No. 5,412,646, entitled "ASYNCHRONOUS TRANSFER MODE SWITCH
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of the desired output ports. In many ATM switches based on sel f-routing
control 25 techniques, the switch design of choice is for the input |ine

cards to ma m” ti _2oCOpi es of t arriving ATMcell to be
mul ti cast betore nljgﬂé:gﬁdﬁaoéﬁe mul tiple Egpi es of the cell into the

network. Thi iGN ' i vel |jcat ddi t |
Lo the har af R TECRERE by 2. BT bl bl MR Rl ASreaiiies,
imng B{ Irleﬂ ge?,gsri%nee of thé ﬁ&&t%&}eﬂﬂoéﬂ%%bﬁ aflichich Y Herbbol YhcdPPdrhfed b§0 each

nmust be capable o Creating and’injecting copi es of
t he ATM cel Ireferenoe.t ibe netpubmidui®Hibg ipEIG. Zis a specifit casewf dweugendedizedh bur den

one the line cards. Thus, .it_is desirable o have an AT
concentrator shown in Flé. 4 of the above-re erencec\{ patent applchation of Cyr et al.

5  Since the output modules 16¢-16 5 are well described in the above referenced
application, in the interest of brevity they will not be further described here.

To provide a better understanding the equation of the rolling technique, a real-
life analogy will be described with respect to FIG. 8, which is a plan view of an
amusement park system 500. Consider the problem of transporting a large number of

10  people from amusement park parking lots 511, 512, 513, or 514 to the amusement
park 520 using trams to shuttle the people between the two points. Tram system 530
is composed of four tram shuttle trains each with a predetermined route, which is
analogous to the four pipes of switch fabric 14A. Each tram shuttle train contains
sixteen cars (representing the 16x16 crossbar switches within a pariicular pipe), and

15 - each shuttle car is equipped with sixteen seats (representing the output links emanating
from a single 16x16 crossbar switch). In this analogy, each customer (representing an
ATM cell) arrives in one of four parking lots 511, 512, 513, or 514 surrounding.the
_aniusement park 520. As a result, each customer is instantly placed in one 'of four
groups, and since the parking lots 511-514 are the same size, each group contains an

20  equal number of customers on the average. The customers in any single parking lot
511, 512, 513, or 514 must then divide up and stand in one of sixteen lines, where
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

25  theme area to which that seat's occupant will be given admission. Before arriving in
the parking lot, each customer must randomly chose one of the sixteen theme areas
(representing the sixteen output packet modules 16-1615) where he or she wishes to
spend the day. Customers must then find an a;vailable seat associated with their
desired theme area on one of the four trams that passes by the loading area 531, 532,

30 533, or 534 of their parking lot. If a customer has not found an available seat after

four trams have passed by, then he or she is not permitted to enter the amusement park
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7 '_ swi tch that provides nulticasting w thout burdening the design of
the line cards. It is al so desirable to have a distri buted,

out - of -band control |er that controls an AIM packet switch to provide
mrJ]I t : cast i ngﬁbpnﬁflsh%ﬁa;@r%?- cell to rrull}i pl e out puts. 5 Summary of
the I nvention | . Briefly stated, |n accord . t.h one aspect
of the i nvenduriig thatdayr(Jhisdwrshgondition repye %l%ﬁegmmﬁgmw&ovi d!ong a
di stri buted, . Of - r er. f.or.. AN il havi n
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reduced conpl exi t Yhé fits: & RN stéps a2 thedbhding afea ikt S Gustime2lcah igthapr ovi des
for 10 transmssion to nmultiple output packet nodules to which

desti nati on alreadytvisited dlwreaother parking lott lpadihg dreasirsd thricystamey'’s pre-spasifird es

whi ch praovides a ¢ f_the desired ATM . ' [
out put p| iSne 368 BAK g)ﬁ\ oHawgver, 1’? tﬁee customercd%leé ﬂ%u? his or her seat go%ed\?a%aﬁtno%[ 'on

that tram, then the tram will deliver him or her straight to the amusement park 520. If
the customer fails to get on the first tram, he or she must wait and try the second tram
which has already visited two other parking lot loading areas. If the customer is
successful at finding his or her pre-specified seat on the second tram, that tram will

10  deliver the customer to the amusement park 520 after one more parking lot stop. If the
customer fails to get on the first tram and the second tram, then he or she must wait
and try the third tram which has only visited one othér parking lot loading area. If the
customer is successful at finding his or her seat on the third tram, that tram will deliver
him or her to the amusement park 520 after two additional parking lot stops. If the

15  customer fails to get on any of the first three trams, then the customer must waitand
try the fourth and final tram. Fortunately, this tram has not visited any parking lots
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 éystem 530
satisfies goal (5), because each of the successively arriving trams is more lightly-

20 loaded than the previous one. Thus, a control_ler 20 rolling ATM cells irideed can
fulfill goals (1), (2), and (5). '

The rolliné technique if used by itself improves the ATM cell loss probability
of ATM switch 10A from 4.34x103 to approximately 10-11, Using the analysis
techniques of the article "A Growable Packet Switch Architecture" the cell loss

25  probabilities for an ATM switch 10A that has independent connections to the inputs of
the switch fabric 14 according to Galois field theory and also has an out-of-band
" 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
load equal to Ra=R;/4+Rres, where Rres is defined to be the fraction of the 16 inputs
30 toa 16x16 crossbar switch that are blocked in pipe 183 and routed to pipe 18 for a re-

attempt. For a first attempt at solving for the cell loss probability, let us assume that

This Sheet Has Been Replaced




I n accordance wi th another aspect of the invention, the f oregoi ng probl ens

are overcone by providing a controller for a packet switch for
| ocati ng mul CigdAnRHiPSarfL50-32 each nul {4 cast tel econmuni cation packet,
this controller includes a nenory f storing a busy-or-idle status
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control l er for a packet switch which Kds a switch fabric, WhICh in

turn has a nwigsymel, i lpasd WetsviRdbadingR é"@éﬁl Wmumefs CUSIaE liidse

switches. This controller is for |ocati ng a plurality of paths for a
nul ticastS  assignegnss; sheuesniting Fdhlq;apmbﬂm&r‘aéﬁﬂwadné(&+=d Pippal8gy of
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ConLioLl 10, teshect ve oo, WRbs SRR SPIPES, | ach o
control | ers, Thus, the fraction of the 16 inputs to a 16x16 crossbar that are passed to the second
pipe after the first attempt is given by:
10 f1-2=Ra x P(cell loss in pipe 18¢) = (3.13x10-1) (1.3x10-1) = 4.06x10-2.

By symmetry, this should have also been the same as the fraction of inputs that
are passed from pipe 183 to pipe 1 80, so the residue assumption of R; +/16=0.062
above was incorrect. By refining this assumption and performing a second attempt,
and now assuming that Rres=R, +/32. Thus, the cell loss probability of a single 16x16

15  crossbar switch in pipe 18( can be determined again using the equation of Eng et al,,
where m=1, n=1, and the switch loading is given by Ra=R,/4+R;/32. Using these
assignments, the resulting cell loss probability for a fully-loaded (R;=1.0) pipe 18
16x16 crossbar s»ﬁtch is calculated to be:

P(cell loss in pipe 18¢)=1 2x10-1,

20  Thus, the fraction of the 16 inputs to a 16x16 crossbar that are passed to the second

pipe after the first attempt is given by:
f1-2 =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=3.13x102, so the assumption is considered to be satisfactory. The

25  blocked cells are sent to pipe 181 for subsequent path hunting, and they encounter a
negligible number of ATM cells from previous attempts. Thus, the 16x16 crossbar
switch in pipe 181 can be modeled for analysis as a growable pécket switch, with
m=1, n=1, and Ra=1f1-2, and the resulting cell loss probability of this model is
1.4x10-21, The fraction of the 16 inputs to the 16x16 crossbar in pipe 18 that are

30  passed to the pipe 187 is 4. 2x10‘4 Similar arguments can be used to show that the
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W th each crossbar switch of a pipe having a respective crossbar sw tch

controller associated with it. The controller also includes a store
for a stori ggobhk). Fichards go3batus 30  table. Each bit of the busy-or-idle
status table in the store Is associated wth a respecti ve connection
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i dle to cotro the operatio connecti on. :
Fur t her nor e fractien obthierldl ihputs ¢@a 16x16 crosﬁalcmsecbtaqﬁpdﬂ& iof7.9x16- 8ou’ﬂ;e or-idle

status tabl ?-estu(l)tu{ equest at |east ogne path to at ags
g ATM cell loss probability in pipe 183 is 3. 7x10 and the fraction of the 16
inputs to a 16x16 crossbar not routed in pipe 183 (and therefore not routed in all four
5 pipe attempts) is 2.9x10-13. Thus, through the use of the rolling techniques within the
out-of-band controller 20, the ATM cell loss probability of an ATM switch 10A with
independent connections at the inputs of its switch fabric 14A can be decreased from
an unacceptable value of 1.47x10-6 to an acceptablé value of 2.9x10-15,
A preference technique may be used in conjunction with the rolling technique
10  described above to decrease the cell loss probability of an ATM switch 10A even
further. Referring back to FIG. 8 and the amusement park analogy, some form of
arbitration was required at the tram loading areas to determine which of the customers
in the linq will be given a particular seat on the tram when more than one customer is
requesting the same seat. Similarly, the out-of-band controller 20 must provide an
15  arbitration scheme for selecting which of the arriving ATM cells will be assigned a
particular link whenever two or more cells request access to the same link. The
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
20  ATM cells is assigned the link. The random selection scheme is the scheme assumed
for the analysis of the rolling technique presented above. However, other arbitration
schemes are possible, and one particular arbitration scheme that has advantageous
results is called the preference scheme. The preference arbitration scheme assigns a
preférence weight to each of the ATMecellsina particular grouping. ATM cells with
25  higher preference weights are given precedence over ATM cells with lower preference
weights whenever two or more cells request access to the same link. As aresult, an
effective hierarchy is created within the groupings of ATM cells.
The creation of a hierarchy may superficially seem to produce undesirable
characteristics within the switch fabric 14A; because customers with high preference
30  weights will be offered better service than customers with low preference weights. In

fact, the one customer with the highest preference weight within each group can never
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one output packet nodule for one or nore output |ines attached thereto for
a nul ticast packet concurrently. Thus, allow ng very rapid and very
ef fici ent miClicoast Richapdsc232 5  swit cig ng operations. _ Bri ef
Description of the Draw ng FIG 1 is a block diagramof a

generalized hﬁVB\M:bblehqlaﬁCMCeﬂVBléddad by another customer's AT célli %lﬁw%? %' y
re-drawn Fig. FIG 3 is a block diagramof a gro

packet swit c‘P?aY seeamafiin pdetiled analyss of thesffeets of impnsinig thisrtderatchy dndicates

.
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t he pi pes. I's a si
enbodi melt sprefererice Weight. 4 whi ch shovvs greater details of the
controller. 15 FIG6. illustrates the timng sequences of
requests to the c bin resplteef thisanalysis are summarizad ig FIG. 9, wheretheprobd’éhlﬁy of is a

sinplified hlo &f a%'w e ,f ie ?-, & ;@Po%%inji“%f‘ ;[)f Y I:elfj1 not be n%ua;[smgnr?ed'] to an available

path, is shown as a function of the number of path hunts that were attempted in

different pipes by the out-of-band controller 20. In this analysis, it was assumed that

10 the group sizes were four- i.e., up to four ATM cells could simultaneously compete for
access to the same link. As a result, four different preference weights were assigned to
create a hierarchy for the four input ports associated with each group. The preference
weight associated with a particular input port is assumed to be a fixed constant that
does not vary with time. The resulting plots 901, 902, 903 and 904 in FIG. 9 indicate

15  that the cell loss pr(;bability decreases as more path hunts in more pipes are performed,
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 expected. Super-imposed on these plots is a similar plot 910 which
indicates the probability of not being served when a random selection arbitration

20  scheme is used instead of the hierarchy arbitration scheme. The surprising and
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
plot 910 of the random selection arbitration scheme shows an average cell loss

25  probabilities for all of the input ports which are notably higher than the plots 903 and
904 which are the average cell loss probabilities for even the input ports with the
lowest preference weights within the hierarchy arbitration scheme. This phenomenon
can be explained by the fact that after three sets of path hunts in three different pipes,

. the distribution of ATM cell requests entering the fourth pipe is very different
30  depending on whether the random or preferences arbitration scheme is used. In the

random selection arbitration scheme, thereisa small but equal probablhty that all of
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FIG -8 is an illustrative exanple of rolling and its operation in a plan
vi ew of an anusenent park and its satellite parking lots. 20

FIG 9 ShomCQOﬁ&&'ﬁﬁ%ﬁds\?{%ﬁi ed val ues (51 vari ous ATM cell | oss

probabilities and wi thout™ the assi gnment of preferences.

FIG 10 i [ i L.l -] ' S\ troll
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di agram of ambituf the AMM ckity with Bigher preference Weights #all Eis @u&%%‘ig% pabivithfaor

the link controller shown in FIG 11. 13D when
j oi ned t oget probabilityof practinatly aciopwhilé the ATM celll withnthedbwest preferenced weighponse

t . ts. ) ) FIG...14 il S th |11 f
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[ t I: 1 QR 1:..80: L FlLGe 15 | & h
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cel | . However, a single request arriving with a high probability at the fourth and last path

hunter in the controller will lead to more routed ATM cells than many requests
arriving with low probability, because the single request can always be satisfied since
contention for an output link will never occur.
10  Asaresult, it seems apparent from the plots in FIG. 9 that by éssigmng
| preference weights to the input ports and by using a hierarchy arbitration method to
resolve link contention and route paths in the out-of-band controller, the worst-case
cell loss probability of the switch fabric 14A can be decreased from 2.9x10-15 that
was achieved by the introduction of the rolling technique to an even lower value of
15  2.4x10-16, It is worth noting that input ports that are assigned higher preference
weights will encounter even lower cell loss probabilities as indicated in FIG. 9.
Referring back to FIG. 5, in order to provide a physical embodiment of the
rolling and preference methods, the ATM switcﬁ 10A is segmented in to four basic
sub-systems. These four sub-groups consist of the input interfaces 129-12555, the
20  output modules 16¢-1615, the switc;h fabric 14A, and the out-of-band controller 20.
The input interfaces 12(-12555 within the network provide the necessary
interfaces between the incoming transmission links and the links connected to the
switch fabric 14A and the out-of-band controller 20. As a result, the input interfaces
12¢-12755 must provide a termination for the input transmission line. For example, if
25  the input transmission line is a SONET link, then the input interface must provide for
clock recovery, link error detection, SONET pointer processing and frame delineation,
ATM cell extraction, and an elastic storage function to synchronize the arriving ATM
cells to the system clock within the distribution network. The extracted ATM cells are
then. loaded into a FIFO buffer of the input interface. The input interface must also
30 read ATM cells from the FIFO buffer and extract the ATM header from the cell. The
VPL/VCI field of each ATM header is then used as an address into a translation table
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9 ' Det ai | ed Description Referring nowto FIG 2, a
Ib'iargi, dgeneral :czed switch 10 for ATM comuni cations, is shown in
oc |agra orm ATM 10 has a er of i nput interfaces
12[err] - [ é@%‘iﬁ\%d fc‘gbrlc 14, a%uffered out put nodul es 16[err] -
5 16[ e ATMo tio ces 12l err 12[ err are
hi gh speed d{oggtteglonthe input g’re?ﬁ'?"}cﬁ @Fg %&Eoétgpgrgnsj ‘%\66 rk]s and
power anplif

i nputs to mu
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25

30

?’??ﬁpﬂéelof?e%% g{i&'% 1e- ? of the \tﬂu‘i‘ Eﬁd’lﬁé?{gxb&ﬁle {@%ic‘l’ﬁﬂe AV Bl s
to be routed. The new VPIN CI ﬁeld is written into the ATM cell as a replacement for
the old VPI/VCI field, while the output module address is routed as a request vector to
the out-of-band controller 20 for the controller fabric 14A. Since the amount of
processing time required by the out-of-band controller 20 is a fixed value, the input
interface simply holds the ATM cell in a buffer unﬁl the out-of-band controller 20 has
completed its path hunt a_nd has relayed the results into the switch fabric 14A. Once
the switch fabric 14A is loaded with the new switch settings to appropriately route the
ATM cell, the input interface can inject the ATM cell into the switch fabric 14A and it
will be automatically routed through the switch fabric 14A to its desired output
module 16(-1615. It should be noted that each input-interface 12p-12255 actually is
provided with one link to each of the four pipes 18(-183 of the switch fabric 14A. In
addition, the use of rolling (i.e. temporal spreading) within the switch fabric 14A may
require a copy of the ATM cell to be injected into each of the four links during any
one of two consecutive ATM cell intervals. As a result, the timing within thé input
interfaces 12-12755 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 interfacé is also
assigned an alias address given by a letter between A and P. These alias addresses are
used to identify which input port the input interfaces will connect to within the switch
fabric 14A. The actual set of four crossbar switches to which a particular input
interface is connected is determined by the Galois field techniques that were described
previously. These techniques guarantee independence between all of the inputs on any
16x16 crossbar switch of any pipe.

Each of the sixteen output modules 16¢-161 5 in FIG. 5 is labeled with
addresses ranging from AA to PP, and each output module performs an important
function within the ATM switch 10A. Each of the output modules 16g-1615 within
FIG. S provides terminations for a respective set of sixty-four links emanating from

the switch fabric 14A. Each output module 169-16 5 also provides two basic

This Sheet Has Been Rep Iaced

HIIIHIIIII 11




Each of the input interfaces 12[err] - 12[err] also needs a capability
store one ATM cel |, as will be explained below Simlarly for ATM

operati on,
that are buffer
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ts in FIFO

straiiht-ferwiaed approachvbild pabiablyadonsthect a shared frfentutry stvitelatat of t hese
FI FO queues to their desired outputs Qut[err]-Qut[err] when the 20 out put
ports are aweuldpsrform sixty-four memory writes @nd sixtnen sepapry geads yathin ap A
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lists (one for each output Outy-Outy53) along with a seventeenth linked list containing
idle memory locations. Although simple, this approach requires eighty memory
accesses every 176 nsec, so it would demand memories with 2.2 nsec access times.

An alternate approach would split each 64x16 output module 16¢-161 5 into a 64x16
concentrator and a 16x16 shared memory switch. The concentrator would be a
memory system that provides for sixt'y-four writes and sixteen reads every ATM cell
interval, but the memory size could be small (and membry speeds could be fast) since
the buffering required for output contention problems is not provided in this memory.
In addition, the 64x16 concentrator could be implemented as a single linked list spread
out across sixty-four distinct memory chips. Asa reSult, each memory chip would
require only one write and up to sixteen 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) memories could be used, and the buffering for output
contention problems could be provided in this shared memory portion of the output
module. Thus, this latter arrangement is the more practical alternative for an output
module. '

The switch fabric 14A is essentially a group of small 'circuit switches that
provide the required connectivity between the input interfaces and the output modules
in response to the control signals generated by the out-of-band controller 20. In the
e_mbodimen_t of the ATM switch 10A shown in FIG. 5, the switch fabric 14A is
composed of sixty-four 16x16 crossbar switches, where disjoint groups of sixteen
switches comprise a pipe. The four pipes are labeled pipe 18, pipe 181, pipe 182,

and pipe 183, and the sixteen 16x16 crossbar switches within a given pipe are labeled

Sheet Has Been Replaced’

Il

i




i nput” ports 17[err]-17[err] to each of its output ports 19[err]-19[err].

However, it becones hi ghly inpractical to make an NxXN switch out of a
si ngl e crossQidoran - Richalie2®@s2t he 25  swp4 chi ng conponent of switch fabric
14 when the size of N exceeds 32. Thus, sone other way is needed to
realize the gwiteh 6/15arTheldresbar s‘%nﬁ:ﬁ@’&ﬂuétrbe Fehfableof recelvmg the control Sghgls’ | N9
nowto FIG 3, an ATMswitch 10A that is both practical "and possi bl e

for Ninput sgeumtedbhéle;mne)fdfan&lcmmdter Réasd nﬂﬁﬁrecmm‘ig;tma%ofﬂiblswuphe pat hs
fromeach in ut 17 err]-17[err Ihro the switch f ,Ilfrlc 14A are provided
to prevent 38FHUNgY &}mé?gg“a[ﬁr B"’i?&tcﬁgs"ﬁlné"‘bg M eslisn &ach A6%1&r oups
cal |l ed pipes n each
e ety 5 o A A k. 5

5 16x16 crossbar switch also supports sixteen outputs labeled output AA to output PP.

It was noted above that each input interface connects to a different 16x16 crossbar in
each of the four pipes 18¢-183, but it should now be noted that an input interface that
connects to input X in pipe 18 is required to be connected to input X in the other
three pipes 181-183 as well, where X is an element of the set {A,B,...,P}. The actual

10 connections between the input interfaces 12(-12355 and the crossbar switches within
the switch fabric 14A are determined using Galois field theory techniques that were
referenced above. These techniques guarantee independence between input ports for
routing w1thm 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

15  sixty-four inputs on the 64x16 output 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 pipés 18¢-183 a particular ATM cell may be
routed. Once the out-of-band controller 20 has successfully determined a pipe through

20  which the ATM cell is to be routed without being blocked, the task of setting up the
path through.the pipe is simple, 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. As a result, the fundamental path hunting task of a switching
network is essentially reduced to the simpler task of pipe hunting in the ATM switch

25 10A. |

The out-of-band controller 20 still requires a large busy-idle table to identify
the status of each of the intermediate (FN) links between the 16x16 crossbar switches
of the switch fabric 14A and the output modules 16¢-161 5 as busy and unavailable or
idle and available. However, this large busy-idle table may be sub-divided into many

30  small busy-idle tables that the controller 20 can access in parallel, and thereby pe.rfonn

many pipe hunting operations in parallel. There are many ways to implement the
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10 19[err]-19[err] within the network. Thus, switch fabric 14A is

made up of multiple pi pes 18[err]-18[err]. The output nodul es

16[ err] - 16[ ellodnanr-Richade03RI y the sanme2fis the ' out put nodul es shown
in FIG 2. Switch fabric as seen in copending and comonly
assi gned apl%bhﬁé‘llldr@o for & larg®@§WitdH 1o ingFiRéBerderilgrowatleacketskitdh SW TCH, EPC
No. 95309013.1, fil Decenber 12, 1995, which is hereb
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that coukd zrfa?dlléﬁ%tfoﬁhe codtiblfee 20, witllbe dmahseaurpose of the
controller 20 is to find a path that is not bl ocked. For ATM

SW L ch 10A, if t HEherfirsblevel®f parablelism isehsained by, prayiding eechofghe fayr pipes
each TIDU | igne & o RS e Apige AR SRSheF 28 T thls Vi of BERAARE 2

rate,
allows pipe hunting to be carried out in all four pipe hunt controllers 24(-243

simultaneously. The second level of parallelism is obtained by providing switch

10  controllers 26-2643, with sixteen switch controllers within each pipe hunt controller
24¢-243. A unique switch controller 26(-26¢3 is respectively 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 all sixteen of the switch
controllers of each pipe hunt controller 249-243. The third level of'parallelism is

- 15 obtained by permitting each of the switch controllers 26(-26¢3 to perform parallel

processing over all sixteen of the output links attached to its respective 16x16 crossbar
switch. Effectively, each of the switch controllers 26-2663 reads sixteen busy-idle
bits from its busy-idle memofy in parallel, performs parailel pipe hunting operations
based on those sixteen bits, and then writes the sixteen resulting busy-idle bits into its

20  respective busy-idle memory in parallel with the other busy-idle memories. A

| representative 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 providing switch controller 26 sixteen unique link controllers AA-
PP, each of the link controllers AA-PP is assigned the task of processing busy-idle bits

25  for one intermediate link between its portion of the switch fabric 14A and its |
respective output modules. In the embodiment shown in FIG. 10, the large busy-idle
memory required to control switch 10A has been divided into many single bit '
memories, busy-idle flip-flops, with each single bit, busy-idle memory being logically

- and physically associated with its respective link controller AA-PP.
30 . The general data flow for request vectors generated by the input interfaces 12¢-

12555 is shown in Fig. 5. For example, input interface 129 in Fig. S routes its request
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t hroughput will be 0.640 Terabits per second. Scaling or grow ng such an
ATM 15 switch by a factor of two to 512 input |ines and output |ines

shoul d be st r@bgidnf O Bads 20-32 and resul bgi n aggregate throughputs of
greater than 1 Terabits per second. Scaling to an ATM swi tch size of

1024x1024 1S vepip viiiofledohD 1 tb BreRAARE bod RARP 94 P PhereAD S poked ined

architecture o he present vention I s e extensi e even

further as t ipipe huntingsingsile ddonarolierc20)) aid! the f3lHng sdhemeequifes ehy equdier eases
and as new, faster technol ogies 20 are devel oped. Ref erring

now to FI G &ectar &peslopped thaoughi pipmhurgicontnoller R sypipe hurt@ontrsller 247, amshown.
In this specific, enbodi nent, ATM swi tch 10A two hundred fifty six input
i nterfaces 1@%@5@%0%?%533355§Hﬁ%f3ému5236&)“%n %?&e‘Pﬂfeﬁihg the Jopwti nput
l i nes l; -1biAl e, e, d | r 18 .
connect edt o PEaees 128 12555 proetbiisbleddraidioih rdHe BV BRF 3ol plgain
14A. The sw taatunitebbf bitsdqual @tha namber éfdusput@hodulestwithif the system. Tigx16
crossbar switches 15[err]-15[err] which are I‘part itioned into four pipes

18[ er r ] - 18] errequestyvgstor from asingleinpwt interfaeg in FIGo Stig thus wisixieen-bit data wardber of
1

ouL PUL 0Tt AR UL Tk o8 vt aninRo B P BB G & o

ATM cell within a input interface is requesting a connection to an output port on the i-

10  th output module, then bit i within the request vector will be set to a Ibgic "1" and all
other bits within the request vector will be set to a logic "0". When the controller 20
receives this particular reqliest vector from the input interface, it can then identify that
a path is required between the source input interface and the i-th output module.

The entire sixteen-bit request vector from a input interface is routed via a

15- respective control connection 21(-21755 to one of the four pipe hunt controllers 24¢-
241, and the controller 20 pokes the vector into one of the sixteen switch controllers
associated with that particular pipe hunt control!er. As shown in FIG. 10, the sixteen
bits of the request vector are injected into a switch controller and are distributed across
all sixteen of the link controllers within that particular switch controller. Each link

20 controller is associated with a single link between the crossbar switches and the output
modules, and it essentially processes one bit of the sixteen-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 associated with
this link controller’s link) and four logic gates. A state table description of the link

25  controller operation is given in FIG 12, where the state variable is defined by the busy-
idle bit. The link controller hardware provides for one request vector input bit,
designated request-in; one request vector output bit, designated request-out; and one
connection vector output bit, designated c‘omiect. The request vector input bitis a
logic "1" if the input desires a connection through the link associated with this link

30 controller- otherwise, it is a logic "0". The request vector output bit is a logic "1" if

the logic "1" input request vector bit was not satisfied by this particular link controller-
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the i'nputs of sixteen 64x16 out put packet nodules 16[err]-16[err]. The
si xteen 64x16 30 out put packet nodul es are connected to two hundred fifty

si x out put s Cladraar-rHickatts 203D . Tho3p skilled in the art wll
recogni ze that other conbinations of conponents could

11 hauRriRe it iselbgid 'O". ThatPhrect Wctdnbutph® b4 8 ldpié PUtif tHedugies'1toul d
have been used I nst ead of the 64x16 output nodules shown in FIG 4.
ATM swi t ch ifpht sgquestiveston bitovesrsetisfiad mhxs/rpautcutmémk lkentralddrsndi€atingrthé ng and
ATM cell will be routed to its desired output module through the link associated with
this link controller- otherwise, itis a logic "0". The busy-idle flip-flop in Fig. 10 is
5  reset to the logic "0" (idle) state at the beginning of each ATM cell slot, so the first
request vector bit that enters the link controller with a logic "1" request is assigned the
link (creating a logic "1" connect vector bit and a logic "0" output request vector bit)
and sets the busy-idle flip-flop to the logic "1" (busy) state. Any subsequent request
vector bits that enter the link controller during this particular ATM cell slot Will be
10  denied a connection through this link (forcing a logic "0" output on the connect vector
bit and creating an output request vector bit that is identical to the input request vector
bit). A time-lapsed view of several consecutive sixteen-bit ‘monocast’ request vectors
passing through a single switch controller is shown in Fig. 12, along with the resulting
states of the busy-idle bits stored within the switch controller. The resulting ou@ut
15 request 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
timing diagram of FIG. 13 illustrates the synchronization and data flow that might be
20  used for the logic within the controller 20. As indicated by the timing diagram, the
flow of data around the ring of controller 20 is from pipe controller 24 to pipe
controller 241 to pipe controller 245 to pipe controller 243 and back to pipe controller
249. Request vectors generated by input interfaces with alias addresses A, B, C, and
D are poked into pipe controller 24(). Request vectors generated by input interfaces
25  with alias addresses E, F, G, and H are poked into pipe controller 24 1. Request
vectors generated by input interfaces with alias addresses I, J, K, and L are poked into
‘pipe controller 249. Request vectors generated by input interfaces with alias addresses
M, N, O, and P are poked into pipe controller.243. The poking times and busy-idle bit
clearing times take place at different moments within each of the pipe hunt controllers
30  24¢-243. From the péint of view of any pipe controller, the request vector bits flow
through the pipe controller in alphabetical order (A to P) if one ignores the busy-idle
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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 iQto fous. pipe break,t he pipe hunting tasks into four
paral | el pi pe ROHA% Cﬁ?faﬁzo'bﬁat are each58 tenporal |y shifted by an
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controller 20 nay be contalined on approxi mate el g printed circuit

boards. Cont rgehtrateddtoritaihsiit dmedade with tasiddress Atwitlalways begiuasprecedence
vectors fromup to 256 line input interfaces 120-12255 and perform path
hunts on eaclover the request vestass genstased fromcinputsinterfaessivighalins addresses 8 £c 8hd.
ATM cel | interval to create the 1024 sixteen-bit connect vectors used
to establ Pshedt ®onnections within the switch 15 fabric 14A This requires

that controller 2%%& r?gﬁggu BoR %qu?(gelpghd&ge bétwRePthedhputsona | east 46

Megabits per second. Thi's erate cloc e permts the logic within the
control | er 2@afticulte 16RDS erosstae switth prodisée 4 bléght ineiréas€iviiie EBplexityiof themi | ar
devi ces, t hus maeki ng the cost of the controller 20 (in |arge

quantities) \pipe/hunsersireuiirye . Because of the independent connections between the input

interfaces and the switch fabric 14A, which independence is assured by the use of

10  Galois field theory, a request vector from a single input interface must be
appropriately routed to several differeﬁt switch controllers in each of the stages in the
pipe hunting ring. The mixing nature of the Galois field theory generated connections
requires each input interface 12(-12555 to be connected to a different set of 16x16
crossbar switches within the switch fz'lbric 14A, and as a consequence, it also requires

15  request vectors generated on different input interfaces to be routed through entirely
different sets of switch controllers within the controller 20. Since request vectors are
time-multiplexed on links within the controller 20, all of the request vectors (within a
particular ATM cell slot) that are expelled from a particular switch controller in one
pipe hunter stage must (by def'miﬁon) be routed to different switch controllers in the

20  next pipe hunter stage. To provide this dynamic routing of the request vectors, each
pipe hunt controller 24¢, 241,247 and 243 is connected to a respective small switching
network 30, 301, 307 and 303, shown in FIG. 5.. Alternatively, simple multiplexers
may be used instead of switching networks 30¢, 301., 309 and 303, thereby greatly
decreasing costs for the controller 20. Fértunately, the required configurations of

25 these small switching networks 30g, 301, 307 and 303,(or rﬁdtiplexem) are cyclic
with a period equal to the ATM cell period, and the required configurations can be
determined a priori and can therefore be "hard-coded” into the small switching
networks (multiplexers) during the design of the circuitry of the controller 20.

As mentioned previously, ATM switch 10A shown in FIG. 5 niight be scaled
30  such that the number of input liﬁes were 512, 1024 or even higher. For those size

switches, assuming that the input lines are carrying 2.5 Gigabits per second data rates,
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The nmovenent of request vectors fromthe input interfaces 120-12255 to the
20 controller 20 and the novenent of connect vectors fromthe controll er

20 to the  CloonaneRitieirds¥0-82hes 150- 1568) of the switch fabric 14Ais a
chal | engi ng task, because | arge anounts of control information nust

be transport e aggrepytetifoughpe vk BEbver 1.0 Terabﬁ§ gér"sééond':?ror %ﬁ@ﬁgs%ftﬁd? an
ATM swi t ch caont ai ni 256 i nput interfaces,
vect ors nust Sigd atfpungmel Qﬂpar@llalism mey be nédded t&ﬁto&xders)dﬁ’ﬂéht @ﬁ(ﬁ,@ssuthadl ng to

25 aggr egat ndW| dt ts per second between the 1 nput
?Et erfacegggﬂ bor engﬁ?ﬁéﬂfeﬁlﬁéf%eéhﬁh%maﬂwﬂyogglbalbshsmmes nFQF]!d]Eil LI on,
1024 16-bit ransported to.the.swtc abric
14A every 176 nsg‘g{tt%ﬁgﬁla{ 8 ar%dhleozg:{%é Q%F%tgegfﬂa QLREES WHBINIBYE  Thi s

requires san mggictigeonthsilviyare04 MeddBitséheriebdr 4987388 MaRBits per sechiid Ween t he
controller 20 sub-system and the sv%%t ct%fa bric 14A subégsh?stg 'S 93 30

G gabi ts perWwhisbdneonsidenably higher tat thefld3 ddgabits parsedomdaaterf eles236 mptuo 29
SU?SB![ t fiur | nlbne %ﬂo mg%yﬁh)khat only one input can be routed to an
The basic idea behind the fourth level of parallelism is a modification of the

previously described controller 20 design which requires that request vectors be routed

10 through the pipe hunter stages in parallel. In particular, all of the request vectors that
are poked into a particular pipe are routed through the pipe hunter stages together, and
these request vectors are said to comprise a poke group. In the embodiment shown in
FIG. 5, this approach to the design of controller 20 creates four poke groups of
sixteen-bit request vectors, so each poke group contains sixty-four bits. The four poke

15 groups can be labeled with a concatenation of the foﬁr 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 whenevera
single sixty-four bit ABCD poke group is béing routed through one of the switch
controllers in pipe controller a of FIG. 5, there is also a sixty-four bit ABCD poke

20 group being routed through each of the other fifteen switch controllers in pipe
controller 24¢. As a result, there are a total of 1024 request vector bits associated with
sixteen ABCD poke groups that are being routed through pipe 18 at a single insfant
of time. The modified controller 20 processes the request vectors for all N input ports
(by passing them through all four pipe hunt controllers 24¢-243) every eight clock

25 cycles, and since this task ﬁmst be completed within a single 176 nsec ATM cell
interval, the required clock rate within the controller 20 is 46 Megabits per second
regardless of the size (aggregate throughput) of the NxXN ATM switch. As a result,
since the controller 20 must perform eight processing steps (regardiess of the network
size), the process is said to be an O(1) path hunt algorithm. During the execution of

30  this O(1) path hunt algorithm for the N=256 input ATM switch 10A of FIG. 5, the
equivalent of 16,384 link controller path hunts and 16,384 link controller path hunt
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12 - interval) by standard conpression techni ques. However, since this

contr ol I nformati on should be delivered with high reliability, all of
t he control ClosHaactRieh&d®P0-32 control 34inks between these sub-systens
‘shoul d be dually redundant (not shown in FIG 4), so there is actually

46 O gabi t Scheksareaatbriieddobd I8N0 D UEF R Hinl BBhsiadieg d 8161 1 200

cards and the controller 20 and 58 er secon |ng

bet ween t he instruction execution amﬂeachepaﬂwhdncbhécﬁbf ténsidfed tBTbRRARRAtoR! 9h- Speed
seri al links 22 will be used to transnmit this control information.

For such a E%esution,igeq the Conﬁollm%qaa@sylmemmhbptmesser capableadf by fours
such that O%Qfalﬁirfétey l'g gLirga ?n%{rugtlons pre]r second processing rate. The trade-off for

5  maintaining a reasonable data rate in the controller 20 (regardless of size) is an

increase in link controller logic complexity and an increase in signal connections

passing between successive stages of the controller as the size is increases. ATM

switch designs with aggregate throughputs in excess of 1 Terabits per second will

require between 4096 and 32,768 signals (at 46 Megabits per second) to be routed
10 between successive pipe controller stages.

In addition to increasing the number of signals between pipe controller stages,
the use of parallelism within the controller 20 also requires a slight increase in the
hardware requirements for each link controller, because each link controller must now
support a parallel path hunt on four bits within the poke group. The éxtra hardware

- 15  added to the controllér 20 by the fourth level of parallelism should be offset by the
reéulting lower processing rate.
Multicasting O i
The output packet modules, because the functionality within them, have a
‘ complexity that is approximately equivalent to the distribution network and the
20  distributed controller. For example, each output packet module must provide a
* concentrator function that requires many FIFO-like memories, and the necessary
access speeds of these memories is directly proportional to the number of inputs and
outputs of the concentrator. Additionally, each output packet. module must also
provide a large shared buffer memory in order to accommodate packets that are
25  temporarily blocked from their desired output port. The necessary access speeds of
this buffer memory is proportional to the number of outputs from the output packet
module. The output packet module must also provide a means of guiding the packets
it receives to their desired output ports in the correct time sequence. Further, each
output packet module must provide for multicasting of cells between its inputs and
30  outpufs by: making multiple copies of the multicast cells, injecting new VPI/VCI

fields in each of the multicast cells, and routing them appropriately. From this set of
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would be required to nove request vectors fromthe input interfaces
120- 12255 to the 10 controller 20, and 128 serial links would be required

to nmove the resulting connect vectors fromthe controller 20 to the
pi pes 180- 18dopnans Richerds R8-32f or ement i ondl dat a conpr essi on
techni ques are applied to the connect vectors). Wil e the use

of out - of - hdhactioss projidade ittshpeldde eyisiest thatjiargee output pathet modules will make

har d fot d i al trol links. 22, th | j.nks 22
cause very Hae Bk bEFR%iding al SE et ABckihn Gy san errtaing; Trepddeott”
canss e ! ' : .

i eady has SODET S Bolp et iy hoquined sBRE 6B ot Bookeh bt iRy, )

bet ween t he viempbénetiviabr f aces 120- 12255, and the switch fabric 14A (when
the fanout of four is included) and 1024 nore high-speed serial links are

used to Poute  Inthexsysteseshoyrs indifG: Aecashiof the quwipitipacket mndules is designed
1081191 Gh ok 5 B0 Al BR8I350 RS . il 5 o el
Lo on g U Ao S S 6 AR SR ) il
cal cul at i onsutgut Yatkeemodhle rhusyhmavérexastly oné lnk fduedtodtromteatinof thie crossbar
switches in the distribution network 14A. The number of outputs emanating from the

10 output packet module is always 1/F times the number of inputs to the output packet
module, where F is the fanot_lt provided by the distribution network 14A. The fanout F
is four in the distribution network shown in FIG. 5.

The ATM switch architecture of the present invention which is based on out-
of-band control techniqués permits the use of global information with regard to the

15 - status of the switching fabric 14A in many different ways. Likewise, the manner in
which paths for arriving ATM cells are rapidly routed within the sections of the pipe
hunter also provide opportunities for several feaﬂue; that would probably be very
difficult in an architecture based on in-band/self-routing control techniques. -
Multicasting is one of these features.. -

20 Multicasting is defined for ATM as the ability of an ATM switch to route a
single input ATM cell to multiple output ports. Multicasting is an important feature
for api;lications that require a single source to transmit to many destinations. On
common application of this feature would in the distribution of video traffic froma’
video server in a CATV head-end office to all of the homes that are tuned to a

25  particular television show. The multicasting feature may also be useful for the
distribution of an e-mail message from a user on a single computer to users on many
spatially distributed computers in a telecommuting environment. Although the
protocols and signaling formats required for multicast routing have not yet been
clearly defined by the ATM standards committees, it is likely that the ATM protocol

30  in the future will require the user to set up a connection to all of the output ports using
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the ATM cell |oss probability of the ATM swtch 10A shown in FIGs. 4 and 5
I's 25 4.34x10[err], assum ng that the connections of the inputs is

symetrical and not i ndependent as set forth in our copendi ng

appl i cati on @Bbhdd <RichI@RABLID PER $ECOND PACKET SW TCH," EPC No.
95309013. 1, filed Decenber 12, 1995. This cell loss probability falls
short of theg qesapve 'RHM : , : 1x

10[ err] mantisgﬁed prg\y?gé-sa%ﬁ?g%t b&lﬁ& tQEQfﬁﬁg%h’fte%ﬁféfem{ligﬂg\fr cragflfeq 0SS
probabi | iti esitp@otts.ol | er 20 applies a tenporal spreadi ng techni que
known as rolling, I ch provides many statistical advantages.

Reterring now to FIG. 15, multicasting according to the present invention is
illustrated. For The task of multicasting is divided into two parts: the distribution
5 network 14A provides multicasting among the output packet modules 16,-16,5, and
each of the output packet modules 16,-16,5 provides multicasting between its input
and output ports. As a result, the output packet modules 164-16,5 (which may
implement multicasting using a cell copying technique) only need to make a few
copies of the ATM cell arriving at one of its inputs. The distribution network 14A can
10 easily provide the multicast function between any of the input line cards 17,-17,55 and
each output packet module involved in the multicast. FIG. 15 shows an ATM cell
being multicast from line card 17, to 6utput packet modules 16, 16, and 165 to
output lines 0, 1, 120 and 240. If the request vector generated by the line card has
more than one bit set to a logic "1", then the pipe hunter 20 will automatically attempt
15  to route the ATM cell to multiple output packet modules (without requiring any
changes to the previously described hardware). The ATM cell will simply flow from
line card 17, through more than one path through the distribution network.14A, so no
copying of the cell by the line card(s) is required. As for the output packet modules
164-16,5, if multicasting within an output packet module is required, as it is in outpuf
20  packet module 16, in FIG. 15, then the output packet module must either copy the
packet into multiple places in a receiving buffer for delivery to the output lines, or the
method of operating the output packet modules during multicasting must access the
stored cell multiple times. Thus, with almost no extra hardware; the ATM switch 10A
can multicast ATM cells.
25 ~ Multicasting that causes one packet from one input line or a group of packets
_from a group of input lines to be transferred to all or nearly all of the output lines of
the output packet modules 16,-16,5 could have a very significant effect on cell loss
probabilities if the total data bandwidth through the switch system 10A is not
controlled by iﬁput limitations. Such input limitations are understood in the art but
30  not shown in the figures as they are beyon.d the scope of this invenﬁon. It can be

appreciated that if one input cell is allowed to use all output lines during one cell
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13 - Roll'ing involves and fulfills three fundanental goals that are
ai ned at providing nore evenly distributed traffic | oads. These
goals are: (1) spatially distribute the traffic evenly across all

pi pes 18[ err Clabdker Richrods 282 one pi pe widd only carry its proportional
fraction of the traffic load, (2) spatially distribute the traffic evenly
across al | oferidik any frafficldixthé othrep srsuatinasifot thaeselllpdriodrand 15 mext pelhperiddr each

pi pe 18[err]-18[err] so that each of the cr SSb?ﬂ{ SW cfbes S
equal |y | oaded! hayafocontend forowhatiiy left Simulations haye shown £aeswifek; 10A to have

arrives in a given cel | tiod across,.it I erd t t he
traffic | Oadveqry\iow cgﬂ%??sﬁ’é‘?#ﬁgﬁi Qféf%?"ﬂglé\p\égs@qc%ﬁgﬁﬁoi% p%ogngﬁgf l%? cel |
period when aRidASURMWNYInFIGNS, the averageXdetiBssProbdbilityiis makh Bétter Mt 1:80-
destined for a particular output packet nodule. This 10 effective

| oweri ng of 1Aantrthifcell loss probability decrpdses tapitilpys thelingitdige socupanty ishe ATM
cells arriving during a ,congested ATM ce]] interyal. The ce .ar.e del ayed

until the decregsed frogy HALpsticegle Durines HeATHngy %@H‘_‘ttﬂ?ﬁ ?ltg limited t9 ¢
gatm};ﬁ{ ! gg c L gfxottﬁ%gﬁ{)cf;@,g lo\%{qur b%dﬁia@?%f"’gﬁg ’gyételﬁ '10&9 RSl @?st&rﬁ 1@9P§Hoﬁ[d
provide a cell blocking probability that is as good or better than the blocking
probability it provides during non-multicasting use. The reason for this is that during
10 mulﬁcasting there are fewer paths required through the distribution network 14A since
copying is provided as necessary at the output packet modules 16¢-16;s.
While the invention has been particularly illustrated and described with
reference to preferred embodiments thereof, it will be understood by those skilled in
the art that various changes in form, details, and applications may be made therein.

15  For example, more than four pipes may be used in the switch fabric requiring

modifications to the controller.
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| ower, so the delayed cells should have a hi gher probability of being

routed in the next 15 ATM cel | interval. Since tH Besn RepladstiA i s
menoryl ess, the ATM cel I s that must wait for t I

i nterval ar €leeraneRichardnd0132r especti ve Béput interf

12[err]-12[err]. In addition to satisfying these three

f undanent al 88ns of packet traffic control to distribute the |oad,

rolling also satisfies,t further very jnportant ATM system 20 oal s.
First, goal (4) is that PRFEYAWNE for SuHCHiE PAckets %%%@WW&?PM&&W@
ordering can be sinply maintai ned when an ATM streamis re-constructed at
an out put  input limes icea plurality ef d@pet lifes,1éGneprisingeven i f rolling causes sone
of the ATMcells within the streamto be delayed differently than

~others. Secondly, goa|a1515}alfrt;§b?f" ft?lgﬁt infirfab & efBtHaving iflﬁt%tﬁ:rgrt%ﬁ.ﬁgcgéaet% 4 hat

the controller 20 wll atte route every ATM ca& oug each of

the four_paths to its desired. oyt put cket.. nodul.e, .but each aof the
successi ve msPec“WHuﬁ{moéﬁwgwn‘Fﬁpp%%?’ aod eackm#sgx WB\*&‘PS“-"{AS%ed
16x16 crossbar switch so that the first attenpt occurs in a 16x16

crossbar swihagingwntautprpertpr evi ousl y-rout ed ATM cells (and very few
avai |l abl e paths to output packet nodules) while the fourth and

a network for switching a plurality of I input ports to a plurality of P
output ports;
each of said plurality of input interface output ports is fanned out to a
10  respective group of F of said I input ports of said network
said network having a plurality of C pipes, where C is an integer of a
value equal to P/I;
a plurality of output modules,‘ said output modules together having a -
plurality of inputs, each of said output module inputs connected to respective output
— 15  port of said plurality of P output ports, and together having a plurality of outputs, each
of said output module outputs connected to a respective output line of said plurality of
output lines; |
each pipe of said C pipes having a path from each of the plurality of
inputs lines that is connectéble to a respective output line of the plurality of output
20 lines; and
an out of band controller multicasting at least one packet from said
plurality of input lines to multiple output lines.

2. The packet switch as set forth in claim 1, wherein:

O



final path hunt attenpt occurs in an 16x 16 crossbar swi t chhis Bheet Has Been Replaced

virtually enpty 30 (thereby providing nmany avail abl e pat hs
packet nodul es). The rolling technique is simlar to s
hunt t echni qggsordahatRibpeHs 2a3pany cal ls ags possible

14 i n one portlon of a spatial network, which by forci ng near 100%
occupancy in parts of B swet &t the calls
having a very high proba t|‘stay %}S {)ﬁf@rfa@és'“ﬂagﬁs{ sﬁg&c}ess ?%‘u % t hr ough

0/
the remainder of the S%glkeor&t-lo]}-bggf gontro exp r%&l(s)\évrgq%gst fora path for the packet

which was unable to find an unblocked path through a first pipe to an input of a pipe
controller of a second pipe and the packet is stored in said input interface while the
5  controller is hunting an unblocked path to a respective output line for each multicast -
packet.
3. The packet switch as set forth in claim 1, wherein:
each of said input interfaces has a store for storing a packet; and
said out-of-band controller rolls a request for a path for the packet
10  which was unable to find an unblocked path through both a first pipe aﬁd a second
pipe to an input of a pipe controller of a third pipe and the packet is stored in said
input interface while the controller is hunting an unblocked path to a respective output
line for each multicast packet.
4, The packet switch as set forth in claim 1, wherein:
15 . each of said input interfaces has a store for storing a packet; and
said out-of-band controllér rolls a request for a path for the 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 and the packet is stored in
said input interface while the controller is hunting an unblocked path to a respective
20  output line for each multicast packet.
5. A controller for a packet switch for locating a plurality of paths for a

. multicast data packet, comprising:

LT



Thus, rolling in its fourth and final path hunt atternpls enReplaged
.high probability 5 of an ATM cel |l successfully bei nH l’m (95),
by packing many ATM cells in one portion of the

super fi ci al CjoasamRickardon2@-B2ct with goald (1) that requires t he
traffic be spatially distributed across the network. However, as wl|
expl ai ned bel ownemenypuaeans fenstaring mbpspropidldstatys for bachroonhéatipn
techni que permts the network to si mul t aneously satisfy both goals

(1) and (5) betlden the switch fahi56 &l the ohifpat mRdeles;0f the 256 input ports
17[err]-17[err] of FIG 4 has an ATM cell that needs to be routed

t hrough the distributi r k nd..assym.n hat. t . aSWitch fabric
14A i s conposed of fo&%ﬁdﬁ%éégfg?ﬁn%ésf}w dﬁgﬂptf’%é’thgﬂ{iwoql}iﬁ%ﬁr'@dﬁ#mﬁsl er

20 may be required to perform 256x4=1024 uni que path hunts for the ATM
cells t ofd t he cells can be routed. To distribute the ATMcells
evenly across all four 15 pi pes, the 256 ATM cells requesting

connecti®ns, the rol | inidns esriuotaisiag Ehoti 6fasaid plerality of busPOrGSE Statudl @bIEOUT
groups of equal size. Thefirst group will have path hunts perforned

and 11 nat 1 ycofputentt) S IBGihg el ' cach Bl Mofli8Fo pbich A BadcefRe

be

performed for its ATMcells in {)j pe
line is connected for each multicast data packet.

6. A controller for a packet switch having a thch fabric having a
plurality of pipes with each pipe having a pl@ity of crossbar switches for locating a
10  plurality of paths for a multicast data packet, comprising:
a plurality of pipe hunting controllers, with each of .said pipe hunting
controllers controlling a respective pipe of said plurality of pipes;
each of said pipe hunting controllers l;aving a plurality of crossbar
switch controllers, with each crossbar switch of a pipe having a respective cro-ssbar
15  switch controller;
a plurality of storage means for storing busy-or-idle tables;
each of said plurality of storage means is associated with a respective_
crossbar switch controller of said plurality of crossbar switch contréllers and stores a
respective busy-or-idle table therefor; and
20 means for accessing each of said busy-or-i&le status tables concurrently
with a multicast request vector.
7. The contro-ller for a packet switch as set forth in claim 6, wherein each

of said busy-or-idle tables has a plurality of busy-or-idle status bits with each busy-or-

L



181 first, then in pipe 182, then in pipe 183, and Tﬂwisrﬁiei@"aSrBeliﬁjﬁ la®d. The
ﬂ |

third group 20 w Il have path hunts perforned for i n pipe
182 first, then in pipe 183 then in pipe 18[er y in
pi pe 18[ er r] Clogpans-Richasdse®3d wi 11 have Path hunts performed for its

ATM cel I s i n,({)i pe 18[err] first, then in pipe 18[err], then in pipe
18[ err], andidle statushitreortegpanding toa blEY@r-rltflc stahisof airegpettivecowpyadiitsyg of t he
pat h hunts guarantees that the routed ATM cel I s are distributed

evenly acr osgespkdtiveQedssbard@btch! N addition, if the ATMcells 25 wthin
each of the four equally sized groups are selected such that the ATMcells

within a single gioup n bhe routed intg exactly f .of the 16 inputs on
any 16x16 C r8 ossb g?e §§ﬂ“&l £t tf?rhae%aci(ﬁtewfl%gtaé éet,éo?%f‘ é’é?lﬁgn iﬁ ngerﬁ"’&?c% e
evenly distributed across_all of the 16x 16 crossbar sw tches.

Ref erri ng no@f said Frosgbar switeljcantrodletsi prpesgseasiiapleralitysnf busy-or-idlestatus bitai que 30
according to the present invention is described. To satisfy goals (1), (2),
and (5) 5 cordufiéhil@aneously, the out-of-band controller 20 uses the tine
delay/time distribution .

9. The controller for a packet switch as set forth in claim 7, wherein each

busy-or-idle status bit is stored in a respective outpu't controller corresponding to the
respective output of its respective crossbar switch.
| 10.  The controller for a packet switch as set forth in claim 9, wherein each
10 output controller processes one busy-or-idle bit for controlling its respective output for
each packet processing time cycle.

11. A controller for a packet switch hﬁving a switch fabric having plurality
of pipes with each pipe having a plurality of crossbar switches for locatirig multiple |
paths for each multicasting telecommunication packet, comprising:

15 a i)lurality of pipe hunting controllers, with each of said pfpe hunting
controllers controlling a respective pipe of said plurality of pipes; |
each of said pipe hunting controllers having a plqrality of crossbar
switch controllers, with each crossbar switch of a pipe being controlled by its
respective crossbar switch controller;
20 | a plurality lof storage means for storing busy-or-idle tables;
each of said plurality of storagé means is associated with a respective
crossbar switch controller of said plurality of crossbar switch cqntrollers and stores a

respective busy;or-idle table therefor; and

o
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.goal (3) nu
cases, when
structure o
controller

whi ch requi
Because of

very |ightl
final path
using re-as
nore t han

10

15

20

st be provi ded during each ATMcell interv

T |1 d dth
f&B rouglﬁog?ré %%ﬁomsp: ?)e 18] é?r]pafgepl gremljg[ err]e

MR

described in goal (3), and these ATM cel | del ay§h'$€mﬁﬁas

Replaced

20 re-assigns the cells to th next ATM cel | |ga§erval (perlod)
res 5 thEEANSHEr apRising qaghg S%PWe‘EF"HfF I8 -peri od.

this re-assignnent and del ay, .each cell group encounters a
yohoatentlyset of 16x16 crossbar switches for its fourth and
hunt. An additional advantage of this rolling technique

s gnient - anghdlekAcbe SN Rk rdhSobiscks Lhat 11 al'so all ovs

means for storing a busy-or-idle bit§
means for reading said busy-or-idle bit from said storage
means;
means for _logically operating on said busy-or-idle bit with a
request bit to produce a resulting busy-or-idle bit that is stored in said storage means, a
request-out bit and a connect bit; and
means responsive to said connect bit of said logically operating
means for connecting a path thrt-mgh its respective crossbar switch if said connect bit
is set.
12.  The controller for a packet switch as set forth in claim 11, further
comprising:
means for forwarding said request-out bit to another of said plurality of
storage means in another pipe where said request-out bit is inputted to the respective
logical operating means of said other storage means and logically operated on with
another busy-or-idle bit to produce a resulting busy-or;idle bit, another request-out bit
and another connect bit.
13.  The controller for a packet switch as set forth in claim 11, wherein said

request bits are transmitted as a request vector in parallel.

A



64 sinultaneously arriving ATMcells to be routed thrau@Reditas 8L & ,;%pri c
g

14A to 10 any single output packet nodule 16[err]-16[e

there are only 64 connections or links fromthe sH"’ l H4A to
each out put Qlaekl- ReEAtds 288berr]-16[errgy. This is t he
rolling technique because all of the ATMcells do not need to be

routed during the4samersiidne@libr fof b Baudt swilliis scf it iAlcldifidl 1L GBRLgIUS when
used in the out-of-band controller 20 results 1 n extrenely [ow cell

| oss probabilitie g‘r%ih 15 .within the switch fabric 14A and the out put
modul 65 16] SPRSCGSBI TEaueS, Bifs 1 eynLted A5 A 4rabigst vector to HIeEn siofage fagant nat

has an extraordinarily high traffic |oad. The one ATM cel |
peri od del ayspamallekred by sone of the ATMcells as they are routed
t hrough the switch fabric 14A would normally | ead to the concl usion that

there woul d be difisfi cul nietfod for %é‘ﬁtioifiii{% ?Ea&&%&@h RividPa Nﬁéﬂaﬂﬂﬁ REARE"

cell ordering. 20 However, the ring e ordering of the path hunts
LBl g B e e RSP oL
pi pes than non-del ayed cells (where pipe 180 is the | owest-nunbered
plurality of output modules during each packet cycle period, comprising the steps of:
setting all busy-or-idle bits to idle at a beginning of each packet cycle period;
reading a plurality of busy-or-idle bits equal in number to a number of output
ports of each crossbar switch from a busy-or-idle memory of a crossbar switch
10  controller in parallel;
performing parallel pipe hunting operations based on said plurality of busy-or-
idle bits and an input muiticast request vector producing an updated busy-or-idle
vector, a connect vector and an output multicast request vector;
storing said updated busy-or-idle vector into the busy-or-idle memory in
15 parallel;and
forwarding said connect vector to a crossbar switch of said plurality of
crossbar switches to set a path from an input of said switch fabric to an output of said
switch fabric for a packet. .
16.  The method of claim 15, further comprising the step of:
20 forwarding said §utput multicast request vector which contains any unfulfilled

requests from said input request vector to a second crossbar switch controller in

another pipe;
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pi pe and pipe 183 is the highest-nunbered piﬂﬁg
wth the fact that ATMcells are del aye
ensures that proper cell 25 ordering will be

heblHSs Bé@%% I:éoon coupl ed
cell period,
muaml]ﬁﬂml rt he cells are
extracted fQiooddne Richardh20302ri ¢ 14A and40 | i

first-in-first-out queues 174[err]-174[err] (shown in FIG 7) of each

out put mod uisthgodaid Mp@ﬂ&hﬁlﬁhaﬁ?éﬂmbﬁsleé@E 8¢ & mpi MuNicastRedurst wicpr of

t he | owest nunbered pipe to the hi ghest nunbeéred pipe: pipe 18[err],
pi pe 18[err] err )i pe 18[err]. Referring now to
FIG 7, the f%@b‘g%‘:ﬂﬁ%ﬁf% F”(and the fifteen other output 30

nmodul es 16[err]-16[err]) may be a 64x16 enbodi nent of the concentrator
described in U. Sreadinga plmletmof usy-or-illeobieiuakintnumbet to' a@MhiEHRONAS!
TRANSFER MODE SW TCH
ports of each crossbar switch from a busy-or-idle memory of said second crossbar
S  switch controller in parallel;
performing parailel pipe hunting operations based on those sixteen busy-or-
idle bits and said input multicast request vector producing a second updated busy-or-
idle vector, a second connect vector and a second output multicast request vector;
storfng said second updated busy-or-idle vector into the busy-or-idle mémory
10  of said second crossbar switch in parallel; and | |
forwarding said second connect vector to a crossbar switch of said plurality of
crossbar switches to set a path from an input of said switch fabric to an output of said
switch fabric for a packet.
17.  The method of claim 15, wherein said performing parallel pipe hunting
15 . operations step includes the step of concurrently processing a plurality of busy-or-idle
bits by providing a plurality of link contrbllers within each switch controller with each
link controller processing busy-or-idle bits for a respective intermediate link between
the switch fabric and -an output module df said plurality of output modules.
18.  The method of claim 15, wherein said performing parallel pipe hunting
20  operations step includes the step of concurrently processing sixteen busy-or-idle bits

by providing sixteen link controllers within each switch controller with each link

éontro,ller processing busy-or-idle bits for a respective intermediate link between the

switch fabric and an output module of said plurality of output modules.
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16 - ARCHI TECTURE", issued May 2, 1995, by Cyr et al. and comonly

.assigned to the assi gnee of the present invention, which application
is hereby i r a _ . referencg The output nmodule 160 in FIG 7
is a speci fiiréﬁgggﬁe g‘f&}ag&e's 2goe%u?ér alized & concentrator shown in FIG 4
of the above ach QAale PP\ bR j

»
A

out put nodules v 2 < 4
appl i cati on, cONTROI WIH'§ ARTINGthey will not be further described
her e. prC etter understandi ng the equation of the

rolling technique, a A®dajut-of-band corttdller foral lagy patidt svirchi edhich seiistriblited
respect to FIG 8, which is a plan view of an anmusenent park system

500. Consi dethrqughopt pastidensodr nipesrod s packegt switchy Gasthe ent-of-bantcontrpBerise
from anugenept, park parKki Jots 511, 2, 513, or 514 to the apusgnent
park. 5203us dHideq R STRSPIETRIPE FantRAleis, clishe Pbe CARERlIerh e RBRGRe A Tr am
system 530 { : am . i A W a
pr edet er m net ef%fﬁ ien,sa &ﬁggﬁ IS aPéacﬁ%iHeaér?gﬁg]gl%x{}g %%1% %{Efe{p (E}E? T‘%?‘E%‘ﬁ%% ®switch
fabric 14A. ihpgtpath fstjuests forl packétli The qhiddtdgre processed concurrently and any

request that is not fulfilled in one pipe controller is offered to up to three subsequent

pipe controliers to hunt a path for the awaiting packets. - '

10

15 -
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" sixteen cars (representing the 16x16 crossbar swtches within a particul ar
pi pe), and 15 each shuttle car is equipped with sixteen seats
(representing the output |inks ermanating froma single 16x16 crossbar
switch). In this anal ogy, each custoner (representing an ATM cel |)
arrives in one of four parking lots 511, 512, 513, or 514 surrounding the
anmusenent park 520. As a result, each custoner is instantly placed in one

of four groups, and since the partyz? | ots 511-514 are the sane size,
each group contains an 20 equal nunbe custoners on the average. The
custoners in any single parking | ot 511, 512, 513, or 514 nust then
divide up and stand in one of sixteen |lines, where each line is

associated with a respective car of the tramshuttle train. The anusenent
park 520 is sub-divided into sixteen different thene areas (The Past Land,

The Future Land, etc.), and each of the sixteen seats of a particul ar
tramcar is labeled with the 25 thene area to which that seat's occupant
will be given adm ssion. Before arriving in the parking | ot, each

customer nust randomy chosSe one of the sixteen thene areas

(representing the sixteen output packet nodul es 160-1615) where he or she
W shes to spend the day. Custoners nust then find an avail abl e seat
associated with their

OUTPUT MODULE
F ) mxn
— WIH — : CONC nxn -
e : WITH MEM
| | MEMoRY j
: N x (FN) : :
: LOW—BLOCKING : :
N FANOUT=F | MEMORY-LESS K M
: DISTRIBUTION P :
) NETWORK OUTPUT MODULE )
o ) :
"__ . mxn .
WITH : CONC nxn _
e .0 : WITH MEM - -
- | | MEMORY
(PRIOR ART)

FIG. 1



desired theme area on one of the four tranms that passes by the |oading area
531, 532, 30 533, 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 permitted to enter the anusenent park

17 during that day (This harsh condition represents the | oss of an
ATM cel |l due to bl ocking in all four pipes of the distribution
network, a small but finite possibility&/j? The first tramthat
stops at the loading area that the custoner can try has

NODE—STAGE . NODE-STAGE
, 1 . —Z
14
\@,
12, — Outg
l _ 19 | oUTPUT -
n |, . MODULE
7 . #
17 :
0 ) (64x16) -
: (N) x FN .
N CROSSBAR N, y
\ - SWITCH -V
. FABRIC .
. : X " 16y
71259 \
i OUTPUT -
Iyt . . MODULE .
IF 7 . #m .
. 170 . T84 1outy_q-
N - (64x16) f———s
7
e /
LINK-STAGE 1 “TINK=STAGE 2. “INK=STAGE 3
10
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already visited three other parking |ot | oading areas, so the custoner's
pre-specified 5 seat may be full. However, if the custoner does find
his or her seat to be vacant on that tram then the tramw | deliver
her straight to the anusenent park 520. If the custoner fails

hi m or
to get on the first tram he or she nust wait and try the second tram
[ .-If the

whi ch has already visited two other parkiggq?ot | oadi ng ar eas
custoner is successful at finding hi r her pre-specified seat on
10 deliver the custonmer to the anusenent

the second tram that tramw ||
park 520 after one nore parking | ot stop.
get on the first tramand the second tram then he or she nust wait

and try the third tram which has on vi sited one other parking | ot |oading
area. If the custoner is succ@éﬂ&ﬂﬂ%@E finding his 6Qéh$ seat on the
third tram that tramw |l deliver 1 himor her to th@ frEnt par k
520 after two additional parking | 6t stops—If the 15 cngg&gL_;alls to

trans __then the custoner nust wait and

get on any of the firsf—threet
try the fourth and fingl tranSWHGHt BABRIE! V. T ram has not visited any
and the custoner 's

If the custoner fails to

parking |lots yet|{ so the arriving tramijs enpty,
seat will be taken only if another 5 dner i n hi s/ her parking | ot
line is al so trylng for the sa eat. The gydtem 530
_£12y
'no : *
— F | | PREy | ™~
17, ' : 0
i | OUTPUT

. | MODULE .
: | (64x16) 5 -

: T : . f 181 .
; IRGE :
64
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satisfies goail (5), because each of the successively arriving trans is nore

lightly- 20 | oaded than the previous one. Thus, a controller 20 rolling
ATM cel I s indeed can fulfill goals (1), (2), and (5).

The rolling technique if used by itself inproves the ATMcell | oss
probability of ATM switch 10A from 4. 34x10[err] to approxi mately
10[err]. Using the analysis techni ques of the article "A G owabl e

Packet Switch Architecture"” the cell Io‘?;/ 25 probabilities for an ATM
switch 10A that has i ndependent connect 011 to the inputs of t he

switch fabric 14 according to Gal gj.s-flLeld theory and a h
out - of - band . controller 20 tﬁQ@&%@& porates rolli L@Bg'emues can be

anal ytically nodel ed and cal cul dted. Each of the 16x1& crossbar
switches in pipe 180 receives an offered traffic "'oad equal to
Ra=R[ err]/4+Rres, whefe Rres € to heliia fraction of the 16 inputs
30 to a 16x16 crosspar sW%&Me tgﬂ oked in pipe 183 and routed to
pi pe 180 for a re- attenpt. Fq:qp%)afi rqt{attenpt at solving for the
cell loss probability] let us assune_that
i1 (16x16)g 3
7
y 19
| 139 1.5 12515 0
129 £1(16x16)5 | ¢ 16,
L o ____ 18 \SP___.
17, PIPE : | OUTPUT X
P T (16x16) [T, —| MODULE :
£1245 e( - Jo \ | (64x16) [45 -
. ————————
|n15 15161615 :
— F ; : ?31 /
175 T1(16x16)5 [ ‘ .

| 1?6

) }182 ’
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l {220 T (16x16)g [T ' L6
N240 - ' 15
' 187 193216 1547 ' : \_2_&__..
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Thus, the fraction of the 16 inputs to a 16x16 crossbar that are passed to

t he second pi pe after the first attenpt is given by: 10

fl1-2=Ra x P(cell loss in pipe 18[err]) = (3.13x10[err]) (1.3x10[err]) =
4.06x10[err]. By symmetry, this should have al so been the
sane as the fraction of inputs that are passed frompipe 18[err] to
pi pe 18[err], so the residue assunption of R err]+/16=0.062 above

was incorrect. By refining this assunpt@ﬁp7and perform ng a second attenpt,
and now assum ng that Rres=R err]+/ 32. us, the cell loss probability of a
single 16x16 15 crossbar switch in pipe 18[err] can be determ ned again

using the equation of Eng et al., where n¥l, n=1, and the switch
| oading is given by Ra=R[err]/4+Rerr]/32. Using these - assi gnnment s,
the resulting cell |loss probability for a fully-loaded (R err]=1.0) pipe
18[ err] 16x16 crossbar switch is calculated to be:
P(cell loss in pipe 18[err])=1.2x10[err]. 20 Thus, the fraction of the 16
inputs to a 16x 16 crossbﬂr tthal afe |pagsed tp the [se¢ond pi pe after
the first attenpt is g 1 by: TIUTIT 1 T11-R 3Rax P(cell loss in pipe
18[err]) = (2.81x10[er[P ||(1]2x}o[ EBr(IS [S S xUo[ grr].
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.This calculation result is very close to the assunmed val ue of

Rres=R[ err]/32=3. 13x10[err], so the assunption is considered to be
satisfactory. The 25 bl ocked cells are sent to pipe 181 for subsequent
pat h hunting, and they encounter a negli gi bl e nunber of ATMcells
fromprevious attenpts. Thus, the 16x16 crossbar switch in pipe 181
can be nodel ed for analysis as a growabl e packet switch, with m=1,
n=1, and Ra = f1-2, and the resulting cgffyloss probability of this nodel
S 1.4x10[err]. The fraction of tHe 16 inputs to the 16x 16 crossbar
in pipe 18[err] that are 30 passed to the pipe 18[err] is 4.2x10[err].

Simlar argunents can be used to sh¢w that the .
110_0«.\1 .......... ~110_15
64x16 CONCENTRATOR t11o—1 ~ 169
y i
SELECTION/DISTRIBUTION
| 111—0; ~111-1 s 111"_15 ' f172_0 |
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19 resulting cell loss probability for cells entering pipe 182 is
1.9x10[err], and the resulting fraction of the 16 inputs to a 16x 16
crassbar passed to pipe 183 is 7.9x10[err]. The resulting ATM cel

| oss probability in pipe 183 is 3.7x10[err], and the fraction of the 16
inputs to a 16x16 crossbar not routed in pipe 18[err] (and therefore not
routed in all four 5 pi pe attenpts) is 2.9x 10[err]. Thus, -through the
use of the rolling techniques within tnag v out - of - band controller 20,
the ATM cell |oss probability of an AT Jﬁtch 10A with i ndependent
connections at the inputs of its switch fabric 14A can be decreased from
an unacceptable value of 1.47x10[err] to an acceptabl e val ue of

2.9x10[err]. A preference technique may be used in
conjunction with the rolling technique 10 descri bed above to decrease
the cell loss probability of an ATM swi tch 10A even further.

Referring back to FIG 8 and the anusenent park anal ogy, sone form of
arbitration was required at the tramloading areas to determ ne which of

t he custoners in the Iinergﬁhl be given a particular seat on the tram
when nore than one customer—ts requesting the sane seat. Simlarly,

t he out-of-band contrjol |l er 20 nust |provi de an
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15 arbitration schene for sel ecting which of the arriving ATMcells w |

be assigned a particul ar |ink whenever two or nore cells request
access to the sane |ink. The arbitration scheme used can have an
advant ageous effect on the ATMcell | oss probabilities.

One possible arbitration schene is a ragyﬁﬂ1schene to determ ne which of
the 20 ATM cells is assigned the |ink: e random sel ecti on schene is the
scheme assuned for the analysis of the rolling technique presented
above. However, other arbitration schenmes are possible, and one
particular arbitration schene that has advant ageous results is called

the preference schene. The preference arbitration schene assigns a
preference weight to each of the ATMcells in a particular grouping. ATM
cells with 25 hi gher preference weights are given precedence over ATM
cells with | ower preference wei ght s whenever two or nore cells
request accesiO 0- |nk As a result, an effective hierarchy
is created mn njthe gr ToR 4gmﬂcells The creation of
a hierarchy é Jperficially oduce undesi rabl e

characteristi¢ \Mtrnn the switchNQ «Q§ because custoners with high
pref erence

10‘4—
107°-
1078
1077 -
1078~
107%-
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10—13_d
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10—15_d
10-16_
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1072 , : \
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NUMBER OF PIPES '
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30 weights will be offered better service than custoners with | ow

preference weights. In fact, the one custonmer with the hi ghest

pref erence wei ght within each group can never

20 have his or her ATM cell bl ocked by another custoner's ATM cell.
Al t hough this may seemunfair, a detailed analysis of the effects of
I nposing this hierarchy indicates that it actually |leads to inproved
performance, i.e. lower cell |oss prob%@!ﬁ?ies, for all cust oner s-
even for the customer at the bottom of the hierarchy wi'th the very | owest

5 preference wei ght.
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The results of this analysis are summarized in FIG 9, where the

probability of | oss of an ATMcell; i.e., the probability of a cel
not bei ng assigned to an avail abl e path, is shown as a function of
t he nunber of path hunts that were attenpted in di fferent pipes by
t he out-of-band controller 20. In this ggﬁbysis, it was assuned that 10
the group sizes were four- i.e., up tol ATM cel l's coul d si mul taneously
conpete for access to the sanme link. As a result, four different
preference wei ghts were assigned to create a hierarchy for the four

i nput ports associated with each group. The preference wei ght
associated with a particular input port is assuned to be a fixed constant
t hat does not vary with tine. The resulting plots 901, 902, 903 and
904 in FIG 9 indicate 15 that the cell loss probability decreases as nore
path hunts in nore pipes are perforned, but it also shows that the
inputs with the | ower preference weights 903, 904 have hi gher cel

| oss probabilities than the inputs with higher preference weights 901, 902,
as mght be expected. Super-inposed on these plots is a simlar plot 910
whi ch i ndi cates the probability of not being served when a random
sel ection arbitration 20 schene is used instead of the hierarchy
arbitration schene. The surprising and -

FIG. 12
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unexpected results are that after path hunt attenpts in four different

pi pes, the random sel ection arbitration schene produces cell | oss
probabilities which are higher than the average of the cell |oss
probabilities for the hierarchy arbitration scheme. In fact, the pl ot
910 of the random selection arbitration schenme shows an average cell |oss
25 probabilities for all of the inputjgﬁfys whi ch are notably higher than
the plots 903 and 904 which are the average cell |oss probabilities
for even the input ports with the | owest preference weights within
the hierarchy arbitration schene. This phenonenon can be expl ai ned 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 30 depending on whether the random or pref@6gnces arbitration
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21 . t he ATM cells are requesting a path. However, in the hierarchy

arbitration schene, nost of the ATM cells with higher preference
wei ghts will be requesting a path with a probability of practically
zero, while the ATMcell with the | owest preference wei ght will be
requesting a path with a sizable probability, because that particular ATM
cel | 5 may have been denied access to links in all three of .its
previ ous path hunt attenpts. V\?Vgé/ a single request arriving with
a high probability at the fourth and |a th hunter in the
controller wll Tead to nore routed ATM cells than many requests
arriving with low probability, because the single request can always be
satisfied since contention for an outp link will never occur. 10
As a result, it seens are.nl__f_Lo.m_the_pJ_o_Lj_E’Ol FIG 9 that by assigning
pref erence WP@ht 52 &g NPUSWACHt BORTROLPFRUSi ng a hi erar @) arbitration
met hod to .
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resolve link contention and route paths in the out-of-band controller, the
wor st - case cell loss probability of the swtch fabric 14A can be
decreased from 2.9x 10[err] that was achi eved by the introduction of
the rolling technique to an even | ower value of 15 2.4x10[err]. It is worth
noting that input ports that are assigned higher preference wei ght s
w Il encounter even | ower cell |oss probabllltles as indicated in FIG 9.
Referring back to FIG 5, in order to P49 %{ a physical enbodi ment of the
rolling and preference nethods, the ATNIé ch 10A is segnented in to four
basi c sub-systens. These four sub-groups consist of the input

I nterfaces 120-12255, the 20 out put nodul es, 16[err]-16[err], the switch
fabric 14A, and the out-of-hand_nnﬂLLQLl££_£é§ The i nput

i nterfaces 1205(P)255 AL} hi | t wToeteBNTROPIEYi e the nece$BIr§(A)
I nterfaces betmween t e nca I nks and t kel #RKS connect ed
to the sM@ | ch fl@hr-e— ABU&Y/IDLE auy- rroamo—coner 001 ef0 0. As a
result, the inpuf intlerifacqs F2fer+—F2[err| Jnust provj dp a
term nation forplhe ilpgut _tit AN A LT HE Jer—s Ifl@p the input
transmission I e is QPSCNE¥ liUS?7 ﬁ @ ' interfagé é%st provi de
for clock yecoverly, |li pe—etfor—getesthoh, SANET po Bter br ocessi ng
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ATM cel | extraction, and an elastic storage function to synchronize the
arriving ATM cells to the systemclock within the distribution
network. The extracted ATMcells are t hen | oaded into a FlI FO buffer
of the input interface. The input interface nust also 30 read ATM cells
fromthe FIFO buffer and extract the ATM header fromthe cell. The
VPI/VClI field of each ATM header is then used as an address into a

transl ation table

22 | ocat ed on the input interfacé.5/'me out put of "the transl ation
tabl e provides a new - VPI/VCI field and the address of the output
packet nodule to which the ATMcell is
_ 126
15(P) SWITCH CONTROLLER | 2(C) 1(8) 0(A)
0 —{  BUSY/IDLE = 1 —{0]10] |0
0 —> BUSY/IDLE = 0 [2 —101 197 |0
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to bé routed. The new VPI/VCl fieldis witten into the ATMcell as a

repl acenent for the old VPI/VCI field, while the output nodul e
address is routed as a request vector to 5 t he out-of-band controller
20 for the controller fabric 14A. Since the anmount of processi ng

time required by the out-of-band controller 20 is a fixed value, the input
interface sinply holds the ATMcell in a buffer until the out-of-band
controller 20 has conpleted its eﬁ/zfﬂ'ﬁunt and has rel ayed the
results into the switch fabric 14A the switch fabric 14A is

| oaded with the new switch settings tFZ@ro&%tely route the 10 ATM

cell, the input interface can inject the ATMcell into the switch fabric
14A and it V.Y I I L V=SV N1 Y flp:\ll\l rolit fhrmlnh t-he—swui-t-ch 'Fﬂhl’lf‘
‘14A to its deilMEm: O(GIMTBOLLER 24, J C@NHR(DIELERGZ@{ rQGNIﬁphtEH 2442t CﬂhﬁBOU_BReZAgi ed
t hat each i e F20=—4P2505 tratty ted

link to eacH |oﬂ 1t7l*e fR}HJ’.1 )plBges .LSORW_?, >OB1~t hel swi t Gh of abr| c-:-:-:-

addi tion, tHe—use RO rcad. FHE— S AT AT A ) o e Ty
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of the four ks {duryng ome HI +v nSerHTve AFM-cett
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.-rest of the sub-systens within the ATM swi tch 10A. Each of
the two hundred fifty six input interfaces 120-12255 in FIG 5 are 20
nunbered with an address ranging fromO to 255, but each input interface is
al so assigned an alias address given by a letter between A and P.
These alias addresses are used to identify which input port the input
interfaces will connect to within the switch fabric 14A. The actual
set of four crossbar switches to which kak%ticular i nput interface
is connected is determned by the Galois field techniques that were

descri bed 25 previ ously. These NODERGTAGES guar ant ee imMEEesuﬁﬁie bet ween

all of the inputs on any 16x16 qcrossbar swi tch of any pipe.
Each of the sixteen output nodures—166=1615—+n FIG 5 i gtTabeted with
addr esses rangi ng frol iﬁ&PdU|e perfornms an
| mpor t ant function wt Each of the output
nodul es 16[err]-16[erf] within ;ﬁ——jﬁg r vides termnations for a
respective set of six{y-four links € atin rom the switch fabric
14A. Each output nodule 16[err )% vides two basic
T 19,
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Iy 5\0
(12 : | L
No_| e ___s18 Souteut .
5 PIPE 4 | MODULE :
0 —1  (4x16) |19
1245 7 - $ /
ngs | 1516 16 ¢ 3
I - 1§1§31 § 167
s : : 120 _
. . T .
. 118, S ourPuT |
: IPE, : | MODULE :
£12249 = (64x16) |2
In _ : :
ool e L T "
17 21615, § 1645
- 240 ) : \
F125 : ™S
Ingss 18 £ | outPUT :
—_— f£193 .
P13 = — MODULE |
17455 3 | i{ (64x16) [255 °
— :/"““"
1548161563 S
L 191023
CONTROLLER 120 - |
\ 7/ ‘ \ ' 7/ ) \______,____,J
LINK-STAGE LINK—-STAGE -~ LINK-STAGE
1 2 ' 3
104 - .

FIG. 15



R REPLACEMENT SHEE]

23 functions: it provides a snall degree of space swtchi F@ﬁgtﬁ
each ATM cel | arriving on one of the sixty-four inputs to t r

one of the sixteen output ports, a it provides buffering of
cells to handl e the problens associated Wth mul ti pl e packets that

There are mbyRARrT FERSECOND AT RACRYE SWITICHRAVING o1k,
it ot Torvard seorggel M 8 GKARBY vRH ML HEESEINE™ Y ="
Technical Field
The invention relates to large telecommunication switches that use data
5 packets in order to communicate at aggregate throughputs at the one terabit per second
level, and more particularly to such a method and apparatus for using a large

telecommunication switch to provide multicasting.

10 Telecommunications have long used digital switching to encode, multiplex,
transmit and decode audio frequencies in order to carry the millions of telephone voice
calls of the world. Telecommunication switches for voice calls have grown to very
large sizes to keep pace with the demand. Most of the switching systems that route
and control voice call traffic are called circuit switches, which means that for each call

15 atypeof bi-directional audio circuit 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 objectionable distortion or time delays.

An alternative to circuit switching is called packet switching. For packet
switching, the calling party is responsible for converting the information into one or

20  more packets. This information could be encoded voice, it could be encoded computer
data, or it could be encoded video. The number of the called party is typically
included in a packet header to guide the packet to its destination. The packet
switching network has the task of routing each packet to its respective destination
without undue delay. The called party usually has the equipment to receive the

25  packets and decode the information back into an appropriate form.

The extremely rapid growth of packet switching traffic carrying voice,
computer (LAN/WAN) , facsimile, -'ir'n'age and video data to a'_:i”ejyer widening variety
| of locations, along with the proposals for a Natior.xal_.Infdrmaii'bn_j: Infrastructure, has
challenged both the packet s_wi'tch protocols and system g;chiteéMes.

30 Many veridors and service providers ha\}e joined forces to define a global

standard that would p:errnit. packet'switchiﬁé services to be -pi'bvided in a ubiquitous
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could performsixty-four nenory wites and si xteen nmenory-reads within an

©ATM cell interval (176 nsec). The nenory could then be treated as
si xteen disjoint |inked lists (on%for each output Qut[err]-Qutf[err])
along with a seventeenth |inked |ist corftaini ng 10 idl e menory

| ocati ons. I this s el

accesses ev@%@l&%gﬁ (§§R of this ‘fc'%ﬂ?tg &Cﬂ’gﬁ ?@Q“gﬁi %lof“?“ﬁé& access
tinmes. nidrit OF BR ARy RIBPERRS TrabSfek H1cR! trm%mrﬁéaﬁ&@f@m modul e
160- 1615 |ntg%;64x16 Y concen{rat or anoﬁha 16x16 shared ot?éﬂtryy swi t ch.
The concent noatmg ambummlspbaug data packete that ka\&)ssdoﬁasticbhfl dmnmtmteuaanfvalr rates
sixty-four witgs si xt een reads everMTM cel | interval, but the

menory si zeASBHRE @ggé FReent A BMcstandassk S@(ﬂ?lclﬂetbé'leﬂ%lts}a@m’e but

he buf fs bl d i
s merior y ke b pEfs (8 pRHCPHed SRR 98 Bt pled AT BieShiferent e
as a singl eﬁ:kédn%ﬁgthl %%E%élﬁﬁ’aél&.‘i‘s that are cauefd &ﬁg OATM hikb YisdsUWerfls#ddntlfdedmeNOr Y

chips. As a resul menory chi p woul require only one wite and
up to sixt eformrodartor fegovery ang flaWidoatbl relamveto/m predévessbfix 1ia a6, the iBvied

T S Bol RSt o e BB S EEESSaE Eiio TAL BSbh e
for output jeaying these functions to higher level protocols at the edges of the network. This
10  approach permits rapid routing of the short cells with minimal network delay and
jitter, making ATM compatible with voice, data and video services. ATM has been
embraced by the computer, LAN, and WAN industries, so a seam-less packet
communication from the source computer through LANs, WANSs, and the public-
switched network is a reality.
If this level of connectivity becomes available to the average consumer and if
advanced broad band services that combine voice, broad band data and video are
similarly available at a reasonable price, then the 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 this ATM packet traffic may also grow
20 by phenomenal rates within the next decade. ATM switches and cross-connects for
tall and gateway applications may require aggregate bandwidths ranging from 155
gigabits per second (1000 inputs at SONET OC-3 155 megabits per second rates) to.
2.4 terabits per second (1000 inputs at SONET OC-48 2.4 gigabits per second rates).
Additionally, if demand for broad band services to the home and/or LAN/WAN

25  connectivity through the public-switched network grows as some experts believe, then
local teléphone exchange carriers may require ATM switches and cross-connects fbr
'metropolitan area network (MAN) applications having aggregate bandwidths ranging
from 100 gigabits per second (50,000 inputs at Ethernet 10 Megabits per second rates
and 20 percent occupancy) to 775 gigabits per second (50,000 inputs at SONET OC-3

30 155 Megabits per second rates and 10 percent occupancy).
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contention problens could be provided in this shared nmenory portion of the

‘out put nodul e. Thus, this latter arrangenent is the nore practical
alternative for an output nodul e. 25 The switch fabric 14A
is essentially a group of small circuit Sw tches that provi de the

required connecthwt bet ween ;Lﬁhe I nput interfaces and the output nodul es

in response to t f‘%lm%sF@ the sugent@rehiieeturn) resparch ard bardyyaredsodiovere ol | er

20. In the Rﬁﬁp [ t Q in FlG.,5 the
swi tch fabrd evelp E Rﬂﬁ[‘ﬁ% S“RIChé%ézMei%{eﬁng ci% %@‘8‘#‘82?831}“% t ches,
wher e di sj oiggreggteobpawedthsingt Wﬂ[lm%@t the §ibrd merﬁpﬂiﬁéﬂé 8€the nirR&pladdleF §rour
pi pes are | abel ed pi pe 180, pipe 18 1, pipe 182, and plpe 183, and

the sixt eereXEpl® masoothaprepasals NeénmtnemAN/éVngnmurpef lzave supywetedd
5 - aggregate bandwidths ranging from 150 Megabits per second to 12 Gigabits per
second, and most of the published proposals within the telecommunications
community have supported aggregate bandwidths ranging from 20 Gigabits per
second to 160 Gigabits per second. Extensions of most of these architectures to larger
sizes usually produce systems that are cost prohibitive, size prohibitive, and/or
10 physically unrealizable because of limits of the underlying to technology.

For example, very common designs for large, high-throughput switches use a
multi-stage interconnection network containing multiple stages of switching nodes
(node-stages) interconnected by stages of links (link-stages) to provide multiple paths
between input ports and output ports. Clos, Banyan and Benes networks are examples

15  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
tolerance, etc.), and may result in low system-level costs, 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 multistage network for ATM because of the very

20  short packet duration time is, however, a problem.

The design of any large, high-throughput ATM switching architecture must
address two 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 network (also known as the switching fabric), and the

25  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 by designing a network with sufficient switching fabric (nodes and links) so
that multiple paths exist between input ports and output ports. As a result, if two or
more ATM cells attempt to use the same shared resource (nodes or links) within the

30  switching fabric, the cells can usually find two disjoint paths that eliminate the
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24 switch 0-15. The crossbar sw tches nust be capable of receiving
“the control signals generated by the out-of-band controller 20 and
nmust reconfigure all of the switch settings during a guard-band

i nterval between consecutive ATM cells. 4Each 16x 16 crossbhar switch
supports sixteen inputs |abeled input A through input P, and each 5

16x16 cr ossitemnabnétivork blosking pogidens The sémad issué paguires theahenth designdr tdA t o

out put PP. was notea,abo,ve t hat each input interface connects to

. . |
a differ ent‘de_E‘t’@kai?S’&‘B}%‘g%"affan ling simultangoysgelds. t he four pipes

18 -18 , i, S t i | At f t hat
Connbet s To'i m Bifterk desiaYecallo! e RO AN RS AR B B/ B6R, | 08
in the ot hetput port is dddleRd M Beartitfl AlGRwibleBicket IWRELALhitsctar, BtEsENnt  of

the set {A B, ..., P}. The actual 10 connecti ons between the input
i nt er f a8es Traga¢@RBsHnCammiusiceviaonss Bebruanyi {292 by Bnglet al. and in anotheeasicld ch

ePerentea B ek RS i ot B R e it
ports for design technique segments the switch into two distinct parts, as shown in Fig. 1. A
Nx(FN) distribution network (which provides for N input ports) and a bank of K mxn
output packet modules (which provide for a total of M=Kn output ports). Given that
10  each of the links emanating from the distribution network is required to be terminated
at one of the inputs to an output packet module, it can be seen that the equation
FN=Km must be satisfied. The switching fabric is 2 memory-less Nx(FN) fanout
switch whose function is to route an arriving ATM cell to any of the m inputs on the
output packet module connected to the cell's desired output port. The output packet
15  module is a mxn switch with buffers that are available for storing cells that must be
delayed when two or more cells contend for a 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 any
20  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 probability of a network with mxn
output packet modules as shown by Eng et al is given by:
P(cell loss)= [1-m/(nR)][1- Zm: {(nRY* VYK HH(nR)™ "™ /m!
k=0
Present packet switches have acceptable cell loss probabilities of approximately
25 1071250 any loss probability smaller than present units are considered acceptable.
Besides the ATM cell losses bepause of internal contentions, in an ATM
Packet Switch where all of the N cells arrive simultaneously at the inputs of the
distribution network, the cells must be processed by each stage of the path hunt
processing pipeline before the next group of N cells arrives at the network input ports.

30  For example, if the incoming transmission lines support SONET OC-48 2.5 gigabits
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routing wwthin switches in each pipe of the swtch fabric 14A. FIG 5 also

illustrates that output YY fromeach of the sixty-four crossbar
switches is routed to one of the 15 s%xty-four i nputs on the 64x1 6
out put nodul e | abel ed YY, where YY is an el enent of t he set

AA BB, .., PR} . The basi ti f the ouf-of-band _
f:ont rol | er E%r speond bitrates, then t?%%rrolugiof@éf@fcellﬁfha?wvg%p%gh?rﬁgug Egoughmvvm ch
of the four pRicpsed a&DsekB3n o BRIdekCHAGY oPATMbiBElie STRY, D QMtSH s Once
t he out - of - band cont r?)l I eIr1 20 has sug;egoefs.s%lﬁl 311 edetgyrm n%sgc:gthﬁfig}eé l?ﬂ%ugh 20
whi ch the ATVAJM celi Qna@hiaglﬁablw;ﬁd su;]uoh&glmk).u&rﬂggb:v@mkﬁdiIilﬁbeﬁﬁﬁ]lgf
setting up the ath through the pipe is_sinple, because by .
def i ni ? i oﬁ. gpountaf ;Hé‘?ce’ﬁ%% BOYen Willdhergfore be requised {0 enepleraithe path hiust t he pi pe

e e, et 4 N OB 0 e
o £, SIS cresl gk e o UL f Bt
control | er motsvery|68¢eged)r Psesant anyrerbiabsidrdprocésabisean proce@nippfokimately t he
S o P millon Hiburulii s Far sebond. kel baths Bunt toak only ong insensciion, ot oo 02"
least 15 of microprocessors would spend 100% of their processing time performing
10 these path hunts. Thus, a controller based on something other than a single
microprocessor will be necessary for a large ATM packet switch.
Two approaches to solving the path hunt problem can be envisioned. One
approach uses in-band, i.e., sélf-touting, control techniques to perform the path hunts.
The Clos, Banyan and Benes networks multistage networks mentioned above typically
use in-band controllers and control techniques. For in-band control techniques, the
connection requests are pre-pended to the ATM cells and routed through the switch
along the same paths used by the following ATM payload. The in-band control
approach typically requires parallel processing elements to be distributed throughout
all of the nodes in the network, resulting in relatively complicated hardware to be
20 duplicated in every node of the network in order to perform localized path hunting
operations (on only the cells that pass through that node) when determining how to
route the arriving connection requests and ATM cells. The second approach uses
an out-of-band controller and out-of-band control techniques whereby the controller
and switch fabric are logically separated, so connection requests must be routed to the
25  controller, which performs the path hunting, before the resulting control signals are
inputted to the switch fabric to set the paths. This second approach requires that the
out-of-band controller have tremendous processing power, (as mentioned above),
because of the many path Hunting operations that must be performed in a very short
period of time.

30 Since the path hunting operations in switches using in-band control techniques

are only based on localized traffic information and not on global information
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of the switch fabric 14A and the output nodules 16[err]-16[err] as busy and
‘unavai |l abl e or I dl e and avail abl e. However, this |arge busy-idle
tabl e may be sub-divided into nany 30 smal | busy-idle tables that the
controller 20 can access in parallel, and thereby perform many pi pe
hunting operations in parallel. There are many ways to inplenent the
25 degardisp alof 2ige $witchardffic,ghe siting ithat an-bmgl ¢dmogfemm*long nlgm}t e

i . i : extrenme case, four levels o
BZ? ;ﬂ eﬁMs ﬁn%ﬁg’vs@@tlgﬁz h?@g'ég%ﬁﬁqﬁ, gnerlnzrx]l l;[lgcemng. As a result, networks based on in-

band control techniques often require more switch fabric (stages and nodes) in order to

provide the same operating characteristics as a less expensive switch based on out-of-

wn

band control techniques. Thus, there is a need in the art for a packet switch controller

that provides a global view of all paths to provide optimal path hunting for each

packet. ‘ _ g

For individual users, the path hunted and used is from one ifiput to one desired

output. For these one-to-one users, it is important to find non-bloéking paths for their

10 packets quickly and efficiently. Beyond the one-to-one uses, there are a number of
uses for one input to multiple outputs capabilities, such operation is known as
mplticasting.

Multicasting is the ability of a switch to route a single input ATM cell to

multiple output ports. Multicasting is an important feature for applications that

15 require a single source to transmit to many destinations. Common applications of this
feature can be found in the distribution of video traffic from a video server in a CATV
head-end office to all of the homes that are tuned to a particular television show. The
multicasting feature may also be useful for the distribution of an e-mail message from
a user on a single computer to users on many spatially distributed computers in a

20  telecommuting environment. Although the protocols and signaling formats required
for multicast routing are not clearly defined by an ATM standard, one very likely
approach is for the protocol to require the user to set up a connection to all of the
output ports using a special VPI/VCI address that points to a linked list containing all
of the desired output ports. In many ATM switches based on self-routing control

25  techniques, the switch design of choice is for the input line cards to make multiple
copies of the arriving ATM cell to be multicast before injecting the multiple copies of
the cell into the network. This known design requires relatively complicated additions
to the hardware in the input line cards, because a single input ATM cell might request
transmission to all of the N output ports, so each input line card must be capable of

30  creating and injecting N copies of the ATM cell into the network. This puts a

tremendous design burden one the line cards. Thus, it is desirable to have an ATM
This is the replacement sheet

2 0 JAN 997

Date:



REPLACEMENT SHEET

archltecture of the controller 20 to perform pipe hunting. One enbodi ment

that uses three levels of parallelismw ||l be described in detail,
first and then a fourth |evel of 5 a’rallelismfor the controller 20
wi |l be discussed. The fir'st level of parallelismis

espect ve, SPIEH HiBresaie i Figtstioa o haul blefning g desigh of e dine ersdst is
al | ows pipe akk'ér?fekl?&léﬁ) vaecﬁatfﬁthﬁ_ﬁte@%ut-o?ggﬁk q?ﬁd[lFrpthtecopﬁgf : ré‘fl\rdo' lers

240- 243 si mul t aneous 'secon Ve ara S obt ai ned
by provi di ngaclut switch ﬂcﬂprovtdemﬁﬂlﬁbdsﬁﬁg oP£6inglRGidia dé'lltt@ rrﬁilﬁ‘ﬁl@@ﬁ‘t g tch
controllers wi thin each pipe hunt controller -243. A uni que

switch controller 260-2663 is respectively associ at ed W|th each of

the 16x16 switches within each pipe of the swtch fabric 14A. As a result,
pi pe 2 %M%%%&#&F—?—@H?can be carried out in parallel within all
si xteen of the swy : mm L]l er

24[ err]-24[err]. Teg@tshlt?c(li l? S%Fd%?é par z)ln?tafqeegﬁé'fltgé %\S;/e Oféée 3
permtting eeublemd atehowresiohiedy srovidingld <ﬁ§t$1bat@9 AfD3-bhkd &ﬁfnfoqemcpaﬁalml

processi ng over al| 5|xteen of the out ‘1inks attached to its respective
16x16 cr osspagket switch haxipg ine mErfaée& ‘Mﬁg ppe AJM pelbperiddestorage, elsinglmstagd, | er s

26[ err] - 26[ ?Jcﬁll:ecf goé}g&eﬂt})'( E Stch %&Bﬁx an ou?-of-band controller that provides for

10 transmission to multiple output packet modules to which destination output lines are
attached, and output packet modules which provides a copy of the desired ATM cell to
each destination output line attached thereto.

In accordance with another aspect of the invention, the foregoing problems are
overcome by providing a controller for a packet switch for locating multiple paths for

15  each multicast telecommunication packet, this controller includes a memory for
storing a busy-or-idle status of each connection of the packet switch between its
switch fabric and its output modules. This memory is divided into a number of busy-
or-idle status tables, and these busy-or-idle tables are accessed concurrently for rapidly
locating each required path for the multicast packet.

20 In accordance with another aspect of the invention, the foregoing problems are
overcome by providing a controller for a packet switch which has a switch fabric,
which in turn has a number of pipes with each pipe having a number of crossbar
switches. This controller is for locating a plurality of paths for 2 multicast
telecommunication packet received on one of a plurality of input lines of the packet

25  switch. The controller includes a number of pipe hunting controllers, with each of
these pipe hunting controllers controlling a respective pipe out of the number of pipes.
Each of these pipe hunting controllers has a plurality of crossbar switch controllers,
with each crossbar switch of a pipe having a respective crossbar switch controller
associated with it. The controller also includes a store for a storing busy-or-idle status

30  table. Each bit of the busy-or-idle status table in the store is associated with a

respective connection of a respective crossbar switch and stores a respective busy-or-
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bits fromits busy-idle nmenory in parallel, perforns parallel pipe hunting
‘oper ati ons based on those sixteen bits, and then wites the sixteen
resulting busy-idle bits into its 20 respective busy-idle nmenory in
parallel with the other busy-idle menori és. A representative switch
controller 23% of the sthy four switch controllers 260-2663 is shown
in FIG 10. $ikPiLioronipLite opeatian of gt emnestione Surthernare.dhe controdler ean

l'ish L di iich. trall 260 t ' i, nk
cont ol 1 or s agestaltbitpEhe il 5P Hahanié wRnyeS] HUFE b st gea
the task of dueQrugsfipatkd?foduletoromt drméR outfilind RiatRddhERE Rt § nlulidast
between its portion of the switch fabric 14A and its respective

out put nodul prsketicancureentlyb ddiusgexto wirdgoveny rapid-ard vetp effichent il irastingsyacked e
menory required o contyol switch 10A has been divided into many single bit
menori es? by¥HChISODerations. ops, with each single bit, busy-idle nenory

bei ng | ogi CWM@#&Y associated with its respective link
controller - PP _ general data flow for request vectors
QEnEL 120 1 DU ket Mgl s i ek il 11 10
FIG. 2 is a slightly re-drawn Fig. 1. :
FIG. 3 is a block diagram of a growable packet switch in which the switch
10  fabric is partitioned into L multiple pipes according to the present invention.
FIG. 4 is a block diagram, similar to Fig. 3, of a specific embodiment of the
present invention having four pipes (L=4) and showing a configuration for the pipes.
FIG. 5 is a simplified block diagram of the embodiment shown in FIG. 4
which shows greater details of the controller.
15 FIG 6. illustrates the timing sequences of requests to the controller shown in
FIG. 5.
FIG. 7 is a simplified block diagram of an embodiment of an output module.
FIG. 8 is an illustrative example of rolling and its operation in a plan view of
an amusement park and its satellite parking lots. |
20 FIG. 9 shows plots of calculated values of various ATM cell loss probabilities
both with and without the assignment of preferences.
FIG. 10 is a simplified block diagram of a representative switch controller and
its link controllers.
FIG. 11 is a detailed logic diagram of a link controller.
25 FIG. 12 is a state table for the link controller 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 according to the present invention.
30 FIG. 15 illustrates the multiple paths taken to the destination output lines for a

multicast cell.
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26 vector via connection 21[err] to pipe hunting controller 24[err]
where it is poked into the pi pe hunting ring (i.e. controller 20),
and the rolling schenme requires the request vector to be | ooped

through pipe hunt controller 24[err], piPe hunt controller 24[err], .and
pi pe hunt controller 24[err] as it circulates around the ring. In general,
each of theDetgiled Desgriptiont er f aces 120- 12255 produces one request vector,

and each request vector will.contain a nunber of bits equal to the
nurmber of out put g 8ok tp Kl . 2. 19darggcgeapsalizgrbswitch 10 for &JiMst vector from

a single i ngihnl AGHAS §s {Hdwh' i blodk dagkity Sordn, SATM Sitdh fo Bl AniQbed of
input interfaces 12( - 121, a switch fabric 14, and buffered output modules 16 -

5 16y.1. For ATM operation, input interfaces 12( - 12y.1 , are high speed digital
amplifiers that serve as a matching networks and power amplifiers for fanning out
information received on their inputs to multiple input ports of the switch fabric 14.
Each of the input interfaces 12() - 12| also needs a capability to store one ATM cell,
as will be explained beldw. Similarly for ATM operation, buffered output modules

10 16¢-16v.] are concentrators that are buffered to reduce packet loss when two or more
packets are directed to and contend for the same output of outputs Outy-Outy].1.

Switch fabric 14 includes a fanout F where each of the outputs from the input
interfaces 12(-12).1 is fanned out to F inputs within switch fabric 14, such that if
ATM switch 10 is an NxN switch then switch fabric 14 will have FN internal inputs

15 and FN outputs to output modules 16¢-16v.]. Output Modules 16¢-16v.] have a
fanin or concentration factor of F in order to convert the FN outputs of the switch
fabric 14 to N output module outputs Outp-Outyy.1. Each output module 16¢-16v.1
stores arriving ATM packets in FIFO queues, and then routes the ATM packets at the
front of each of these FIFO queues to their desired outputs Outo-(jﬁtN_l when the

20 output ports are available.

Switch fabric 14 is a general distribution network which may be a network of
switches, specifically crossbar switches, to provide multiple paths from each of its
input ports 179-17N.1 to each of its output ports 19g-19FN.1. However, it becomes
highly impractical to make an NxN switch out of a singie 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 general 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 is at least 256, is shown. Multiple paths
from each input 17g-17N. through the switch fabric 14A are provided to prevent

30  blocking. These multiple paths are partitioned into groups called pipes with each pipe

providing exactly one path between each input port 170-17N-1 and each output port
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where each bit of the request vector points to one of the sixteen out put

nodul es. If an ATMcell within a input interface is requesting a
connection to an output port on the i- th output nodule, then bit i
within the request vector will be set toa logic " 1" and all ot her

bits within U SthinV | e . |c 50", en. t he
controller é%él@g#ﬁgl ?ggnéll t\ggg&%vﬁlms t}g’{r}’t ?@u‘fhaftragr?%h{@ggtr%\?%ec'f%?fv%f’lglr%ﬁ? he i nput
interface, pipesa8y-i8en.iTiRrdutdut niddales 160-16y3 BlebsenfallPiishad abaeneen the
source input interface and the i-th output nodule. _ The entire
si xt een- bi t O¥EHUBedulgehayyn infd 3 i nput interface is routed via ﬁ 15
respective contrag|.. ection 210-21255 to,one of the four pipe hunt
conltorol lers 24] eg#v]'t-&?%’m aszsff’éfnr‘fqpeﬁﬁﬂgF%CWPFI(XI”F%‘EP@OQP@ REY0% he vect or

i nto one of eAthRITERABITIN CORD' RET 5%19@ t t hat
particul ar ?)i pe hunt %n% I@g‘r. A;s)lgélgwn |§w F&&’l : Itb%egg?dgotégﬁ’ﬁ%d

bits of theDeeamiestl2yE95pwhivhds hereby inedrporitel By Riredde, BAingdé !it_ﬁ%e,f'ind are

di stributed across al | sixteen of the Iink controllers within that
particul ar BRMOEHessord pan-self roptingnetwatk. Rince the awitch fabricildAdssori at ed with

S T R T —
Thi s isiifdladedtb Huftt 168G PaththIupk el fo¥r pip&d fok SadSAPM QIE SN dAcRoB! NIl €
link controller consists of
10 the pipes 18¢-183 contains a path that could transport the ATM cell, the real purpose
of the controller 20 is to find a path that is not blocked. |

For ATM switch 104, if the number of input lines, N is equal to 256 and if
each input line is operated at a standard 2.5 Gigabits per second data rate, its aggregate
throughput will be 0.640 Terabits per second. Scaling or growing such an ATM

15 switch by a factor of two to 512 input lines and output lines should be straightforward
and result in aggregate throughputs of greater than 1 Terabits per second. Scaling to
an 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 FIG. 4, a specific embodiment of an ATM switch 10A is
shown. In this specific embodiment ATM switch 10A has two hundred fifty six input
interfaces 12(-12755 which are connected to two hundred fifty-six ATM input lines
Ing-Inys5. The outputs 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 15¢-15¢3 which are partitioned into four pipes 18(-183. The
fanout F is equal to four which if the number of output ports = FN results in 1024
output ports 199-191023. The output ports 199-191(23 are respectively connected to
the inputs of sixteen 64x16 output packet modules 16¢-1615. The sixteen 64x16

30 output packet modules are connected to two hundred fifty six outputs Outg-Outys5.

Those skilled in the art will recognize that other combinations of components could
This s the raplscament sheet
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one flip-flop (the single-bit nmenory required to store the busy-idle bit

rassociated with this link controller's Iink) and four |ogic gates. A
state table description of the Iink 25 controller operation is given in
FIG 12, where the state variable is defined by the busy- idle bit.
The link co I I V] I t r input ,bit,
desi gnat ed %erﬂ%ése “F%‘ﬂ @%@fa&g&@gﬂ{ﬂ@@é%@ ogﬁ' uﬁﬁ&%ﬁ%,coé@ﬁagﬁgfe sed
request - out jnstdad oF R 64x16 ouffit BRALIS ShWAE IOFICRYL put bit, designated
connect. The request vector input bit is a logic " 1 " if the input

desires a connectATov swhtchu§A alseehdsiardontrsider@0avieich has the tdsksof humking @nd
controll er- _otherw se, ' The request vector output bit is

a logic "1 findingan avaxlql:h% p{pgéﬁr@{xglg I_&J%swl?tﬁb dabricelgvietor egehcd M packetpaldienot
satistieg by, tfifer BAUELHE Blet P SRR Udri 1A is partitioned into four pipes to
break the pipe hunting tasks into four parallel pipe hunting tasks that are each
temporally shifted by an acceptable amount. Details of one embodiment of such a
controller 20 are shown in FIG. §.
For the 0.640 Terabits per second, N=256 embodiment mentioned previously
10  and shown in FIGs. 4 and 5, the controller 20 may be contained on approximately
eight printed circuit boards. Controller 20 would accept up to 256 sixteen-bit request
vectors from up to 256 line input interfaces 12¢g-12755 and perform path hunts on each
of these request vectors within each 176 nanosecond. ATM cell interval to create the
1024 sixteen-bit connect vectors used to established connections within the switch
15 fabric 14A. This requires that controller 20 operate with a processor clock rate of at
least 46 Megabits per second. This moderate clock rate permits the logic within the
controller 20 to be implemented with off-the-shelf CMOS EPLD's or similar devices,
thus making the cost of the controller 20 (in large quantities) very reasonable.
The movement of request vectors from the input interfaces 12g-12745 to the
20  controller 20 and the movement of connect vectors from the controller 20 to the
crossbar switches 150-1543 of the switch fabric 14A is a challenging task, because
large amounts of control information must be transported every 176 nsec ATM cell
interval. For example, in an ATM switch containing 256 input interfaces, 256 16-bit
request vectors must be transported to the controller 20 every 176 nsec, leading to an
25  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 nsec to control the crossbars
switches 15g-15¢3. This requires an aggregate bandwidth of 93 Gigabits per second
betweeﬁ the controller 20 sub-system and the switch fabric 14A sub-system. This 93
30  Gigabits per second connect vector information can be compressed into 29 Gigabits

per second (given that only one input can be routed to an output during each ATM cell
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27 otherwise, it is alogic "0". The connect vector output bit is a
logic "1 " if the logic "1" | nput request vector bit was satisfied by
this particular link controller indicating the - ATMcell wll be

routed to its desired output nodul e throL?gh the link associated with
this link controller- otherwise, it is a logic "0". The busy-idle flip-flop
in Fig. 10 imerval) bystandardieompressiongeehniques.( Haweyerssingesthistcontrel begi nni ng of

each ATM cel | 0 t vector bit hat enters the
TTo R oomt § ortfaRnghonsh ud%%werfd withehigh Eiablit &;af tiseaniral Connectiyrs of

vector bty ORIkt heGRPARIRe ¥AENMNerishofatbe il funfpos i Bt 617"

(busy) st at EIGAD],)soahél‘séﬂliyrﬁqG%&bxts per second@ff dhtalhding batveeinglinguie | i nk
controller during this particular ATMcell slot will be 10 denied a
connect i dn {HErEREGH CQIIEHS gnd theicoptrolieriZAqnd 58 Sijabitseer sreopdof data mweflrrgonnect

YO o bt RSO A0 abSYER! pISLBl, BBl o
several consggA yfl i ii§£ﬁ8 tahémit MO LSRR infbRAMER! F‘()?Qﬁ&lrascase, input
interfaces 12(-12755 would be grouped by fours such that only sixty-four serial links
would be required to move request vectors from the input interfaces 12-12555 to the
10 controller 20, and 128 serial links would be required to move the resulting connect
vectors from the controller 20 to the pipes 18(-183 (assuming the aforementioned data
compression techniques are applied to the connect vectors).
While the use of out-of-band contro! techniques does require the additional
hardware cost of these high-speed serial control links 22, these links 22 cause very
15  little increase the overall system hardware cost. Considering 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 12g-12755, and the switch fabric 14A (when
the fanout of four is included) and 1024 more high-speed serial links are used to route
ATM cells from the switch fabric outputs 19g-191(23 to the output packet modules
20 16¢-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 Knoc!cout Switch"
the ATM cell loss probability of the ATM switch 10A shown in FIGs. 4 and 5 is
25  4.34x10-3, assuming that the connections of the inputs is symmetrical and not
independent as set forth in our copending application entitled "TERABIT PER
SECOND PACKET SWITCH," EPC No. 95309013.1, filed December 12, 1995. This
cell loss probability falls short of the acceptable ATM cell loss probability of less than
1x10-12 mentioned previously.
30 To reduce the ATM cell loss probabilities, controller 20 applies a temporal
spreading technique known as rolling, which provides many statistical advantages.

hi
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passing through a single swtch controller is shown in Fig. 1%?‘%& ong wt

the resulting states of the busy-idle bits stored within the switch

controller. The resulting output 15 request vectors and out put connect

vectors illustrate the general operationldf each of t he pi pe hunt

controllers 24[err]-24[err]. The use of rolling within the

control | er Rvllingirvobyesang ulfillptires Sindimenalrgolals that are ainbdrat prpviding more
idle flip-flop, clearing. The

fund t al ts: .poki d - :
ti i ng i agrYARBIOHPHCd FAHQ lgads: obtisse Bonls rprich ppialscissRb thedaéie f1 ow

that m ght L ikheol Qg Wit hin f ontraoller 20 . As

I ndi cat ed b%%'fﬁlg af:{%?%fép&%ggl?g%&?ﬁéhat}S\"né plpf’l‘%ﬁ/%g@ c&ﬁ?é{sffwoﬂe ring of
control | er Zthactisn bf e tRIfRE 16aaN{2) SpdtRlly a&eribifle RleRfiffic evenlyeARbdsQllll Fthe?41 tO

pi pe control ler 242 to pipe controller 243 and back to pipe controller

24[ err] . SRed a6 cxpsshap switghesdiSgt kg3 withimgach pipe B bips thatdackabf the addr esses

A, B, C and D are. poked i ' troller 240. R t |
Gener at bd by SSTISHE i 206 gaded, Pid oot bl he iccating 1 ar o

PoKet 10 Aol S0V pBR R o T AL RO Bt
control | er 247 be Bffettbely dté0edingR N wicasicnhl BTV el beridd Whérb&Lenushdlly kh as
addresses volume of traffic exists and is destined for a particular output packet module. This
10 effective lowering of the traffic load is accomplished by delaying some of the ATM
cells arriving during a congested ATM cell interval. The cells are delayed until the
next consecutive ATM cell interval when the traffic load competing for the popular
resources, i.e. connections to popular output packet modules, will most likely be
lower, so the delayed cells should have a higher probabilify of being routed in the next
15 ATMecell interval. Since the switch fabric 14A is memoryless, the ATM cells that
must wait for the next ATM cell interval are stored in their respective input interfaces
12¢-12255.
In addition to satisfying these three fundamental goals of packet traffic control
to distribute the load, roiling also satisfies two further very important ATM system
20  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
stream to be delayed differently than others. Secondly, goal (5) is that rolling must
also guarantee that the controller 20 will attempt to route every ATM cell through
25  each of the four paths to its desired output packet module, but each of the successive
path hunt attempts must occur in a more lightly-loaded 16x16 crossbar switch so that
the first attempt occurs in a 16x16 crossbar switch with many .previously-routed ATM
cells (and very few available paths to output packet modules) while the fourth and
final path hunt attempt occurs in an 16x16 crossbar switch that is virtually empty
30 (thereby providing many available paths to output packet modules). The rolling

technique is similar to spatial path hunt techniques that pack as many calls as possible
Thig % the rectacemen sneet
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M N, O and P are poked into pipe controller 243. The poking tines and
busy-idle bit clearing tines take place at different nonents within
each of the pipe hunt controllers 30 240-243. From the point of view of
any pipe controller, the request vector bts flow t hrough the pipe
controller in al phabetical order (A to P% i f one ignores the busy-idle
28 bilR 08¢ BeRtioR@f aispatial netyosk,ovhiel by fpreingmaan 8% e¢rapandydn parts of

cont ol ler 00BN ARUENRIne rempindr of BE Bof iR Vi bbb SR Woaput
interface Wishitcesdfulp raifle SPcugh thé temaARYBtHRSyFhqPuEE FEEERE §00%.

Thus, rolling in its fourth and final path hunt attempt provides a very high probability

5 ofan ATM cell successfully being routed. Goal (5), by packing many ATM cells in

one portion of the network, superficially seems to conflict with goal (1) that requires

the traffic be spatially distributed across the network. However, as will be explained

below, temporal spreading provided by the rolling technique permits the network to

simultaneously satisfy both goals (1) and (5).

10 Assuming that each of the 256 input ports 17g-17N.] of FIG. 4 has an ATM
cell that needs to be routed through the distribution network, and assuming that the
switch fabric 14A is composed of four pipes 18(-183, then the out-of-band controller
20 may be required to perform 256x4=1024 unique path hunts for the ATM cells
before the cells can be routed. To distribute the ATM cells evenly across all four

15  pipes, the 256 ATM cells requesting connections, 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 185, and finally in
pipe 183. The second group will have path hunts performed for its ATM cells in pipe
18 first, then in pipe 189, then in pipe 183, and finally in pipe 18(. The third group

20  will have path hunts performed for its ATM cells in pipe 185 first, then in pipe 183,
then in pipe 18, and finally in pipe 181. The fourth group will have path hunts
performed for its ATM cells in pipe 183 first, then in pipe 18, then in pipe 181, and
finally in pipe 187. This ring-like ordering of the path hunts guarantees that the routed
ATM cells are distributed evenly across all four pipes. In addition, if the ATM cells

25  within each of the four equally sized groups are selected such that the ATM cells
within a single group can be routed into exactly four of the 16 inputs on any 16x16
crossbar switch, then the routed ATM cells will also be evenly distributed across all of
the 16x16 crossbar switches.

Referring now to FIGs. 5 and 6, a timing diagram for a rolling technique

30  according to the present invention is described. To satisfy goals (1), (2), and (5)

simultaneously, the out-of-band controller 20 uses the time delay/time distribution

This is the replacement sheet
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over the request vectors generated frominput interfaces wth alias
"addresses B, C, and 5 D, etc. The benefits derived from
forced i ndependence between the inputs on a particul ar 16x16
crossbar switch produce a slight increase in the conplexity of the

Pt " dEGcHB Fb%%é?@ e sV eI GRbs eocrirad B R0EH bﬁﬁl@b@ﬁégﬁﬁg o°
assured by Pﬁﬁndé?led elQh AT@?EQ! Etgﬁﬁl (fn Eﬂh@é)srey’w ut egf)ﬁ“ﬁ Qdysfif om a

single input iInt ertacg Idte y to several
di fferent spassedaroand tid ﬂug—ﬁkd: StneAas oﬁéoritﬂbﬂeﬁl(ﬁﬁ dplﬁe 18to pipe 18, EiePe
hunting ring. The m xing nature of the Galois field theory generated

connect i onscontroller 20 ggrassigns tb%l@ﬁilsltﬁﬂmneKhAEM eatleintezval (prBE) vhidboequirasect ed
tches . wi.thin the swtch

opri o s G RATE eelRbe delaed by o GRERALAS et GEE Sehs Rl lsighGe s, o o
generated ogelgy, fefasx!i gl gl‘o'ﬂBléhcélﬂth&E5@9&311%19#1&&9%&9& I%H@E‘x%g%ﬁp% Witéle¥

different sets of switch controllers w't the contro i nce
request vecfarits faurth and finaltpathehuntl Anpﬂémdalmdvhntmgsoﬁnhishol&mg lexhaigaer ol | er
20, all of the request vectors (wth articular ATM cel ]l sl ot)
that are expungEjassiesment pad @¢1%95Awahmt%h nsdhqtérralwalm more than

64 simultaneously arriving ATM cells to be routed through the switch fabric 14A to

10 any single output packet module [6(-1615 (even though there are only 64 connections
or links from the switch fabric 14A to each output packet module 169-1615). This is
occurs with the rolling technique because all of the ATM cells do not need to be
routed during the same ATM cell interval. Thus, the rolling technique when used in
the out-of-band controller 20 results in extremely low cell loss probabilities both

15  within the switch fabric 14A and the output modules 16¢-16] 5, even during a transient
cell interval that has an extraordinarily high traffic load.

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 difficulties in satisfying goal(4) of maintaining proper cell ordering.

20  However, the ring-like ordering of the path hunts within the out-of-band controller 20
guarantees that delayed cellsina stream of ATM cells will always be routed through
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

25  ordering will be maintained if the cells are extracted from the switch fabric 14A and
loaded into first-in-first-out queues 174¢-174g3 (shown in FIG. 7) of each output
module of the output modules 16¢-1615 in the order of the lowest numbered pipe to
the highest numbered pipe: pipe 18¢, pipe 181, pipe 187, and pipe 185.

Referring now to FIG. 7, the output module 16¢ (and the fifteen other output

30 modules 161-1615) may be a 64x16 embodiment of the concentrator described in U.S.
Patent No. 5,412,646, entitled "TASYNCHRONOUS TRANSFER MODE SWITCH
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pi pe hunter stage nust (by definition) be routed to different switch
controllers in the 20 next pipe hunter stage. To provide this dynamc
routing of the request vectors, each pi pe hunt controller 240,
241,242 and 243 is connected to a respeckf ve small switching net wor k
300, 301, 302 and 303, shown in FIG 5. Alternatively, sinple nultiplexers
may be used A&éHIE%EFWR&Vu isgied Adaynd R8s kay GpGit aBadd c@BmoalyhssigRed tortke eby

I : ' ts f h troll, 20.. Fortunately, the
Pequi rod cofPEEFSl A B Btnadt i ani e Bt here o RLO Y or 1
30[err], 30keferehceMThe38ltBut thodus JSBa'intFéEild?;fﬁ{é SPeccGeale/ 5 thE ]aneraliz[eWI th a

period equal to the ATMcell peri od, requi red confrgurations can be
det er mi ned somtenuator s FIChdroftteraboberéfbenebdqnead applithor BECHI@IAl.

switchin . net\/\orksérrultiplexers) durirrligthe design of the circuitry
of the cgnt PHIce &he oyiput modules 169-161548¢ ek dessn®ed jr the aboks! rpferantad swi t ch 10A

h in Fl ) 1 30.. sych t.hat th unber .of, i nput |ines were
S12. 1024 ofrmCafibfith plintEd: SFiic” Ry ghll Sor be GereREta ng « hat ¢ ne
input lines are Qorprovidda Beter@ndéHahding Me &RGASHABE Polliflf G3hnique, a real-

life analogy will be described with respect to FIG. 8, which is a plan view of an

amusement park system 500. Consider the problem of transporting a large number of
10 people from amusement park parking lots 511, 512, 513, or 514 to the amusement
park 520 using trams to shuttle the people between the two points. Tram system 530
is composed of four tram shuttle trains each with a predetermined route, which is
analogous to the four pipes of switch fabric 14A. Each tram shuttle train contains
sixteen cars (representing the 16x16 crossbar switches within a particular pipe), and
15 each shuttle car is equipped with sixteen seats (representing the output links emanating
from a single 16x16 crossbar switch). In this analogy, each customer (representing an
ATM cell) arrives in one of four parking lots 511, 512, 513, or 514 surrounding the
amusement park 520. As a result, each customer is instantly placed in one of four
groups, and since the parking lots 511-514 are the same size, each group contains an
20 equal number of customers on the average. The customers in any single parking lot
511, 512, 513, or 514 must then divide up and stand in one of sixteen lines, where
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
25  theme area to which that seat's occupant will be given admission. Before arriving in
the parking lot, each customer must randomly chose one of the sixteen theme areas
(representing the sixteen output packet modules 16-1615) where he or she wishes to
spend the day. Customers must then find an available seat associated with their
desired theme area on one of the four trams that passes by the loading area 531, 532,
30 5333, or 534 of their parking lot. If a customer has not found an available seat after

four trams have passed by, then he or she is not permitted to enter the amusement park
Thie is the replecement sheef
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29 t he aggregate throughput would be over 1.0 Terabits per second.
"For switches of that size, a fourth level of parallelismmy be
needed to provide sufficient processing power for the controller 20
to hunt for all those paths through all I7hose pi pes. For ATM swi t ches

with 512 and 1024 input lines, the data rates on wires within their 5
respecti ve dwing that dayyThischapdddohtiiiahirémespats thebsndf and T386eIMbgatbi t s per

second, whi ch i s considerably higher that the 113 Megabits. per second
rate of thePl9HNg Hbﬁlh Four pipes of H cirEREM Rstvarkyp Tl i’Ht figyje possibility).

The basi ¢ i dea beRi Atk 3 iaHidgh ok B¥bacilh Bk Bk Bl Aohite BBy kd cati on of

t he
already visited three other parking lot loading areas, so the customer's pre-specified

5  seat may be full. However, if the customer does find his or her seat to be vacant on
that tram, then the tram will deliver him or her straight to the amusement park 520. If
the customer fails to get on the first tram, he or she must wait and try the second tram
which has already visited two other parking lot loading areas. If the customer is
successful at finding his or her pre-specified seat on the second tram, that tram will

10 deliver the customer to the amusement park 520 after one more parking lot stop. If the

customer fails to get on the first tram and the second tram, then he or she must wait
and try the third tram which has only visited one other parking lot loading area. If the
customer is successful at finding his or her seat on the third tram, that tram will deliver
him or her to the amusement park 520 after two additional parking lot stops. If the

15  customer fails to get on any of the first three trams, then the customer must wait and

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

20  loaded than the previous one. Thus, a controller 20 rolling ATM cells indeed can

fulfill goals (1), (2), and (5).

The rolling technique if used by itself improves the ATM cell loss probability
of ATM switch 10A from 4.34x10-3 to approximately 10-11. Using the analysis
techniques of the article "A Growable Packet Switch Architecture” the cell loss

25  probabilities for an ATM switch 10A that has independent connections to the inputs of

the switch fabric 14 according to Galois field theory and also has an out-of-band
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
load equal to Ra=R; /4+Rres, where Rres is defined to be the fraction of the 16 inputs

30  toa 16x16 crossbar switch that are blocked in pipe 183 and routed to pipe 18¢ for a re-

attempt. For a first attempt at solving for the cell loss probability, let us assume that
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previously described controller 20 design which requires that request
vectors be routed 10 through the pipe hunter stages in parallel. In
particular, all of the request vectors th are poked into a
particul ar pipe are routed through t he pi‘pe hunter stages together, and

th tQES to co I.se a poke graoup. In the enbodi nent
shg\?me {ﬁquesﬁre\é%{iég ﬁﬁﬂé P?ﬁaﬂfﬁ%“ﬂ’h’é‘aééﬁl@hbg f cEesabarsmitsh ippipgr eat es
four poke grmbocﬁm(ﬁcedetermmeﬂ'dg p%}alg()g%ggﬁé eVgctors, so each poke group

contains sixty-four bits. groups can be labeled with a
concat enati on of the four aI | as Iabel on the request vectors. As a

result, the four Piel lessiRipsni(RR ble ) o{troRi)be'dl Yok Pe nRUTteEr BimIEI G 5 are
call ed ABCD, EFGH [JKL, and MNOP. It«d s inmportant to note that whenever a

singl e sixtywhgemdl, h=LBA RO &Gl QY Bn@ng?ﬁ @9&&%?&%@4‘%ﬁiﬁxg ];P‘ngt fsgghg

swi tch controllers in pipe co

si xty-fodr bissigARERspthl eesdfting @nqw@ a@@barbguy%ﬂaeﬁnyhméa@?a&hop&gé got her
fifteen switch controllers mg@ controller 24[err] ult,
there are a t&¥lficrassbargwitch sgpibscaladatedto bi:t s associated with si xt een

ABCD poke groups that are bei ted thr Ri pe ;180 at a single instant
of time. The nodified control {ﬂpelg Sfﬁ)’r‘b%‘@%i&% tli'?é%equest vectors for all N

i nput  ports Thys, the fraction of the 16 i nputs to a 16x16 crossbar that are passed to the second
pipe after the first attempt is given by: '
10 f1-2=Ra x P(cell loss in pipe 18¢) = (3.13x10~1) (1.3x10-1) = 4.06x10-2.
By symmetry, this should have also Been the same as the fraction of inputs that
- are passed from pipe 183 to pipe 18, so the residue assumption of R +/16=0.062
above was incorrect. By refining this assumption and performing a second attempt,
and now assuming that Rres=R; +/32. Thus, the cell loss probability of a single 16x16
15 crossbar switch in pipe 18( can be determined again using the equation of Eng et al.,
where m=1, n=1, and the switch loading is given by Ra=R;/4+R,/32. Using these
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 180)=1.2x10-1.
20  Thus, the fraction of the 16 inputs to a 16x16 crossbar that are passed to the second
pipe after the first attempt is given by:
f1-2 =Ra x P(cell loss in pipe 180) = (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 assumption is considered to be satisfactory., The
25 blocked cells are sent to pipe 181 for subsequent path hunting, and they encounter a
negligible number of ATM cells from previous attempts. Thus, the 16x16 crossbar
switch in pipe 181 can be modeled for analysis as a growable packet switch, with
m=1, n=1, and Ra=fl-2, and the resulting cell loss probability of this model is
1.4x10-21, The fraction of the 16 inputs to the 16x16 crossbar in pipe 181 that are

30  passed to the pipe 187 is 4.2x10~4. Similar arguments can be used to show that the
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(by passing themthrough all four pipe hunt controllers 240-243) every

ei ght clock 25 cycles, and since this task must be conpleted within a
single 176 nsec ATM cel | interval, the required clock rate within the
controller 20 is 46 Megabits per second 19 regardl ess of the size

te t f _the. NxXN ATM swi t ch.. a, resul t since the
oncr ol rer 20 BB laeS pravaBi toscBlt St wee 1 s G 0ct. aud Rl
t Kk ' , i S 6k ' : g gorithm
Dur i mg the enaaioti e[S LRAAEReEs Fidbibal adtRy B il i B O T
ATM swi t ch 1@sultihg ATGM.cBll lésseretmbilitpiepipe 084 163. 2848 ianl tiomddtioh b€ thePi@ h

hunts and 16,384 Iink controller path hunt 30 this (1) path hunt
al gori t hm f ofPH§do RLOXES prgsshar patwouis i pipe 483 ¢andrthezefose notireuted in all four

ggf ihvﬁljﬁ?t O[Sipé'L gﬂgfﬁémi is%xcl%nw. OHug,rt o%tg the. Sgesof?ﬁ]edroh?dggtgc lici{urélsf w({t ?1;[ trh(cz.I er
out-of-band controller 20, the ATM cell loss probability of an ATM switch 10A with
independent connections at the inputs of its switch fabric 14A can be decreased from
an unacceptable value of 1.47x10-6 to an acceptable value of 2.9x10-15.
A preference technique may be used in conjunction with the rolling technique
10 described above to decrease the cell loss probability of an ATM switch 10A even
further. Referring back to FIG. 8 and the amusement park analogy, some form of
arbitration was required at the tram loading areas to determine which of the customers
in the line will be given a particular seat on the tram when more than one customer is
requesting the same seat. Similarly, the out-of-band controller 20 must provide an
15  arbitration scheme for selecting which of the arriving ATM cells will be assigned a
particular link whenever two or more cells request access to the same link. The
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
20 ATM cells is assigned the link. The random selection scheme is the scheme assumed
for the analysis of the rolling technique presented above. However, other arbitration
schemes are possible, and one particular arbitration scheme that has advantageous
results is called the preference scheme. The preference arbitration scheme assigns a
preference weight to each of the ATM cells in a particular grouping. ATM cells with
25  higher preference weights are given precedence over ATM cells with lower preference
weights whenever two or more cells request access to the same link. As a result, an
effective hierarchy is created within the groupings of ATM cells.
The creation of a hierarchy may superficially seem to produce undesirable
characteristics within the switch fabric 14A, because customers with high preference
30  weights will be offered better service than customers with low preference weights. In

fact, the one customer with the highest preference weight within each group can never
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30 checks are perfornmed every 176 nsec, so if each path hunt is
consi dered to be an I nstruction execution and each path hunt check is
considered to be an instruction e ution, then the controller 20 can
be viewed as a parallel processor capabl®’ of sustaining a 186 giga

i nstruction n rate. The trade I nt ai ni ng
a reasonabl ga‘%etﬂxg%fg e‘g?—ﬁ{?qilgbsleﬂ??grbéﬂaln@#‘eéﬁus(@ﬁﬂa?r‘ﬂf%%e ofAlg}oﬂglj‘ W?% an

i ncrease | nn{abl%léerﬁ%fdip|a|a%fall|e9%£ly§93p h‘é)&!ffe&s%?ﬂng&ngﬁg SRS rdh 4‘9{?94
connecti ons passing between’ successive s he-con er as
the size i sthabitracamby lead$hd 1mproved$p&rfdi:ﬂad%li griswet &dil i@%r@ﬂﬁdﬂ@néshfd?ldﬂhpm S

I n excess of 1 Terabits_ per second w | requi re between 4096 and .

32,768 si gnawl%‘)f(lalts- 2¥enNBE Hisi custopsy akthe bﬂﬂc)mtqﬁ thfehxcx@mhafdwnlothe vbEt lawest

successiye er st ages. In addition to increasing
t he nunb%r e?&e'g;c%a lgiBétween pi pe controll er stages,

The results of this analysis are summarized in FIG. 9, where the probability of
loss of an ATM cell ; i.e., the probability of a cell not being assigned to an available
path, is shown as a function of the number of path hunts that were attempted in
different pipes by the out-of-band controller 20. In this analysis, it was assumed that

10  the group sizes were four- i.e., up to four ATM cells could s.imultaneously compete for
access to the same link. As a result, four different preference weights were assigned to
create a hierarchy for the four input ports associated with each group. The preference
weight associated with a particular input port is assumed to be a fixed constant that
does not vary with time. The resulting plots 901, 902, 903 and 904 in FIG. 9 indicate

15 that the cell loss probability decreases as more path hunts in more pipes are performed,
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 expected. Super-imposed on these plots is a similar plot 910 which
indicates the probability of not being served when a random selection arbitration

20 scheme is used instead of the hierarchy arbitration scheme. The surprising and
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
plot 910 of the random selection arbitration scheme shows an average cell loss

25  probabilities for all of the input ports which are notably higher than the plots 903 and
904 which are the average cell loss probabilities for even the input ports with the
lowest preference weights within the hierarchy arbitration scheme. This phenomenon
can be explained by the fact that after three sets of path hunts in three different pipes,
the distribution of ATM cell requests entering the fourth pipe is very different

30  depending on whether the random or preferences arbitration scheme is used. In the

random selection arbitration scheme, there is a small but equal probability that all of
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the use of parallelismw thin the controller 20 also requires a slight

I ncrease in the har dware requirenents for each link controller,

because each link controller nust now support a parallel path hunt on
four bits within the poke group. The extrZ hardware 15 added to the
controller 2Q by the fourth level of parallelismshould be offset by the

resul ting | oterAPMxeds araygavesting a path. Hawever, dm theihigyachy aebitration scheme,

b he .f i | i i thi th h;
T Pty e AR AN S WA et preteraing ootk il krasing Bpeter oAk and
the 20  di spioblsitigfoattall Skro fie Q{s@fﬁll%ﬁnﬁew& H@g@&g@@@%{(g

must provide a concentr at of at requires

menori es, anwill beregaestigar path with a stBRIFobAMEIAY Sbeefuse IR PaARIRE ATM e8]
directly proportional to the nunber of inputs and ) out puts of the
concentr a{) or Mapnhaye beemeenjed acsess tolinksiin aibibrestof its pravéouspsth hung attempts.

id I har ed ff J to. dat kets that
e 25 tenpararth g Selieatts FEvem = Bsbarorebyft sibe gots arvlg pedessar
access speedgurfiér in the cortfllSr WHI fe8d tJRBRY tbuled AFARQILS AR Han ecufafis NUMDeEr  Of

outputs fromthe output packet
arriving with low probability, because the single request can always be satisfied since

contention for an output link will never occur.

10 As aresult, it seems apparent from the plots in FIG. 9 that by assigning
preference weights to the input ports and by using a hierarchy arbitration method to
resolve link contention and route paths in the out-of-band controller, the worst-case
cell loss probability of the switch fabric 14A can be decreased from 2.9x10-15 that
was achieved by the introduction of the rolling technique to an even lower value of

15 2.4x10-16, It is worth noting that input ports that are assigned higher preference
weights will encounter even lower cell loss probabilities as indicated in FIG. 9.

Referring back to FIG. 5, in order to provide a physical embodiment of the
rolling and preference methods, the ATM switch 10A is segmented in to four basic
sub-systems. These four sub-groups consist of the input interfaces 12-1224s, the

20  output modules 16g-161 5, the switch fabric 14A, and the out-of-band controller 20.

The input interfaces 12(-12755 within the network provide the necessary
interfaces between the incoming transmission links and the links connected to the
switch fabric 14A and the out-of-band controller 20. As a result, the input interfaces
12¢-12255 must provide a termination for the input transmission line. For example, if

25  theinput transmission line is a SONET link, then the input interface must provide for
clock recovery, link error detection, SONET pointer processing and frame delineation,
ATM cell extraction, and an elastic storage function to synchronize the arriving ATM
cells to the system clock within the distribution network. The extracted ATM cells are
then loaded into a FIFO buffer of the input interface. The input interface must also

30  read ATM cells from the FIFO buffer and extract the ATM header from the cell. The
VPI/VCI field of each ATM header is then used as an address into a translation table

This is the replacement sheet

Date: 2 U .1aN 1997



REPLACEMENT SHEET

nodul e. The out put packet nodul e nust al so provide a neans of guiding the

packet s it receives to their desired output ports in the correct tine
sequence. Further, each out put packet nodul e nust provide for

nul ticasting of cells between its inputs22nd 30 outputs by: making

mul tiple copies of the multicast cells, injecting new VPI/VC fields
in each of tlAeated,pn thedsputdntetface. aFtw qutpttiofi thettranstarpp tabler pravidkya gﬁ»om this
set of VPI/VCI field and the address of the output packet module to which the ATM cell is

to be routed. The new VPI/VCI field is written into the ATM cell as a replacement for
the old VPI/VCI field, while the output module address is routed as a request vector to
5  the out-of-band controller 20 for the controller fabric 14A. Since the amount of

processing time required by the out-of-band controller 20 is a fixed value, the input
interface simply holds the ATM cell in a buffer until the out-of-band controller 20 has
completed its path hunt and has relayed the results into the switch fabric 14A. Once
the switch fabric 14A is loaded with the new switch settings to appropriately route the

10 ATM cell, the input interface can inject the ATM cell into the switch fabric 14A and it
will be automatically routed through the switch fabric 14A to its desired output
module 160-1615. It should be noted that each input interface 12¢-12955 actually is
provided with one link to each of the four pipes 18(-183 of the switch fabric 14A. In
addition, the use of rolling (i.e. temporal spreading) within the switch fabric 14A may

15 require a copy of the ATM cell to be injected into each of the four links during any
one of two consecutive ATM cell intervals. As a result, the timing within the input
interfaces 129-12755 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 123-12755 in FIG. § are

20 numbered with an address ranging from 0 to 255, but each input interface is also
assigned an alias address given by a letter between A and P. These alias addresses are
used to identify which input port the input interfaces will connect to within the switch
fabric 14A. The actual set of four crossbar switches to which a particular input
interface is connected is determined by the Galois field techniques that were described

25  previously. These techniques guarantee independence between all of the inputs on any
16x16 crossbar switch of any pipe. -

Each of the sixteen output modules 16g-1615 in FIG. 5 is labeled with
addresses ranging from AA to PP, and each output module performs an important
function within the ATM switch 10A. Each of the output modules 160-1615 within

30  FIG. 5 provides terminations for a respective set of sixty-four links emanating from
the switch fabric 14A. Each output module 16(-161 5 also provides two basic
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functions provided, it should be evident that |arger output packet nodul es

wll make the task of providing all of these functions difficult and
expensi ve. Thus, tradeoff techniqgfs that hel p decrease the required
size of the output packet nodul e can be very beneficial. 5

h hown. i .G 5, h of . th ! K [
dosi gned - BEYRCi i itesa st ebihe GFapRRe SHSRE AR Pt SABeb WAL 1 i nks.
desi gned  TREHY . | |
n the di st rEDUrEoR el Sitysfou oph ) g s iy ARSORDOH AL

must have exagitit proofues bufférii@of KTM ¢k to hdrine B8 phobdémé Aosihed SHE
switches in the distribution network 14A. The nunber of outputs emanating

from t he 10 mulsiplepacketsshasarawinultancousindestined forrhe samssoutpet Quigiutyrof. i nput s
to the output packet rmduslafﬁ, wher e iJ‘:mis t he, fanqut pr vil_ged by the
di stribufion net whPEe $pAnanwaysfopthesetwo functiqns tg b, jmplgmeRied 4iTRE Mosyt i on

net wor k sho kel ﬁm ot ' f the
present i nv\grﬁaliéglrﬁ% | Cﬁa?%m%c&vg%ulgRrogagf}ecoﬁgpﬂcfgﬁf f_xjgg%gfegg)ﬁ rsg{t&[@g ni ques
pernits the cakl prfaginoditly-fonf @emBly witewahd sikRga hitridy kddds WthibamATM of the

switching fabric 14A in many different ways. Likew se, the nmanner in
cell interval (176 nsec). The memory could then be treated as sixteen disjoint linked

lists (one for each output Outg-Outy55) along with a seventeenth linked list containing

10 idle memory locations. Although simple, this approach requires eighty memory
accesses every 176 nsec, so it would demand memories with 2.2 nsec access times.

An alternate approach would split each 64x16 output module 16g-1615 into a 64x16
concentrator and a 16x16 shared memory switch. The concentrator would be a
memory system that provides for sixty-four writes and sixteen reads every ATM cell

15 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 addition, the 64x16 concentrator could be implemented as a single linked list spread
‘out across sixty-four distinct memory chips. As a result, each memory chip would
require only one write and up to sixteen reads for every ATM cell interval. The 16x16

20  shared memory switch only performs thirty-two memory accesses every ATM cell
interval, so slower (and larger) memories could be used, and the buffering for output
contention problems could be provided in this shared memory portion of the output
module. Thus, this latter arrangement is the more practical alternative for an output
module.

25 The switch fabric 14A is essentially a group of small circuit switches that
provide the required connectivity between the input interfaces and the output modules
in response to the control signals generated by the out-of-band controller 20. In the
embodiment of the ATM switch 10A shown in FIG. 5, the switch fabric 14A is
composed of sixty-four 16x16 crossbar switches, where disjoint groups of sixteen

30  switches comprise a pipe. The four pipes are labeled pipe 18, pipe 181, pipe 183,

and pipe 183, and the sixteen 16x16 crossbar switches within a given pipe are labeled

Thig 3 he i’&()ﬁaﬂ,‘en’}gn; 5hee""
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which paths for arriving ATMcells are rapidly routed within the sections

of the pipe hunter al so provide opportunities for several features
t hat woul d probably be very difficght in an architecture based on
i n-band/ sel f-routing control techniques. Mul ticasting is one of these

features. 20wi - | ' ' fin far AIM the ability of an
ATM swi t ch '?S o 1Ec(l)1uQ[ éS.aThé\@ogébS%?‘%{t%}gF @5 eA*ﬁ?@SIO?ricglvmﬁa@Fﬁ?’émg&ig&ﬁ ports.

Mul ti cast i nggansrazad bynthe outof-birriadoutrller 20 and st ARBhfigat bR RF tHeRirchequire a
single source to transmt to many destinations. On conmon application

of this feat§HESRIUNES Bguatdeband dntervalibdtweendons¢cutive WTM kelis. fEaen18x16
vi deo server head-end of fi ce toleﬁllj}lg()f the hones that are tuned

to a 25 paﬁr{)ﬁnsg%l SQCYAJ éIuBP/?r%? %’He%‘h’&ﬁ}.‘ts% _ ythtrough inputtRyead geoh al so be
useful far tig16 crossbddisiitch Qb 's@ﬁbo?tfs s&?gsegg){ﬁ?dénitsi gﬁ%;@&;‘?ﬁpg a 8@?@% Pgn a

single conmputer to users on man rsin a

t el ecomut i lgweasuoted2bevy thatdach (ipaibintdtfice connecRt® h erentAde 16 bﬂ:@ﬁia&

formats required_for nulticast routing have not yet been clearly

defined by toeh afite fewripgsakbochanbutitehonld now be hotedthat anirput ireerfEd/tipot ocol
30 in ItDL‘te B:or s ii%%utr)e HHDHE 18)'S rdS8red'S b8 Sonritlted tS e X inthe sed | O
three pipes 181-183 as well, where X is an element of the set {A,B,...,P}. The actual
10 connections between the input interfaces 12(-12755 and the crossbar switches within
the switch fabric 14A are determined using Galois field theory techniques that were
referenced above. These techniques guarantee independence between input ports for
routing within switches in each pipe of the switch fabric 14A. FIG. 5 also illustrates
that output Y'Y from each of the sixty-four crossbar switches is routed to one of the
15 sixty-four inputs on the 64x16 output 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 controller 20 has successfully determined a pipe through

20 which the ATM cell is to be routed without being blocked, the task of setting up the
path through the pipe is simple, 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. As aresult, the fundamental path hunting task of a switching
network is essentially reduced to the simpler task of pipe hunting in the ATM switch

25 10A.

The out-of-band controller 20 still requires a large busy-idle table to identify
the status of each of the intermediate (FN) links between the 16x16 crossbar switches
of the switch fabric 14A and the output modules 169-161 5 as busy and unavailable or
idle and available. However, this large busy-idle table may be sub-divided into many

30 small busy-idle tables that the controller 20 can access in parallel, and thereby perform

many pipe hunting operations in parallel. There are many ways to implement the
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32 a special VPI/VCl address that points to a |linked |ist _
containing all of the desired out put ports. . . ~Referring
nowto FIG 15, nmulticasting according tQ_the present invention is
illustrated. For The task of rrulticastingsis divided into two parts: the

ovides nulticasti ng the output packet

: : . a
?T;)zhlr ;guag?gcrorn?r%%r{zdr &o?raligégéwﬁcr:h having the general grole%e packet switch

architecture. In the extreme case, four levels of parallelism may be applied to the

architecture of the controller 20 to perform pipe hunting. One embodiment that uses
three levels of parallelism will be described in detail, first and then a fourth level of
5 parallelism for the controller 20 will be discussed.
| The first level of parallelism is obtained by providing each of the four pipes

18(-183 with a respective pipe hunt controller 24(-243. This level of parallelism
allows pipe hunting to be carried out in all four pipe hunt controllers 240-243
simultaneously. The second level of parallelism is obtained by providing switch

10 controllers 26¢-2643, with sixteen switch controllers within each pipe hunt controller
24(-243. A unique switch controller 26¢-26¢3 is respectively 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 all sixteen of the switch
controllers of each pipe hunt controller 24g-243. The third level of parallelism is

15  obtained by permitting each of the switch controllers 26(-26¢3 to perform parallel
processing over all sixteen of the output links attached to its respective 16x16 crossbar
switch. Effectively, each of the switch controllers 26(-26¢3 reads sixteen busy-idle
bits from its busy-idle memory in parallel, performs parallel pipe hunting operations
based on those sixteen bits, and then writes the sixteen resulting busy-idle bits into its

20  respective busy-idle memory in parallel with the other busy-idle memories. A
representative switch controller 26() of the sixty four switch controllers 26-2643 is
shown in FIG. 10. The concurrent processing of sixteen busy-idle bits is
accomplished by providing switch controller 26 sixteen unique link controllers AA-
PP, each of the link controllers AA-PP is assigned the task of processing busy-idle bits

25  for one intermediate link between its portion of the switch fabric 14A and its
respective output modules. In the embodiment shown in FIG. 10, the large busy-idlé
memory required to control switch 10A has been divided into many single bit
memories, busy-idle flip-flops, with each single bit, busy-idle memory being logically
and physically associated with its respective link controller AA-PP.

30 The general data flow for request vectors generated by the input interfaces 12¢-

12355 is shown in Fig. 5. For example, input interface 12 in Fig. 5 routes its request
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each of the output packet nodules 16[err]-16[err] provides nmulticasting

between its i nput and output ports. As a result, the output packet
nodul es 16[err]-16[err] (which may i npl ement multicasting using a
cel | copying technique) only need to makeba few copi es of the ATM

cell arriving at qne of its ing)tfjités. The distrjbution network 14A can 10
easi |y provi §&eaa somaecHar 21 torpips bentingiopatrallerdtoorharsiid is peked intprike car ds

17[err]-17][e . £ t ket ' v in the

mul ti cast. FF’{E]C h%gg%%g\%g “a%%?ﬁ%é% afid e r%ﬁg&ﬁﬁ &égé?setg? fﬁ%uﬁqne card
17[err] to oué@wtomqwedmgsgipEMfédmmn@x['24{, biRMind &lrefoller 343 and _
output lines 0, 1, 120 and 240. If the request 'vector generated ™y the line
card has piperuntcanitratleny 4siit cismdatesaraundigie cingl'In gedeeal, ¢dck ofthednputnt er
20 wi |l autopati.call &terrpt 15 to route the ATMcell to nultiple output
packet ul eerfages bdard 250RIPANGES OB jEqUESt Vectoh ARg 8ach 1§aResEvesten i sontain

Gescr bed, ho, e TSRl bydtLbr s KBRS E8 e oot B 305 o
no COopydqest ectbhfromed sindl¥ idpHe itedfReGRFUGSI isithud £6liebRdit dAl &, t he
out put packet nodul es 16[err]-16[err], if nulticasting within an
out put packewhensathebit of theqaquestivectos potnts t one afibesixte@Doutpptinkdulesyddah e
16[err] in FJ'& <1:<§1 w&tglenna fn?nelt i?lltje;[ alég isp r%&tifees%ingla) (cj:gxlmeecggg %o aeni (Equlgt p%?tpgﬁ 2 (13-
10  th output module, then bit i within the request vector will be set to a logic "1" and all
other bits within the request vector will be set to a logic "0". When the controller 20
receives this particular request vector from the input interface, it can then identify that
a path is required between the source input interface and the i-th output module.
The entire sixteen-bit request vector from a input interface is routed via a
15  respective control connection 21()-21755 to one of the four pipe hunt controllers 24-
243, and the controller 20 pokes the vector into one of the sixteen switch controllers
associated with that particular 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
all sixteen of the link controllers within that particular switch controller. Each link
20  controller is associated with a single link between the crossbar switches and the output
modules, and it essentially processes one bit of the sixteen-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 associated with
this link controller's link) and four logic gates. A state table description of the link
25  controller operation is given in FIG 12, where the state variable is defined by the busy-
idle bit. The link controller hardware provides for one request vector input bit,
designated request-in; one request vector output bit, designated request-out; and one
connection vector output bit, designated connect. The request vector input bit is a
logic "1" if the input desires a connection through the link associated with this link

30  controller- otherwise, it is a logic "0". The request vector output bit is a logic "1" if

the logic "1" input request vector bit was not satisfied by this particular link controller-
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packet into nmultiple places in a receiving buffer for delivery to the
output lines, or the nmet hod of operating the output packet nodul es
during multicasting nmust access the stored cell nultiple tines. Thus,
wi th al nost no extra hardmare the ATM i tch 10A can nulticast ATM

cells. 25 . hat causes ket ol
or a group 8#‘6555%&?3‘10@" 0?9 %P”QF%UJSCQF 8&‘55 a‘glsﬁggmqgl gg&? I,og g#erlrgg

to all or ﬁgj;u}}’ qﬁL of B WAy SRkl | bﬂﬂ'ﬁs @gmcul nﬁ%tx%'ﬂfspﬁdﬁlclﬁt;hg%ﬁe modul es

16[err]-16[e cou ave a very sig ant ect on ce
probabi liti eTMkell h&llbetr@ltediﬁms desirethbietplix hbdudel touigheths link assosiprederith OA i s
not controlled by in limtations. Such input limtations are

under st ood this tinlecentrollscrtot lsentitis zlogion'0"n Thadusy- gknﬂw%@wﬁag Hris beyond
the scopg of this IG’&? ti,on, It ca hat one i nput

cel | is 2l &nedodhe logle 4" (dledstg atltbﬁg%glﬁt}% 98%& |“1e stot o thé Af

request vector bit that enters the link controller with a logic "1" request is assigned the
link (creating a logic "1" connect vector bit and a logic "0" output request vector bit)
and sets the busy-idle flip-flop to the logic "1" (busy) state. Any subsequent request
vector bits that enter the link controller during this particular ATM cell slot will be

10  denied a connection through this link (forcing a logic "0" output on the connect vector
bit and creating an output request vector bit that is identical to the input request vector
bit). A time-lapsed view of several consecutive sixteen-bit ‘monocast’ request vectors
passing through a single switch controller is shown in Fig. 12, along with the resulting
states of the busy-idle bits stored within the switch controller. The resulting output

15 request 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
timing diagram of FIG. 13 illustrates the synchronization and data flow that might be

20  used for the logic within the controller 20. As indicated by the timing diagram, the
flow of data around the ring of controller 20 is from pipe controller 24 to pipe
controller 241 to pipe controller 245 to pipe controller 243 and back to pipe controller
24¢. Request vectors generated by input interfaces with alias addresses A, B, C, and
D are poked into pipe controller 24¢. Request vectors generated by input interfaces

25  with alias addresses E, F, G, and H are poked into pipe controller 241. Request
vectors generated by input interfaces with alias addresses I, J, K, and L are poked into
pipe controller 24,. Request vectors generated by input interfaces with alias addresses
M, N, O, and P are poked into pipe controller 243. The poking times and busy-idle bit
clearing times take place at different moments within each of the pipe hunt controllers

30  24(-243. From the point of view of any pipe controller, the request vector bits flow

through the pipe controller in alphabetical order (A to P) if one ignores the busy-idle
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33 period, any traffic on the other input lines for that cell period

and the next cell period w Il have to contend for what is left.

Si mul ati ons have shown the switch 10A to have very low cell |oss

probabilities for non-nulticast ATMcell 3& affic. For a fully | oaded

switch as showmn in FIG 5, the average cell loss probability is nmuch better

t han 1x10[ er Pit clegring timegn dhisrfirdering guaransess p!mﬂmt'bnemcndmd@smaagesmfdl y as
rease 100 per cent. During

Tt Cast i ngPERER R SERiz6 o Fafilor 2D, becaise horeausis 8Ok ho out put
bandwi dt h of osyrired frouS4 ﬁ@b%{ﬁﬁért’a%@%tﬁ"&htagg dﬁ%sﬁtlﬁ % BS’E %g{Vﬁg pﬁqcsg%cﬁ\é | de

a cell bIocklng pr obabi | IS as goo

probabi lity brerphossqdest vettoisip@nerated fnh i Siritétﬂacﬁ.é;ﬁmh'ﬁll@s IRRSI BAC, drldi S 1S
that during 10 mul ti casting there are fewer paths required through the

di st ri butl onPnéfwor k 14A since

The benefits derived from forced independence between the inputs on a
particular 16x16 crossbar switch produce a slight increase in the complexity of the
pipe hunter circuitry. Because of the independent connections between the input
interfaces and the switch fabric 14A, which independence is assured by the use of

10 Galois field theory, a request vector from a single input interface must be
appropriately routed to several different switch controllers in each of the stages in the
pipe hunting ring. The mixing nature of the Galois field theory generated connections
requires each input interface 129-12755 to be connected to a different set of 16x16
crossbar switches within the switch fabric 14A, and as a consequence, it also requires

15  request vectors generated on different input interfaces to be routed through entirely
different sets of switch controllers within the controller 20. Since request vectors are
time-multiplexed on links within the controller 20, all of the request vectors (within a
particular ATM cell slot) that are expelled from a particular switch controller in one
pipe hunter stage must (by definition) be routed to different switch controllers in the

20 next pipe hunter stage. To provide this dynamic routing of the request vectors, each
pipe hunt controller 24(), 24,247 and 243 is connected to a respective small switching
network 300, 301, 307 and 303, shown in FIG. 5. Alternatively, simple multiplexers
may be used instead of switching networks 30q, 301, 307 and 303, thereby greatly
decreasing costs for the controller 20. Fortunately, the required configurations of

25  these small switching networks 30, 301, 307 and 303,(of multiplexers) are cyclic
with a period equal to the ATM cell period, and the required configurations can be
determined a priori and can therefore be "hard-coded" into the small switching
networks (multiplexers) during the design of the circuitry of the controller 20.

As mentioned previously, ATM switch 10A shown in FIG. 5 might be scaled

30 such that the number of input lines were 512, 1024 or even higher. For those size

switches, assuming that the input lines are carrying 2.5 Gigabits per second data rates,
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copying is provided as necessary at the output packet nodul es

16[err]-16[err]. Wil e the invention has been particularly
illustrated and described with refzéence to preferred enbodi nents
thereof, it will be understood by those illed in the art that

various changes_ in fo etails, .and applications may be nmade therein. 15
For exanpl e?ﬁm%e@ﬁ%ﬂ{% upveuld mebg&jﬁ%’HF Rer; 35601y Fag switghgsiaf that

roe%gis Elr Ingt i Os%z:e, 3 age. lieG??IE)cjngggaéléﬁsrﬁ By B HebRd't6 brovide sufficient processing
power for the controller 20 to hunt for all those paths through all those pipes. For
ATM switches with 512 and 1024 input lines, the data rates on wires within their
5  respective controllers are 204 Megabits per second and 386 Megabits per second,
which is considerably higher that the 113 Megabits per second rate of the 256 input
line version of ATM switch 10A.
The basic idea behind the fourth level of parallelism is a modification of the
previously described controller 20 design which requires that réquest vectors be routed
10  through the pipe hunter stages in parallel. In particular, all of the request vectors that
are poked into a particular pipe are routed through the pipe hunter stages together, and
these request vectors are said to comprise a poke group. In the embodiment shown in
FIG. §, this approach to the design of controller 20 creates four poke groups of
sixteen-bit request vectors, so each poke group contains sixty-four bits. The four poke
15 grdups 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 poke group is being routed through one of the switch
controllers in pipe controller a of FIG. 5, there is also a sixty-four bit ABCD poke
20  group being routed through each of the other fifteen switch controllers in pipe
controller 24¢. As a result, there are a total of 1024 request vector bits associated with
sixteen ABCD poke groups that are being routed through pipe 18 at a single instant
of time. The modified controller 20 processes the request vectors for all N input ports
(by passing them through all four pipe hunt controllers 24-243) every eight clock
25  cycles, and since this task must be completed within a single 176 nsec ATM cell
interval, the required clock rate within the controller 20 is 46 Megabits per second
regardless of the size (aggregate throughput) of the NxXN ATM switch. As aresult,
since the controller 20 must perform eight processing steps (regardless of the network
size), the process is said to be an O(1) path hunt algorithm. During the execution of
30  this O(1) path hunt algorithm for the N=256 input ATM switch 10A of FIG. 5, the
equivalent of 16,384 link controller path hunts and 16,384 link controller path hunt
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34 C ai ns: 1. A packet switch for swtching packets from at
| east one of a plurality of input lines to a plurality of output |ines,

conpri si ng: a plurality_of input interfaces, each having an
I nput port connected to a respective iﬁﬁut line of said plurality of input

2 netvor k. 1O R BDr LT3 B550.00 1 eacheih ot (R OrSUEeRIuPam 1y of P
outut b0t Sarucion exeion and SEFERAMLPLULINN Bod el 200
of said netexegtition, then the controller 20 can be viewed as a parallel processor capable of
sustaining a 186 giga instructions per second processing rate. The trade-off for
5  maintaining a reasonable data rate in the controller 20 (regardless of size) is an
increase in link controller logic complexity and an increase in signal connections
passing between successive stages of the controller as the size is increases. ATM
switch designs with aggregate throughputs in excess of 1 Terabits per second will
require between 4096 and 32,768 signals (at 46 Megabits per second) to be routed
10 between successive pipe controller stages.

In addition to increasing the number of signals between pipe controller stages,
the use of parallelism within the controller 20 also requires a slight increase in the
hardware requirements for each link controller, because each link controller must now
support a parallel path hunt on four bits within the poke group. The extra hardware

15  added to the controller 20 by the fourth level of parallelism should be offset by the
resulting lower processing rate. |
Multicasting O i

The output packet modules, because the functionality within them, have a

complexity that is approximately equivalent to the distribution network and the

20  distributed controller. For example, each output packet module must provide a
concentrator function that requires many FIFO-like memories, and the necessary
access speeds of these memories is directly proportional to the number of inputs and
outputs of the concentrator. Additionally, each output packet module must also
provide a large shared buffer memory in order to accommodate packets that are

25  temporarily blocked from their desired output port. The neﬁ:essary access speeds of
this buffer memory is proportional to the number of outputs from the output packet
module. The output packet module must also provide a means of guiding the packets
it receives to their desired output ports in the correct time sequence. Further, each
output packet module must provide for multicasting of cells between its inputs and

30  outputs by: making multiple copies of the multicaSt cells, injecting new VPI/VCI

fields in each of the multicast cells, and routing them appropriately. From this set of
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said network having a plurality of C pipes, where Cis an integer of a

‘'val ue equal to P/I; a plurality of output nodules, said

out put nodul es together having a plurality of inputs, each of said output
nodul e i nputs connected to respective ou{ put port of said plurality of P
out put ports, and together having a plurality of outputs, each of said

out put nodul : £0N Lve  out | i f. -5ai
olurality o ffﬁ%ﬁ%‘wﬂs’fﬁgﬁ%ﬁ&ﬁg bk Qvfaeﬁtetﬁﬂqgrtggrc%ut%% pu%gl%e%t chglﬁl(lf% glgﬁ%%se havi ng
a path fromtearbk of probiling all &f thése fahictions diffichlt RePedfpalive STR&NAGEFP! € to a
respective output line of the plurality of output l'ines; and

an out of bdechniqwas thet help daerkasedhbsteqnigedisiz¢ eftbe ovtpat packktemodulo parsbe d

plurality of input_lines to nultiple output |ines. 2. The packet
switch as se"FU‘f‘g‘?ﬂFﬁC i"‘ﬂ claim1, wherein:
5 In the system shown in FIG. 5, each of the output packet modules is designed

to support sixty-four input links and sixteen output links. This size is directly related
to the number of crossbar switches used in the distribution network 14A, because each
output packet module must have exactly one link routed to it from each of the crossbar
switches in the distribution network 14A. The number of outputs emanating from the

10 output packet module is always 1/F times the number of inputs to the output packet
module, where F is the fanout provided by the distribution network 14A. The fanout F
is four in the distribution network shown in FIG. 5.

The ATM switch architecture of the present invention which is based on out-
of-band control techniques permits the use of global information with regard to the

15 status of the switching fabric 14A in many different ways. Likewise, the manner in
which paths for arriving ATM cells are rapidly routed within the sections of the pipe
hunter also provide opportunities for several features that would probably be very
difficult in an architecture based on in-band/self-routing control techniques.
Multicasting is one of these features.

20 Multicasting is defined for ATM as the ability of an ATM switch to route a
single input ATM cell to multiple output ports. Multicasting is an important feature
for applications that require a single source to transmit to many destinations. On
common application of this feature would in the distribution of video traffic from a
video server in a CATV head-end office to all of the homes that are tuned to a

25  particular television show. The multicasting feature may also be useful for the
distribution of an e-mail message from a user on a single computer to users on many
spatially distributed computers in a telecommuting environment. Although the
protocols and signaling formats required for multicast routing have not yet been
clearly defined by the ATM standards committees, it is likely that the ATM protocol

30  inthe future will require the user to set up a connection to all of the output ports using
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each of said input interfaces has a store for storing a packet; and

'said out-of-band controller rolls a request for a path for the packet which
was unable to find an unbl ocked path through a first pipe to an input of a
pi pe controller of a second pipe and thespacket is stored in said input
interface while the controller is hunting an unbl ocked path to a respective

out put i ne f QeciaPyP1/MEIHARSE thBBFHES to a linked list containing all of the desired
output ports.
Referring now to FIG. 15, multicasting according to the present invention is
illustrated. For The task of multicasting is divided into two parts: the distribution
5 network 14A provides multicasting among the output packet modules 164-16,5, and
each of the output packet modules 16y-16,5 provides multicasting between its input
and output ports. As a result, the output packet modules 164-16;5 (which may
implement multicasting using a cell copying technique) only need to make a few
copies of the ATM cell arriving at one of its inputs. The distribution network 14A can
10 easily provide the multicast function between any of the input line cards 17,-17,55 and
each output packet module involved in the multicast. FIG. 15 shows an ATM cell
being multicast from line card 17, to output packet modules 16y, 16; and 16,5 to
output lines 0, 1, 120 and 240. If the request vector generated by the line card has
more than one bit set to a logic "1", then the pipe hunter 20 will automatically attempt

15 to route the ATM cell to multiple output packet modules (without requiring any
changes to the previously described hardware). The ATM cell will simply flow from
line card 17, through more than one path through the distribution network 14A, so no
copying of the cell by the line card(s) is required. As for the output packet modules
164-16,5, if multicasting within an output packet module is required, as it is in output

20 packet module 16, in FIG. 15, then the output packet module must either copy the
packet into multiple places in a receiving buffer for delivery to the output lines, or the
method of operating the output packet modules during multicasting must access the
stored cell multiple times. Thué, with almost no extra hardware, the ATM switch 10A
can multicast ATM cells.

25 Muiticasting that causes one packet from one input line or a group of packets
from a group of input lines to be transferred to all or nearly all of the output lines of
the output packet modules 164-16,5 could have a very significant effect on cell loss
probabilities if the total data bandwidth through the switch system 10A is not
controlled by input limitations. Such input limitations are understood in the art but

30 not shown in the figures as they are beyond the scope of this invention. It can be

appreciated that if one input cell is allowed to use all output lines during one cell
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35 3. The packet switch as set forth in claim1, wherein:

each of said input interfaces has a store for storing a packet; and

said out-of-band controller rolls a request for a path for the packet which
was unable to find an unbl ocked path thrgggh a first pipe and a second pipe
to an input of a pipe controller of a third pipe and the packet is stored

1 sai d | DUerioal @iy Bertio i the ofhBeinG OleRlrdhar 31 Peribd ish @8 neRLAGkAGY PAL D

to a respective output line for ea ticast pac
packet swit cwilbkavedo comend forrwielt & laft.] Sinndietigrisrhave shown the switch 10&aschavef sai d
I nput interface?qhas fostore for storing a packet; an said

out - of - band YERIFBLeLfoss 8¥qb§b‘ém%§l§@§{1'ml8ﬁcaét fﬁ%cqlbfrrafﬁﬁe Fpne fily logdedh was
unabl'e to finganWRBLA%K B PRtk QAR Bost LicthnRiP R mE R HaPY Pfp-2nd @

5 12, and this cell loss probability decreases rapidly as the input line occupancy is
decreased from 100 per cent. During multicasting, with the input packets limited to
not exceed the output bandwidth of switch system 10A, the switch system 10A should
provide a cell blocking probability that is as good or better than the blocking
probability it provides during non-multicasting use. The reason for this is that during

10 mulﬁcasting there are fewer paths required through the distribution network 14A since
copying is provided as necessary at the output packet modules 164-16s.

While the invention has been particularly illustrated and described with
reference to preferred embodiments thereof, it will be understood by those skilled in
the art that various changes in form, details, and applications may be made therein.

15  For example, more than four pipes may be used in the switch fabric requiring

modifications to the controller.
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third pipe to an input of a pipe controller of a fourth pipe and the--packet-

'is stored in said input interface while the controller is hunting_an Replaced
unbl ocked path to a respective output line for each nult Toashe en ek

5. A controller for a packet swtchshaving a switch fa M‘Hl“
plurality of pipes with each pipe having a plurality of cro

for locatinglagmgd urality of paths for a multicast data packet, conprising:
a plurality of pipe hunting controllers, with each of said pipe hunting

controllers contt.ol | |Ag)aaket€ssxmehtfmn/smt¢hm patkatafrdmpdtieast oreyof@fpliraRgSof
each of said pipe hunting controllers having a plurality of crossbar swtch

cont ol | o1 Sipil s 498 B EARS YRlurdtin G cifpiRL e having a respectve

crossbar sw ch contr y of storage neans for
storing busy-or-idle st ; each of said plurality of
storage means is asso%PMW@?!@“&‘W@%%F#@%’#&%MP“@M&“@Iﬁm oA | er of
sai d pl urallty of crossbar switch controllers and stores a respective

5  respective input line of said plurality of input lines, and each of said input interfaces

having an output port;
a network for switching a plurality of I input ports to a plurality of P
output ports;
each of said plurality of input interface output ports is fanned out to a
10 respective group of F of said I input ports of said network
said network having a plurality of C pipes, where C is an integer of a
value equal to P/T;
a plurality of output modules, said output modules together having a
plurality of inputs, each of said output module inputs connected to respective output
15 portof s'aid plurality of P output ports, and together having a plurality of outputs, each
of said output module outputs connected to a respective output line of said plurality of
output lines;
each pipe of said C pipes having a path from each of the plurality of
inputs lines that is connectable to a respective output line of the plurality of output
20 lines; and
an out of band controller multicasting at least one packet from said

plurality of input lines to multiple output lines.
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2. The packet switch as set forth in claim 1, wherein:
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sai d busy- or-| es concurrently with a multicast request
(umm“ troller for a packet switch as set forth in
claimb5, wherei | busy-or-idle status tables has a plurality of

busy-or-idle status bits W|th each 35

vector.
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means for accessing each of

each of said input interfaces has a store for storing a packet; and

said out-of-band controller rolls a request for a path for the packet

which was unable to find an unblocked path through a first pipe to an input of a pipe

controller of a second pipe and the packet is stored in said input interface while the

5  controller is hunting an unblocked path to a respective output line for each multicast

packet.

3. The packet switch as set forth in claim 1, wherein:

each of said input interfaces has a store for storing a packet; and

said out-of-band controller rolls a request for a path for the packet

10 which was unable to find an unblocked path through both a first pipe and a second

pipe to an input of a pipe controller of a third pipe and the packet is stored in said

input interface while the controller is hunting an unblocked path to a respective output

line for each multicast packet.

4, The packet switch as set forth in claim 1, wherein:

15 each of said input interfaces has a store for storing a packet; and

said out-of-band controller rolls a request for a path for the 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 and the packet is stored in

said input interface while the controller is hunting an unblocked path to a respective

20 output line for each multicast packet.

5. A controller for a packet switch for locating a plurality of paths for a

multicast data packet, comprising:

R A0 1
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busy or-idle statﬁ%é?iebt%rgee giedg to a busy-or-idle status of a

respective output o e crossbar swtch. 7. The
controller for apa&!\ umn set forth in claim®6, wherein each of

sai d crosshar switc rocess3e=6sT its plurality of busy-or-idle
status bits concurrently. he controller for a packet sw tch

as set forth in claim or - s..stored in
= respectve out put cé’??mwéef‘*igéﬁ?’g%p%ﬁﬁ#g% it RefhdetBeRiebar b “or
its respective crosshar swt The controller for a packet
switch as s@?t"feGFtﬂPF%‘}?t@lfab%@d%élﬂ@%méé@h&out put control | er processes
one busy-or-idle bit for controlling its respective output for each packet

processing tine cycl esaid memory riéhns is divided irt® b Ipiralit9lof BuHackidle stidul ch
having a switch fabric having plurality of pipes with each pipe having a

plurality Oftab?és?ééd)ar switches for locating nultiple

5 ' means for accessing each of said plurality of busy-or-idle status tables
concurrently for locating a path to each output module to which a destination output
line is connected for each multicast data packet.

6. A controller for a packet switch having a switch fabric having a
plurality of pipes with each pipe having a plurality of crossbar switches for locating a
10  plurality of paths for a multicast data packet, comprising:
a plurality of pipe hunting controllers, with each of said pipe hunting
controllers controlling a respective pipe of said plurality of pipes;
each of said pipe hunting controllers having a plurality of crossbar
switch controllers, with each crossbar switch of a pipe having a respective crossbar
15 switch controller;
a plurality of storage means for storing busy-or-idle tables;
each of said plurality of storage means is associated with a respective
crossbar switch controller of said plurality of crossbar switch controllers and stores a
respective busy-or-idle table therefor; and
20 means for accessing each of said busy-or-idle status tables concurrently
with a multicast request vector.
7. The controller for a packet switch as set forth in claim 6, wherein each

of said busy-or-idle tables has a plurality of busy-or-idle status bits with each busy-or-
This is the replacement shee
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pat hs for each m‘g H & s@e% eI ec%rmunr cation packet, conprising: a
"plurality of pipe ? ers, with each of said pipe hunting
controllers contr lr tive pipe of said plurality of pipes;

each of said pi pe IIers ha 4ng a plurality of crossbar swtch
controllers, wth each crossbar swi tch o a pi pe being controlled by its
respective iare rage nmeans
for stori ng%ﬁ?ﬁ?l%ﬁ%&gt atﬂ% %)"Fsg or-idle status &gggﬂk@wi%% tpcfftl}"rgal ity of
storage neans_is.associated with a rcspective crossbar switch controller of
sai d pl ural ifESPeGHY ec‘?r8§s§ sﬁtch controllers and stores a respective
busy-or-idle status table therefor; and means for accessing each of
sai d busy-or-idl 6.st atThe ¢coatroBer fooapanketswikal as set forth in wlaém & wherainheaoh sai d
storage neans conpri ses; means for storing a busy-or-idle

bi t; of said crossm%tcﬁ Q@bntrsifd Wcé@és‘itsqﬂﬁﬁéhﬁ}f of Biisg-oRidle bfaRibH]! d
storage neans; nmeans for logically operating on sard

busy- or-BdI ecortgc':&rrentlth a request bit

9. The controller for a packet switch as set forth in claim 7, wherein each
busy-or-idle status bit is stored in a respective output controller corresponding to the
respective output of its respective crossbar switch.

10.  The controller for a packet switch as set forth in claim 9, wherein each

10  output controller processes one basy-or-idle bit for controlling its respective output for
each packet processing time cycle.

11. A controller for a packet switch having a switch fabric having plurality
of pipes with each pipe having a plurality of crossbar switches for locating multiple
paths for each multicasting telecommunication packet, comprising:

15 a plurality of pipe hunting controllers, with each of said pipe hunting
controllers controlling a respective pipe of said plurality of pipes;
each of said pipe hunting controllers having a plurality of crossbar
switch controllers, with each crossbar switch of a pipe being controlled by its
respective crossbar switch controller;
20 a plurality of storage means for storing busy-or-idle tables;
each of said plurality of storags means is associated with a respective

crossbar switch controller of said plurality of crossbar switch controllers and stores a
This is the replacement sheet
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hisiSheetdas BeereBepladedg busy-or-idle bit that is stored in said storage
'mean “ out bit and a connect bit: and

UL

responsive to said connect bit of said | ogically

ng neans
means for accessing each of said busy-or-idle status tables
concurrently;
wherein each of said storage means comprises:
means for storing a busy-or-idle bit;
5 means for reading said busy-or-idle bit from said storage
means;

means for logically operating on said busy-or-idle bit with a
request bit to produce a resulting busy-or-idle bit that is stored in said storage means, a
request-out bit and a connect bit; and

10 means responsive to said connect bit of said logically operating
means for connecting a path through its respective crossbar switch if said connect bit
is set.

12.  The controller for a packet switch as set forth in claim 11, further
comprising:

15 means for forwarding said request-out bit to another of said plurality of
storage means in another pipe where said request-out bit is inputted to the respective
logical operating means of said other storage means and logically operated on with
another busy-or-idle bit to produce a resulting busy-or-idle bit, another request-out bit
and another connect bit. |

20 13.  The controller for a packet switch as set forth in claim 11, wherein said

request bits are transmitted as a request vector in parallel.
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connectlng a path through its respective cro sb r ai d connect
hit is set. 11. The controller for a ge et forth in
claim10, further conpri sing: nmeans for I d request - out

bit to another of said plurality of stor pi pe where
said request-out bit is inputted to the r spectlve | ogi cal operating neans

of said other storage ns and |logically qperate V\Ath ot her
busy-or-idle bit t8 pr(rﬁ’ﬁé’@“ﬁo & {o2 pag em‘gf}ﬁ@ps;t%pgﬂmfw% Whsrein

rcquest-out bit and another connect bit. The controller for a
packet swit clixeenodtsaitiaequesi bitscdratranshiitteduines Eiqﬂesavpdtcnr @l sixtgencitoragrymests bit s
are transmtted as a request vector in parallel. 13. The

controll er f@% acket switch as set forth in claim 10, wherein sixteen of
sai d request Pts are transmtted as a request vector to sixteen storage
nmeans in parall el

having a switch f dbric %H\?ﬂ?‘?& fgr iﬂ“&ﬁgﬁmg?aydp{? éﬁggébrh%ﬁgggeﬁggﬁt@msﬁgha
plurality of crossbar switches, and a
5  aplurality of pipes with each pipe having a plurality of crossbar switches, and a
plurality of output modules during each packet cycle period, comprising the steps of:
setting all busy-or-idle bits to idle at a beginning of each packet cycle period;
reading a plurality of busy-or-idle bits equal in number to a number of output
ports of each crossbar switch from a busy-or-idle memory of a crossbar switch
10  controller in parallel;
performing parallel pipe hunting operations based on said plurality of busy-or-
idle bits and an input multicast request vector producing an updated busy-or-idle
vector, a connect vector and an output multicast request vector;
storing said updated busy-or-idle vector into the busy-or-idle memory in
15 parallel; and
forwarding said connect vector .to a crossbar switch of said plurality of
crossbar switches to set a path from an input of said switch fabric to an output of said
switch fabric for a packet.
16.  The method of claim 15, further comprising the step of:

20 forwarding said output multicast request vector which contains any unfulfilled

requests from said input request vector to a second crossbar switch controller in

another pipe; Tris is the replacement sheet
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plurality of outgyi gestiaeBeciRépipedach packet cycle period, conprising the

steps of: se -or-idle its to idle at a beginning of
each packet cycle pBl
equal in nunber to

reading a plurality of busy-or-idle bits
out put ports of each crossbar switch from a

busy-or-idle menory of a crossbar switch 49ntroller in parall el ;
perform ng parallel pipe hunting operations based on said plurality of
busy-or- idl e bit YsiBggalduinub multiqast request veciQr s 40 inpug mutigasiyaaRashecior
updat ed busy-or-idle vector a connect vector and an output multicast
request vect for;said second Gbssbamngvitoht, d updat ed busy-or-idle vector into the
busy-or-idle nenory in parallel; and forwardi ng said connect vector

rom an i npat of e et dor Yo bic RS Ryl AR bl SO o

a packet. 15. The met hod of claim 14, further conprising the step
of : ports of each crossbar switch from a busy-or-idle memory of said second crossbar

5  switch controller in parallel;
performing parallel pipe hunting operations based on those sixteen busy-or-
idle bits and said input multicast request vector producing a second updated busy-or-
idle vector, a second connect vector and a second output multicast request vector;
storing said second updated busy-or-idle vector into the busy-or-idle memory
10 of said second crossbar switch in parallel; and
forwarding said second connect vector to a crossbar switch of said plurality of
crossbar switches to set a path from an input of said switch fabric to an output of said
switch fabric for a packet.
17. The method of claim 15, wherein said performing parallel pipe hunting
15  operations step includes the step of concurrently processing a plurality of busy-or-idle
bits by providing a plurality of link controllers within each switch controller with each
link controller processing busy-or-idle bits for a respective intermediate link between |
the switch fabric and an output module of said plurality of output modules.
18.  The method of claim 15, wherein said performing parall_el pipe hunting
20  operations step includes the step of concurrently processing sixteen busy-or-idle bits
by providing sixteen link controllers within each switch controller With each link

controller processing busy-or-idle bits for a respective intermediate link between the
switch fabric and an output module of said plurality of output modules.This is the repkcement sh
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38 forwarding said output nulticast request vector which contains
‘any unfulfilled requests fromsaid i nput request vector to a second
crossbar switch controller in another pipe; usi ng sai d out put
mul ti cast request vector as an input nul tilcast request vector

TSW V Ok~

CONTROL WITH MULTICASTING

An out-of-band controller for a large packet switch which is distributed
throughout partitions or pipes of the packet switch. Thus, the out-of-band controller is

5  divided into multiple pipe controllers. These pipe controllers are connected and
operated in a ring such that each pipe controller is with a respective fraction of the
input path requests for packets. The requests are processed concurrently and any
request that is not fulfilled in one pipe controller is offered to up to three subsequent
pipe controllers to hunt a path for the awaiting packets.
10

15
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f.or said second crossbar sw tch; "reading a plurality of busygdk{UrﬂfE’@

Bits equal in nunber to a nunber of out put pp+ts—ef—each cr"” i {Pf?:-;
froma busy-or-idle menory of said second crassb‘éﬁﬂs%ﬁﬁm ES| er S

parall el ; performing parallel pipe hu 1t S@iﬂ@k@t ;iRgged gg%d’aé
si xteen busy-or- idle bits and said i nput nu gim(ple quepsged dé o paged 2.

produci ng a second updated busy-or- id4g vec d'ﬂDrawmgts)rtcpag@ned@ paged or-
and a second output multicast request vector ElAbqtractsto:rpaggdsaJtd mgednd
updat ed busy-or-idle vector into the busy-ortidle ncnory of sai gﬁﬁr?g

crossbar switch in parallel; and forwargqﬁgﬁa eegppd
vector to a crossbar swtch of said plurality

ge

~a

path from an i nPlrimsf sald switch fabric to an output of said switch fabric
for a packet. The met hod of claim 14, wherein said performng

parallel pipe huntinl ope@eﬂaFlﬁﬁﬁ§W§'&B"|‘W§F‘H&&§3‘7{kﬁl§ feomuff lest easrRirplermlityy
processing a plgfiabidihefto Qh\% %mtgutmntef ‘B‘}APH&%-I ding a plurality of
SW ’|

link controllers thln eac trol’l er*w each
a plurality of input interfaces, each having an input port connected to a

respective input line of said plurality of input lines, and each of said input interfaces
having an output port; .

a network for switching a plurality of I input ports to a plurality of P
output ports; '

each of said plurality of input interface output ports is lanned out to a
respective group of F of said I input ports of said network;

said netwurk having a plurality of C pipes, where C is an integer of a
value equal to P/I;

o plurality of output modules, said output modules together having a
plurality of inputs, each of said output module inputs conpected to respective output
‘port of said plurality of P output ports, and together having a plurality of outputs, each
of said vutput module outputs connected to a respective output hnc of said plurality of
output lines;

cach pipe of said C pipcs having a path from each of the plurality of
inputs lines that is connectable to a respective output line of the plurality of output
lines; and

an out of band controller mulhcastmg at least one packet [rum said
plurality of input lines to multiple output lines.

2. The packet switch as sct forth in claim 1, wherein:

each of said input interfaccs has a store for storing a packet: and

said out-of-band controller rolls a request for a path for the packet
which was unable to find an unblocked path through a first pipc to an input of a pipe
controller of a second pipe and the packet is stored in said input interface while the
controller is hunting an unblocked path to a respective output line for cach multicast

packet,

This is the replacement sheet
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I|nk control |l er processing busy-or-idle bits for a respective internediate
I'i nk between the switch fabric and an output nodule of said plurality of
out put nodul es. 17 The net hod of claim 14, wherein said
perform ng parallel pipc hunting operations step includes the step of
concurrently processing sixteen busy-or-idle bits by providing sixteen |ink
controllers within each switch control3ber with each link controller
processi ng busy-or-idle bits for a respective internediate |ink between the
switch fabric an output nodule of said plurality of output nodul es.

3. ‘The packet switch as set forth in claim 1, wherein:
each of said input interfaces has a store for storing a packet; and
said out-of-band controller rolls a request for a path for the packet
which was unable to find an unblocked path through a first pipe and a second pipe to
an input of' a pipe coutroller of a third pipe and the packet is stored in said input
interface while the controller is hunting an unblocked path to a respective ourput line
for each multicast packet. '

4. The packet switch as set forth in claim 1, wherein:

each of said input interfaces has a store for storing a packet; and

said out-of-band controller rolls a request for a path for the packet
which was unable to find an unblocked path through a first pipe, a sccond pipe and a
third pipe to an input of a pipe contraller of a fourth pipe and the packet is stored in
said input interfacc while the controller is hunting an unblocked path to a respective
output line for éach multicast packet.

S A conttoller for a packet switch having a switch fabric having a
plurality of pipes with t.abh pipe having a plurality of crossbar switches for locating a
plurality of paths for a multicast data packet, comprising: ' .

a plurality of pipe hunting coatrollers, with each of said pipe hunting
controllers controlling a respective pipe of said plurality of pipes:

cach of said pipe hunting controllcrs having a plurality of crossbar switch
controllers, with each crossbar switch of a pipe having a respective crossbar switch
controller;

a plurality of storage mcans for ':tonng busy-or-ldle status tables;

each of said plurality of storage means is assoc:ated with a I‘ESPL.CH\C crossbar
swilch controller of said plurality of crossbar switch controllers and storcs a respective
busy-or-idle status tablc therefor; and '

means for accessing each of said busy-or-idle status tables concurrently with a
multicast request vector. .

6. The controller for a packet switch as sct forth in claim 3, whercin each

of said husy-or-xdle status tables has a plurahty of busy-or-idle status bits with each
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busy-or-idle status bit corresponding to a busy-or-idle status of a respective output of
its respective crossbar switch,

7. The controller for a packet switch as set forth in claim 6, wherein each
of said crossbar switch controllers processes its plurality of busy-or-idle status bits |
concurrently.

8. The controller for a packet switch as sct forth in claim 6, wherein each
busy-or-idle'stams bit is stored in a respective output controller corresponding to the
respective output of its respective crossbar switch.

9. The controller for a packet switch as set forth in claim 8, wherein each
output controller processes one busy-or-idle bit for controlling its respective output
for each pucket processing time cycle..

10. A controller for a packet switch having a switch fabric having plurality
of pipes with each pipc having a plurality of crossbar switches for locating multiple
paths t‘or'éach muiticasting teiecommunicaﬁbn packet, comprising:

a plurality of pipe mmting controllers, with each of said pipe hunting
 controllers controlling a respective pipe of said plurality of pipes;

each of said pipe hunting controllers having a plurality of cruysbar switch
controllers, with each crossbar switch of a pipe being controlled by its resiaectivc
crosshar switch controller;

a plurality of storage means for storing busy-or-idle status tables;

~ each of said plurality of storage means is associated with a respective crossbar
switch controller of said plurality of crosshar switch controllers and stores a respective
busy-or-id_lc status table therefor; and

means for accessing each of said busy-or-idlc status tables concurrently;

wherein each of said storage means comprises;

means for storing a busy-or-idle bit;

means for reading said busy-or-idle bil [rom said storage mcans;

means for logically operating on said busy-or-idlc bit with a request bit
to produce a resulting busy-or-idle bit that is stored in said storage means, a request-
out bit and a connect bit; and

104 s the revscement sheei
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mcans responsive to said connect bit 6f said logically operating means for
connecting a path through its respective crossbar switch if said connect bit is set.

1. The controller for a packet switch as set forth in claim 10, further
comprising:

means for forwarding said request-out bit to another of said plurality of storage
means in another pipe where said request-out bit is inputted to the respective lngical
operating means of said other storage means and logically operated on with another
busy-ar-idle bit to produce a resulting busy-or-idle bit, another rcﬁuest-uut bit and
another connect bit.

12, The controller for a packet switch as set (orth in claim 10, whercina
plurality of request bits ure transmitted as a Tequest vector m parallel.

13.  The controller fora packet switch as st forth in claim 10, wherein
sixteen of said request bits are transmitted as a request vector to sixtecn storage means
in parallel. .

14. A mcthod for controlling a packet switch haviny a switch fabric having
a plurality of pipes with each pipc having a plurality of crossbar switches, and a
plurality of output modules during each packet cycle period, comprising tl'.lé steps of?

sefting all busy-or-idle its 1o idle at a beginning of each packet cycle periud;

reading a plurality of busy-or-idle bits cqual in number to a number of output
ports of cach crosshar switch from a busy-or-idle memory of a crossbar switch
controller in parallel;

performing parallel pipe hunting ‘operations based on saxd plurality of busy-or-
idlc bits and an input multicast request vector producmg an updaled busy-ur-:dle
vector. 4 cunnect vector and an output multicast request vector;

storing said updared busy-or-idle vector into the busy-or-idle mumory in
parullcl; and

forwarding said connect vector to a crossbar switch of said plurality of
crussbar switches to set a path from an input of said switch fabric o an output of said
switch (abric for 2 packet.

15.  The method of claim 14, fuxthcr r.ompﬂsmg the step of:
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{urwarding said output multicast request vector which cantains any unfulfilled
requests from said input request vector to a second crossbar switch controller in
anuther pipe;

using szid output multicast request vector as an input multicast request vector
for said second crossbar switch; |

reading a plurality of busy-or-idle bits equal in number to a number of output
ports of each crossbar switch from a busy-or-idle memory of said second crossbar
switch controller in parallel; '

performing paralle] pipe hunting operations based on those sixteen busy-or-
idle bits and said input multicast request vector producing a second updated busy-or-
idle vector, a second connect vector and a second output multicast request vectar;

storing said second updated busy-or-idle vector into the busy-or-idle memory
of said secund crossbar switch in parallel; and

foi-@arding said second connect vector to a crossbar switch of said plurality of
crossbar switches to set a path from an input of said switch fabric to an outpur of said
switch fabric for a packet.

16.  The method of claim 14, wherein said performing parallel pipe hunting
operations step includcs the step of concunrently processing a plurality of busy-or-idle
bits by providing a plurality of link controllers within each switch controller with each
link controller processing busy-or-idle bits for a respective intermediate link between
the switch fabric and an output module of said plurality of output modulcs.

17 The method of claim 14, wherein said performing parallel pipc hunting
operations step includes the stcp of concurreatly processing sixteen busy-or-idie bits
hy providing sixteen link controllers within each switch controller with each link
controller processing busy-or-idlc bits for a respectivc intermediate link betwuen the

switch fabric an output module of said plurality of output modules.
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