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FULLY CONNECTED GENERALIZED MULTI-LINK MULTI-STAGE

NETWORKS

Venkat Konda

CROSS REFERENCE TO RELATED APPLICATIONS

This application is Continuation In Part PCT Application to and incorporates by

reference in its entirety the U.S. Provisional Patent Application Serial No. 60/940, 389

entitled "FULLY CONNECTED GENERALIZED REARRANGEABLY

NONBLOCKING MULTI-LINK MULTI-STAGE NETWORKS"by Venkat Konda

assigned to the same assignee as the current application, filed May 25, 2007.

This application is Continuation In Part PCT Application to and incorporates by

reference in its entirety the U.S. Provisional Patent Application Serial No. 60/940, 392

entitled "FULLY CONNECTED GENERALIZED STRICTLY NONBLOCKING

MULTI-LINK MULTI-STAGE NETWORKS"by Venkat Kondaassigned to the same

assignee as the current application, filed concurrently.

This application is Continuation In Part PCT Application to and incorporates by

reference in its entirety the U.S. Provisional Patent Application Serial No. 60/940, 391

entitled "FULLY CONNECTED GENERALIZED FOLDED MULTI-STAGE

NETWORKS"by Venkat Konda assigned to the same assignee as the current application,

filed concurrently.

This application is related to and incorporates by referencein its entirety the PCT

Application Serial No. PCT/US08/56064 entitled "FULLY CONNECTED

GENERALIZED MULTI-STAGE NETWORKS"by Venkat Kondaassigned to the same

assignee as the current application, filed March 6, 2008, the U.S. Provisional Patent

Application Serial No. 60/905,526 entitled "LARGE SCALE CROSSPOINT

REDUCTION WITH NONBLOCKING UNICAST & MULTICASTIN

ARBITRARILY LARGE MULTI-STAGE NETWORKS"by Venkat Konda assigned to
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the same assignee as the current application, filed March 6, 2007, and the U.S.

Provisional Patent Application Serial No. 60/940, 383 entitled "FULLY CONNECTED

GENERALIZED MULTI-STAGE NETWORKS"by Venkat Kondaassigned to the same

assignee as the current application, filed May 25, 2007.

This application is related to and incorporates by referencein its entirety the PCT

Application Docket No. S-0038PCT entitled "FULLY CONNECTED GENERALIZED

BUTTERFLY FAT TREE NETWORKS"by Venkat Kondaassignedto the same

assignee as the current application, filed concurrently, the U.S. Provisional Patent

Application Serial No. 60/940, 387 entitled "FULLY CONNECTED GENERALIZED

BUTTERFLY FAT TREE NETWORKS"by Venkat Kondaassigned to the same

assignee as the current application, filed May 25, 2007, and the U.S. Provisional Patent

Application Serial No. 60/940, 390 entitled "FULLY CONNECTED GENERALIZED

MULTI-LINK BUTTERFLY FAT TREE NETWORKS"by Venkat Konda assigned to

the sameassignee as the current application, filed May 25, 2007.

This application is related to and incorporates by referencein its entirety the PCT

Application Docket No. $-0045PCTentitled "VLSI LAYOUTS OF FULLY

CONNECTED GENERALIZED NETWORKS"by Venkat Kondaassigned to the same

assignee as the current application, filed concurrently, and the U.S. Provisional Patent

Application Serial No. 60/940, 394 entitled "VLSI LAYOUTS OF FULLY

CONNECTED GENERALIZED NETWORKS"by Venkat Kondaassigned to the same

assignee as the current application, filed May 25, 2007..

This application is related to and incorporates by referencein its entirety the U.S.

Provisional Patent Application Serial No. 60/984, 724 entitled "VLSI LAYOUTS OF

FULLY CONNECTED NETWORKSWITH LOCALITY EXPLOITATION"by Venkat

Kondaassigned to the same assignee as the current application, filed November 2, 2007.

This application is related to and incorporates by referencein its entirety the U.S.

Provisional Patent Application Serial No. 61/018, 494 entitled "VLSI LAYOUTS OF

FULLY CONNECTED GENERALIZED AND PYRAMID NETWORKS"by Venkat

Konda assigned to the same assigneeas the current application, filed January 1, 2008.

2.
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BACKGROUNDOF INVENTION

Clos switching network, Benes switching network, and Cantor switching network

are a network of switches configured as a multi-stage network so that fewer switching

points are necessary to implement connections betweenits inlet links (also called

"{nputs") and outlet links (also called "outputs") than would be required bya single stage

(e.g. crossbar) switch having the same numberof inputs and outputs. Clos and Benes

networksare very popularly used in digital crossconnects, switch fabrics and parallel

computer systems. However Clos and Benes networks may block someof the connection

requests.

There are generally three types of nonblocking networks: strictly nonblocking;

wide sense nonblocking; and rearrangeably nonblocking (See V.E. Benes, "Mathematical

Theory of Connecting Networks and Telephone Traffic” Academic Press, 1965 that is

incorporated by reference, as background). In a rearrangeably nonblocking network, a

connection path is guaranteed as a result of the network's ability to rearrange prior

connections as new incoming calls are received. In strictly nonblocking network, for any

connection request from an inlet link to someset of outlet links,it is always possible to

provide a connection path through the network to satisfy the request without disturbing

other existing connections, and if more than one such pathis available, any path can be

selected without being concerned aboutrealization of future potential connection

requests. In wide-sense nonblocking networks,it is also always possible to provide a

connection path through the network to satisfy the request without disturbing other

existing connections, but in this case the path used to satisfy the connection request must

be carefully selected so as to maintain the nonblocking connecting capability for future

potential connection requests.

Butterfly Networks, Banyan Networks, Batcher-Banyan Networks, Baseline

Networks, Delta Networks, Omega Networks and Flip networks have been widely

studied particularly for self routing packet switching applications. Also Benes Networks

with radix of two have been widely studied and it is known that Benes Networksofradix

two are shown to be built with back to back baseline networks which are rearrangeably

nonblocking for unicast connections.
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U.S. Patent 5,451,936 entitled “Non-blocking Broadcast Network”granted to

Yangetal. is incorporated by reference herein as background of the invention. This

patent describes a numberof well known nonblocking multi-stage switching network

designs in the background section at column 1, line 22 to column 3, 59. An article by Y.

Yang, and G.M., Massonentitled, “Non-blocking Broadcast Switching Networks” IEEE

Transactions on Computers, Vol. 40, No. 9, September 1991 that is incorporated by

reference as backgroundindicates that if the number of switches in the middle stage, m,

of a three-stage network satisfies the relation m= min((n -—1)(x4r'" )) where

1<x<min(a —1,r), the resulting network is nonblocking for multicast assignments. In

the relation, r is the number of switches in the input stage, and n is the numberofinlet

links in each input switch.

U.S. Patent 6,885,669 entitled ““Rearrangeably Nonblocking Multicast Multi-stage

Networks” by Konda showedthat three-stage Clos network is rearrangeably nonblocking

for arbitrary fan-out multicast connections when m2=2xn. And U.S.Patent 6,868,084

entitled “Strictly Nonblocking Multicast Multi-stage Networks” by Konda showedthat

three-stage Clos network is strictly nonblocking for arbitrary fan-out multicast

connections when m>3xn-1.

In general multi-stage networks for stages of more than three and radix of more

than two are not well studied. An article by Charles Clos entitled “A Study of Non-

Blocking Switching Networks” The Bell Systems Technical Journal, Volume XXXII,

Jan. 1953, No.1, pp. 406-424 showed a wayof constructing large multi-stage networks by

recursive substitution with a crosspoint complexity of d’ x Nx (log, N)’™forstrictly

nonblocking unicast network. Similarly U.S. Patent 6,885,669 entitled “Rearrangeably

Nonblocking Multicast Multi-stage Networks” by Konda showed a wayofconstructing

large multi-stage networks by recursive substitution for rearrangeably nonblocking

multicast network. An article by D. G. Cantor entitled “On Non-Blocking Switching

Networks” 1: pp. 367-377, 1972 by John Wiley and Sons, Inc., showed a way of

constructing large multi-stage networks with a crosspoint complexity of

d° xNx(log, N)° forstrictly nonblocking unicast, (by using log, N numberof Benes

Networks for d = 2) and without counting the crosspoints in multiplexers and

4.
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demultiplexers. Jonathan Turner studied the cascaded Benes Networks with radices larger

than two, for nonblocking multicast with 10 times the crosspoint complexity of that of

nonblocking unicast for a network of size N=256.

The crosspoint complexity of all these networks is prohibitively large to

implementthe interconnect for multicast connections particularly in field programmable

gate array (FPGA) devices, programmable logic devices (PLDs), field programmable

interconnect Chips (FPICs), digital crossconnects, switch fabrics and parallel computer

systems.

SUMMARYOF INVENTION

A generalized multi-link multi-stage network comprising (2x logaN )-1 stagesis

operated in strictly nonblocking mannerfor unicast includes an input stage having 7
switches with each of them having d inlet links and 2 xd outgoing links connecting to

second stage switches, an output stage having 7 switches with each of them having d
outlet links and 2xd incoming links connecting from switches in the penultimate stage.

The network also has (2x logiN)-—3 middle stages with each middle stage having -
switches, and each switch in the middle stage has 2d incoming links connecting from

the switches in its immediate preceding stage, and 2xd outgoing links connecting to the

switchesin its immediate succeeding stage. Also the same generalized multi-link multi-

stage network is operated in rearrangeably nonblocking mannerforarbitrary fan-out

multicast and each multicast connection is set up by use of at most two outgoing links

from the input stage switch.

A generalized multi-link multi-stage network comprising (2 xlogaN )-1 stagesis

operated in strictly nonblocking mannerfor multicast includes an input stage having 7
switches with each of them having d inlet links and 3x d outgoing links connecting to

5-
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second stage switches, an output stage having “ switches with each of them having d
outlet links and 3x d incoming links connecting from switches in the penultimate stage.

The network also has (2xlogaN)-—3 middle stages with each middle stage having -
switches, and each switch in the middle stage has 3x d incoming links connecting from

the switchesin its immediate preceding stage, and 3xd outgoing links connecting to the

switchesin its immediate succeedingstage.

BRIEF DESCRIPTION OF DRAWINGS

FIG, 1A is a diagram 100A of an exemplary symmetrical multi-link multi-stage

network V,miink (N,d,s) having inverse Benes connection topology of five stages with N =

8, d = 2 and s=2,strictly nonblocking network for unicast connections and rearrangeably

nonblocking network for arbitrary fan-out multicast connections, in accordance with the

invention.

FIG. 1B is a diagram 100B of an exemplary symmetrical multi-link multi-stage

network V,,,,CN,d,s) (having a connection topology built using back-to-back Omega

Networks) of five stages with N = 8, d = 2 and s=2, strictly nonblocking network for

unicast connections and rearrangeably nonblocking network for arbitrary fan-out

multicast connections, in accordance with the invention.

FIG. 1C is a diagram 100C of an exemplary symmetrical multi-link multi-stage

network V,,,,,,(N.d,s) having an exemplary connection topology of five stages with N =

8, d = 2 and s=2,strictly nonblocking network for unicast connections and rearrangeably

nonblocking network for arbitrary fan-out multicast connections, in accordance with the

invention.

FIG. 1D is a diagram 100D of an exemplary symmetrical multi-link multi-stage

network V__,,,(N,d,s) having an exemplary connection topology of five stages with N =

8, d = 2 and s=2,strictly nonblocking network for unicast connections and rearrangeably

-6-
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nonblocking network for arbitrary fan-out multicast connections, in accordance with the

invention.

FIG, 1E is a diagram 100E of an exemplary symmetrical multi-link multi-stage

network V,,,,,(NV.d,s) (having a connection topology called flip network and also known

as inverse shuffle exchange network) of five stages with N = 8, d = 2 and s=2,strictly

nonblocking network for unicast connections and rearrangeably nonblocking network for

arbitrary fan-out multicast connections, in accordance with the invention.

FIG, 1F is a diagram 100F of an exemplary symmetrical multi-link multi-stage

network V,,,,,.(N,d,s) having Baseline connection topology of five stages with N = 8, d

= 2 and s=2, strictly nonblocking network for unicast connections and rearrangeably

nonblocking network for arbitrary fan-out multicast connections, in accordance with the

invention.

FIG. 1G is a diagram 100G of an exemplary symmetrical multi-link multi-stage

network V,,,,,(N.d,s) having an exemplary connection topology offive stages with N =

8, d = 2 and s=2,strictly nonblocking network for unicast connections and rearrangeably

nonblocking network for arbitrary fan-out multicast connections, in accordance with the

invention.

FIG. 1H is a diagram 100H of an exemplary symmetrical multi-link multi-stage

network V,,,,.,(N.d,s) having an exemplary connection topology offive stages with N =

8, d = 2 and s=2,strictly nonblocking network for unicast connections and rearrangeably

nonblocking network for arbitrary fan-out multicast connections, in accordance with the

invention.

FIG, 11 is a diagram 1001 of an exemplary symmetrical multi-link multi-stage

network V,,..(N.d,s) (having a connection topology built using back-to-back Banyan

Networks or back-to-back Delta Networks or equivalently back-to-back Butterfly

networks) of five stages with N = 8, d = 2 and s=2,strictly nonblocking network for

unicast connections and rearrangeably nonblocking network for arbitrary fan-out

multicast connections, in accordance with the invention.

7-
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FIG. 1J is a diagram 100J of an exemplary symmetrical multi-link multi-stage

network V‘ning, d,8) having an exemplary connection topology of five stages with N =

8, d= 2 and s=2,strictly nonblocking network for unicast connections and rearrangeably

nonblocking network for arbitrary fan-out multicast connections, in accordance with the

invention.

FIG. 1K is a diagram 100K of a general symmetrical multi-link multi-stage

network Vaine(Nd,s) with (2xlog,N)-1 stages with s=2, strictly nonblocking

network for unicast connections and rearrangeably nonblocking networkforarbitrary fan-

out multicast connections, in accordance with the invention.

FIG. 1A1 is a diagram 100A1 of an exemplary asymmetrical multi-link multi-

stage network V,,,,(N,,N,,d,s) having inverse Benes connection topology of five

stages with N; = 8, No = p* N; = 24 where p = 3, d = 2 and s = 2,strictly nonblocking

network for unicast connections and rearrangeably nonblocking networkforarbitrary fan-

out multicast connections, in accordance with the invention.

FIG. 1B1 is a diagram 100B1 of an exemplary asymmetrical multi-link multi-

stage network V,,,,,(N,,N,,d,5) (having a connection topology built using back-to-back

Omega Networks) of five stages with Ni = 8, No = p* Ni = 24 where p= 3, d=2 ands =

2, strictly nonblocking network for unicast connections and rearrangeably nonblocking

networkfor arbitrary fan-out multicast connections, in accordance with the invention.

FIG. 1C1 is a diagram 100C1 of an exemplary asymmetrical multi-link multi-

stage network V,,,,,(N,,N,,d,s) having an exemplary connection topology of five

stages with N; = 8, No = p* N; = 24 where p = 3, d = 2 and s = 2,strictly nonblocking

network for unicast connections and rearrangeably nonblocking networkforarbitrary fan-

out multicast connections, in accordance with the invention.

FIG. 1D1 is a diagram 100D1 of an exemplary asymmetrical multi-link multi-

stage network V,,,,,(N,,N,,d,5) having an exemplary connection topology offive stages

with N; = 8, No = p* N; = 24 where p = 3, d = 2 and s = 2,strictly nonblocking network
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for unicast connections and rearrangeably nonblocking network for arbitrary fan-out

multicast connections, in accordance with the invention.

FIG, 1E1 is a diagram 100E1 of an exemplary asymmetrical multi-link multi-

stage network V,,,,,,(N,,N,.d,s) (having a connection topology called flip network and

also knownas inverse shuffle exchange network) of five stages with N; = 8, No = p* Ny

= 24 where p = 3, d = 2 and s = 2,strictly nonblocking network for unicast connections

and rearrangeably nonblocking network for arbitrary fan-out multicast connections, in

accordance with the invention.

FIG, 1F1 is a diagram 100F1 of an exemplary asymmetrical multi-link multi-stage

network V,,,,,(N,.N,,d,5) having Baseline connection topology offive stages with N; =

8, No = p* N; = 24 where p = 3, d= 2 ands = 2,strictly nonblocking network for unicast

connections and rearrangeably nonblocking network for arbitrary fan-out multicast

connections, in accordance with the invention.

FIG. 1G1 is a diagram 100G1 of an exemplary asymmetrical multi-link multi-

stage network V,ming (N»N>,d,5) having an exemplary connection topology of five

stages with N; = 8, No = p* N; = 24 where p = 3, d = 2 and s = 2,strictly nonblocking

network for unicast connections and rearrangeably nonblocking network for arbitrary fan-

out multicast connections, in accordance with the invention.

FIG. 1H1 is a diagram 100H1 of an exemplary asymmetrical multi-link multi-

stage network V,7HtingN|,N,,d,5) having an exemplary connection topology of five

stages with N; = 8, N> = p* N; = 24 where p = 3, d = 2 and s = 2,strictly nonblocking

network for unicast connections and rearrangeably nonblocking network for arbitrary fan-

out multicast connections, in accordance with the invention.

FIG, 111 is a diagram 10011 of an exemplary asymmetrical multi-link multi-stage

network V,,..(N,,N,,d,8) (having a connection topology built using back-to-back

Banyan Networksor back-to-back Delta Networks or equivalently back-to-back Butterfly

networks) of five stages with N; = 8, No = p* N; = 24 where p = 3, d = 2 ands = 2,
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strictly nonblocking network for unicast connections and rearrangeably nonblocking

networkfor arbitrary fan-out multicast connections, in accordance with the invention.

FIG, 1J1 is a diagram 100J1 of an exemplary asymmetrical multi-link multi-stage

network V,,,,,(N,,N,.d,s) having an exemplary connection topology of five stages with

N, =8, No = p* Ni = 24 where p = 3, d=2and s = 2, strictly nonblocking network for

unicast connections and rearrangeably nonblocking network for arbitrary fan-out

multicast connections, in accordance with the invention.

FIG. 1K1 is a diagram 100K1 of a general asymmetrical multi-link multi-stage

network V,,,,(N,,N,,d,s) with (2xlog, N)-1 stages with N; = p* No and s = 2,

strictly nonblocking network for unicast connections and rearrangeably nonblocking

network for arbitrary fan-out multicast connections, in accordance with the invention.

FIG, 1A2 is a diagram 100A2 of an exemplary asymmetrical multi-link multi-

stage network V,,,,.(N,,N,,d,8) having inverse Benes connection topology of five

stages with N. = 8, N; = p* No. = 24, where p = 3, d =2 and s = 2,strictly nonblocking

network for unicast connections and rearrangeably nonblocking network for arbitrary fan-

out multicast connections, in accordance with the invention.

FIG. 1B2 is a diagram 100B2 of an exemplary asymmetrical multi-link multi-

stage network V,,,,,(N,,N,,d,s) (having a connection topology built using back-to-backlin

Omega Networks) of five stages with Nz = 8, N,; = p* N.= 24, where p=3,d=2 ands

= 2, strictly nonblocking network for unicast connections and rearrangeably nonblocking

network for arbitrary fan-out multicast connections, in accordance with the invention.

FIG. 1C2 is a diagram 100C2 of an exemplary asymmetrical multi-link multi-

stage network V_,,,(N,,N,,d,s) having an exemplary connection topology of five

stages with N. = 8, N; = p* Ny = 24, where p = 3, d =2 and s = 2,strictly nonblocking

network for unicast connections and rearrangeably nonblocking network for arbitrary fan-

out multicast connections, in accordance with the invention.

-10-
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FIG, 1D2 is a diagram 100D2 of an exemplary asymmetrical multi-link multi-

stage network V__,,,,(N,,N,,d,s) having an exemplary connection topology of five stageslin

with No = 8, N; = p* No= 24, where p =3, d=2 and s = 2, strictly nonblocking network

for unicast connections and rearrangeably nonblocking network for arbitrary fan-out

multicast connections, in accordance with the invention.

FIG. 1E2 is a diagram 100E2 of an exemplary asymmetrical multi-link multi-

stage network V,,,,,,(N,,N,,d,5) (having a connection topology called flip network and

also knownas inverse shuffle exchange network) of five stages with No = 8, N; = p* No

= 24, where p = 3, d= 2 and s = 2,strictly nonblocking network for unicast connections

and rearrangeably nonblocking network for arbitrary fan-out multicast connections, in

accordance with the invention.

FIG. 1F2 is a diagram 100F2 of an exemplary asymmetrical multi-link multi-stage

network V,,,,.(N,,N>,d,5) having Baseline connection topologyof five stages with N> =

8, N; = p* No= 24, where p = 3, d = 2 and s = 2,strictly nonblocking network for

unicast connections and rearrangeably nonblocking network for arbitrary fan-out

multicast connections, in accordance with the invention.

FIG. 1G2 is a diagram 100G2 of an exemplary asymmetrical multi-link multi-

stage network V_,,,(N,,N,,d,s) having an exemplary connection topology of five

stages with N. = 8, N; = p* N= 24, where p = 3, d = 2 ands= 2,strictly nonblocking

network for unicast connections and rearrangeably nonblocking network forarbitrary fan-

out multicast connections, in accordance with the invention.

FIG. 1H2 is a diagram 100H2 of an exemplary asymmetrical multi-link multi-

stage network V__,,,(N,,N,,d,s) having an exemplary connection topology of five stageslin

with No = 8, N; = p* No= 24, where p = 3, d=2 ands = 2, strictly nonblocking network

for unicast connections and rearrangeably nonblocking network for arbitrary fan-out

multicast connections, in accordance with the invention.
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FIG, 1f2 is a diagram 10012 of an exemplary asymmetrical multi-link multi-stage

network VnineN,,N,,d,8) (having a connection topology built using back-to-back

Banyan Networks or back-to-back Delta Networks or equivalently back-to-back Butterfly

networks) of five stages with No = 8, N; = p* No = 24, where p =3,d =2 ands =2,

strictly nonblocking network for unicast connections and rearrangeably nonblocking

networkfor arbitrary fan-out multicast connections, in accordance with the invention.

FIG, 1J2 is a diagram 100J2 of an exemplary asymmetrical multi-link multi-stage

network V,,,,,(N,,N,,d,s) having an exemplary connection topology offive stages with

N2=8, Ni; = p* No= 24, where p = 3, d= 2 ands= 2,strictly nonblocking network for

unicast connections and rearrangeably nonblocking network for arbitrary fan-out

multicast connections, in accordance with the invention.

FIG. 1K2 is a diagram 100K2 of a general asymmetrical multi-link multi-stage

network V,,,,(N,,N,,d,s) with (2xlog, N)-1 stages with N. = p* N; and s = 2,

strictly nonblocking network for unicast connections and rearrangeably nonblocking

networkfor arbitrary fan-out multicast connections, in accordance with the invention.

FIG. 2A is a diagram 200A of an exemplary symmetrical folded multi-link multi-

stage network Voinine(N,d, 5) having inverse Benes connectiontopologyof five stages

with N = 8, d = 2 and s=2 with exemplary multicast connections, strictly nonblocking

network for unicast connections and rearrangeably nonblocking networkforarbitrary fan-

out multicast connections, in accordance with the invention.

FIG. 2B is a diagram 200B of a general symmetrical folded multi-link multi-stage

network Vijmine (N,d,2) with (2x logaN)-1 stages strictly nonblocking network for

unicast connections and rearrangeably nonblocking network for arbitrary fan-out

multicast connections in accordance with the invention.

FIG, 2C is a diagram 200C of an exemplary asymmetrical folded multi-link multi-

stage network V,0.ld—mlineN,,N.,d,2) having inverse Benes connection topology of five

stages with N; = 8, No = p* N, = 24 where p = 3, and d = 2 with exemplary multicast
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connections, strictly nonblocking network for unicast connections and rearrangeably

nonblocking network for arbitrary fan-out multicast connections, in accordance with the

invention.

FIG. 2D is a diagram 200D of a general asymmetrical folded multi-link multi-

stage network Voumine(Ni»N>2,d,2) with No = p* Ni and with (2xlog, N)-1 stages

strictly nonblocking network for unicast connections and rearrangeably nonblocking

networkfor arbitrary fan-out multicast connections in accordance with the invention.

FIG, 2E is a diagram 200E of an exemplary asymmetrical folded multi-link multi-

stage network V,ota-mtine (¥,,N,,d,2) having inverse Benes connection topology of five

stages with No = 8, N; = p* No= 24, where p = 3, and d = 2 with exemplary multicast

connections, strictly nonblocking network for unicast connections and rearrangeably

nonblocking network for arbitrary fan-out multicast connections, in accordance with the

invention.

FIG, 2F is a diagram 200F of a general asymmetrical folded multi-link multi-stage

network Vjfold—mlink (N,,N,,d,2) with N; = p* No and with (2xlog, N)—1 stagesstrictly

nonblocking network for unicast connections and rearrangeably nonblocking network for

arbitrary fan-out multicast connections in accordance with the invention.

FIG. 3A is a diagram 300A of an exemplary symmetrical multi-link multi-stage

network V_,,,(N,d,5) having inverse Benes connection topologyof five stages with N =

8, d= 2 and s=3, strictly nonblocking networkfor arbitrary fan-out multicast connections,

in accordance with the invention.

FIG. 3B is a diagram 300B of an exemplary symmetrical multi-link multi-stage

network V,,,,,(N,d,s5) (having a connection topology built using back-to-back Omega

Networks) of five stages with N = 8, d = 2 and s=3, strictly nonblocking network for

arbitrary fan-out multicast connections, in accordance with the invention.

FIG. 3C is a diagram 300C of an exemplary symmetrical multi-link multi-stage

network V_,,,(N,d,s) having an exemplary connection topology of five stages with N =
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8, d= 2 and s=3, strictly nonblocking networkfor arbitrary fan-out multicast connections,

in accordance with the invention.

FIG. 3D is a diagram 300D of an exemplary symmetrical multi-link multi-stage

network V,,,,,.(N.d,s) having an exemplary connection topology offive stages with N =

8, d = 2 and s=3, strictly nonblocking networkfor arbitrary fan-out multicast connections,

in accordance with the invention.

FIG, 3E is a diagram 300E of an exemplary symmetrical multi-link multi-stage

network V,_,,,(N.d,s) (having a connection topology called flip network and also known

as inverse shuffle exchange network) of five stages with N = 8, d = 2 ands=3,strictly

nonblocking network for arbitrary fan-out multicast connections, in accordance with the

invention.

FIG, 3F is a diagram 300F of an exemplary symmetrical multi-link multi-stage

network V,,,,,,(N,d,5) having Baseline connection topology of five stages with N = 8, d

= 2 and s=3, strictly nonblocking network for arbitrary fan-out multicast connections, in

accordance with the invention.

FIG. 3G is a diagram 300G of an exemplary symmetrical multi-link multi-stage

network V,,,,(N.d,s) having an exemplary connection topology of five stages with N =

8, d = 2 and s=3, strictly nonblocking networkfor arbitrary fan-out multicast connections,

in accordance with the invention.

FIG. 3H is a diagram 300H of an exemplary symmetrical multi-link multi-stage

network V“nine (N.d,8) having an exemplary connection topology of five stages with N =

8, d = 2 and s=3, strictly nonblocking networkfor arbitrary fan-out multicast connections,

in accordance with the invention.

FIG. 3I is a diagram 3001 of an exemplary symmetrical multi-link multi-stage

network Vmiink (N,d,s) (having a connection topology built using back-to-back Banyan

Networks or back-to-back Delta Networks or equivalently back-to-back Butterfly
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networks) of five stages with N = 8, d = 2 and s=3, strictly nonblocking network for

arbitrary fan-out multicast connections, in accordance with the invention.

FIG, 3J is a diagram 300J of an exemplary symmetrical multi-link multi-stage

network V,,,,,.(N.d,s) having an exemplary connection topology offive stages with N =

8, d = 2 and s=3, strictly nonblocking networkfor arbitrary fan-out multicast connections,

in accordance with the invention.

FIG. 3K is a diagram 300K of a general symmetrical multi-link multi-stage

network V,,,,(N.d,s) with (2xlog,N)-1 stages with s=3, strictly nonblockingmn.

networkfor arbitrary fan-out multicast connections, in accordance with the invention.

FIG. 3A1 is a diagram 300A1 of an exemplary asymmetrical multi-link multi-

stage network V,,,,,(N,,N,,d,5) having inverse Benes connection topology of five

stages with N; = 8, No = p* N; = 24 where p = 3, d = 2 and s=3, strictly nonblocking

network for arbitrary fan-out multicast connections, in accordance with the invention.

FIG, 3B1 is a diagram 300B1 of an exemplary asymmetrical multi-link multi-

stage network V_,,,,(N,,N,,d,s) (having a connection topology built using back-to-back

Omega Networks) of five stages with N; = 8, No = p* N; = 24 where p = 3, d = 2 and

s=3, strictly nonblocking networkfor arbitrary fan-out multicast connections.

FIG. 3C1 is a diagram 300C1 of an exemplary asymmetrical multi-link multi-

stage network V,,,,,.(N,,N,,d,s) having an exemplary connection topology of five

stages with N; = 8, No = p* Nj = 24 where p = 3, d = 2 and s=3, strictly nonblocking

networkfor arbitrary fan-out multicast connections, in accordance with the invention.

FIG. 3D1 is a diagram 300D1 of an exemplary asymmetrical multi-link multi-

stage network V,_,,,,(N,,N,,d,s5) having an exemplary connection topology offive stages

with N; = 8, No = p* N; = 24 where p = 3, d = 2 and s=3, strictly nonblocking network

for arbitrary fan-out multicast connections, in accordance with the invention.
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FIG, 3E1 is a diagram 300E1 of an exemplary asymmetrical multi-link multi-

stage network V_,,,(N,,N,,d,s) (having a connection topology called flip network andlin.

also knownas inverse shuffle exchange network) of five stages with N; = 8, No = p* N;

= 24 where p = 3, d = 2 and s=3, strictly nonblocking network for arbitrary fan-out

multicast connections, in accordance with the invention.

FIG. 3F1 is a diagram 300F1 of an exemplary asymmetrical multi-link multi-stage

network V.‘nin (N,»N>,d,5) having Baseline connection topology of five stages with N; =

8, No =p* N; = 24 where p = 3, d= 2 and s=3, strictly nonblocking network for arbitrary

fan-out multicast connections, in accordance with the invention.

FIG. 3G1 is a diagram 300G1 of an exemplary asymmetrical multi-link multi-

stage network V,,,,,(N,,N,,d,s) having an exemplary connection topology of five

stages with N; = 8, No = p* Ni = 24 where p = 3, d = 2 and s=3, strictly nonblocking

networkfor arbitrary fan-out multicast connections, in accordance with the invention.

FIG. 3H1 is a diagram 300H1 of an exemplary asymmetrical multi-link multi-

stage network V_,,,(N,,N,,d,s) having an exemplary connection topology of five

stages with N; = 8, No = p* Ni = 24 where p = 3, d = 2 and s=3, strictly nonblocking

network for arbitrary fan-out multicast connections, in accordance with the invention.

FIG. 311 is a diagram 30011 of an exemplary asymmetrical multi-link multi-stage

network V_,,(N,,N>.d,s) (having a connection topology built using back-to-back

Banyan Networksor back-to-back Delta Networks or equivalently back-to-back Butterfly

networks)of five stages with N; = 8, No = p* N; = 24 where p = 3, d =2 and s3, strictly

nonblocking network for arbitrary fan-out multicast connections, in accordance with the

invention.

FIG. 3J1 is a diagram 300J1 of an exemplary asymmetrical multi-link multi-stage

network V_,,,(N,,N,,d,s) having an exemplary connection topology of five stages with

Ni = 8, No = p* N; = 24 where p = 3, d = 2 and s=3, strictly nonblocking network for

arbitrary fan-out multicast connections, in accordance with the invention.
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FIG, 3K1 is a diagram 300K1 of a general asymmetrical multi-link multi-stage

network Vmiin.(N,,N,,d,s) with (2xlog, N)-1 stages with N; = p* Np ands=3,strictly

nonblocking network for arbitrary fan-out multicast connections, in accordance with the

invention.

FIG. 3A2 is a diagram 300A2 of an exemplary asymmetrical multi-link multi-

stage network V,,,,(N,,N,,d,s) having inverse Benes connection topology of five

stages with No = 8, N; = p* No = 24, where p = 3, d = 2 and s=3, strictly nonblocking

networkfor arbitrary fan-out multicast connections, in accordance with the invention.

FIG. 3B2 is a diagram 300B2 of an exemplary asymmetrical multi-link multi-

stage network V,,,,,(N,,N,,d,5) (having a connection topology built using back-to-back

Omega Networks) of five stages with N. = 8, N; = p* No= 24, where p = 3, d= 2 and

s=3, strictly nonblocking network for arbitrary fan-out multicast connections, in

accordance with the invention.

FIG. 3C2 is a diagram 300C2 of an exemplary asymmetrical multi-link multi-

stage network V_,,,(N,,N,,d,s) having an exemplary connection topology of five

stages with No = 8, Ni = p* No= 24, where p = 3, d = 2 and s=3,strictly nonblocking

network for arbitrary fan-out multicast connections, in accordance with the invention.

FIG. 3D2 is a diagram 300D2 of an exemplary asymmetrical multi-link multi-

stage network V_,,,(N,,N.,,d,s) having an exemplary connection topologyof five stages

with No = 8, Ni = p* No= 24, where p = 3, d = 2 and s=3, strictly nonblocking network

for arbitrary fan-out multicast connections, in accordance with the invention.

FIG. 3E2 is a diagram 300E2 of an exemplary asymmetrical multi-link multi-

stage network V,,,,,,(N,,N.,.d,s8) (having a connection topology called flip network and

also knownas inverse shuffle exchange network) of five stages with No = 8, N; = p* No

= 24, where p = 3, d = 2 and s=3, strictly nonblocking network for arbitrary fan-out

multicast connections, in accordance with the invention.
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FIG, 3F2 is a diagram 300F2 of an exemplary asymmetrical multi-link multi-stage

network V“atine N,»N>,d,5) having Baseline connection topology of five stages with N> =

8, N; = p* No = 24, where p = 3, d = 2 and s=3, strictly nonblocking network for

arbitrary fan-out multicast connections, in accordance with the invention.

FIG. 3G2 is a diagram 300G2 of an exemplary asymmetrical multi-link multi-

stage network V,,,,,(N,,N,,d,s5) having an exemplary connection topology of five

stages with No = 8, Nj = p* No = 24, where p = 3, d = 2 and s=3, strictly nonblocking

networkfor arbitrary fan-out multicast connections, in accordance with the invention.

FIG. 3H2 is a diagram 300H2 of an exemplary asymmetrical multi-link multi-

stage network V,_,,,,(N,,N,,d,s5) having an exemplary connection topology offive stages

with N. = 8, N; = p* No. = 24, where p = 3, d = 2 and s=3, strictly nonblocking network

for arbitrary fan-out multicast connections, in accordance with the invention.

FIG. 312 is a diagram 30012 of an exemplary asymmetrical multi-link multi-stage

network V,_,,,,(N,,N>.d,s) (having a connection topology built using back-to-back

Banyan Networks or back-to-back Delta Networks or equivalently back-to-back Butterfly

networks) of five stages with Nz = 8, Ni = p* No = 24, where p = 3, d = 2 and s=3,

strictly nonblocking network for arbitrary fan-out multicast connections, in accordance

with the invention.

FIG, 3J2 is a diagram 300J2 of an exemplary asymmetrical multi-link multi-stage

network V_,,,(N,,N,,d,s) having an exemplary connection topology offive stages with

Nz = 8, Ni = p* No= 24, where p = 3, d = 2 and s=3, strictly nonblocking network for

arbitrary fan-out multicast connections, in accordance with the invention.

FIG. 3K2 is a diagram 300K2 of a general asymmetrical multi-link multi-stage

network V,,..(N,,N,,d,8) with (2xlog, N)-1 stages with No = p* N; and s=3, strictly

nonblocking network for arbitrary fan-out multicast connections, in accordance with the

invention.

-18-



Page 25 of 369

10

15

20

25

Page 25 of 369

$-0039 PCT

FIG. 4A is a diagram 400A of an exemplary symmetrical folded multi-stage

network V,,,,(N,d,s) having inverse Benes connectiontopologyof five stages with N =

8, d = 2 and s=2 with exemplary multicast connections, strictly nonblocking network for

unicast connections and rearrangeably nonblocking network for arbitrary fan-out

multicast connections, in accordance with the invention.

FIG. 4A1 is a diagram 400A1 of an exemplary symmetrical folded multi-stage

network V,,,,(N,d,2) having Omega connection topologyoffive stages with N = 8, d=

2 and s=2 with exemplary multicast connections, strictly nonblocking network for unicast

connections and rearrangeably nonblocking network for arbitrary fan-out multicast

connections, in accordance with the invention.

FIG. 4A2 is a diagram 400A2 of an exemplary symmetrical folded multi-stage

network V,,,,(N,d,2) having nearest neighbor connection topology of five stages with N

= 8, d = 2 and s=2 with exemplary multicast connections, strictly nonblocking network

for unicast connections and rearrangeably nonblocking network for arbitrary fan-out

multicast connections, in accordance with the invention.

FIG. 4B is a diagram 400B of a general symmetrical folded multi-stage network

Vig (N.d,2) with (2x logaN)-1 stages strictly nonblocking network for unicast

connections and rearrangeably nonblocking network for arbitrary fan-out multicast

connectionsin accordance with the invention.

FIG. 4C is a diagram 400C of an exemplary asymmetrical folded multi-stage

network Vpola (N,,N,,d,2) having inverse Benes connection topology of five stages with

N, = 8, Nz = p* N; = 24 where p = 3, and d = 2 with exemplary multicast connections,

strictly nonblocking network for unicast connections and rearrangeably nonblocking

network for arbitrary fan-out multicast connections, in accordance with the invention.

FIG, 4C1 is a diagram 400C1 of an exemplary asymmetrical folded multi-stage

network V,,,(N,,N,,d,2) having Omega connection topology of five stages with N; =

8, N> = p* N; = 24 where p = 3, andd= 2 with exemplary multicast connections,strictly
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nonblocking network for unicast connections and rearrangeably nonblocking network for

arbitrary fan-out multicast connections, in accordance with the invention.

FIG, 4C2 is a diagram 400C2 of an exemplary asymmetrical folded multi-stage

network V,,;(N,,N,.,d,2) having nearest neighbor connection topology of five stages

with N; = 8, No = p* N; = 24 where p = 3, and d = 2 with exemplary multicast

connections, strictly nonblocking network for unicast connections and rearrangeably

nonblocking network for arbitrary fan-out multicast connections, in accordance with the

invention.

FIG. 4D is a diagram 400D of a general asymmetrical folded multi-stage network

Via (N;,N,,d,2) with No = p* Ni and with (2xlog, N)-1 stages strictly nonblocking

network for unicast connections and rearrangeably nonblocking network forarbitrary fan-

out multicast connections in accordance with the invention.

FIG. 4E is a diagram 400E of an exemplary asymmetrical folded multi-stage

network V;,,,(N,,N,,d,2) having inverse Benes connection topologyof five stages with

N>2=8, N; = p* No= 24, where p = 3, and d = 2 with exemplary multicast connections,

strictly nonblocking network for unicast connections and rearrangeably nonblocking

networkfor arbitrary fan-out multicast connections, in accordance with the invention.

FIG. 4E1 is a diagram 400E1 of an exemplary asymmetrical folded multi-stage

network V;,,,(N,,N,,d,2) having Omega connection topology of five stages with N=

8 Ni = p* No= 24, where p = 3, and d = 2 with exemplary multicast connections,

strictly nonblocking network for unicast connections and rearrangeably nonblocking

network for arbitrary fan-out multicast connections, in accordance with the invention.

FIG. 4E2 is a diagram 400E2 of an exemplary asymmetrical folded multi-stage

network V,,,,(N,,N,,d,2) having nearest neighbor connection topology of five stages

with No = 8, Ni = p* No = 24, where p = 3, and d = 2 with exemplary multicast

connections, strictly nonblocking network for unicast connections and rearrangeably
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nonblocking network for arbitrary fan-out multicast connections, in accordance with the

invention.

FIG. 4F is a diagram 400F of a general asymmetrical folded multi-stage network

Vioa(N,,N>.d,2) with Ni = p* No and with (2xlog, N)-1 stagesstrictly nonblocking

network for unicast connections and rearrangeably nonblocking network for arbitrary fan-

out multicast connections in accordance with the invention.

FIG. 5A is a diagram SOOA of an exemplary symmetrical folded multi-stage

network V,,,,(N,d,s) having inverse Benes connection topology of five stages with N =

8, d= 2 and s=1 with exemplary unicast connections rearrangeably nonblocking network

for unicast connections, in accordance with the invention.

FIG. 5B is a diagram 500B of a general symmetrical folded multi-stage network

Vio (N,d1) with (2xlog, N)-1 stages rearrangeably nonblocking network for unicast

connections in accordance with the invention.

FIG. 5C is a diagram 500C of an exemplary asymmetrical folded multi-stage

network V,,,,(N,,N,,d,l) having inverse Benes connection topologyoffive stages with

N, = 8, No = p* Ni = 24 where p = 3, and d = 2 with exemplary unicast connections

rearrangeably nonblocking network for unicast connections, in accordance with the

invention.

FIG. 5D is a diagram 500D of a general asymmetrical folded multi-stage network

Vio (N;,N,,d,)) with No = p* N; and with (2xlog, N)-1 stages rearrangeably

nonblocking network for unicast connections in accordance with the invention.

FIG. 5E is a diagram SOOE of an exemplary asymmetrical folded multi-stage

network V,,,,(N,,N,,d,1) having inverse Benes connection topologyoffive stages with

No = 8, N; = p* No = 24, where p = 3, and d = 2 with exemplary unicast connections

rearrangeably nonblocking network for unicast connections, in accordance with the

invention.
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FIG, 5F is a diagram 500F of a general asymmetrical folded multi-stage network

Vio (N,.N>,d,1) with N; = p* No and with (2xlog, N)-1 stages rearrangeably

nonblocking network for unicast connections in accordance with the invention.

FIG. 6A is a diagram 600A of an exemplary symmetrical multi-stage network

V(N,d,s) having inverse Benes connection topology of five stages with N = 8, d= 2 and

s = 1, rearrangeably nonblocking network for unicast connections, in accordance with the

invention.

FIG. 6B is a diagram 600B of an exemplary symmetrical multi-stage network

V(N,d,s) (having a connection topology built using back-to-back Omega Networks) of

five stages with N = 8, d = 2 and s = 1, rearrangeably nonblocking network for unicast

connections.

FIG. 6C is a diagram 600C of an exemplary symmetrical multi-stage network

V(N,d,s) having an exemplary connection topology of five stages with N = 8, d = 2 and

s=1, rearrangeably nonblocking network for unicast connections, in accordance with the

invention.

FIG. 6D is a diagram 600D of an exemplary symmetrical multi-stage network

V(N,d,s) having an exemplary connection topology of five stages with N = 8, d = 2 and

s = 1, rearrangeably nonblocking network for unicast connections, in accordance with the

invention.

FIG. 6E is a diagram 600E of an exemplary symmetrical multi-stage network

V(N,d,s) (having a connection topology called flip network and also Known as inverse

shuffle exchange network) of five stages with N = 8, d = 2 and s = 1, rearrangeably

nonblocking network for unicast connections.

FIG. 6F is a diagram 600F of an exemplary symmetrical multi-stage network

V(N,d,s) having Baseline connection topology of five stages with N = 8, d = 2 ands =

1, rearrangeably nonblocking network for unicast connections.
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FIG. 6G is a diagram 600G of an exemplary symmetrical multi-stage network

V(N,d,s) having an exemplary connection topology of five stages with N = 8, d = 2 and

s = 1, rearrangeably nonblocking network for unicast connections, in accordance with the

invention.

FIG. 6H is a diagram 600H of an exemplary symmetrical multi-stage network

V(N,d,s) having an exemplary connection topology of five stages with N = 8, d = 2 and

s = 1, rearrangeably nonblocking network for unicast connections, in accordance with the

invention.

FIG. 6I is a diagram 600I of an exemplary symmetrical multi-stage network

V(N,d,s) (having a connection topology built using back-to-back Banyan Networks or

back-to-back Delta Networks or equivalently back-to-back Butterfly networks) of five

stages with N = 8, d = 2 and s = 1, rearrangeably nonblocking network for unicast

connections.

FIG. 6J is a diagram 600J of an exemplary symmetrical multi-stage network

V(N,d,s) having an exemplary connection topology offive stages with N = 8, d = 2 and

s = 1, rearrangeably nonblocking network for unicast connections.

FIG. 6K is a diagram 600K of a general symmetrical multi-stage network

V(N,d,s) with (2xlogaN)-1 stages with s = 1, rearrangeably nonblocking network for

unicast connections in accordance with the invention.

FIG, 6A1 is a diagram 600A1 of an exemplary asymmetrical multi-stage network

V(N,,N,,d,s) having inverse Benes connection topologyof five stages with N; = 8, No

= p* N; = 24 where p = 3, d=2and s = 1, rearrangeably nonblocking network for unicast

connections, in accordance with the invention.

FIG. 6B1 is a diagram 600B1 of an exemplary asymmetrical multi-stage network

V(N,,N,,d,s) (having a connection topology built using back-to-back Omega

Networks) of five stages with N; = 8, No = p* N; = 24 where p = 3, d= 2 ands = 1,

rearrangeably nonblocking network for unicast connections.
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FIG, 6C1 is a diagram 600C1 of an exemplary asymmetrical multi-stage network

V(N,,N,,d,s) having an exemplary connection topologyof five stages with N; = 8, N2

= p* N; = 24 where p = 3, d= 2 and s = 1, rearrangeably nonblocking network for unicast

connections, in accordance with the invention.

FIG, 6D1 is a diagram 600D1 of an exemplary asymmetrical multi-stage network

V(N,,.N,,d,s) having an exemplary connection topology of five stages with N; = 8, No

= p* N; = 24 where p = 3, d= 2 and s = 1, rearrangeably nonblocking network for unicast

connections, in accordance with the invention.

FIG, 6E1 is a diagram 600E1 of an exemplary asymmetrical multi-stage network

V(N,,N,,d,s) (having a connection topology called flip network and also known as

inverse shuffle exchange network) of five stages with N; = 8, No = p* Ni = 24 where p =

3, d=2 and s = 1, rearrangeably nonblocking network for unicast connections.

FIG. 6F1 is a diagram 600F1 of an exemplary asymmetrical multi-stage network

V(N,,N.,d,s) having Baseline connection topology of five stages with N; = 8, N2 = p*

N, = 24 where p = 3, d = 2 ands = 1, rearrangeably nonblocking network for unicast

connections.

FIG. 6G1 is a diagram 600G1 of an exemplary asymmetrical multi-stage network

V(N,,N,,d,s) having an exemplary connection topology of five stages with N; = 8, No

= p* N; = 24 where p = 3, d= 2 and s = 1, rearrangeably nonblocking network for unicast

connections, in accordance with the invention.

FIG. 6H1 is a diagram 600H1 of an exemplary asymmetrical multi-stage network

V(N,,N.,d,s) having an exemplary connection topology of five stages with N; = 8, No

= p* N; = 24 where p = 3, d= 2 and s = 1, rearrangeably nonblocking network for unicast

connections, in accordance with the invention.

FIG, 611 is a diagram 60011 of an exemplary asymmetrical multi-stage network

V(N,,N.,d,s) (having a connection topology built using back-to-back Banyan Networks

or back-to-back Delta Networks or equivalently back-to-back Butterfly networks) of five
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stages with N; = 8, No = p* N; = 24 where p = 3, d = 2 and s = 1, rearrangeably

nonblocking network for unicast connections.

FIG. 6J1 is a diagram 600J1 of an exemplary asymmetrical multi-stage network

V(N,,N,.d,s) having an exemplary connection topology offive stages with N; = 8, No

= p* N; = 24 where p = 3, d =2 and s = 1, rearrangeably nonblocking network for unicast

connections.

FIG. 6K1 is a diagram 600K1 of a general asymmetrical multi-stage network

V(N,,N,,d,s) with (2xlog, N)-1 stages with N; = p* N> and s = 1, rearrangeably

nonblocking network for unicast connections in accordance with the invention.

FIG, 6A2 is a diagram 600A2 of an exemplary asymmetrical multi-stage network

V(N,,N.,d,s) having inverse Benes connection topology of five stages with No = 8, Ni

= p* No = 24, where p = 3, d = 2 and s = 1, rearrangeably nonblocking network for

unicast connections, in accordance with the invention.

FIG. 6B2 is a diagram 600B2 of an exemplary asymmetrical multi-stage network

V(N,,N,,d,s) (having a connection topology built using back-to-back Omega

Networks) of five stages with N2 = 8, N; = p* No= 24, where p = 3,d=2 ands = 1,

rearrangeably nonblocking network for unicast connections.

FIG, 6C2 is a diagram 600C2 of an exemplary asymmetrical multi-stage network

V(N,,N.,d,s) having an exemplary connection topologyof five stages with No = 8, Ni

= p* No = 24, where p = 3, d = 2 and s = 1, rearrangeably nonblocking network for

unicast connections, in accordance with the invention.

FIG, 6D2 is a diagram 600D2 of an exemplary asymmetrical multi-stage network

V(N,,N.,d,s) having an exemplary connection topology of five stages with No = 8, Ni

= p* No = 24, where p = 3, d = 2 and s = 1, rearrangeably nonblocking network for

unicast connections, in accordance with the invention.
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FIG, 6E2 is a diagram 600E2 of an exemplary asymmetrical multi-stage network

V(N,,N,,d,s) (having a connection topology called flip network and also known as

inverse shuffle exchange network) of five stages with No = 8, N,; = p* No= 24, where p

=3,d=2 ands=1, rearrangeably nonblocking network for unicast connections.

FIG, 6F2 is a diagram 600F2 of an exemplary asymmetrical multi-stage network

V(N,,N,,d,s) having Baseline connection topology of five stages with No = 8, Ni = p*

N2 = 24, where p = 3, d= 2 ands = 1, rearrangeably nonblocking network for unicast

connections.

FIG. 6G2 is a diagram 600G2 of an exemplary asymmetrical multi-stage network

V(N,,N,,d,s) having an exemplary connection topology of five stages with Nz = 8, N;

= p* No = 24, where p = 3, d = 2 and s = 1, rearrangeably nonblocking network for

unicast connections, in accordance with the invention.

FIG. 6H2 is a diagram 600H2 of an exemplary asymmetrical multi-stage network

V(N,,N.,d,s) having an exemplary connection topology of five stages with No = 8, Ni

= p* No = 24, where p = 3, d = 2 and s = 1, rearrangeably nonblocking network for

unicast connections, in accordance with the invention.

FIG. 612 is a diagram 600I2 of an exemplary asymmetrical multi-stage network

V(N,,N,,d,s) (having a connection topology built using back-to-back Banyan Networks

or back-to-back Delta Networks or equivalently back-to-back Butterfly networks) of five

stages with No = 8, N; = p* No = 24, where p = 3, d = 2 and s = 1, rearrangeably

nonblocking network for unicast connections.

FIG, 6J2 is a diagram 600J2 of an exemplary asymmetrical multi-stage network

V(N,,N.,d,s) having an exemplary connection topology of five stages with No = 8, Ni

= p* No = 24, where p = 3, d = 2 and s = 1, rearrangeably nonblocking network for

unicast connections.
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FIG. 6K2 is a diagram 600K2 of a general asymmetrical multi-stage network

V(N,,N,,d,s) with (2xlog, N)-1 stages with No = p* N; and s = 1, rearrangeably

nonblocking network for unicast connections in accordance with the invention.

FIG. 7A is high-level flowchart of a scheduling method according to the

invention, used to set up the multicast connections in all the networks disclosed in this

invention.

FIG. 8A1 is a diagram 800A1 of an exemplary prior art implementation of a two

by two switch; FIG, 8A2 is a diagram 800A2 for programmable integrated circuit prior

art implementation of the diagram 800A1 of FIG. 8A1; FIG. 8A3 is a diagram 800A3 for

one-time programmable integrated circuit prior art implementation of the diagram 800A1

of FIG. 8A1; FIG. 8A4 is a diagram 800A4 for integrated circuit placement and route

implementation of the diagram 800A1 of FIG. 8A1.

DETAILED DESCRIPTION OF THE INVENTION

The present invention is concerned with the design and operation of large scale

crosspoint reduction using arbitrarily large multi-link multi-stage switching networks for

broadcast, unicast and multicast connections. Particularly multi-link multi-stage networks

with stages more than three and radices greater than or equal to two offer large scale

crosspoint reduction when configured with optimallinks as disclosed in this invention.

Whena transmitting device simultaneously sends information to more than one

receiving device, the one-to-many connection required between the transmitting device

and the receiving devices is called a multicast connection. A set of multicast connections

is referred to as a multicast assignment. When a transmitting device sends information to

one receiving device, the one-to-one connection required between the transmitting device

and the receiving device is called unicast connection. When a transmitting device

simultaneously sends information to all the available receiving devices, the one-to-all

connection required between the transmitting device and the receiving devicesis called a

broadcast connection.
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In general, a multicast connection is meant to be one-to-many connection, which

includes unicast and broadcast connections. A multicast assignmentin a switching

network is nonblocking if any of the available inlet links can always be connected to any

of the available outlet links.

In certain multi-link multi-stage networks, folded multi-link multi-stage networks,

and folded multi-stage networks of the type described herein, any connection request of

arbitrary fan-out, i.e. from an inletlink to an outlet link or to a set of outlet links of the

network, can be satisfied without blocking if necessary by rearranging someof the

previous connection requests. In certain other multi-link multi-stage networks of the type

described herein, any connection request of arbitrary fan-out,i.e. from an inletlink to an

outlet link or to a set of outlet links of the network, can be satisfied without blocking with

never needing to rearrange any of the previous connection requests.

In certain multi-link multi-stage networks, folded multi-link multi-stage networks,

and folded multi-stage networks of the type described herein, any connection request of

unicast from an inlet link to an outlet link of the network, can be satisfied without

blocking if necessary by rearranging some of the previous connection requests. In certain

other multi-link multi-stage networks of the type described herein, any connection request

of unicast from an inlet link to an outlet link of the network, can be satisfied without

blocking with never needing to rearrange any of the previous connection requests.

Nonblocking configurations for other types of networks with numerous

connection topologies and scheduling methodsare disclosed as follows:

1) Strictly and rearrangeably nonblocking for arbitrary fan-out multicast and

unicast for generalized multi-stage networks V(N,,N.,.d,s) with numerous connection

topologies and the scheduling methods are described in detail in the PCT Application

Serial No. PCT/US08/56064 that is incorporated by reference above.

2) Strictly and rearrangeably nonblockingfor arbitrary fan-out multicast and

unicast for generalized butterfly fat tree networks V,,(N,,N.,,d,s) with numerous

connection topologies and the scheduling methods are described in detail in U.S.
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Provisional Patent Application Serial No. 60/940, 387 that is incorporated by reference

above.

3) Strictly and rearrangeably nonblocking for arbitrary fan-out multicast and

unicast for generalized multi-link butterfly fat tree networks Vi,¢(N,.N2,d,5) with

numerous connection topologies and the scheduling methods are described in detail in

U.S. Provisional Patent Application Serial No. 60/940, 390 that is incorporated by

reference above.

4) VLSI layouts of generalized multi-stage networks V(N,,N,,d,5), generalized

folded multi-stage networks V,.,(N,,N,,d,5), generalized butterfly fat tree networks

Vi,(N,,N,,d,5), generalized multi-link multi-stage networks V,,,,,,(N,,N,,d,5),

generalized folded multi-link multi-stage networks Vj.i4 mniine (N1,N>,d,5), generalized

multi-link butterfly fat tree networks V,,j,.4,(N,,N.,d,5), and generalized hypercube

networks V,_,,(V,,N,,d,s) for s = 1,2,3 or any numberin general, are described in

detail in U.S. Provisional Patent Application Serial No. 60/940, 394 that is incorporated

by reference above.

5) VLSI layouts of numerous types of multi-stage networks with locality

exploitation are described in U.S. Provisional Patent Application Serial No. 60/984, 724

that is incorporated by reference above.

6) VLSI layouts of numerous types of multistage pyramid networks are described

in U.S. Provisional Patent Application Serial No. 61/018, 494 that is incorporated by

reference above.

RNB MULTI-LINK MULTI-STAGE EMBODIMENTS:

Symmetric RNB Embodiments:

Referring to FIG. 1A, in one embodiment, an exemplary symmetrical multi-link

multi-stage network 100A with five stages of twenty switchesfor satisfying
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communication requests, such as setting up a telephone call or a data call, or a connection

between configurable logic blocks, between an input stage 110 and output stage 120 via

middle stages 130, 140, and 150 is shown where input stage 110 consists of four, two by

four switches [S1-IS4 and output stage 120 consists of four, four by two switches OS1-

OS4. Andall the middle stages namely middle stage 130 consists of four, four by four

switches MS(1,1) - MS(1,4), middle stage 140 consists of four, four by four switches

MS(2,1) - MS(2,4), and middle stage 150 consists of four, four by four switches MS(3,1)

- MS(3,4).

Such a network can be operated in strictly non-blocking mannerfor unicast

connections, because the switches in the input stage 110 are of size two by four, the

switches in output stage 120 are of size four by two, and there are four switches in each

of middle stage 130, middle stage 140 and middle stage 150. Such a network can be

operated in rearrangeably non-blocking manner for multicast connections, because the

switches in the input stage 110 are of size two by four, the switches in output stage 120

are of size four by two,and there are four switches in each of middle stage 130, middle

stage 140 and middle stage 150.

In one embodiment of this network each of the input switches I$1-I$4 and output

switches O$1-OS4are crossbar switches. The number of switches of input stage 110 and

of output stage 120 can be denoted in general with the variable = , where N is the total
numberofinlet links or outlet links. The number of middle switches in each middle stage

is denoted by = . The size of each input switch IS1-I$4 can be denoted in general with
the notation d *2d and each output switch OS1-OS4can be denoted in general with the

notation 2d *d. Likewise, the size of each switch in any of the middle stages can be

denoted as 2d «2d. A switch as used herein can be either a crossbar switch, ora

network of switches each of which in turn may be a crossbar switch or a network of

switches. A symmetric multi-link multi-stage network can be represented with the

notation V,,,,,,(N,d,s5), where N represents the total numberofinletlinks of all input

switches (for example the links IL1-IL8), d represents the inlet links of each input switch
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or outlet links of each output switch, and s is the ratio of numberof outgoing links from

each input switch to the inlet links of each input switch, Althoughit is not necessary that

there be the same numberofinlet links IL1-IL8 as there are outlet links OL1-OL8,in a

symmetrical network they are the same.

Eachof the - input switches IS1 —IS4 are connected to exactly 2xd switches
in middle stage 130 through 2xd links (for example input switch IS1 is connected to

middle switch MS(1,1) through the links ML(1,1), ML(1,2), and also to middle switch

MS(1,2) through the links ML(1,3) and ML(1,4)).

Eachof the - middle switches MS(1,1) — MS(1,4) in the middle stage 130 are
connected from exactly d input switches through 2d_links (for example the links

ML(,1) and ML(1,2) are connected to the middle switch MS(1,1) from input switch IS1,

and the links ML(1,7) and ML(1,8) are connected to the middle switch MS(1,1) from

input switch IS?) and also are connected to exactly d switches in middle stage 140

through 2xd links (for example the links ML(2,1) and ML(,2) are connected from

middle switch MS(1,1) to middle switch MS(Q,1), and the links ML(2,3) and ML(2,4)are

connected from middle switch MS(1,1) to middle switch MS(2,3)).

Similarly each of the = middle switches MS(2,1) — MS(2,4) in the middle stage
140 are connected from exactly d switches in middle stage 130 through 2x d_ links (for

example the links ML(2,1) and ML(2,2) are connected to the middle switch MS(2,1) from

middle switch MS(1,1), and the links ML(2,11) and ML(@,12) are connected to the

middle switch MS(2,1) from middle switch MS(1,3)) and also are connected to exactly d

switches in middle stage 150 through 2 xd links (for example the links ML(3,1) and

ML(3,2) are connected from middle switch MS(2,1) to middle switch MS(3,1), and the

links ML(3,3) and ML(3,4) are connected from middle switch MS(2,1) to middle switch

MS@,3)).
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Similarly each of the : middle switches MS(3,1) — MS(3,4) in the middle stage
150 are connected from exactly d switches in middle stage 140 through 2xd_links (for

example the links ML(3,1) and ML(3,2) are connected to the middle switch MS(3,1) from

middle switch MS(2,1), and the links ML(3,11) and ML(3,12) are connected to the

middle switch MS(3,1) from middle switch MS(2,3)) and also are connected to exactly d

output switches in output stage 120 through 2 xd links (for example the links ML(4,1)

and ML(4,2) are connected to output switch OS1 from Middle switch MS(3,1), and the

links ML(4,3) and ML(4,4) are connected to output switch OS2 from middle switch

MS@G,1)).

Eachof the ~ output switches OS1 — OS4 are connected from exactly 2xd
switches in middle stage 150 through 2xd links (for example output switch OS1 is

connected from middle switch MS(3,1) through the links ML(4,1) and ML(4,2), and

output switch OS1 is also connected from middle switch MS(3,2) through the links

ML(4,7) and ML(4,8)).

Finally the connection topology of the network 100A shown in FIG. 1A is known

to be back to back inverse Benes connection topology.

Referring to FIG, 1B, in another embodiment of network V,,,,,(N.d,5), an

exemplary symmetrical multi-link multi-stage network 100B with five stages of twenty

switches for satisfying communication requests, such as setting up a telephonecall ora

data call, or a connection between configurable logic blocks, between an input stage 110

and output stage 120 via middle stages 130, 140, and 150 is shown whereinput stage 110

consists of four, two byfour switches IS1-IS4 and output stage 120 consists of four, four

by two switches OS1-O0S4. And all the middle stages namely middle stage 130 consists of

four, four by four switches MS(1.1) - MS(1,4), middle stage 140 consists of four, four by

four switches MS(2,1) - MS(2,4), and middle stage 150 consists of four, four by four

switches MS(3,1) - MS(3,4).
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Such a network can be operated in strictly non-blocking mannerfor unicast

connections, because the switches in the input stage 110 are of size two by four, the

switches in output stage 120 are of size four by two, and there are four switches in each

of middle stage 130, middle stage 140 and middle stage 150. Such a network can be

operated in rearrangeably non-blocking manner for multicast connections, because the

switches in the input stage 110 are of size two by four, the switches in output stage 120

are of size four by two, and there are four switches in each of middle stage 130, middle

stage 140 and middle stage 150.

In one embodimentof this network each of the input switches IS1-IS4 and output

switches OS1-OS4are crossbar switches. The numberof switches of input stage 110 and

of output stage 120 can be denoted in general with the variable - , where AN isthetotal
numberofinlet links or outlet links. The number of middle switches in each middle stage

is denoted by = . The size of each input switch IS1-IS4 can be denoted in general with
the notation d *2d and each output switch OS1-O%S4 can be denoted in general with the

notation 2d *d. Likewise, the size of each switch in any of the middle stages can be

denoted as 2d *2d . A switch as used herein can be either a crossbar switch, ora

network of switches each of which in turn maybe a crossbar switch or a network of

switches. The symmetric multi-link multi-stage network of FIG. 1B is also the network of

the type V,,,,.,(N.d,s), where N represents the total number ofinlet links of all input

switches (for example the links IL1-IL8), d represents the inlet links of each input switch

or outlet links of each output switch, and s is the ratio of number of outgoing links from

each input switch to the inlet links of each input switch. Althoughit is not necessary that

there be the same numberofinlet links IL1-IL8 asthere are outlet links OL1-OL8, in a

symmetrical network they are the same.

Eachof the “ input switches IS1 — IS4 are connected to exactly 2xd switches
in middle stage 130 through 2xd links (for example input switch IS1 is connected to

middle switch MS(1,1) through the links ML(1,1), ML(1,2), and also to middle switch

MS(1,2) through the links ML(1,3) and ML(1,4)).
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Each of the “ middle switches MS(1,1) — MS(1,4) in the middle stage 130 are
connected from exactly d input switches through 2xd links (for example the links

ML(1,1) and ML(1,2) are connected to the middle switch MS(1,1) from input switch IS1,

and the links ML(1,9) and ML(1,10) are connected to the middle switch MS(1,1) from

input switch IS3) and also are connected to exactly d switches in middle stage 140

through 2xd links (for example the links ML(2,1) and ML(2,2) are connected from

middle switch MS(1,1) to middle switch MS(2,1), and the links ML(2,3) and ML(2,4) are

connected from middle switch MS(1,1) to middle switch MS(2,2)).

Similarly each of the = middle switches MS(2,1) — MS(2,4) in the middle stage
140 are connected from exactly d switches in middle stage 130 through 2xd_links (for

example the links ML(2,1) and ML(2,2) are connected to the middle switch MS(2,1) from

middle switch MS(1,1), and the links ML(2,9) and ML(2,10) are connected to the middle

switch MS(2,1) from middle switch MS(1,3)) and also are connected to exactly d

switches in middle stage 150 through 2x qd links (for example the links ML(3,1) and

ML(3,2) are connected from middle switch MS(2,1) to middle switch MS(3,1), and the

links ML(3,3) and ML(3,4) are connected from middle switch MS(2,1) to middle switch

MS@G,2)).

Similarly each of the = middle switches MS(3,1) — MS(3,4) in the middle stage
150 are connected from exactly d switches in middle stage 140 through 2xd_links (for

example the links ML(3,1) and ML(3,2) are connected to the middle switch MS(3,1) from

middle switch MS(2,1), and the links ML(3,9) and ML(3,10) are connected to the middle

switch MS(3,1) from middle switch MS(2,3)) and also are connected to exactly d output

switches in output stage 120 through 2xd links (for example the links ML(4,1) and

ML(4,2) are connected to output switch OS1 from Middle switch MS(3,1), and the links

ML(4,3) and ML(4,4) are connected to output switch OS2 from middle switch MS(3,1)).
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Eachof the “ output switches OS1 — OS4 are connected from exactly 2x d
switches in middle stage 150 through 2xd links (for example output switch OS1 is

connected from middle switch MS(3,1) through the links ML(4,1) and ML(4,2), and

output switch OS1 is also connected from middle switch MS(3,3) through the links

ML(4,9) and ML(4,10)).

Finally the connection topology of the network 100B shown in FIG. 1B is known

to be back to back Omega connection topology.

Referring to FIG. 1C, in another embodiment of network V,,,,,,(N,d,s), an

exemplary symmetrical multi-link multi-stage network 100C with five stages of twenty

switches for satisfying communication requests, such as setting up a telephonecall or a

data call, or a connection between configurable logic blocks, between an input stage 110

and output stage 120 via middle stages 130, 140, and 150 is shown where input stage 110

consists of four, two by four switches IS1-[IS4 and output stage 120 consists of four, four

by two switches OS1-OS4. Andall the middle stages namely middle stage 130 consists of

four, four by four switches MS(1.1) - MS(1,4), middle stage 140 consists of four, four by

four switches MS(2,1) - MS(,4), and middle stage 150 consists of four, four by four

switches MS(3,1) - MS(,4).

Such a network can be operated in strictly non-blocking mannerfor unicast

connections, because the switches in the input stage 110 are of size two by four, the

switches in output stage 120 are of size four by two, and there are four switches in each

of middle stage 130, middle stage 140 and middle stage 150. Such a network can be

operated in rearrangeably non-blocking manner for multicast connections, because the

switches in the input stage 110 are of size two by four, the switches in output stage 120

are of size four by two,and there are four switches in each of middle stage 130, middle

stage 140 and middle stage 150.

In one embodimentof this network each of the input switches IS1-IS4 and output

switches O$1-OS4 are crossbar switches. The number of switches of input stage 110 and
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of output stage 120 can be denoted in general with the variable - , where A isthetotal
numberofinlet links or outlet links. The number of middle switches in each middle stage

is denoted by ot . The size of each input switch IS1-IS4 can be denoted in general with
the notation d*2d and each output switch OS1-OS4 can be denoted in general with the

notation 2d *d. Likewise, the size of each switch in any of the middle stages can be

denoted as 2d *2d . A switch as used herein can be either a crossbar switch, or a

network of switches each of which in turn maybe a crossbar switch or a network of

switches. The symmetric multi-link multi-stage network of FIG. 1C is also the network

of the type V‘ningNV, d,S), Where N represents the total numberofinlet links of all input

switches (for example the links IL1-IL8), d represents the inlet links of each input switch

or outlet links of each output switch, and s is the ratio of numberof outgoing links from

each input switch to the inlet links of each input switch. Althoughit is not necessary that

there be the same numberof inlet links IL1-IL8 asthere are outlet links OL1-OL8,in a

symmetrical network they are the same.

Eachof the = input switches IS] — [$4 are connected to exactly 2xd switches
in middle stage 130 through 2xd links (for example input switch IS1 is connected to

middle switch MS(1,1) through the links ML(1,1), ML(1,2), and also to middle switch

MS(1,2) through the links ML(1,3) and ML(1,4)).

Eachof the ~ middle switches MS(1,1) — MS(1,4) in the middle stage 130 are
connected from exactly d input switches through 2xd links (for example the links

ML(1,1) and ML(1,2) are connected to the middle switch MS(1,1) from input switch IS1,

and the links ML(1,15) and ML(1,16) are connected to the middle switch MS(1,1) from

input switch IS4) and also are connected to exactly d switches in middle stage 140

through 2d links (for example the links ML(2,1) and ML(2,2) are connected from

middle switch MS(1,1) to middle switch MS(2,1), and the links ML(2,3) and ML(2,4) are

connected from middle switch MS(1,1) to middle switch MS(2,2)).
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Similarly each of the : middle switches MS(2,1) —- MS(2,4) in the middle stage
140 are connected from exactly d switches in middle stage 130 through 2xd_links (for

example the links ML(2,1) and ML(2,2) are connected to the middle switch MS(2,1) from

middle switch MS(1,1), and the links ML(2,15) and ML(2,16) are connected to the

middle switch MS(2,1) from middle switch MS(1,4)) and also are connected to exactly d

switches in middle stage 150 through 2xd links (for example the links ML(3,1) and

ML(3,2) are connected from middle switch MS(2,1) to middle switch MS(3,1), and the

links ML(3,3) and ML(3,4) are connected from middle switch MS(2,1) to middle switch

MS@,2)).

Similarly each of the = middle switches MS(3,1) — MS(3,4) in the middle stage
150 are connected from exactly d switches in middle stage 140 through 2xd_links (for

example the links ML(3,1) and ML(3,2) are connected to the middle switch MS(3,1) from

middle switch MS(2,1), and the links ML(3,15) and ML(3,16) are connected to the

middle switch MS(3,1) from middle switch MS(2,4)) and also are connected to exactly d

output switches in output stage 120 through 2 xd_links (for example the links ML(4,1)

and ML(4,2) are connected to output switch OS1 from middle switch MS(3,1), and the

links ML(4,3) and ML(4,4) are connected to output switch OS2 from middle switch

MS@G,1)).

Eachof the N output switches OS1 —- OS4 are connected from exactly 2xd

switches in middle stage 150 through 2xd links (for example output switch OS1 is

connected from middle switch MS(3,1) through the links ML(4,1) and ML(4,2), and

output switch OS1 is also connected from middle switch MS(3,4) throughthe links

ML(4,15) and ML(4,16)).

Finally the connection topology of the network 100C shownin FIG. 1C is

hereinafter called nearest neighbor connection topology.

Similar to network 100A of FIG. 1A, 100B of FIG. 1B, and 100C of FIG. 1C,

referring to FIG. 1D, FIG. 1E, FIG. 1F, FIG. 1G, FIG. 1H, FIG. 11 and FIG. 1J with
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exemplary symmetrical multi-link multi-stage networks 100D, 100E, 100F, 100G, 100H,

1001, and 100J respectively with five stages of twenty switchesfor satisfying

communication requests, such as setting up a telephone call or a data call, or a connection

between configurable logic blocks, between an input stage 110 and output stage 120 via

middle stages 130, 140, and 150 is shown whereinput stage 110 consists of four, two by

four switches IS1-IS4 and output stage 120 consists of four, four by two switches OS1-

OS4. Andall the middle stages namely middle stage 130 consists of four, four by four

switches MS(1,1) - MS(1,4), middle stage 140 consists of four, four by four switches

MS(2,1) - MS(2,4), and middle stage 150 consists of four, four by four switches MS(3,1)

- MS(3,4).

Such networks can also be operated in strictly non-blocking mannerfor unicast

connections, because the switches in the input stage 110 are of size two by four, the

switches in output stage 120 are of size four by two, and there are four switches in each

of middle stage 130, middle stage 140 and middle stage 150. Such a network can be

operated in rearrangeably non-blocking mannerfor multicast connections, because the

switches in the input stage 110 are of size two by four, the switches in output stage 120

are of size four by two,and there are four switches in each of middle stage 130, middle

stage 140 and middle stage 150.

The networks 100D, 100E, 100F, 100G, 100H, 100I and 100J of FIG. 1D, FIG.

1E, FIG. 1F, FIG. 1G, FIG. 1H, FIG. 11, and FIG. 1J are also embodiments of symmetric

multi-link multi-stage network can be represented with the notation V,,,,,,(N.d,5), where

N represents the total numberofinlet links of all input switches (for example the links

ILI-IL8), d represents the inlet links of each input switch or outlet links of each output

switch, and s is the ratio of number of outgoing links from each input switch to the inlet

links of each input switch. Althoughit is not necessary that there be the same numberof

inlet links IL1-IL8 as there are outlet links OL1-OL8, in a symmetrical network they are

the same.

Just like networks of 100A,100B and 100C,for all the networks 100D, 100E,

100F, 100G, 100H, 100I and 100J of FIG. 1D, FIG. 1E, FIG. 1F, FIG. 1G, FIG. 1H, FIG.
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II, and FIG. 1J, each of the . input switches IS1 —IS4 are connected to exactly 2xd
switches in middle stage 130 through 2xd links.

Each of the - middle switches MS(1,1) — MS(1,4) in the middle stage 130 are
connected from exactly d input switches through 2d links and also are connected to

exactly d switches in middle stage 140 through 2xd links.

Similarly each of the - middle switches MS(2,1) — MS(2,4) in the middle stage
140 are connected from exactly d switches in middle stage 130 through 2xd links and

also are connected to exactly d switches in middle stage 150 through 2 xd links.

Similarly each of the = middle switches MS(3,1) — MS(3,4) in the middle stage
150 are connected from exactly d switches in middle stage 140 through 2xd links and

also are connected to exactly d output switches in output stage 120 through 2xd links.

Eachof the = output switches OS1 — OS4 are connected from exactly 2xd
switches in middle stage 150 through 2xdlinks.

In all the ten embodiments of FIG. 1A to FIG. 1J the connection topologyis

different. That is the way the links ML(1,1) - ML(1,16), ML@,1) - ML(2,16), ML(3,1) -

ML(3,16), and ML(4,1) - ML(4,16) are connected between the respective stages is

different. Even though only ten embodimentsare illustrated, in general, the network

VtineN, d,5) Can comprise anyarbitrary type of connection topology. For example the

connection topology of the network V,,,,,,(V,d,s) may be back to back Benes networks,

Delta Networks and many more combinations. The applicant notes that the fundamental

property of a valid connection topologyof the V,,,,,,(V,d,s) network is, when no

connections are setup from any inputlink all the output links should be reachable. Based

on this property numerous embodimentsof the network V,,,,,,(N,d,s) can be built. The
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ten embodiments of FIG, 1A to FIG. 1J are only three examples of network

Vlink (N, d, s) ‘

In all the ten embodiments of FIG. 1A to FIG. 1J, each of the links ML(1,1) —

ML(1,16), ML@,1) — ML(2,16), MLG,1) — ML(3,16) and ML(4,1) — ML(4,16) are

either available for use by a new connection or not available if currently used by an

existing connection. The input switches IS1-IS4 are also referred to as the network input

ports. The input stage 110 is often referred to as the first stage. The output switches

OS1-OS4are also referred to as the network output ports. The output stage 120 is often

referred to as the last stage. The middle stage switches MS(1,1) - MS(1,4), MS(2,1) -—

MS(,4), and MS(3,1) — MS(3,4) are referred to as middle switches or middle ports.

In the example illustrated in FIG. 1A (or in FIGIB to FIG. 1J), a fan-out of fouris

possible to satisfy a multicast connection request if input switch is [S2, but only two

switches in middle stage 130 will be used. Similarly, although a fan-out of three is

possible for a multicast connection request if the input switch is IS1, again only a fan-out

of two is used. The specific middle switches that are chosen in middle stage 130 when

selecting a fan-out of twois irrelevant so long as at most two middle switches are selected

to ensure that the connection request is satisfied. In essence, limiting the fan-out from

input switch to no more than two middle switches permits the network 100A (or 100B to

100J), to be operated in rearrangeably nonblocking mannerin accordance with the

invention.

The connection request of the type described above can be unicast connection

request, a multicast connection request or a broadcast connection request, depending on

the example. In case of a unicast connection request, a fan-out of one is used, i.e. a single

middle stage switch in middle stage 130 is used to satisfy the request. Moreover,

although in the above-described embodimenta limit of two has been placed on the fan-

out into the middle stage switches in middle stage 130, the limit can be greater depending

on the number of middle stage switches in a network (while maintaining the

rearrangeably nonblocking nature of operation of the network for multicast connections).

Howeveranyarbitrary fan-out may be used within any of the middle stage switches and

the output stage switches to satisfy the connection request.
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Generalized Symmetric RNB Embodiments:

Network 100K of FIG. 1K is an example of general symmetrical multi-link multi-

stage networkV,,,,,,(N.d,s) with (2xlog, N)—1stages. The general symmetrical multi-

link multi-stage network V,,,,,,(N,d,5) can be operated in rearrangeably nonblocking

mannerfor multicast when s 22 according to the current invention. Also the general

symmetrical multi-link multi-stage network V,,,,,,(N,d,5) can be operatedin strictly

nonblocking mannerfor unicast if s = 2 according to the current invention. (And in the

example of FIG. 1K, s = 2). The general symmetrical multi-link multi-stage network

Vovine(N. d,s) with (2xlog, N)—1stages has d inletlinks for each of input switches

IS1-ISCN/d) (for example the links IL1-IL(d) to the input switch IS1) and 2xd outgoing

links for each of = input switches IS1-IS(N/d) (for example the links ML(1,1) -

ML(1,2d) to the input switch IS1). There are d outlet links for each of - outputa

switches OS1-OS(N/d) (for example the links OL1-OL(d) to the output switch OS1) and

2xd incoming links for each of - output switches OS1-OS(N/d) (for
example ML(2 x Log ,N —2,1)- ML(2x Log ,N —2,2Xd) to the output switch OS1).p Sa Sa Pp

Eachof the = input switches IS1 — IS(N/d) are connected to exactly d switches
in middle stage 130 through 2xd links.

Each of the - middle switches MS(1,1) - MS(1,N/d) in the middle stage 130 are
connected from exactly d input switches through 2xd_links and also are connected to

exactly d switches in middle stage 140 through 2xd links.

Similarly each of the - middle switches MS(Log,N —-1,1l) - MS(Log,N - La)
in the middle stage 130+10*(Log,N—2) are connected from exactly d switches in
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middle stage 130+10*(Log,N —3) through 2xd links and also are connected to

exactly d switches in middle stage 130+10* (Log ,N —1) through 2xd links.

Similarly each of the = middle switches MS(2x Log,N —3,]) -

MS(2x Log ,N - 35) in the middle stage 130+10*(2* Log,N —4) are connected from
exactly d switches in middle stage 130+10*(2* Log ,N —5) through 2xd links and

also are connected to exactly d output switches in output stage 120 through 2d links.

Eachof the ~ output switches OS1 — OS(N/d) are connected from exactly d
switches in middle stage 130+10*(2* Log,N —4) through 2xd links.

Asdescribed before, again the connection topology of a general V,,,,,, (N.d.5)

may be any one of the connection topologies. For example the connection topology of the

network V,,,,,,(N,d,s) maybe back to back inverse Benes networks, back to back

Omega networks, back to back Benes networks, Delta Networks and many more

combinations. The applicant notes that the fundamental property of a valid connection

topology of the general V,,,,,(N.d,s) network is, when no connections are setup fromlink

any input link if any output link should be reachable. Based on this property numerous

embodiments of the network V,,,,,(N,d,s5) can be built. The embodiments of FIG. 1A to

FIG. 1J are ten examples of networkV,,,,,,(N.d,5) .link

The general symmetrical multi-link multi-stage network V,,,,,.(N,d,s) can be

operated in rearrangeably nonblocking mannerfor multicast when s = 2 according to the

current invention. Also the general symmetrical multi-link multi-stage network

Vwine (N.d,S) can be operatedin strictly nonblocking mannerfor unicast if

s 2 2 according to the current invention.

Every switch in the multi-link multi-stage networks discussed herein has multicast

capability. Ina V_,,,(N.d,s) network, if a networkinlet link is to be connected to moremiink
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than one outlet link on the same output switch, then it is only necessary for the

corresponding input switch to have one path to that output switch. This follows because

that path can be multicast within the output switch to as manyoutlet links as necessary.

Multicast assignments can therefore be described in terms of connections between input

switches and output switches. An existing connection or a new connection from an input

switch to r' output switchesis said to have fan-out r'. If all multicast assignments of a

first type, wherein anyinlet link of an input switch is to be connected in an output switch

to at most one outlet link are realizable, then multicast assignments of a second type,

wherein anyinlet link of each input switch is to be connected to more than one outlet link

in the same output switch, can also be realized. For this reason, the following discussion

wd . . . . ; _N
is limited to general multicast connectionsofthe first type (with fan-out r’, 1<r's7
although the same discussionis applicable to the secondtype.

. . . . La. N
To characterize a multicast assignment, for each inlet link i¢€ <1,2,....—;,let

I, =O, where OC {ident denote the subset of output switches to whichinlet link i
is to be connected in the multicast assignment. For example, the network of Fig. 1C

shows an exemplary five-stage network, namely V,,,,,, (8.2.2), with the following

multicast assignment 7, = {2,4}and all other I ; =@ for j = [2-8]. It should be noted that

the connection 7, fans out in thefirst stage switch IS1 into middle switches MS(1,1) and

MS(1,2) in middle stage 130, and fans out in middle switches MS(1,1) and MS(1,2) only

once into middle switches MS(2,1) and MS(2,3) respectively in middle stage 140.

The connection J, also fans out in middle switches MS(2,1) and MS(2,3) only

once into middle switches MS(3,2) and MS(3,4) respectively in middle stage 150. The

connection /, also fans out in middle switches MS(3,2) and MS(3,4) only once into

output switches OS2 and OS4in output stage 120. Finally the connection J, fans out

once in the output stage switch OS2 into outlet link OL3 andin the output stage switch

OS4 twice into the outlet links OL7 and OLS. In accordance with the invention, each
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connection can fan out in the input stage switch into at most two middle stage switches in

middle stage 130.

Asymmetric RNB (Nz > Ni) Embodiments:

Referring to FIG. 1A1, in one embodiment, an exemplary asymmetrical multi-link

multi-stage network 100A1 with five stages of twenty switchesfor satisfying

communication requests, such as setting up a telephone call or a data call, or a connection

between configurable logic blocks, between an input stage 110 and output stage 120 via

middle stages 130, 140, and 150 is shown where input stage 110 consists of four, two by

four switches [S1-I$4 and output stage 120 consists of four, eight by six switches OS1-

OS4. And all the middle stages namely middle stage 130 consists of four, four by four

switches MS(1,1) - MS(1,4), middle stage 140 consists of four, four by four switches

MS(2, 1) - MS(@,4), and middle stage 150 consists of four, four by eight switches MS(3,1)

- MS(3,4).

Such a network can be operated in strictly non-blocking mannerfor unicast

connections, because the switches in the input stage 110 are of size two by four, the

switches in output stage 120 are of size four by two, and there are four switches in each

of middle stage 130, middle stage 140 and middle stage 150. Such a network can be

operated in rearrangeably non-blocking mannerfor multicast connections, because the

switches in the input stage 110 are of size two by four, the switches in output stage 120

are of size eight by six, and there are four switches in each of middle stage 130, middle

stage 140 and middle stage 150.

In one embodimentof this network each of the input switches IS1-I$4 and output

switches O$1-OS4 are crossbar switches. The number of switches of input stage 110 and

N

of output stage 120 can be denoted in general with the variable 7 where N,is the total
numberofinlet links or and N,is the total numberofoutlet links and N, > N, and

N, = p* N, where p> 1. The number of middle switches in each middle stage is

denoted by = . The size of each input switch IS1-IS4 can be denoted in general with the
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notation d *2d and each output switch OS1-OS4 can be denoted in general with the

notation (d+d,)*d,, where d, = N,a = pXd . Thesize of each switch in any of1

the middle stages excepting the last middle stage can be denoted as 2d * 2d . The size of

each switch in the last middle stage can be denoted as 2d *(d+d,). A switch as used

herein can be either a crossbar switch, or a network of switches each of which in turn may

be a crossbar switch or a network of switches. An asymmetric multi-link multi-stage

network can be represented with the notation V,,,,,,(N,,N,,d,5), where N, represents

the total numberofinlet links of all input switches (for example the links IL1-IL8), NV,

represents the total numberof outlet links of all output switches (for example the links

OL1-OL24), d represents the inlet links of each input switch where N, > WN, , and s is

the ratio of number of outgoing links from each input switch to the inlet links of each

input switch.

Eachofthe “ input switches IS1 —IS4 are connected to exactly d switches in
middle stage 130 through 2xd links (for example input switch IS1 is connected to

middle switch MS(1,1) through the links ML(1,1), ML(1,2), and also to middle switch

MS(1,2) through the links ML(1,3) and ML(1,4)).

Each of the “ middle switches MS(1,1) — MS(1,4) in the middle stage 130 are
connected from exactly d input switches through 2xd links (for example the links

ML(1,1) and ML(1,2) are connected to the middle switch MS(1,1) from input switch IS1,

and the links ML(1,7) and ML(1,8) are connected to the middle switch MS(1,1) from

input switch IS2) and also are connected to exactly d switches in middle stage 140

through 2xd links (for example the links ML(2,1) and ML(2,2) are connected from

middle switch MS(1,1) to middle switch MS(2,1), and the links ML(2,3) and ML(2,4)are

connected from middle switch MS(1,1) to middle switch MS(,3)).
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Similarly each of the 7 middle switches MS(2,1) - MS(,4) in the middle stage
140 are connected from exactly d switches in middle stage 130 through 2x d_ links (for

example the links ML(2,1) and ML(2,2) are connected to the middle switch MS(2,1) from

middle switch MS(1,1), and the links ML(2,11) and ML(2,12) are connected to the

middle switch MS(2,1) from middle switch MS(1,3)) and also are connected to exactly d

switches in middle stage 150 through 2xd links (for example the links ML(3,1) and

ML(3,2) are connected from middle switch MS(2,1) to middle switch MS(3,1), and the

links ML(3,3) and ML(3,4) are connected from middle switch MS(2,1) to middle switch

MS(3,3)).

Similarly each of the + middle switches MS(3,1) — MS(3,4) in the middle stage
150 are connected from exactly d switches in middle stage 140 through 2xd links (for

example the links ML(3,1) and ML(3,2) are connected to the middle switch MS(3,1) from

middle switch MS(2,1), and the links ML(3,11) and ML(3,12) are connected to the

middle switch MS(3,1) from middle switch MS(2,3)) and also are connected to exactly

2

oa output switches in output stage 120 through d +d, links (for example the links
ML(4,1) and ML(4,2) are connected to output switch OS1 from Middle switch MS(3, 1);

the links ML(4,3) and ML(4,4) are connected to output switch OS2 from middle switch

MS(3,1); the links ML(4,5) and ML(4,6) are connected to output switch OS3 from

Middle switch MS(3,1); and the links ML(4,7) and ML(4,8) are connected to output

switch OS4 from middle switch MS(3,1)).

 

+d Ne 

Eachofthe = output switches OS1 —- OS4 are connected from exactly d
switches in middle stage 150 through d +d, links (for example output switch OS1 is

connected from middle switch MS(3,1) through the links ML(4,1) and ML(4,2); output

switch OS1 is also connected from middle switch MS(3,2) through the links ML(4,9) and

ML(4,10); output switch OS1 is connected from middle switch MS(3,3) through the links

ML(4,17) and ML(4,18); and output switch OS1 is also connected from middle switch

MS(3,4) through the links ML(4,25) and ML(4,26)).
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Finally the connection topology of the network 100A1 shown in FIG. 1A1 is

knownto be back to back inverse Benes connection topology.

Referring to FIG. 1B1, in one embodiment, an exemplary asymmetrical multi-link

multi-stage network 100B1 with five stages of twenty switches for satisfying

communication requests, such as setting up a telephone call or a data call, or a connection

between configurable logic blocks, between an input stage 110 and output stage 120 via

middle stages 130, 140, and 150 is shown where input stage 110 consists of four, two by

four switches IS1-IS4 and output stage 120 consists of four, eight by six switches OS1-

OS4. And all the middle stages namely middle stage 130 consists of four, four by four

switches MS(1,1) - MS(1,4), middle stage 140 consists of four, four by four switches

MS(2,1) - MS(2,4), and middle stage 150 consists of four, four by eight switches MS(3,1)

- MS@G,4).

Such a network can be operated in strictly non-blocking mannerfor unicast

connections, because the switches in the input stage 110 are of size two by four, the

switches in output stage 120 are of size four by two, and there are four switches in each

of middle stage 130, middle stage 140 and middle stage 150. Such a network can be

operated in rearrangeably non-blocking manner for multicast connections, because the

switches in the input stage 110 are of size two by four, the switches in output stage 120

are of size eight by six, and there are four switches in each of middle stage 130, middle

stage 140 and middle stage 150.

In one embodimentof this network each of the input switches IS1-IS4 and output

switches OS1-OS4are crossbar switches. The numberof switches of input stage 110 and

N

of output stage 120 can be denoted in general with the variable 7 where N,is the total
numberofinlet links or and NV,is the total numberof outlet links and N, > N, and

N, = p* N, where p> 1. The numberof middle switches in each middle stage is

denoted by “ . The size of each input switch IS1-IS4 can be denoted in general with the
notation d*2d and each output switch OS1-OS4 can be denoted in general with the
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notation (d +d,)*d,, where d, = N, xo = pXd. Thesize of each switch in any of1

the middle stages excepting the last middle stage can be denoted as 2d * 2d . The size of

each switch in the last middle stage can be denoted as 2d *(d+d,). A switch as used

herein can be either a crossbar switch, or a network of switches each of which in turn may

be a crossbar switch or a network of switches. An asymmetric multi-link multi-stage

network can be represented with the notation V,,,,,,(V,,N,,d,5), where N, represents

the total numberofinlet links of all input switches (for example the links IL1-IL8), NV,

represents the total numberof outlet links of all output switches (for example the links

OL1-OL24), d represents the inlet links of each input switch where N, > WN, , and s is

the ratio of number of outgoing links from each input switch to the inlet links of each

input switch.

N

Eachof the 7 input switches IS1 —IS4 are connected to exactly 2xd switches
in middle stage 130 through 2xd links (for example input switch IS1 is connected to

middle switch MS(1,1) through the links ML(1,1), ML(1,2), and also to middle switch

MS(1,2) through the links ML(1,3) and ML(1,4)).

Each of the “ middle switches MS(1,1) - MS(1,4) in the middle stage 130 are
connected from exactly d input switches through 2xd links (for example the links

ML(1,1) and ML(1,2) are connected to the middle switch MS(1,1) from input switch IS1,

and the links ML(1,9) and ML(1,10) are connected to the middle switch MS(1,1) from

input switch IS3) and also are connected to exactly d switches in middle stage 140

through 2xd links (for example the links ML(2,1) and ML(2,2) are connected from

middle switch MS(1,1) to middle switch MS(2,1), and the links ML(2,3) and ML(2,4) are

connected from middle switch MS(1,1) to middle switch MS(,2)),

Sumilarly each of the “ middle switches MS(2,1) — MS(2,4) in the middle stage
140 are connected from exactly d switches in middle stage 130 through 2d_links (for
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example the links ML(2,1) and ML(2,2) are connected to the middle switch MS(2, 1) from

middle switch MS(1,1), and the links ML(2,9) and ML(2, 10) are connected to the middle

switch MS(2,1) from middle switch MS(1,3)) and also are connected to exactly d

switches in middle stage 150 through 2xd links (for example the links ML(3,1) and

ML(3,2) are connected from middle switch MS(2,1) to middle switch MS(3,1), and the

links ML(3,3) and ML(3,4) are connected from middle switch MS(@,1) to middle switch

MS(3,2)).

Similarly each of the 7 middle switches MS(3,1) — MS(3,4) in the middle stage
150 are connected from exactly d switches in middle stage 140 through 2d_links (for

example the links ML(3,1) and ML(3,2) are connected to the middle switch MS(3,1) from

middle switch MS(2,1), and the links ML(3,9) and ML(3,10) are connected to the middle

 +

switch MS(3,1) from middle switch MS(2,3)) and also are connected to exactly d =
output switches in output stage 120 through d +d, links (for example the links ML(4,1)

and ML(4,2) are connected to output switch OSI from middle switch MS(3,1); the links

ML(4,3) and ML(4.4) are connected to output switch OS2 from middle switch MS(3,1);

the links ML(4,5) and ML(4,6) are connected to output switch OS3 from Middle switch

MS(3,1); and the links ML(4,7) and ML(4,8) are connected to output switch OS4 from

middle switch MS(3,1)).

d, +Eachof the “ output switches OS1 — OS4 are connected from exactly d
switches in middle stage 150 through d +d, links (for example output switch OS1 is

connected from middle switch MS(3,1) through the links ML(4,1) and ML(4,2); output

switch OS1 is also connected from middle switch MS(3,2) through the links ML(4,9) and

ML(4,10); output switch OS1 is connected from middle switch MS(3,3) through the links

ML(4,17) and ML(4,18); and output switch OS1 is also connected from middle switch

MS(3,4) through the links ML(4,25) and ML(4,26)).

Finally the connection topology of the network 100B1 shownin FIG. 1B1 is

knownto be back to back Omega connection topology.
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Referring to FIG, 1C1, in one embodiment, an exemplary asymmetrical multi-link

multi-stage network 100C1 with five stages of twenty switchesfor satisfying

communication requests, such as setting up a telephone call or a data call, or a connection

between configurable logic blocks, between an input stage 110 and output stage 120 via

middle stages 130, 140, and 150 is shown where input stage 110 consists of four, two by

four switches IS 1-IS4 and output stage 120 consists of four, eight by six switches OS1-

OS4. Andall the middle stages namely middle stage 130 consists of four, four by four

switches MS(1,1) - MS(1,4), middle stage 140 consists of four, four by four switches

MS(2,1) - MS(2,4), and middle stage 150 consists of four, four by eight switches MS(3,1)

- MS(3,4).

Such a network can be operated in strictly non-blocking mannerfor unicast

connections, because the switches in the input stage 110 are of size two by four, the

switches in output stage 120 are of size four by two, and there are four switches in each

of middle stage 130, middle stage 140 and middle stage 150. Such a network can be

operated in rearrangeably non-blocking manner for multicast connections, because the

switches in the input stage 110 are of size two by four, the switches in output stage 120

are of size eight by six, and there are four switches in each of middle stage 130, middle

stage 140 and middle stage 150.

In one embodimentof this network each of the input switches IS1-IS4 and output

switches OS1-OS4are crossbar switches. The numberof switches of input stage 110 and

N

of output stage 120 can be denoted in general with the variable 7 where N,is the total
numberofinlet links or and N,is the total numberofoutlet links and N, > N, and

N, = p* N, where p> 1. The numberof middle switches in each middle stage is

denoted by ™ . The size of each input switch IS1-IS4 can be denoted in general with the

notation d *2d and each output switch OS1-OS4 can be denoted in general with the

notation (d+d,)*d,, where d, = N, va = pxd. Thesize of each switch in any of
1

the middle stages excepting the last middle stage can be denoted as 2d * 2d . The size of
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each switch in the last middle stage can be denoted as 2d *(d+d,). A switch as used

herein can be either a crossbar switch, or a network of switches each of which in turn may

be a crossbar switch or a network of switches. An asymmetric multi-link multi-stage

network can be represented with the notation V,,,,,,(V,,N,,d,5), where N, represents

the total numberofinlet links of all input switches (for example the links IL1-IL8), NV,

represents the total numberof outlet links of all output switches (for example the links

OL1-OL24), d represents the inlet links of each input switch where N, >N, , and s is

the ratio of number of outgoing links from each input switch to the inlet links of each

input switch.

Eachofthe = input switches IS1 —IS4 are connected to exactly 2xd switches
in middle stage 130 through 2xd links (for example input switch IS1 is connected to

middle switch MS(1,1) through the links ML(1,1), ML(1,2), and also to middle switch

MS(1,2) through the links ML(1,3) and ML(1,4)).

Eachof the “ middle switches MS(1,1) - MS(1,4) in the middle stage 130 are
connected from exactly d input switches through 2xd links (for example the links

ML(1,1) and ML(1,2) are connected to the middle switch MS(1,1) from input switch IS1,

and the links ML(1,15) and ML(1,16) are connected to the middle switch MS(1,1) from

input switch IS4) and also are connected to exactly d switches in middle stage 140

through 2xd_ links (for example the links ML(2,1) and ML(2,2) are connected from

middle switch MS(1,1) to middle switch MS(2,1), and the links ML(2,3) and ML(2,4)are

connected from middle switch MS(1,1) to middle switch MS(,2)).

Similarly each of the — middle switches MS(2,1) —- MS(2,4) in the middle stage
140 are connected from exactly d switches in middle stage 130 through 2d_links (for

example the links ML(2,1) and ML(2,2) are connected to the middle switch MS(2, 1) from

middle switch MS(1,1), and the links ML(2,15) and ML(,16) are connected to the

middle switch MS(2,1) from middle switch MS(1,4)) and also are connected to exactly d

-51-



Page 58 of 369

10

15

20

25

Page 58 of 369

$-0039 PCT

switches in middle stage 150 through 2d links (for example the links ML(3,1) and

ML(3,2) are connected from middle switch MS(2,1) to middle switch MS(3,1), and the

links ML(3,3) and ML(3,4) are connected from middle switch MS(@,1) to middle switch

MS(3,2)).

Similarly each of the 7 middle switches MS(3,1) — MS(3,4) in the middle stage
150 are connected from exactly d switches in middle stage 140 through 2d links (for

example the links ML(3,1) and ML(3,2) are connected to the middle switch MS(3,1) from

middle switch MS(2,1), and the links ML(3,15) and ML(3,16) are connected to the

middle switch MS(3,1) from middle switch MS(2,4)) and also are connected to exactly

+
dtd output switches in output stage 120 through d+, links (for example the links

ML(4,1) and ML(4,2) are connected to output switch OS1 from middle switch MS(3,1);

the links ML(4,3) and ML(4,4) are connected to output switch OS2 from middle switch

MS(3, 1); the links ML(4,5) and ML(4,6) are connected to output switch OS3 from

Middle switch MS(3,1); and the links ML(4,7) and ML(4,8) are connected to output

switch OS4 from middle switch MS(3,1)).

d, +Eachof the = output switches OSI — OS4 are connected from exactly d
switches in middle stage 150 through d +d, links (for example output switch OS1 is

connected from middle switch MS(3,1) through the links ML(4,1) and ML(4,2); output

switch OS1 is also connected from middle switch MS(3,2) through the links ML(4,9) and

ML(4,10); output switch OS1 is connected from middle switch MS(3,3) through the links

ML(4,17) and ML(4,18); and output switch OS1 is also connected from middle switch

MS(3,4) through the links ML(4,25) and ML(4,26)).

Finally the connection topology of the network 100C1 shown in FIG. 1C1 is

hereinafter called nearest neighbor connection topology.

Similar to network 100A1 of FIG. 1A1, 100B1 of FIG. 1B1, and 100C1 of FIG.

IC1, referring to FIG. (DI, FIG. 1E1, FIG. 1F1, FIG. 1G1, FIG. 1H1, FIG. 111 and FIG.
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1J1 with exemplary asymmetrical multi-link multi-stage networks 100D1, 100E1, 100F1,

100G1, 100H1, 10011, and 100J1 respectively with five stages of twenty switches for

satisfying communication requests, such as setting up a telephone call or a data call, ora

connection between configurable logic blocks, between an input stage 110 and output

stage 120 via middle stages 130, 140, and 150 is shown whereinput stage 110 consists of

four, two by four switches IS1-IS4 and output stage 120 consists of four, four by two

switches O$1-OS4. And all the middle stages namely middle stage 130 consists of four,

four by four switches MS(1,1) - MS(1,4), middle stage 140 consists of four, four by four

switches MS(2,1) - MS(2,4), and middle stage 150 consists of four, four by four switches

MS(3,1) - MS@3,4).

Such networks can also be operated in strictly non-blocking mannerfor unicast

connections, because the switches in the input stage 110 are of size two by four, the

switches in output stage 120 are of size four by two, and there are four switches in each

of middle stage 130, middle stage 140 and middle stage 150. Such a network can be

operated in rearrangeably non-blocking manner for multicast connections, because the

switches in the input stage 110 are of size two by four, the switches in output stage 120

are of size four by two, and there are four switches in each of middle stage 130, middle

stage 140 and middle stage 150.

The networks 100D1, 100E1, 100F1, 100G1, 100H1, 10011 and 100J1 of

FIG. 1D1, FIG. 1E1, FIG. 1F1, FIG. 1G1, FIG. 1H1, FIG. 111, and FIG. 1J1 are also

embodiments of asymmetric multi-link multi-stage network can be represented with the

notation V,,,,,(V,,N,,d,s), where N, represents the total numberof inlet links of all

input switches (for example the links IL1-IL8), N, represents the total numberof outlet

linksofall output switches (for example the links OL1-OL24), d represents the inlet

links of each input switch where N., > N, , and s is the ratio of numberof outgoing links

from each input switch to the inlet links of each input switch.

Just like networks of 100A1,100B1 and 100C1, forall the networks 100D1,

100E1, 100F1, 100G1, 100H1, 10011 and 100J1 of FIG. 1D1, FIG. 1E1, FIG. 1F1, FIG.
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1G1, FIG. 1H1, FIG. 111, and FIG. 1J1, each of the = input switches IS1 —IS4 are
connected to exactly d switches in middle stage 130 through 2d links.

Each of the = middle switches MS(1,1) - MS(1,4) in the middle stage 130 are
connected from exactly d input switches through 2xd links and also are connected to

exactly d switches in middle stage 140 through 2xd links.

Similarly each of the = middle switches MS(2,1) —- MS(2,4) in the middle stage
140 are connected from exactly d switches in middle stage 130 through 2xd_links and

also are connected to exactly d switches in middle stage 150 through 2xd links.

Similarly each of the “ middle switches MS(3,1) — MS(3,4) in the middle stage
150 are connected from exactly d switches in middle stage 140 through 2xd links and

d, d+ . .
also are connected to exactly output switches in output stage 120 through d +d,

links.

d, +Eachof the = output switches OS1 — OS4 are connected from exactly d
switches in middle stage 150 through d +d, links.

In all the ten embodiments of FIG. 1A1 to FIG. 1J1 the connection topology is

different. That is the way the links ML(1,1) - ML(1,16), ML@,1) - ML(2,16), ML@G,1) -

ML(3,16), and ML(4,1) - ML(4,16) are connected between the respective stages is

different. Even though only ten embodimentsareillustrated, in general, the network

Vning (N,N>,d,5) can comprise any arbitrary type of connection topology. For example

the connection topology of the network V.,,,,,,(N,,N,.d,s) may be back to back Beneslink

networks, Delta Networks and many more combinations. The applicant notes that the

fundamental property of a valid connection topologyof the V,,,,,(N,,N,,d,s5) network

is, when no connectionsare setup from any inputlink all the output links should be

54.



Page 61 of 369

10

20

Page 61 of 369

$-0039 PCT

reachable. Based on this property numerous embodiments of the network

Vtine (N,,N>,d,s) can be built. The ten embodiments of FIG. 1A1 to FIG. 1J1 are only

three examples of network V,,,,,,(N,,N>.d.5).

In all the ten embodiments of FIG. 1A1 to FIG. 1J1, each of the links ML(1,1) —

ML(1,16), ML(2,1) - ML(2,16), ML(3,1) - ML(3,16) and ML(4,1) — ML(4,16) are

either available for use by a new connection or not available if currently used by an

existing connection. The input switches IS1-IS4 are also referred to as the network input

ports. The input stage 110 is often referred to as the first stage. The output switches

OS1-OS4are also referred to as the network output ports. The output stage 120 is often

referred to as the last stage. The middle stage switches MS(1,1) — MS(1,4), MS(,1) -

MS(2,4), and MS(3,1) — MS(3,4)are referred to as middle switches or middle ports.

In the example illustrated in FIG. 1A1 (or in FIG, 1B1 to FIG. 1J1), a fan-out of

four is possible to satisfy a multicast connection request if input switch is IS2, but only

two switches in middle stage 130 will be used. Similarly, although a fan-out of three is

possible for a multicast connection requestif the input switch is IS1, again only a fan-out

of two is used. The specific middle switches that are chosen in middle stage 130 when

selecting a fan-out of twois irrelevant so long as at most two middle switches are selected

to ensure that the connection requestis satisfied. In essence, limiting the fan-out from

input switch to no more than two middle switches permits the network 100A1 (or 100B1

to 100J1), to be operated in rearrangeably nonblocking mannerin accordancewith the

invention.

The connection request of the type described above can be unicast connection

request, a multicast connection request or a broadcast connection request, depending on

the example. In case of a unicast connection request, a fan-out of oneis used,i.e. a single

middle stage switch in middle stage 130 is used to satisfy the request. Moreover,

although in the above-described embodimenta limit of two has been placed on the fan-

out into the middle stage switches in middle stage 130, the limit can be greater depending

on the number of middle stage switches in a network (while maintaining the

rearrangeably nonblocking nature of operation of the network for multicast connections).
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Howeveranyarbitrary fan-out may be used within any of the middle stage switches and

the output stage switches to satisfy the connection request.

Generalized Asymmetric RNB (N2 > Ni) Embodiments:

Network 100K1 of FIG. 1K1 is an example of general asymmetrical multi-link

multi-stage network V,,,(NV,,N,,d,s) with (2xlog, N, )-1stages where N, > N, and

N, = p* N, where p> 1. In network 100K1 of FIG. 1K1, N, =N andN, = p*N. The

general asymmetrical multi-link multi-stage network V,,,,,(N,,N,,d,s5) can be operated

in rearrangeably nonblocking manner for multicast when s = 2 according to the current

invention. Also the general asymmetrical multi-link multi-stage network

Vatin (N,,N,,d,5) can be operated in strictly nonblocking mannerfor unicastif

s 22 according to the current invention. (And in the example of FIG. 1K1, s =2). The

general asymmetrical multi-link multi-stage network V,,,,,,(N,,N,,d,s5) with

N,.
(2xlogiW )—1stages has d inlet links for each of 7 input switches IS1-IS(Nj/d) (for
example the links IL1-IL(d) to the input switch IS1) and 2xd outgoinglinks for each of

“ input switches IS1-IS(N;/d) (for example the links ML(1,1) - ML(1,2d) to the input

switch IS1), There are d, (where d, = N, x = pXd) outlet links for each of1

output switches OS1-OS(N,/d) (for example the links OL1-OL(p*d) to the output switch

OS1) and d+d, (= d+ pxd ) incominglinks for each of * output switches OS1-
OS(N,/d) (for example ML(?2x Log ,N, —2,I)- ML(2x Log ,N, —2,d +d,) to the output

switch OS1).

Eachof the = input switches IS1 — IS(Ni/d) are connected to exactly 2xd
switches in middle stage 130 through 2xd links.
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Each of the “1 middle switches MS(1,1) — MS(1,N;/d) in the middle stage 130
are connected from exactly d input switches through 2xd links and also are connected

to exactly d switches in middle stage 140 through 2xd links.

Sumilarly each of the - middle switches MS(Log,N, —L1) -

MS(Log,N, - Wa) in the middle stage 130+10*(Log,N, —2) are connected from
exactly d switches in middle stage 130+10* (Log ,N, —3) through 2xd links and also

are connected to exactly d switches in middle stage 130+10* (Log ,N, —1) through

2xd links.

Similarly each of the = middle switches MS(2x Log,N, —3,1) -
N

MS(2x Log ,N, -3) in the middle stage 130+10*(2* Log, N, —4) are connected
from exactly d switches in middle stage 130+10*(2* Log, N, —5) through 2d links

 +
and also are connected to exactly d+, output switches in output stage 120 through

d +d, links.

Eachofthe = output switches OS1 — OS(N;/d) are connected from exactly
 

d = switches in middle stage 130+10*(2* Log ,N, —4) through d +d, links.

Asdescribed before, again the connection topology of a general

Vtink (N,N>,d,5) may be any one of the connection topologies. For example the

connection topology of the network V7atm N,,N,,d,5) may be back to back inverse

Benes networks, back to back Omega networks, back to back Benes networks, Delta

Networks and many more combinations. The applicant notes that the fundamental

property of a valid connection topology of the general V,,,,,,(N,;,N,,d,5) network is,
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when no connectionsare setup from any input link if any output link should be reachable.

Based on this property numerous embodiments of the network V,,,,,(N,,N,,d,s) can be

built. The embodiments of FIG. 1A1 to FIG. 1J1 are ten examples of network

Vine (N,,N,,d,5) fors=2and N,>N,.

The general symmetrical multi-link multi-stage network V,,,,,.(N,,N,,d,5) can

be operated in rearrangeably nonblocking mannerfor multicast when s = 2 according to

the current invention. Also the general symmetrical multi-link multi-stage network

Vtine (N,N>,d,5) can be operated in strictly nonblocking mannerforunicastif

s = 2 according to the current invention.

For example, the network of Fig. 1C1 shows an exemplary five-stage network,

namely V,,ji». (8,24,2,2), with the following multicast assignment /, = {L,4}and all other

I, =@ for j =[2-8]. It should be noted that the connection /, fansoutin thefirst stage

switch IS1 into middle switches MS(1,1) and MS(1,2) in middle stage 130, and fans out

in middle switches MS(1,1) and MS(1,2) only once into middle switches MS(2,1) and

MS(2,3) respectively in middle stage 140.

The connection 7, also fans out in middle switches MS(2,1) and MS(2,3) only

once into middle switches MS(3,1) and MS(3,4) respectively in middle stage 150. The

connection /, also fans out in middle switches MS(3,1) and MS(3,4) only once into

output switches OS1 and OS4in output stage 120. Finally the connection J, fans out

once in the output stage switch OS1 into outlet link OL2 andin the output stage switch

OS4 twice into the outlet links OL20 and OL23. In accordance with the invention, each

connection can fan out in the input stage switch into at most two middle stage switches in

middle stage 130.

Asymmetric RNB (Ni > N2) Embodiments:

Referring to FIG. 1A2, in one embodiment, an exemplary asymmetrical multi-link

multi-stage network 100A2 with five stages of twenty switchesfor satisfying

communication requests, such as setting up a telephone call or a data call, or a connection
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between configurable logic blocks, between an input stage 110 and output stage 120 via

middle stages 130, 140, and 150 is shown where input stage 110 consists of four, six by

eight switches IS1-IS4 and output stage 120 consists of four, four by two switches OS1-

OS4. And all the middle stages namely middle stage 130 consists of four, eight by four

switches MS(1,1) - MS(1,4), middle stage 140 consists of four, four by four switches

MS(2,1) - MS(2,4), and middle stage 150 consists of four, four by four switches MS(3,1)

- MS(3,4).

Such a network can be operated in strictly non-blocking mannerfor unicast

connections, because the switches in the input stage 110 are of size six by eight, the

switches in output stage 120 are of size four by two, and there are four switches in each

of middle stage 130, middle stage 140 and middle stage 150. Such a network can be

operated in rearrangeably non-blocking mannerfor multicast connections, because the

switches in the input stage 110 are of size six by eight, the switches in output stage 120

are of size four by two, and there are four switches in each of middle stage 130, middle

stage 140 and middle stage 150.

In one embodimentof this network each of the input switches IS1-IS4 and output

switches O$1-OS4 are crossbar switches. The numberof switches of input stage 110 and

of output stage 120 can be denoted in general with the variable <2 , where WN,is the
total numberofinlet links or and N,is the total numberof outlet links and N, > N, and

N,=p*N, where p> 1. The number of middle switches in each middle stage is

N, . .
denoted by 7 The size of each input switch IS1-IS4 can be denoted in general with

the notation d, *(d¢ +d,) and each output switch OS1-OS4 can be denoted in general

with the notation (2xd *d), where d, = N, oa = pxd. Thesize of each switch in2

any of the middle stages excepting the first middle stage can be denoted as 2d * 2d . The

size of each switch in the first middle stage can be denoted as (d + d, )*2d . A switch as

used herein can be either a crossbar switch, or a network of switches each of which in

turn may be a crossbar switch or a network of switches. An asymmetric multi-link multi-
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stage network can be represented with the notation V,,,,,,(N,,N,,d,s5), where N,lin

represents the total numberof inlet links of all input switches (for example the links IL1-

IL24), WN. represents the total numberof outlet links of all output switches (for example

the links OL1-OL8), d represents theinlet links of each input switch where N, > N,, ,

and s is the ratio of number of incoming links to each output switch to the outlet links of

each output switch.

N d+

Eachof the 7 input switches IS1 —IS4 are connected to exactly
 

switches in middle stage 130 through d +d, links (for example input switch IS1 is

connected to middle switch MS(1,1) through the links ML(1,1), ML(,2); input switch

IS1 is connected to middle switch MS(1,2) through the links ML(1,3) and ML(1,4); input

switch IS1 is connected to middle switch MS(1,3) through the links ML(1.5), ML(1,6);

and input switch IS1 is also connected to middle switch MS(1,4) through the links

ML(1,7) and ML(1,8)).

Eachof the ~ middle switches MS(1,1) - MS(1.4) in the middle stage 130 are
 

d, +connected from exactly d input switches through d +d, links (for example the

links ML(1,1) and ML(1,2) are connected to the middle switch MS(1,1) from input

switch IS1; the links ML(1,9) and ML(1,10) are connected to the middle switch MS(1,1)

from input switch IS2; the links ML(1,17) and ML(1,18) are connected to the middle

switch MS(1,1) from input switch IS3; and the links ML(1,25) and ML(1,26) are

connected to the middle switch MS(1,1) from input switch IS4) and also are connected to

exactly d switches in middle stage 140 through 2d links (for example the links

ML(,1) and ML(2,2) are connected from middle switch MS(1,1) to middle switch

MS(2,1), and the links ML(2,3) and ML(2,4) are connected from middle switch MS(1,1)

to middle switch MS(2,3)).

 

Similarly each of the ~ middle switches MS(2,1) — MS(2,4) in the middle stage
140 are connected from exactly d switches in middle stage 130 through 2d_links (for
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example the links ML(2,1) and ML(2,2) are connected to the middle switch MS(2, 1) from

middle switch MS(1,1), and the links ML(2,11) and ML@,12) are connected to the

middle switch MS(2,1) from middle switch MS(1,3)) and also are connected to exactly d

switches in middle stage 150 through 2xd links (for example the links ML(3,1) and

ML(3,2) are connected from middle switch MS(2,1) to middle switch MS(3,1), and the

links ML(3,3) and ML(3,4) are connected from middle switch MS(@,1) to middle switch

MS(3,3)).

 

Similarly each of the ~ middle switches MS(3,1) — MS(3,4) in the middle stage
150 are connected from exactly d switches in middle stage 140 through 2d_links (for

example the links ML(3,1) and ML(3,2) are connected to the middle switch MS(3,1) from

middle switch MS(2,1), and the links ML(3,11) and ML(3,12) are connected to the

middle switch MS(3,1) from middle switch MS(,3)) and also are connected to exactly d

output switches in output stage 120 through 2xd links (for example the links ML(4,1)

and ML(4,2) are connected to output switch OS1 from middle switch MS(3,1); and the

links ML(4,3) and ML(4,4) are connected to output switch OS2 from middle switch

MS(3,1)).

Eachofthe ~ output switches OS1 —- OS4 are connected from exactly d
 

switches in middle stage 150 through 2xd links (for example output switch OS1 is

connected from middle switch MS(3,1) throughthe links ML(4,1) and ML(4,2); and

output switch OS1 is also connected from middle switch MS(3,2) through the links

ML(4,7) and ML(4,8)).

Finally the connection topology of the network 100A2 shown in FIG. 1A2is

knownto be back to back inverse Benes connection topology.

Referring to FIG. 1B2, in one embodiment, an exemplary asymmetrical multi-link

multi-stage network 100B2 with five stages of twenty switchesfor satisfying

communication requests, such as setting up a telephone call or a data call, or a connection

between configurable logic blocks, between an input stage 110 and outputstage 120 via
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middle stages 130, 140, and 150 is shown whereinput stage 110 consists of four, six by

eight switches [S1-1S4 and output stage 120 consists of four, four by two switches OS1-

OS4. And all the middle stages namely middle stage 130 consists of four, eight by four

switches MS(1,1) - MS(1,4), middle stage 140 consists of four, four by four switches

MS(2,1) - MS(,4), and middle stage 150 consists of four, four by four switches MS(3,1)

- MS(3,4).

Such a network can be operated in strictly non-blocking mannerfor unicast

connections, because the switches in the input stage 110 are of size six by eight, the

switches in output stage 120 are of size four by two, and there are four switches in each

of middle stage 130, middle stage 140 and middle stage 150. Such a network can be

operated in rearrangeably non-blocking mannerfor multicast connections, because the

switches in the input stage 110 are of size six by eight, the switches in output stage 120

are of size four by two, and there are four switches in each of middle stage 130, middle

stage 140 and middle stage 150.

In one embodimentof this network each of the input switches IS1-IS4 and output

switches O$1-OS4 are crossbar switches. The numberof switches of input stage 110 and

of output stage 120 can be denoted in general with the variable Ne , where AN,is the

total numberofinlet links or and N, is the total numberof outlet links and N, > N, and

N,=p*N, where p> 1. The number of middle switches in each middle stage is

N, . . » . .
denoted by a The size of each input switch IS1-IS4 can be denoted in general with

the notation d, *(d +d,) and each output switch OS1-OS4 can be denoted in general

with the notation (2d *d), where d, = N,a = pxd. The size of each switch in2

any of the middle stages excepting the first middle stage can be denoted as 2d * 2d . The

size of each switch in the first middle stage can be denoted as (d + d, )* 2d. A switch as

used herein can be either a crossbar switch, or a network of switches each of which in

turn may be a crossbar switch or a network of switches. An asymmetric multi-link multi-

stage network can be represented with the notation V,,,,,,(N,,N,,d,5), where N,
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represents the total numberof inlet links of all input switches (for example the links IL1-

IL24), N. represents the total numberof outlet links of all output switches (for example

the links OL1-OL8), d represents the inlet links of each input switch where N, > N, ,

and s is the ratio of number of incoming links to each output switch to the outlet links of

each output switch.

2: , +Eachof the ~ input switches IS1 —IS4 are connected to exactly dtd,
  

switches in middle stage 130 through d +d, links (for example input switch IS1 is

connected to middle switch MS(1,1) through the links ML(1,1), ML(1,2); input switch

IS1 is connected to middle switch MS(1,2) through the links ML(1,3) and ML(1,4); input

switch IS1 is connected to middle switch MS(1,3) through the links ML(1,5), ML(1,6);

and input switch IS1 is also connected to middle switch MS(1,4) through the links

ML(1,7) and ML(1,8)).

Each of the “2 middle switches MS(1,1) — MS(1,4) in the middle stage 130 are
d+d

connected from exactly 1
 

input switches through d +d, links (for example the

links ML(1,1) and ML(1,2) are connected to the middle switch MS(1,1) from input

switch IS1; the links ML(1,9) and ML(1.10) are connected to the middle switch MS(1,1)

from input switch IS2; the links ML(1,17) and ML(1,18) are connected to the middle

switch MS(1,1) from input switch IS3; and the links ML(1,25) and ML(1,26) are

connected to the middle switch MS(1,1) from input switch IS4) and also are connected to

exactly d switches in middle stage 140 through 2d links (for example the links

ML(2,1) and ML(2,2) are connected from middle switch MS(1,1) to middle switch

MS(2,1), and the links ML(2,3) and ML(2,4) are connected from middle switch MS(1,1)

to middle switch MS(2,2)).

 

Similarly each of the “ middle switches MS(2,1) — MS(2,4) in the middle stage
140 are connected from exactly d switches in middle stage 130 through 2d links (for

example the links ML(2,1) and ML(2,2) are connected to the middle switch MS(2,1) from
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middle switch MS(1,1), and the links ML(2,9) and ML(2,10) are connected to the middle

switch MS(2,1) from middle switch MS(1,3)) and also are connected to exactly d

switches in middle stage 150 through 2d links (for example the links ML(3,1) and

ML(3,2) are connected from middle switch MS(2,1) to middle switch MS(3,1), and the

links ML(3,3) and ML(3,4) are connected from middle switch MS(2,1) to middle switch

MS(3,2)).

 

Similarly each of the ~ middle switches MS(3,1) — MS(3,4) in the middle stage
150 are connected from exactly d switches in middle stage 140 through 2d links (for

example the links ML(3,1) and ML(3,2) are connected to the middle switch MS(3,1) from

middle switch MS(2,1), and the links ML(3,9) and ML(3,10) are connected to the middle

switch MS(3,1) from middle switch MS(2,3)) and also are connected to exactly d output

switches in output stage 120 through 2d links (for example the links ML(4,1) and

ML(4,2) are connected to output switch OS1 from middle switch MS(3,1); and the links

ML(4,3) and ML(4.4) are connected to output switch OS2 from middle switch MS(3,1)).

Each ofthe <2 output switches OS1 — OS4 are connected from exactly d
switches in middle stage 150 through 2xd links (for example output switch OS1 is

connected from middle switch MS(3,1) through the links ML(4,1) and ML(4,2); and

output switch OS1 is also connected from middle switch MS(3,3) through the links

ML(4,9) and ML(4,10)).

Finally the connection topology of the network 100B2 shown in FIG. 1B2is

knownto be back to back Omega connection topology.

Referring to FIG. 1C2, in one embodiment, an exemplary asymmetrical multi-link

multi-stage network 100C2 with five stages of twenty switchesfor satisfying

communication requests, such as setting up a telephone call or a data call, or a connection

between configurable logic blocks, between an input stage 110 and output stage 120 via

middle stages 130, 140, and 150 is shown where input stage 110 consists of four, six by

eight switches IS1-IS4 and output stage 120 consists of four, four by two switches OS1-
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OS4. And all the middle stages namely middle stage 130 consists of four, eight by four

switches MS(1,1) - MS(1,4), middle stage 140 consists of four, four by four switches

MS(2,1) - MS(@,4), and middle stage 150 consists of four, four by four switches MS(3,1)

- MSG,4).

Such a network can be operated in strictly non-blocking mannerfor unicast

connections, because the switches in the input stage 110 are of size six by eight, the

switches in output stage 120 are of size four by two, and there are four switches in each

of middle stage 130, middle stage 140 and middle stage 150. Such a network can be

operated in rearrangeably non-blocking mannerfor multicast connections, because the

switches in the input stage 110 are of size six by eight, the switches in output stage 120

are of size four by two, and there are four switches in each of middle stage 130, middle

stage 140 and middle stage 150.

In one embodimentof this network each of the input switches IS1-I$4 and output

switches O$1-OS4 are crossbar switches. The number of switches of input stage 110 and

of output stage 120 can be denoted in general with the variable No , Where WN,is the

total numberofinlet links or and JN,is the total numberof outlet links and N, > N, and

N,=p*N, where p> 1. The number of middle switches in each middle stage is

N, . .
denoted by a The size of each input switch IS1-IS4 can be denoted in general with

the notation d, *(d +d,) and each output switch OS1-OS4 can be denoted in general

with the notation (2xd *d), where d, = N,a = pxd. Thesize of each switch in2

any of the middle stages excepting the first middle stage can be denoted as 2d * 2d . The

size of each switch in the first middle stage can be denoted as (d + d, )* 2d . A switch as

used herein can be either a crossbar switch, or a network of switches each of which in

turn may be a crossbar switch or a network of switches. An asymmetric multi-link multi-

stage network can be represented with the notation V,,,,,,(N,,N,,d,5), where N,

represents the total numberof inlet links of all input switches (for example the links IL1-

IL24), N. represents the total numberof outlet links of all output switches (for example

-65-



Page 72 of 369

10

15

20

25

Page 72 of 369

$-0039 PCT

the links OL1-OL8), d represents the inlet links of each input switch where N, > N, ,

and s is the ratio of number of incoming links to each output switch to the outlet links of

each output switch.

 N d+

Eachof the - input switches ISI —1S4 are connected to exactly
switches in middle stage 130 through d +d, links (for example input switch IS1 is

connected to middle switch MS(1,1) through the links ML(1,1), ML(1,2); input switch

IS1 is connected to middle switch MS(1,2) through the links ML(1,3) and ML(1,4); input

switch IS1 is connected to middle switch MS(1,3) through the links ML(1,5), ML(1,6);

and input switch IS1 is also connected to middle switch MS(1,4) through the links

ML(,7) and ML(1,8)).

Eachof the “2 middle switches MS(1,1) - MS(1,4) in the middle stage 130 are
d, d+

connected from exactly a input switches through d +d, links (for example the

links ML(1,1) and ML(1,2) are connected to the middle switch MS(1,1) from input

switch IS1; the links ML(1,9) and ML(1,10) are connected to the middle switch MS(1,1)

from input switch IS2; the links ML(1,17) and ML(1,18) are connected to the middle

switch MS(1,1) from input switch IS3; and the links ML(1,25) and ML(1,26) are

connected to the middle switch MS(1,1) from input switch IS4) and also are connected to

exactly d switches in middle stage 140 through 2xd links (for example the links

ML(,1) and ML(2,2) are connected from middle switch MS(1,1) to middle switch

MS(2,1), and the links ML(2,3) and ML(2,4) are connected from middle switch MS(1,1)

to middle switch MS(2,2)),

2

Similarly each of the ~ middle switches MS(2,1) — MS(2,4) in the middle stage
 

140 are connected from exactly d switches in middle stage 130 through 2xd links (for

example the links ML(2,1) and ML(2,2) are connected to the middle switch MS(2,1) from

middle switch MS(1,1), and the links ML(2,15 and ML(2,16) are connected to the middle

switch MS(2,1) from middle switch MS(1,4)) and also are connected to exactly d
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switches in middle stage 150 through 2d links (for example the links ML(3,1) and

ML(3,2) are connected from middle switch MS(2,1) to middle switch MS(3,1), and the

links ML(3,3) and ML(3,4) are connected from middle switch MS(@,1) to middle switch

MS(3,2)).

 

Similarly each of the ~ middle switches MS(3,1) — MS(3,4) in the middle stage
150 are connected from exactly d switches in middle stage 140 through 2d links (for

example the links ML(3,1) and ML(3,2) are connected to the middle switch MS(3,1) from

middle switch MS(2,1), and the links ML(3,15) and ML(3,16) are connected to the

middle switch MS(3,1) from middle switch MS(2,4)) and also are connected to exactly d

output switches in output stage 120 through 2xd_ links (for example the links ML(4,1)

and ML(4,2) are connected to output switch OS1 from middle switch MS(3,1); and the

links ML(4,3) and ML(4,4) are connected to output switch OS2 from middle switch

MS@3,1)).

Each of the <2 output switches OS1 - OS4 are connected from exactly d
switches in middle stage 150 through 2xd links (for example output switch OS1 is

connected from middle switch MS(3,1) through the links ML(4,1) and ML(4,2); and

output switch OS1 is also connected from middle switch MS(3,4) throughthe links

ML(4,15) and ML(4,16)).

Finally the connection topology of the network 100C2 shownin FIG. 1C2is

hereinafter called nearest neighbor connection topology.

Similar to network 100A2 of FIG. 1A2, 100B2 of FIG. 1B2, and 100C2 of FIG.

1C2, referring to FIG. 1D2, FIG. 1E2, FIG. 1F2, FIG. 1G2, FIG. 1H2, FIG. 112 and FIG.

1J2 with exemplary asymmetrical multi-link multi-stage networks 100D2, 100E2, 100F2,

100G2, 100H2, 10012, and 100J2 respectively with five stages of twenty switches for

satisfying communication requests, such as setting up a telephonecall or a data call, ora

connection between configurable logic blocks, between an input stage 110 and output

stage 120 via middle stages 130, 140, and 150 is shown where input stage 110 consists of
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four, six by eight switches IS1-IS4 and output stage 120 consists of four, four by two

switches O$1-OS4. And all the middle stages namely middle stage 130 consists of four,

eight by four switches MS(1,1) - MS(1,4), middle stage 140 consists of four, four by four

switches MS(2,1) - MS(2,4), and middle stage 150 consists of four, four by four switches

MS(3,1) - MS(3,4).

Such networks can also be operated in strictly non-blocking mannerfor unicast

connections, because the switches in the input stage 110 are of size two by four, the

switches in output stage 120 are of size four by two, and there are four switches in each

of middle stage 130, middle stage 140 and middle stage 150. Such a network can be

operated in rearrangeably non-blocking mannerfor multicast connections, because the

switches in the input stage 110 are of size six by eight, the switches in output stage 120

are of size four by two, and there are four switches in each of middle stage 130, middle

stage 140 and middle stage 150.

The networks 100D2, 100E2, 100F2, 100G2, 100H2, 10012 and 100J2 of

FIG. 1D2, FIG. 1E2, FIG. 1F2, FIG. 1G2, FIG. 1H2, FIG. 112, and FIG. 1J2 are also

embodiments of asymmetric multi-link multi-stage network can be represented with the

notation V,,,,,,(V,,N,,d,s), where N, represents the total numberof inlet links of all

input switches (for example the links [L1-IL8), N., represents the total numberofoutlet

links ofall output switches (for example the links OL1-OL24), d represents the inlet

links of each input switch where N, > N, , and s is the ratio of numberof outgoing links

from each input switch to the inlet links of each input switch.

Just like networks of 100A2,100B2 and 100C2,forall the networks 100D2,

100E2, 100F2, 100G2, 100H2, 10012 and 100J2 of FIG. 1D2, FIG. 1E2, FIG. 1F2, FIG.

N

1G2, FIG. 1H2, FIG. 112, and FIG. 1J2, each of the 7 input switches IS1 — IS4 are
 + 9d . . . .connected to exactly d = switches in middle stage 130 through d +d, links.
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Each of the “2 middle switches MS(1,1) — MS(1,4) in the middle stage 130 are
2

connected from exactly
 

input switches through d +d, links andalso are

connected to exactly d switches in middle stage 140 through 2xd links.

 

Similarly each of the ~ middle switches MS(2,1) — MS(2,4) in the middle stage
140 are connected from exactly d switches in middle stage 130 through 2xd links and

also are connected to exactly d switches in middle stage 150 through 2xd links.

 

Similarly each of the ~ middle switches MS(3,1) — MS(3,4) in the middle stage
150 are connected from exactly d switches in middle stage 140 through 2xd links and

also are connected to exactly d output switches in output stage 120 through 2xd links.

Eachof the “2 output switches OS1 — OS4 are connected from exactly d
switches in middle stage 150 through 2xd links.

In all the ten embodiments of FIG. 1A2 to FIG. 1J2 the connection topologyis

different. That is the way the links ML(1,1) - ML(1,16), ML(2,1) - ML(2,16), ML@3,1) -

ML(3,16), and ML(4,1) - ML(4,16) are connected between the respective stages is

different. Even though only ten embodimentsareillustrated, in general, the network

Vtine (N,N>,d,5) can comprise any arbitrary type of connection topology. For example

the connection topology of the network V,,,,,,(N,,N,,d,s5) may be back to back Benes

networks, Delta Networks and many more combinations. The applicantnotes that the

fundamental property of a valid connection topologyof the V,,,,,(N,,N,,d,5) network

is, when no connectionsare setup from any inputlink all the output links should be

reachable. Based on this property numerous embodiments of the network

Vatin (N,N,,d,5) can be built. The ten embodiments of FIG. 1A2 to FIG. 1J2 are only

three examples of network V,,,,,,(N,,N,,d,5).
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In all the ten embodiments of FIG. 1A? to FIG. 1J2, each of the links ML(1,1) —

ML(1,16), ML(2,1) - ML(2,16), ML(3,1) - ML(3,16) and ML(4,1) — ML(4,16) are

either available for use by a new connection or not available if currently used by an

existing connection. The input switches IS1-IS4 are also referred to as the network input

ports. The input stage 110 is often referred to as the first stage. The output switches

OS1-OS4are also referred to as the network output ports. The output stage 120 is often

referred to as the last stage. The middle stage switches MS(1,1) — MS(1.4), MS(2,1) —

MS(2,4), and MS(3,1) — MS(3,4) are referred to as middle switches or middle ports.

In the example illustrated in FIG. 1A2 (or in FIG, 1B2 to FIG. 1J2), a fan-out of

four is possible to satisfy a multicast connection request if input switch is IS2, but only

two switches in middle stage 130 will be used. Similarly, although a fan-outof three is

possible for a multicast connection request if the input switch is IS1, again only a fan-out

of two is used. The specific middle switches that are chosen in middle stage 130 when

selecting a fan-out of twois irrelevant so long as at most two middle switches are selected

to ensure that the connection requestis satisfied, In essence, limiting the fan-out from

input switch to no more than two middle switches permits the network 100A2 (or 100B2

to 100J2), to be operated in rearrangeably nonblocking mannerin accordance with the

invention.

The connection request of the type described above can be unicast connection

request, a multicast connection request or a broadcast connection request, depending on

the example. In case of a unicast connection request, a fan-out of one is used, 1.e. a single

middle stage switch in middle stage 130 is used to satisfy the request. Moreover,

although in the above-described embodimenta limit of two has been placed on the fan-

out into the middle stage switches in middle stage 130, the limit can be greater depending

on the number of middle stage switches in a network (while maintaining the

rearrangeably nonblocking nature of operation of the network for multicast connections).

Howeveranyarbitrary fan-out may be used within any of the middle stage switches and

the output stage switches to satisfy the connection request.
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Generalized Asymmetric RNB (N, > N,) Embodiments:

Network 1001K2 of FIG. 1K2 is an example of general asymmetrical multi-link

multi-stage network V,,,,.(N,,N,.d,5) with (2xlog, N,)—1stages where N, > N, and

N, = p*N, where p> 1. In network 100K2 of FIG, 1K2, N, =N andN, = p* N. The

general asymmetrical multi-link multi-stage network V,,,,,,(N,,N,.d,s) can be operated

in rearrangeably nonblocking mannerfor multicast when s >2 according to the current

invention. Also the general asymmetrical multi-link multi-stage network

Vine (N,N,,d,5) can be operated in strictly nonblocking mannerfor unicastif

s 2 2 according to the current invention. (And in the example of FIG. 1K2, s = 2). The

general asymmetrical multi-link multi-stage network V,miLink (N,,N,.d,8) with

(2xlog, N,)—1 stages has d, (where d, = N, x = pxd inletlinks for each of <22

input switches IS1-IS(N./d) (for example the links IL1-IL(p*d) to the input switch IS1)

and d+d, (= d+ pxd) outgoing links for each of = input switches IS1-IS(N>/d) (for
example the links ML(1,1) - MLC. ,(d+p*d)) to the input switch IS1). There are d outlet

links for each of = output switches OS1-OS(N>/d) (for example the links OL1-OL(d)

to the output switch OS1) and 2xd incominglinks for each of output switches

OS1-OS(N2/d) (for example ML(2 x Log ,N, —2,1)- ML(2x Log ,N, —2,2xd) to the

output switch OS1).

 
Eachof the input switches IS1 — IS(N2/d) are connected to exactly d+

switches in middle stage 130 through d +d, links.

Each of the <2 middle switches MS(1,1) - MS(1.N2/d) in the middle stage 130
are connected from exactly d input switches through 2d links and also are connected

to exactly d switches in middle stage 140 through 2xd links.
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Similarly each of the = middle switches MS(Log,N, —1,]) -

MS(Log ,N,- Le) in the middle stage 130+ 10* (Log, N, —2) are connected from
exactly d switches in middle stage 130+10* (Log ,N, —3) through 2d links and also

are connected to exactly d switches in middle stage 130+10* (Log,N, —1) through

2xd links.

 

Similarly each of theamiddle switches MS(2x Log ,N, —3,1) -
MS(2x Log ,N, - —4) are connected

from exactly d switches in middle stage 130+10*(2* Log ,N, —5) through 2d links

and also are connected to exactly d output switches in output stage 120 through 2xd

links.

Each of the = output switches OS1 — OS(N2/d) are connected from exactly d
switches in middle stage 130+10* (2* Log, N, —4) through 2xd links.

As described before, again the connection topology of a general

(N,,N,,d,s) may be any oneof the connection topologies. For example theVtink

connection topology of the network V,,,,,(NV,,N,,d,5) may be back to back inverse

Benes networks, back to back Omega networks, back to back Benes networks, Delta

Networks and many more combinations. The applicant notes that the fundamental

property of a valid connection topology of the general V,,,,,,(N,,N.,,d,s) network is,

when no connectionsare setup from any inputlink if any output link should be reachable.

Based on this property numerous embodiments of the network V,,,,,(N,,N,,d,5) can be

built. The embodiments of FIG. 1A2 to FIG. 1J2 are ten examples of network

(N,.N,,.d,s) fors=2 and N,>N,.Vntink
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The general symmetrical multi-link multi-stage network V,,,,,,(N,,N>.,d,s) can

be operated in rearrangeably nonblocking mannerfor multicast when s 2 2 according to

the current invention. Also the general symmetrical multi-link multi-stage network

Vtink (N,N>.d,5) can be operated in strictly nonblocking mannerfor unicastif

s = 2 according to the current invention.

For example, the network of Fig. 1C2 shows an exemplary five-stage network,

namely V,in, (8,24,2,2) , with the following multicast assignment J, = {1,4}and all other

I, =@ for j =[2-8]. It should be noted that the connection /, fansoutin the first stage

switch IS1 into middle switches MS(1,1) and MS(1,4) in middle stage 130, and fans out

in middle switches MS(1,1) and MS(1,4) only once into middle switches MS(2, 1) and

MS(2,4) respectively in middle stage 140.

The connection /, also fans out in middle switches MS(2,1) and MS(2,4) only

once into middle switches MS(3,1) and MS(3,4) respectively in middle stage 150. The

connection 7, also fans out in middle switches MS(3,1) and MS(3,4) only once into

output switches OS1 and OS4in output stage 120. Finally the connection 7, fans out

oncein the output stage switch OS1 into outlet link OL1 andin the output stage switch

OS4 twice into the outlet links OL7 and OLS. In accordance with the invention, each

connection can fan out in the input stage switch into at most two middle stage switches in

middle stage 130.

Symmetric Folded RNB Embodiments:

ia-miine NN,d,8) disclosed, in theO1The folded multi-link multi-stage network V,

current invention, is topologically exactly the same as the multi-link multi-stage network

Vtine (N,,N.,d,5), disclosed in the current invention so far, excepting that in the

illustrations folded network Vp14ming (N1,N2,d,5) 18 shownasit is folded at middle

stage 130+10* (Log ,N, —2) . This is true for all the embodiments presented in the

current invention.
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Referring to FIG, 2A, in one embodiment, an exemplary symmetrical folded

multi-link multi-stage network 200A with five stages of twenty switchesfor satisfying

communication requests, such as setting up a telephone call or a data call, or a connection

between configurable logic blocks, between an input stage 110 and output stage 120 via

middle stages 130, 140, and 150 is shown where input stage 110 consists of four, two by

four switches I$ 1-IS4 and output stage 120 consists of four, four by two switches OS1-

OS4. Andall the middle stages namely middle stage 130 consists of four, four by four

switches MS(1,1) - MS(1,4), middle stage 140 consists of four, four by four switches

MS(2,1) - MS(2,4), and middle stage 150 consists of four, four by four switches MS(3,1)

- MS(3,4).

Such a network can be operated in strictly non-blocking mannerfor unicast

connections, because the switches in the input stage 110 are of size two by four, the

switches in output stage 120 are of size four by two, and there are four switches in each

of middle stage 130, middle stage 140 and middle stage 150. Such a network can be

operated in rearrangeably non-blocking manner for multicast connections, because the

switches in the input stage 110 are of size two by four, the switches in output stage 120

are of size four by two, and there are four switches in each of middle stage 130, middle

stage 140 and middle stage 150.

In one embodimentof this network each of the input switches IS1-IS4 and output

switches OS1-OS4are crossbar switches. The numberof switches of input stage 110 and

of output stage 120 can be denoted in general with the variable = , where N is the total
numberofinlet links or outlet links. The number of middle switches in each middle stage

is denoted by = . The size of each input switch IS1-I$4 can be denoted in general with
the notation d *2d and each output switch OS1-OS4can be denoted in general with the

notation 2d *d. Likewise, the size of each switch in any of the middle stages can be

denoted as 2d *2d . A switch as used herein can be either a crossbar switch, or a

network of switches each of which in turn may be a crossbar switch or a network of

switches. A symmetric folded multi-link multi-stage network can be represented with the
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notation Vg14-mine(N.d,5), where N represents the total numberofinlet links ofall

input switches (for example the links IL1-IL8), d represents the inlet links of each input

switch or outlet links of each output switch, and s is the ratio of number of outgoing

links from each input switch to the inlet links of each input switch. Although it is not

necessary that there be the same numberofinlet links IL1-IL8 as there are outlet links

OL1-OL8,in a symmetrical network they are the same.

Eachof the = input switches IS1 — IS4 are connected to exactly 2xd switches
in middle stage 130 through 2xd links (for example input switch IS1 is connected to

middle switch MS(1,1) through the links ML(1,1), ML(1,2), and also to middle switch

MS(1,2) through the links ML(1,3) and ML(1,4)).

Each of the = middle switches MS(1,1) — MS(1,4) in the middle stage 130 are
connected from exactly d input switches through 2xd links (for example the links

ML(1,1) and ML(1,2) are connected to the middle switch MS(1,1) from input switch IS1,

and the links ML(1,7) and ML(1,8) are connected to the middle switch MS(1,1) from

input switch IS2) and also are connected to exactly d switches in middle stage 140

through 2xd_ links (for example the links ML(2,1) and ML(2,2) are connected from

middle switch MS(1,1) to middle switch MS(2,1), and the links ML(2,3) and ML(2,4)are

connected from middle switch MS(1,1) to middle switch MS(2,3)).

Similarly each of the 7 middle switches MS(2,1) — MS(2,4) in the middle stage
140 are connected from exactly d switches in middle stage 130 through 2x d links (for

example the links ML(2,1) and ML(2,2) are connected to the middle switch MS(2,1) from

middle switch MS(1,1), and the links ML(2,11) and ML(2,12) are connected to the

middle switch MS(2,1) from middle switch MS(1,3)) and also are connected to exactly d

switches in middle stage 150 through 2xd links (for example the links ML(3,1) and

ML(3,2) are connected from middle switch MS(2,1) to middle switch MS(3,1), and the

links ML(3,3) and ML(3,4) are connected from middle switch MS(2,1) to middle switch

MS@3,3)).
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Similarly each of the : middle switches MS(3,1) — MS(3,4) in the middle stage
150 are connected from exactly d switches in middle stage 140 through 2xd_ links (for

example the links ML(3,1) and ML(3,2) are connected to the middle switch MS(3,1) from

middle switch MS(2,1), and the links ML(3,11) and ML(3,12) are connected to the

middle switch MS(3,1) from middle switch MS(2,3)) and also are connected to exactly d

output switches in output stage 120 through 2d links (for example the links ML(4,1)

and ML(4,2) are connected to output switch OS1 from Middle switch MS(3,1), and the

links ML(4,3) and ML(4,4) are connected to output switch OS2 from middle switch

MS(,1)).

Eachof the = output switches OS1 — OS4 are connected from exactly 2xd
switches in middle stage 150 through 2d links (for example output switch OS1 is

connected from middle switch MS(3,1) through the links ML(4,1) and ML(4,2), and

output switch OS1 is also connected from middle switch MS(3,2) throughthe links

ML(4,7) and ML(4,8)).

Finally the connection topology of the network 200A shownin FIG. 2A is known

to be back to back inverse Benes connection topology.

In other embodiments the connection topology may be different from the network

200A of FIG. 2A. That is the way the links ML(1,1) - ML(1,16), ML(2,1) - ML(2,16),

ML(3,1) - ML(3,16), and ML(4,1) - ML(4,16) are connected betweenthe respective

stages is different. Even though only one embodimentisillustrated, in general, the

network Viig—mtinn (Nd, 5) Can comprise any arbitrary type of connection topology. For

example the connection topologyof the network Vjijgjing (Ns @,5) may be back to back

Benes networks, Delta Networks and many more combinations. The applicant notes that

the fundamental property of a valid connection topology of the Vpimtine (Nd. 8)

network is, when no connectionsare setup from any inputlink all the output links should

be reachable. Based on this property numerous embodiments of the network
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Vfold—mtinr (Nd, 5) can be built. The embodiment of FIG. 2A is only one example of

network Vgujmine (Nd, 5) «

In the embodiment of FIG. 2A each of the links ML(1,1) - ML(,16), ML(Q,1) -

ML(2,16), ML(3,1) - ML(@,16) and ML(4,1) — ML(4,16) are either available for use by

a new connection or not available if currently used by an existing connection. The input

switches IS1-IS4 are also referred to as the network input ports. The input stage 110 is

often referred to as the first stage. The output switches OS1-OS4 are also referred to as

the network output ports. The output stage 120 is often referred to as the last stage. The

middle stage switches MS(1,1) — MS(1,4)and MS(2,1) — MS(2,4) are referred to as

middle switches or middle ports. The middle stage 130 is also referred to as root stage

and middle stage switches MS(2,1) — MS(2,4) are referred to as root stage switches.

In the exampleillustrated in FIG. 2A, a fan-out of fouris possible to satisfy a

multicast connection requestif input switch is IS2, but only two switches in middle stage

130 will be used. Similarly, although a fan-out of three is possible for a multicast

connection requestif the input switch is [S1, again only a fan-out of two is used. The

specific middle switches that are chosen in middle stage 130 whenselecting a fan-out of

twois irrelevant so long as at most two middle switches are selected to ensure that the

connection requestis satisfied. In essence, limiting the fan-out from input switch to no

more than two middle switches permits the network 200A, to be operated in

rearrangeably nonblocking mannerin accordance with the invention.

The connection request of the type described above can be unicast connection

request, a multicast connection request or a broadcast connection request, depending on

the example. In case of a unicast connection request, a fan-out of one is used, 1.e. a single

middle stage switch in middle stage 130 is used to satisfy the request. Moreover,

although in the above-described embodimenta limit of two has been placed on the fan-

out into the middle stage switches in middle stage 130, the limit can be greater depending

on the number of middle stage switches in a network (while maintaining the

rearrangeably nonblocking nature of operation of the network for multicast connections).
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Howeveranyarbitrary fan-out may be used within any of the middle stage switches and

the output stage switches to satisfy the connection request.

Generalized Symmetric Folded RNB Embodiments:

Network 200B of FIG. 2B is an example of general symmetrical folded multi-link

multi-stage network Vpi4ming (Nd,5) with (2xlog, N)—1stages. The general

symmetrical folded multi-link multi-stage network V14ntine (Nd, 5) can be operated in

rearrangeably nonblocking manner for multicast when s 2 2 according to the current

invention. Also the general symmetrical folded multi-link multi-stage network

Vjoid—mtinr (Nd, 5) can be operated in strictly nonblocking mannerfor unicastif

s 2 2 according to the current invention. (Andin the example of FIG. 2B, s=2). The

general symmetrical folded multi-link multi-stage network Viining (N.@,5) withO01

(2xlogaN)—1stages has d inlet links for each of “ input switches IS1-IS(N/d) (for
example the links IL1-IL(d) to the input switch IS1) and 2xd outgoinglinks for each of

; input switches IS1-IS(N/d) (for example the links ML(1,1) - ML(1,2d) to the input

switch IS1). There are d outlet links for each of 7 output switches OS1-OS(N/d) (for
example the links OL1-OL(d) to the output switch OS1) and 2xd incominglinks for

each of - output switches OS1-OS(N/d) (for example ML(2 x Log ,N — 2,1) -
ML(2x Log ,N —2,2Xd) to the output switch OS1).

Eachofthe - input switches IS] — ISCN/d) are connected to exactly d switches
in middle stage 130 through 2xd links.

Each of the “ middle switches MS(1,1) - MS(1,N/d) in the middle stage 130 are
connected from exactly d input switches through 2d links and also are connected to

exactly d switches in middle stage 140 through 2xd links.
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Similarly each of the : middle switches MS(Log,N —11) - MS(Log,N-1, >)
in the middle stage 130+10*(Log,N —2) are connected from exactly d switches in

middle stage 130+10*(Log,N —3) through 2xd links andalso are connected to

exactly d switches in middle stage 130+10* (Log ,N —1) through 2xd links.

Similarly each of the 7 middle switches MS(2x Log,N —3,]) -

MS(2x Log ,N — 32) in the middle stage 130+10*(2* Log,N —4) are connected from
exactly d switches in middle stage 130+10*(2* Log ,N —5) through 2xd links and

also are connected to exactly d output switches in output stage 120 through 2xd links.

Eachof the 7 output switches OS1 — OS(N/d) are connected from exactly d
switches in middle stage 130+10*(2* Log,N —4) through 2xd links.

As described before, again the connection topology of a general V.14_mniine (Nd, 5)

may be any one of the connection topologies. For example the connection topology of the

network Vjig—mtine (Nd, 5) may be back to back inverse Benes networks, back to back

Omega networks, back to back Benes networks, Delta Networks and many more

combinations. The applicant notes that the fundamental property of a valid connection

topology ofthe general Viijuin, (N.d,5) network is, when no connectionsare setup

from any inputlink if any output link should be reachable. Based on this property

numerous embodiments of the network Vyai4mmtine(N>d,5) can be built. The embodiment

of FIG. 1A is one example of network Vgi4puting (Nd, 5) -

The general symmetrical folded multi-link multi-stage network Vgigmtinc (Nd, 5)

can be operated in rearrangeably nonblocking mannerfor multicast when s > 2

according to the current invention. Also the general symmetrical folded multi-link multi-
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stage network V,,0.ia—miine (Nd, 5) can be operatedin strictly nonblocking mannerfor

unicast if s = 2 according to the current invention.

Every switch in the folded multi-link multi-stage networks discussed herein has

multicast capability. In a Vigsuing(N,d,5) network, if a network inletlink is to be

connected to more than one outlet link on the same output switch, then it is only

necessary for the corresponding input switch to have one path to that output switch. This

follows because that path can be multicast within the output switch to as many outlet

links as necessary. Multicast assignments can therefore be described in terms of

connections between input switches and output switches. An existing connection or a

new connection from an input switch to r' output switchesis said to have fan-out r'. If

all multicast assignments ofa first type, wherein any inlet link of an input switch is to be

connected in an output switch to at most one outlet link are realizable, then multicast

assignments of a second type, wherein any inlet link of each input switch is to be

connected to more than one outlet link in the same output switch, can also be realized.

For this reason, the following discussionis limited to general multicast connections of the

. . \ _N . oo, .
first type (with fan-out r', 1<r's< 7? although the same discussion is applicable to the
secondtype.

To characterize a multicast assignment, for each inlet link ie {hot let
I, =O, where OC {ident denote the subset of output switches to whichinlet link 7
is to be connected in the multicast assignment. For example, the network of Fig. 1C

shows an exemplary five-stage network, namely V,,,,,, (8,2,2), with the following

multicast assignment J, = {2,4}and all other J ; =@ for j = [2-8]. It should be notedthat

the connection /, fans outin the first stage switch IS1 into middle switches MS(1,1) and

MS(1,2) in middle stage 130, and fans out in middle switches MS(1,1) and MS(1,2) only

once into middle switches MS(2,1) and MS(2,3) respectively in middle stage 140.
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The connection 7, also fans out in middle switches MS(2,1) and MS(2,3) only

once into middle switches MS(3,2) and MS(3,4) respectively in middle stage 150. The

connection /, also fans out in middle switches MS(3,2) and MS(3,4) only once into

output switches OS2 and OS4in output stage 120. Finally the connection /, fans out

once in the output stage switch OS2 into outlet link OL3 andin the output stage switch

OS4 twice into the outlet links OL7 and OL8.In accordance with the invention, each

connection can fan out in the input stage switch into at most two middle stage switches in

middle stage 130.

Asymmetric Folded RNB (N2 > Ni) Embodiments:

Referring to FIG. 2C, in one embodiment, an exemplary asymmetrical folded

multi-link multi-stage network 200C with five stages of twenty switches for satisfying

communication requests, such as setting up a telephone call or a data call, or a connection

between configurable logic blocks, between an input stage 110 and output stage 120 via

middle stages 130, 140, and 150 is shown where input stage 110 consists of four, two by

four switches [S1-IS4 and output stage 120 consists of four, eight by six switches OS1-

OS4. Andall the middle stages namely middle stage 130 consists of four, four by four

switches MS(1,1) - MS(1,4), middle stage 140 consists of four, four by four switches

MS(2, 1) - MS(@,4), and middle stage 150 consists of four, four by eight switches MS(3,1)

- MS(3,4).

Such a network can be operated in strictly non-blocking mannerfor unicast

connections, because the switches in the input stage 110 are of size two by four, the

switches in output stage 120 are of size four by two, and there are four switches in each

of middle stage 130, middle stage 140 and middle stage 150. Such a network can be

operated in rearrangeably non-blocking manner for multicast connections, because the

switches in the input stage 110 are of size two by four, the switches in output stage 120

are of size eight by six, and there are four switches in each of middle stage 130, middle

stage 140 and middle stage 150.

In one embodimentof this network each of the input switches IS1-I$4 and output

switches O$1-OS4 are crossbar switches. The number of switches of input stage 110 and
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of output stage 120 can be denoted in general with the variable =, where N, is thetotal
numberof inlet links or and WN, is the total numberof outlet links and NV, > N, and

N, = p* N, where p> 1. The number of middle switches in each middle stageis

denoted by . The size of each input switch IS1-IS4 can be denoted in general with the

notation d *2d and each output switch OS1-OS4 can be denoted in general with the

notation (d+d,)*d.,, where d, = N,x = pXd.Thesize of each switch in any of1

the middle stages excepting the last middle stage can be denoted as 2d * 2d . The size of

each switch in the last middle stage can be denoted as 2d *(d+d,). A switch as used

herein can be either a crossbar switch, or a network of switches each of which in turn may

be a crossbar switch or a network of switches. An asymmetric folded multi-link multi-

stage network can berepresented with the notation V4.1)mine (Nj,N.,d,5), where N,

represents the total numberof inlet links of all input switches (for example the links IL1-

IL8), NV, represents the total numberofoutlet links of all output switches (for example

the links OL1-OL24), d represents the inlet links of each input switch where N, > N,,

and s is the ratio of number of outgoing links from each input switch to the inlet links of

each input switch.

N

Eachof the 7 input switches IS1 —IS4 are connected to exactly d switches in
middle stage 130 through 2xd links (for example input switch IS1 is connected to

middle switch MS(1,1) through the links ML(1,1), ML(1,2), and also to middle switch

MS(1,2) through the links ML(1,3) and ML(1,4)).

Each of the = middle switches MS(1,1) - MS(1,4) in the middle stage 130 are
connected from exactly d input switches through 2xd links (for example the links

ML(1,1) and ML(1,2) are connected to the middle switch MS(1,1) from input switch IS1,

and the links ML(1,7) and ML(1,8) are connected to the middle switch MS(1,1) from

input switch IS2) and also are connected to exactly d switches in middle stage 140
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through 2xd links (for example the links ML(2,1) and ML(2,2) are connected from

middle switch MS(1,1) to middle switch MS(2,1), and the links ML(2,3) and ML(2,4) are

connected from middle switch MS(1,1) to middle switch MS(,3)).

Similarly each of the = middle switches MS(2,1) — MS(Q,4) in the middle stage
140 are connected from exactly d switches in middle stage 130 through 2xd links (for

example the links ML(2,1) and ML(2,2) are connected to the middle switch MS(2,1) from

middle switch MS(1,1), and the links ML(2,11) and ML(2,12) are connected to the

middle switch MS(2,1) from middle switch MS(1,3)) and also are connected to exactly d

switches in middle stage 150 through 2d links (for example the links ML(3,1) and

ML(3,2) are connected from middle switch MS(2,1) to middle switch MS(3,1), and the

links ML(3,3) and ML(3,4) are connected from middle switch MS(2,1) to middle switch

MS(3,3)).

Similarly each of the 7 middle switches MS(3,1) — MS(3,4) in the middle stage
150 are connected from exactly d switches in middle stage 140 through 2xd_ links (for

example the links ML(3,1) and ML(3,2) are connected to the middle switch MS(3,1) from

middle switch MS(2,1), and the links ML(3,11) and ML(3,12) are connected to the

middle switch MS(3,1) from middle switch MS(2,3)) and also are connected to exactly

+d, 
output switches in output stage 120 through d+, links (for example the links

ML(4,1) and ML(4,2) are connected to output switch OS1 from Middle switch MS(3, 1);

the links ML(4,3) and ML(4,4) are connected to output switch OS2 from middle switch

MS(3, 1); the links ML(4,5) and ML(4,6) are connected to output switch OS3 from

Middle switch MS(3,1); and the links ML(4,7) and ML(4,8) are connected to output

switch OS4 from middle switch MS(3,1)).

+

Eachof the = output switches OS1 — OS4 are connected fromexactly dtd,
switches in middle stage 150 through d+d, links (for example output switch OS1 is

connected from middle switch MS(3,1) through the links ML(4,1) and ML(4,2); output
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switch OS1 is also connected from middle switch MS(3,2) through the links ML(4,9) and

ML(4,10); output switch OS1 is connected from middle switch MS(3,3) through the links

ML(4,17) and ML(4,18); and output switch OS1 is also connected from middle switch

MS(3,4) through the links ML(4,25) and ML(4,26)).

Finally the connection topology of the network 200C shown in FIG. 2C is known

to be back to back inverse Benes connection topology.

In other embodiments the connection topology may be different from the network

200C of FIG. 2C. That is the way the links ML(1,1) - ML(1,16), ML(2,1) - ML(@,16),

ML(3,1) - ML(3,16), and ML(4,1) - ML(4,16) are connected between the respective

stages is different. Even though only one embodimentis illustrated, in general, the

network V¢14-mine(N,d,5) Can comprise any arbitrary type of connection topology. For

example the connection topology of the network V,old-mlin LY» d,5) may be back to back

Benes networks, Delta Networks and many more combinations. The applicant notes that

the fundamental property of a valid connection topology of the Vgijrine (Nd, 5)

network is, when no connections are setup from any inputlink all the output links should

be reachable. Based on this property numerous embodiments of the network

Vfola—mink (Nd, 5) can be built. The embodimentof FIG. 2C is only one example of

network Vguymine (Nd 5) «

In the embodiment of FIG. 2C each of the links ML(1,1) - ML(1,16), ML@,1) -

ML@Q,16), MLG,1) -ML(@,16) and ML(4,1) — ML(4,16) are either available for use by

a new connection or not available if currently used by an existing connection. The input

switches IS1-IS4 are also referred to as the network input ports. The input stage 110 is

often referred to as the first stage. The output switches OS1-OS4 are also referred to as

the network output ports. The output stage 120 is often referred to as the last stage. The

middle stage switches MS(1,1) — MS(1,4)and MS(2,1) — MS(2,4) are referred to as

middle switches or middle ports. The middle stage 130 is also referred to as root stage

and middle stage switches MS(2,1) — MS(2,4)are referred to as root stage switches.
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In the example illustrated in FIG. 2C, a fan-out of fouris possible to satisfy a

multicast connection request if input switch is IS2, but only two switches in middle stage

130 will be used. Similarly, although a fan-out of three is possible for a multicast

connection requestif the input switch is [S1, again only a fan-out of two is used. The

specific middle switches that are chosen in middle stage 130 whenselecting a fan-out of

twois irrelevant so long as at most two middle switches are selected to ensure that the

connection requestis satisfied. In essence, limiting the fan-out from input switch to no

more than two middle switches permits the network 200C, to be operated in

rearrangeably nonblocking mannerin accordance with the invention.

The connection request of the type described above can be unicast connection

request, a multicast connection request or a broadcast connection request, depending on

the example. In case of a unicast connection request, a fan-out of one is used,i.e. a single

middle stage switch in middle stage 130 is used to satisfy the request. Moreover,

although in the above-described embodimenta limit of two has been placed on the fan-

out into the middle stage switches in middle stage 130, the limit can be greater depending

on the numberof middle stage switches in a network (while maintaining the

rearrangeably nonblocking nature of operation of the network for multicast connections).

Howeveranyarbitrary fan-out may be used within any of the middle stage switches and

the output stage switches to satisfy the connection request.

Generalized Asymmetric Folded RNB (N; > N,) Embodiments:

Network 200D of FIG. 2D is an example of general asymmetrical folded multi-

link multi-stage network Viimnine(N1,N>,d,5) with (2xlog, N,)—1stages where

N,>WN, and N, = p*N, where p > 1. In network 200D of FIG. 2D, N, = N

and N, = p*N. The general asymmetrical folded multi-link multi-stage network

Ve
01la_mline (N,,N>.d.5) Can be operated in rearrangeably nonblocking mannerfor

multicast when s 22 according to the current invention. Also the general asymmetrical

folded multi-link multi-stage network Vi4mine (N,N,d,5) can be operated in strictly

nonblocking mannerfor unicastif s > 2 according to the current invention, (And in the

example of FIG. 2D, s = 2). The general asymmetrical folded multi-link multi-stage

-85-



Page 92 of 369

10

15

Page 92 of 369

S-0039 PCT

network Vijmtine(N1,No,d,5) with (2xlog, N,)—Istages has d inletlinks for each of

N

7 input switches IS1-ISCN,/d) (for example the links IL1-IL(d) to the input switch IS1)

and 2xd outgoing links for each of “4 input switches IS1-IS(N,/d) (for example the
links ML(1,1) - ML(1,2d) to the input switch IS1). There are d, (where

d,=N,x = pxd ) outletlinks for each of = output switches OS1-OS(N,/d) (for1

example the links OL1-OL(p*d) to the output switch OS1) and d+d, (= d+ pxd)

incoming links for each of 7 output switches OS1-OS(N;/d) (for
example ML(2x Log, N, —2,1)- ML(2x Log, N, —2,d +d,) to the output switch OS1),

Each of the “ input switches IS1 — IS(N,/d) are connected to exactly 2xd
switches in middle stage 130 through 2xd_ links.

Each of the = middle switches MS(1,1) —- MS(1,N;/d) in the middle stage 130
are connected from exactly d input switches through 2xd_ links and also are connected

to exactly d switches in middle stage 140 through 2xd links.

Similarly each of the “ middle switches MS(Log,N, -LD -

MS(Log ,N, -=) in the middle stage 130+10* (Log ,N, —2) are connected from
exactly d switches in middle stage 130+10*(Log,N, —3) through 2xd links and also

are connected to exactly d switches in middle stage 130+10* (Log ,N, —1) through

2xd links.
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N,
Similarly each of the 7 middle switches MS(2x Log, N, —3,]) -

MS(2x Log ,N, - 3h) in the middle stage 130+ 10*(2* Log,N, —4) are connected
from exactly d switches in middle stage 130+10*(2* Log, N, —5) through 2xd links

d
and also are connected to exactly 2

 

output switches in output stage 120 through

d +d,links.

Eachof the “1 output switches OS1 — OS(N;/d) are connected from exactly

“<< switches in middle stage 130 +10*(2* Log ,N, —4) through d +d, links.

Asdescribed before, again the connection topology of a general

Vfold—miinr (N,N,.d,5) may be any one of the connection topologies. For examplethe

connection topology of the network Vji4_miink (N,,N,,d,s) may be back to back inverse

Benes networks, back to back Omega networks, back to back Benes networks, Delta

Networks and many more combinations. The applicant notes that the fundamental

property of a valid connection topologyof the general Vii,nine (N,,N>,d.5) network is,

when no connectionsare setup from any input link if any output link should be reachable.

Based on this property numerous embodiments of the network Vijniin (Ni,N2.d,5)

can be built. The embodiment of FIG. 1C is one example of network

Vvfold—miins (N|,N>.d,8) fors=2and N, >N,.

The general symmetrical folded multi-link multi-stage network

Vfotd—miinr (N,,N,.d,5) can be operated in rearrangeably nonblocking mannerfor

multicast when s 22 according to the current invention. Also the general symmetrical

folded multi-link multi-stage network V14min (N1,N2,d,5) can be operated in strictly

nonblocking mannerfor unicast if s = 2 according to the current invention.
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For example, the network of Fig. 2C shows an exemplary five-stage network,

namely Vgi4-miint (8,24,2,2),, with the following multicast assignment J, = {L.4}and all

other /;=¢ for j = [2-8]. It should be noted that the connection /, fans outin the first

stage switch IS1 into middle switches MS(1,1) and MS(1,2) in middle stage 130, and fans

out in middle switches MS(1,1) and MS(1,2) only once into middle switches MS(2,1) and

MS(,3) respectively in middle stage 140.

The connection 7, also fans out in middle switches MS(2,1) and MS(2,3) only

once into middle switches MS(3,1) and MS(3,4) respectively in middle stage 150. The

connection /, also fans out in middle switches MS(3,1) and MS(3,4) only once into

output switches OS1 and OS4in output stage 120. Finally the connection 7, fans out

once in the output stage switch OS1 into outlet link OL2 andin the output stage switch

OS4 twice into the outlet links OL20 and OL23. In accordance with the invention, each

connection can fan out in the input stage switch into at most two middle stage switches in

middle stage 130.

Asymmetric Folded RNB (N; > N2) Embodiments:

Referring to FIG. 2E, in one embodiment, an exemplary asymmetrical folded

multi-link multi-stage network 200E with five stages of twenty switches forsatisfying

communication requests, such as setting up a telephone call or a data call, or a connection

between configurable logic blocks, between an input stage 110 and output stage 120 via

middle stages 130, 140, and 150 is shown whereinput stage 110 consists of four, six by

eight switches [S1-IS4 and output stage 120 consists of four, four by two switches OS1-

OS4. And all the middle stages namely middle stage 130 consists of four, eight by four

switches MS(1,1) - MS(1.4), middle stage 140 consists of four, four by four switches

MS(2,1) - MS(2,4), and middle stage 150 consists of four, four by four switches MS(3,1)

- MS(3,4).

Such a network can be operated in strictly non-blocking mannerfor unicast

connections, because the switches in the input stage 110 are of size six by eight, the

switches in output stage 120 are of size four by two, and there are four switches in each
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of middle stage 130, middle stage 140 and middle stage 150. Such a network can be

operated in rearrangeably non-blocking manner for multicast connections, because the

switches in the input stage 110 are of size six by eight, the switches in output stage 120

are of size four by two,and there are four switches in each of middle stage 130, middle

stage 140 and middle stage 150.

In one embodimentof this network each of the input switches IS1-IS4 and output

switches OS1-OS4are crossbar switches. The number of switches of input stage 110 and

2 

of output stage 120 can be denoted in general with the variable , where AN,is the

total numberof inlet links or and N,is the total numberof outlet links and N, > N., and

N, = p*N, where p> 1. The number of middle switches in each middle stageis

denoted by — . The size of each input switch IS1-I$4 can be denoted in general with
the notation d, *(d +d,) and each output switch OS1-OS4 can be denoted in general

with the notation (2xd *d), where d, = N,x = pxd. Thesize of each switch in2

any of the middle stages excepting the first middle stage can be denoted as 2d * 2d . The

size of each switch in the first middle stage can be denoted as (d + d, )* 2d. A switch as

used herein can be either a crossbar switch, or a network of switches each of which in

turn may be a crossbar switch or a network of switches. An asymmetric folded multi-link

multi-stage network can be represented with the notation Vii4mint (N,,N,,d,5), where

N, represents the total numberof inlet links of all input switches (for example the links

IL1-IL24), N., represents the total numberofoutletlinks of all output switches (for

example the links OL1-OL8), d represents the inlet links of each input switch where

N,>N, ,and s is the ratio of number of incoming links to each output switch to the

outlet links of each output switch.

+d, Eachofthe <= input switches IS1 —IS4 are connected to exactly d
switches in middle stage 130 through d +d, links (for example input switch IS1 is
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connected to middle switch MS(1,1) through the links ML(1,1), ML(,2); input switch

IS1 is connected to middle switch MS(1,2) through the links ML(1,3) and ML(1,4); input

switch IS1 is connected to middle switch MS(1,3) through the links ML(1.5), ML(1,6);

and input switch IS1 is also connected to middle switch MS(1,4) through the links

ML(1,7) and ML(1,8)).

Eachof the 2 middle switches MS(1,1) - MS(1,4) in the middle stage 130 are
d, connected from exactly d+ input switches through d +d, links (for example the

links ML(1,1) and ML(1,2) are connected to the middle switch MS(1,1) from input

switch IS1; the links ML(1,9) and ML(1,10) are connected to the middle switch MS(1,1)

from input switch IS2; the links ML(1,17) and ML(1,18) are connected to the middle

switch MS(1,1) from input switch IS3; and the links ML(1,25) and ML(1,26) are

connected to the middle switch MS(1,1) from input switch IS4) and also are connected to

exactly d switches in middle stage 140 through 2xd links (for example the links

ML(,1) and ML(2,2) are connected from middle switch MS(1,1) to middle switch

MS(2,1), and the links ML(2,3) and ML(2,4) are connected from middle switch MS(1,1)

to middle switch MS(2,3)).

 

Similarly each of the ~ middle switches MS(2,1) — MS(2,4) in the middle stage
140 are connected from exactly d switches in middle stage 130 through 2xd links (for

example the links ML(2,1) and ML(2,2) are connected to the middle switch MS(2,1) from

middle switch MS(1,1), and the links ML(2,11) and ML(2,12) are connected to the

middle switch MS(2,1) from middle switch MS(1,3)) and also are connected to exactly d

switches in middle stage 150 through 2d links (for example the links ML(3,1) and

ML(3,2) are connected from middle switch MS(2,1) to middle switch MS(3,1), and the

links ML(3,3) and ML(3,4) are connected from middle switch MS(2,1) to middle switch

MS@,3)).
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Similarly each of the = middle switches MS(3,1) — MS(3,4) in the middle stage
150 are connected from exactly d switches in middle stage 140 through 2x d_ links (for

example the links ML(3,1) and ML(3,2) are connected to the middle switch MS(3,1) from

middle switch MS(2,1), and the links ML(3,11) and ML(3,12) are connected to the

middle switch MS(3,1) from middle switch MS(2,3)) and also are connected to exactly d

output switches in output stage 120 through 2xd links (for example the links ML(4,1)

and ML(4,2) are connected to output switch OS1 from middle switch MS(3,1); and the

links ML(4,3) and ML(4,4) are connected to output switch OS2 from middle switch

MS@G,1)).

Eachof the = output switches OS1 — OS4 are connected from exactly d
switches in middle stage 150 through 2xd_links (for example output switch OS1 is

connected from middle switch MS(3,1) through the links ML(4,1) and ML(4,2); and

output switch OS1 is also connected from middle switch MS(3,2) through the links

ML(4,7) and ML(4,8)).

Finally the connection topology of the network 200E shownin FIG. 2E is known

to be back to back inverse Benes connection topology.

In other embodiments the connection topology may be different from the network

200E of FIG. 2E. That is the way the links ML(1,1) - ML(.,16), ML(2,1) - ML(2,16),

ML(3,1) - ML(3,16), and ML(4,1) - ML(4,16) are connected between the respective

stages is different. Even though only one embodimentisillustrated, in general, the

network Vp14mine (N,@,5) Can comprise any arbitrary type of connection topology. For

example the connection topology of the network Vijnine (N.d,5) may be back to back

Benes networks, Delta Networks and many more combinations. The applicant notes that

the fundamental property of a valid connection topology of the Vpi4—miine (Nd, 5)

network is, when no connections are setup from any inputlink all the output links should

be reachable. Based on this property numerous embodiments of the network
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Vvotd—miink (Nd, 5) can be built. The embodiment of FIG.2Eis only one example of

networkVpij—mtine (Nd, 5) «

In the embodiment of FIG. 2E each of the links ML(1,1) - ML(1,16), ML(2,1) —

ML(2,16), ML(3,1) -ML(,16) and ML(4,1) — ML(4,16) are either available for use by

a new connection or not available if currently used by an existing connection. The input

switches IS1-IS4 are also referred to as the network input ports. The input stage 110 is

often referred to as the first stage. The output switches OS1-OS4 are also referred to as

the network output ports. The output stage 120 is often referred to as the last stage. The

middle stage switches MS(1,1) — MS(1,4)and MS(2,1) — MS(2,4) are referred to as

middle switches or middle ports. The middle stage 130 is also referred to as root stage

and middle stage switches MS(2,1) — MS(2,4) are referred to as root stage switches.

In the exampleillustrated in FIG. 2E, a fan-out of four is possible to satisfy a

multicast connection requestif input switch is [S2, but only two switches in middle stage

130 will be used. Similarly, although a fan-out of three is possible for a multicast

connection requestif the input switch is [S1, again onlya fan-out of two is used. The

specific middle switches that are chosen in middle stage 130 whenselecting a fan-out of

twois irrelevant so long as at most two middle switches are selected to ensure that the

connection requestis satisfied. In essence, limiting the fan-out from input switch to no

more than two middle switches permits the network 200E,to be operated in rearrangeably

nonblocking mannerin accordance with the invention.

The connection request of the type described above can be unicast connection

request, a multicast connection request or a broadcast connection request, depending on

the example. In case of a unicast connection request, a fan-out of one is used, i.e. a single

middle stage switch is used to satisfy the request. Moreover, although in the above-

described embodimenta limit of two has been placed on the fan-out into the middle stage

switches in middle stage 130, the limit can be greater depending on the numberof middle

stage switches in a network (while maintaining the rearrangeably nonblocking nature of

operation of the network for multicast connections). However any arbitrary fan-out may
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be used within any of the middle stage switches and the output stage switchesto satisfy

the connection request.

Generalized Asymmetric Folded RNB (N2 > Ni) Embodiments:

Network 200F of FIG. 2F is an example of general asymmetrical folded multi-link

multi-stage network Vijnine(Ni,No.d,5) with (2xlog, N,)—1stages where N, > N,

and N, = p*N, where p> 1. In network 200F of FIG. 2F, N, =N andN, = p*N. The

general asymmetrical folded multi-link multi-stage networkVjyi¢_miine (Ni»N>,d,5) Can

be operated in rearrangeably nonblocking mannerfor multicast when s 2 2 according to

the current invention. Also the general asymmetrical folded multi-link multi-stage

network V14-mtine(N1,N>,d,5) can be operated in strictly nonblocking mannerfor

unicast if s 2 2 according to the current invention. (And in the example of FIG. 2F,

§ =2). The general asymmetrical folded multi-link multi-stage network

 

Viota-ninr (N},Nz.d,8) with (2xlog, N,)—-1 stages has d, (where d, = N, x— = pxd2

inlet links for each of “ input switches [S1-ISC(N2/d) (for example the links IL1-

IL(p*d) to the input switch IS1) and d+d, (= d+ pxd) outgoing links for each of =
input switches IS1-IS(N2/d) (for example the links ML(1,1) - ML(1,(d+p*d)) to the input

switch IS1). There are d outlet links for each of = output switches OS1-OS(N2/d) (for
example the links OL1-OL(d) to the output switch OS1) and 2xd incoming links for

N,
each of "a output switches O$1-OS(N2/d) (for example ML(2 x Log, N, — 2,1) -

ML(2x Log, N, —2,2xd) to the output switch OS1).

+d, Eachof the me input switches IS1 — IS(N2/d) are connected to exactly d
switches in middle stage 130 through d +d, links.
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Each of the “2 middle switches MS(1,1) — MS(1,N>/d) in the middle stage 130
are connected from exactly d input switches through 2xd_links and also are connected

to exactly d switches in middle stage 140 through 2xd links.

 

Sumilarly each of the = middle switches MS(Log,N,—1,]) -

MS(Log ,N, -2) in the middle stage 130+10* (Log, N, — 2) are connected from
exactly d switches in middle stage 130+10* (Log ,N, —3) through 2xd links and also

are connected to exactly d switches in middle stage 130+ 10* (Log, N, —1) through

2xd links.

 

Similarly each of the ~ middle switches MS(2x Log ,N, —3,1) -
N

MS(2x Log ,N, -3.) in the middle stage 130 +10*(2* Log ,N, —4) are connected
from exactly d switches in middle stage 130+ 10*(2* Log ,N, —5) through 2xd links

and also are connected to exactly d output switches in output stage 120 through 2xd

links.

 

Eachof the ~ output switches OS1 — OS(N>/d) are connected from exactly d
switches in middle stage 130+10* (2* Log, N, —4) through 2xd links.

Asdescribed before, again the connection topology of a general

Vfold—mlink (N,,N>.d,5) may be any one of the connection topologies. For example the

td_mine N,N,,d,5) may be backto back inverse0.connection topology of the network V,

Benes networks, back to back Omega networks, back to back Benes networks, Delta

Networks and many more combinations. The applicant notes that the fundamental

property of a valid connection topologyof the general Vii,ine (N1,N>,d.5) network is,

when no connectionsare setup from any inputlink if any output link should be reachable.
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Based on this property numerous embodiments of the network Vogij_ iting (Ni,N2.d,8)

can be built. The embodimentof FIG. 2F is one example of network

Vjott-miine (N,N,.d,5) fors=2and N, >N,.

The general symmetrical folded multi-link multi-stage network

Vrotd—mtink (N,,N,.d,5) can be operated in rearrangeably nonblocking mannerfor

multicast when s 2 2 according to the current invention. Also the general symmetrical

folded multi-link multi-stage network V,,fold—mlink (N,,N,,d,s5) can be operated in strictly

nonblocking mannerfor unicast if 5 > 2 according to the current invention.

For example, the network of Fig. 2E shows an exemplary five-stage network,

namely Vg14-miin(8,24,2,2) , with the following multicast assignment J, = {L.4}andall

other J, = @ for j =[2-8]. It should be noted that the connection /, fans outin the first

stage switch IS1 into middle switches MS(1,1) and MS(1,4) in middle stage 130, and fans

out in middle switches MS(1,1) and MS(1,4) only once into middle switches MS(2,1) and

MS(,4) respectively in middle stage 140.

The connection /, also fans out in middle switches MS(2,1) and MS(2,4) only

once into middle switches MS(3,1) and MS(3,4) respectively in middle stage 150. The

connection /, also fans out in middle switches MS(3,1) and MS(3,4) only once into

output switches OS] and OS4in output stage 120. Finally the connection /, fans out

once in the output stage switch OS1 into outlet link OL1 andin the output stage switch

OS4 twice into the outlet links OL7 and OL8.In accordance with the invention, each

connection can fan out in the input stage switch into at most two middle stage switches in

middle stage 130.

SNB MULTI-LINK MULTI-STAGE EMBODIMENTS:

Symmetric SNB Embodiments:

Referring to FIG, 3A, in one embodiment, an exemplary symmetrical multi-link

multi-stage network 300A with five stages of twenty switchesfor satisfying
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communication requests, such as setting up a telephone call or a data call, or a connection

between configurable logic blocks, between an input stage 110 and output stage 120 via

middle stages 130, 140, and 150 is shown whereinput stage 110 consists of four, two by

six switches IS1-IS4 and output stage 120 consists of four, six by two switches OS1-OS4.

Andall the middle stages namely middle stage 130 consists of four, six by six switches

MS(1,1) - MS(1,4), middle stage 140 consists of four, six by six switches MS(2,1) -

MS(2,4), and middle stage 150 consists of four, six by six switches MS(3,1) - MS(3,4).

Such a network can be operated in strictly non-blocking manner for multicast

connections, because the switches in the input stage 110 are of size two bysix, the

switches in output stage 120 are of size six by two, and there are four switches in each of

middle stage 130, middle stage 140 and middle stage 150.

In one embodimentof this network each of the input switches IS1-IS4 and output

switches O$1-OS4 are crossbar switches. The number of switches of input stage 110 and

of output stage 120 can be denoted in general with the variable = , where N is the total
numberofinlet links or outlet links. The number of middle switches in each middle stage

is denoted by = . The size of each input switch IS1-IS4 can be denoted in general with
the notation d*3d and each output switch OS1-OS4can be denoted in general with the

notation 3d *d. Likewise, the size of each switch in any of the middle stages can be

denoted as 3d *3d. A switch as used herein can be either a crossbar switch, or a network

of switches each of which in turn maybe a crossbar switch or a network of switches. A

symmetric multi-link multi-stage network can be represented with the notation

Vwine (N» d,s), where N represents the total numberof inletlinks of all input switches

(for example the links IL1-IL8), d represents the inlet links of each input switch or outlet

links of each output switch, and s is the ratio of number of outgoing links from each

input switch to the inlet links of each input switch. Althoughit is not necessary that there

be the same numberof inlet links IL1-IL8 as there are outlet links OL1-OL8, ina

symmetrical network they are the same.
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Eachof the “ input switches IS1 —IS4 are connected to exactly 3xd switches
in middle stage 130 through 3xd links (for example input switch IS1 is connected to

middle switch MS(1,1) through the links ML(1,1), ML(1,2), and ML(1,3); and also to

middle switch MS(1,2) through the links ML(1,4), ML(1,5), and ML(1,6)).

Each of the - middle switches MS(1,1) — MS(1,4) in the middle stage 130 are
connected from exactly d input switches through 3xd links (for example the links

ML(1,1), ML(1,2), and ML(1,3) are connected to the middle switch MS(1,1) from input

switch IS1, and the links ML(1,10), ML(1,11), and ML(1,12) are connected to the middle

switch MS(1,1) from input switch IS2) and also are connected to exactly d switches in

middle stage 140 through 3xd links (for example the links ML(2,1), ML(2,2), and

ML(2,3) are connected from middle switch MS(1,1) to middle switch MS(2,1), and the

links ML(2,4), ML(@,5), and ML(2,6) are connected from middle switch MS(1,1) to

middle switch MS(2,3)).

Similarly each of the = middle switches MS(2,1) — MS(2,4) in the middle stage
140 are connected from exactly d switches in middle stage 130 through 3xd_links (for

example the links ML(2,1), ML(2,2), and ML(2,3) are connected to the middle switch

MS(,1) from middle switch MS(1,1), and the links ML(2,16), ML(2,17), and ML(2,18)

are connected to the middle switch MS(2,1) from middle switch MS(1,3)) and also are

connected to exactly d switches in middle stage 150 through 3xd links (for example the

links ML(3,1), ML(3,2), and ML(3,3) are connected from middle switch MS(2,1) to

middle switch MS(3,1), and the links ML(3,4), ML@G,5), and ML(3,6) are connected from

middle switch MS(2,1) to middle switch MS(3,3)).

Similarly each of the = middle switches MS(3,1) — MS(3,4) in the middle stage
150 are connected from exactly d switches in middle stage 140 through 3xd links (for

example the links ML(3,1), ML(3,2), and ML(@,3) are connected to the middle switch

MS(@,1) from middle switch MS(2,1), and the links ML(3,16), ML(3,17), and ML(3,18)
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are connected to the middle switch MS(3,1) from middle switch MS(,3)) and also are

connected to exactly d output switches in output stage 120 through 3xd links (for

example the links ML(4,1), ML(4,2), and ML(4,3) are connected to output switch OS1

from Middle switch MS(3,1), and the links ML(4,10), ML(4,11), and ML(4,12) are

connected to output switch OS2 from middle switch MS(3,1)).

Eachof the 7 output switches OS1 —- OS4 are connected from exactly 3xd
switches in middle stage 150 through 3xd links (for example output switch OS1 is

connected from middle switch MS(3,1) through the links ML(4,1), ML(4,2), and

ML(4,3), and output switch OS1 is also connected from middle switch MS(3,2) through

the links ML(4,10), ML(4,11) and ML(4,12)).

Finally the connection topology of the network 300A shownin FIG. 3A is known

to be back to back inverse Benes connection topology.

Referring to FIG. 3B, in another embodiment of network V,ink (Nd, 8), an

exemplary symmetrical multi-link multi-stage network 300B with five stages of twenty

switches for satisfying communication requests, such as setting up a telephonecall ora

data call, or a connection between configurable logic blocks, between an input stage 110

and output stage 120 via middle stages 130, 140, and 150 is shown where input stage 110

consists of four, two by six switches IS1-IS4 and output stage 120 consists of four, six by

two switches OS1-OS4. And all the middle stages namely middle stage 130 consists of

four, six by six switches MS(1,1) - MS(1,4), middle stage 140 consists of four, six by six

switches MS(2,1) - MS(@,4), and middle stage 150 consists of four, six by six switches

MS(3, 1) - MS(3,4).

Such a network can be operatedin strictly non-blocking mannerfor multicast

connections, because the switches in the input stage 110 are of size two bysix, the

switches in output stage 120 are of size six by two, and there are four switches in each of

middle stage 130, middle stage 140 and middle stage 150.

In one embodimentof this network each of the input switches IS1-IS4 and output

switches OS1-OS4are crossbar switches. The number of switches of input stage 110 and
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of output stage 120 can be denoted in general with the variable - , whereWNisthetotal
numberofinlet links or outlet links. The number of middle switches in each middle stage

is denoted by = . The size of each input switch IS1-IS4 can be denoted in general with
the notation d *3d and each output switch OS1-OS4 can be denoted in general with the

notation 3d *d. Likewise, the size of each switch in any of the middle stages can be

denoted as 3d *3d. A switch as used herein can be either a crossbar switch, or a network

of switches each of which in turn maybe a crossbar switch or a network of switches. The

symmetric multi-link multi-stage network of FIG. 3B is also the network of the type

Vwine (N,. d,s), where N represents the total numberofinlet links of all input switches

(for example the links IL1-IL8), d represents theinlet links of each input switch or outlet

links of each output switch, and s is the ratio of number of outgoing links from each

input switch to the inlet links of each input switch. Althoughit is not necessary that there

be the same numberof inlet links IL1-IL8 as there are outlet links OL1-OL8, ina

symmetrical network they are the same.

Eachof the = input switches IS] — [$4 are connected to exactly 3xd switches
in middle stage 130 through 3xd links (for example input switch IS1 is connected to

middle switch MS(1,1) throughthe links ML(1,1), ML(1,2), and ML(1,3); and also to

middle switch MS(1,2) through the links ML(1,4), ML(1,5), and ML(1,6)).

Eachof the ~ middle switches MS(1,1) — MS(1,4) in the middle stage 130 are
connected from exactly d input switches through 3xd links (for example the links

ML(1,1), ML(1,2), and ML(1,3) are connected to the middle switch MS(1,1) from input

switch IS1, and the links ML(1,13), ML(1,14), and ML(1,15) are connected to the middle

switch MS(1,1) from input switch IS3) and also are connected to exactly d switches in

middle stage 140 through 3xd links (for example the links ML(2,1), ML(2,2), and

ML(2,3) are connected from middle switch MS(1,1) to middle switch MS(2,1); and the

links ML(2,4), ML(,5), and ML(2,6) are connected from middle switch MS(1,1) to

middle switch MS(2,?)).
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Similarly each of the : middle switches MS(2,1) — MS(2,4) in the middle stage
140 are connected from exactly d switches in middle stage 130 through 3xd links (for

example the links ML(2,1), ML(2,2), and ML(2,3) are connected to the middle switch

MS(2,1) from middle switch MS(1,1), and the links ML(2,13), ML(2,14), and ML(2,15)

are connected to the middle switch MS(2,1) from middle switch MS(1,3)) and also are

connected to exactly d switches in middle stage 150 through 3xd links (for example the

links ML(3,1), ML(3,2), and ML(3,3) are connected from middle switch MS(2,1) to

middle switch MS(3,1), and the links ML(3,4), ML@G,5) and ML(3,6) are connected from

middle switch MS(2,1) to middle switch MS(3,2)).

Similarly each of the = middle switches MS(3,1) — MS(3,4) in the middle stage
150 are connected from exactly d switches in middle stage 140 through 3xd links (for

example the links ML(3,1), ML(3,2), and ML(3,3) are connected to the middle switch

MS(3,1) from middle switch MS(2,1), and the links ML(3,13), ML(3,14), and ML(3,15)

are connected to the middle switch MS(3,1) from middle switch MS(2,3)) and also are

connected to exactly d output switches in output stage 120 through 3xdlinks (for

example the links ML(4,1), ML(4,2), and ML(4,3) are connected to output switch OS1

from Middle switch MS(3,1), and the links ML(4,4), ML(4.5), and ML(4,6) are

connected to output switch OS2 from middle switch MS(3,1)).

Eachof the - output switches OS1 —- OS4 are connected from exactly 3xd
switches in middle stage 150 through 3xd links (for example output switch OS1 is

connected from middle switch MS(3,1) through the links ML(4,1), ML(4,2), and

ML(4,3), and output switch OS1 is also connected from middle switch MS(3,3) through

the links ML(4,13), ML(4,14), and ML(4,15)).

Finally the connection topology of the network 300B shownin FIG. 3B is known

to be back to back Omega connection topology.
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Referring to FIG, 3C, in another embodimentof network V,,,,,(N.d,s), anLin

exemplary symmetrical multi-link multi-stage network 300C with five stages of twenty

switches for satisfying communication requests, such as setting up a telephonecall ora

data call, or a connection between configurable logic blocks, between an input stage 110

and output stage 120 via middle stages 130, 140, and 150 is shown where input stage 110

consists of four, two by six switches IS1-IS4 and output stage 120 consists of four, six by

two switches OS1-OS4. And all the middle stages namely middle stage 130 consists of

four, six by six switches MS(1,1) - MS(1,4), middle stage 140 consists of four, six by six

switches MS(2,1) - MS(2,4), and middle stage 150 consists of four, six by six switches

MS(3, 1) - MS(3,4).

Such a network can be operated in strictly non-blocking manner for multicast

connections, because the switches in the input stage 110 are of size two bysix, the

switches in output stage 120 are of size six by two, and there are four switches in each of

middle stage 130, middle stage 140 and middle stage 150.

In one embodimentof this network each of the input switches IS1-IS4 and output

switches OS1-OS4are crossbar switches. The number of switches of input stage 110 and

of output stage 120 can be denoted in general with the variable - , whereANisthetotal
numberofinlet links or outlet links. The number of middle switches in each middle stage

is denoted by = . The size of each input switch IS1-IS4 can be denoted in general with
the notation d *3d and each output switch OS1-OS4 can be denoted in general with the

notation 3d *d. Likewise, the size of each switch in any of the middle stages can be

denoted as 3d *3d. A switch as used herein can be either a crossbar switch, or a network

of switches each of which in turn maybe a crossbar switch or a network of switches. The

symmetric multi-link multi-stage network of FIG. 3C is also the network of the type

Vwine (N.d,5), where N represents the total numberofinletlinks of all input switches

(for example the links IL1-IL8), d represents the inlet links of each input switch or outlet

links of each output switch, and s is the ratio of number of outgoing links from each

input switch to the inlet links of each input switch. Althoughit is not necessary that there
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be the same numberofinlet links [L1-[L8 as there are outlet links OL1-OL8, ina

symmetrical network they are the same.

Eachof the - input switches IS1 —IS4 are connected to exactly 3xd switches
in middle stage 130 through 3xd links (for example input switch IS1 is connected to

middle switch MS(1,1) through the links ML(1,1), ML(1,2), and ML(1,3); and also to

middle switch MS(1,2) through the links ML(1,4), ML(1,5), and ML(1,6)).

Eachof the ~ middle switches MS(1,1) — MS(1,4) in the middle stage 130 are
connected from exactly d input switches through 3xd links (for example the links

ML(1,1), ML(1,2), and ML(1,3) are connected to the middle switch MS(1,1) from input

switch IS1, and the links ML(1,22), ML(1,23), and ML(1,24) are connected to the middle

switch MS(1,1) from input switch [S4) and also are connected to exactly d switches in

middle stage 140 through 3xd links (for example the links ML(2,1), MI(2,2), and

ML(2,3) are connected from middle switch MS(1,1) to middle switch MS(2,1), and the

links ML(,4), ML(2,5), and ML(2,6) are connected from middle switch MS(1,1) to

middle switch MS(2,2)).

Similarly each of the = middle switches MS(2,1) — MS(2,4) in the middle stage
140 are connected from exactly d switches in middle stage 130 through 3xd_ links (for

example the links ML(2,1), ML(@,2), and ML(@,3) are connected to the middle switch

MS(, 1) from middle switch MS(1,1), and the links ML(2,22), ML(2,23), and ML(2,24)

are connected to the middle switch MS(2,1) from middle switch MS(1,4)) and also are

connected to exactly d switches in middle stage 150 through 3xd_links (for example the

links ML(3,1), ML(3,2), and ML(3,3) are connected from middle switch MS(2,1) to

middle switch MS(3,1), and the links ML(3,4), ML@G,5), and ML(3,6) are connected from

middle switch MS(2,1) to middle switch MS(3,2)).

Similarly each of the - middle switches MS(3,1) — MS(3,4) in the middle stage
150 are connected from exactly d switches in middle stage 140 through 3xd_links (for
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example the links ML(3,1), ML(3,2), and ML(3,3) are connected to the middle switch

MS(3,1) from middle switch MS(2,1), and the links ML(3,22), ML(3,23), and ML(3,24)

are connected to the middle switch MS(3,1) from middle switch MS(2,4)) and also are

connected to exactly d output switches in output stage 120 through 3xd links (for

example the links ML(4,1), ML(4,2), and ML(4,3) are connected to output switch OS1

from middle switch MS(3,1), and the links ML(4,4), ML(4,5), and ML(4,6) are connected

to output switch OS2 from middle switch MS(3,1)).

Eachof the - output switches OS1 - OS4 are connected from exactly 3xd
switches in middle stage 150 through 3xd links (for example output switch OS1 is

connected from middle switch MS(3,1) through the links ML(4,1), ML(4,2), and

ML(4,3), and output switch OS1 is also connected from middle switch MS(3,4) through

the links ML(4,22), ML(4,23), and ML(4,24)).

Finally the connection topology of the network 300C shownin FIG.3C is

hereinafter called nearest neighbor connection topology.

Similar to network 300A of FIG. 3A, 300B of FIG. 3B, and 300C of FIG. 3C,

referring to FIG. 3D, FIG. 3E, FIG. 3F, FIG. 3G, FIG. 3H, FIG. 31 and FIG. 3J with

exemplary symmetrical multi-link multi-stage networks 300D, 300EF, 300F, 300G, 300H,

3001, and 300J respectively with five stages of twenty switches for satisfying

communication requests, such as setting up a telephone call or a data call, or a connection

between configurable logic blocks, between an input stage 110 and output stage 120 via

middle stages 130, 140, and 150 is shown whereinput stage 110 consists of four, two by

six switches IS1-I54 and output stage 120 consists of four, six by two switches O$1-OS4.

Andall the middle stages namely middle stage 130 consists of four, six by six switches

MS(1,1) - MS(1,4), middle stage 140 consists of four, six by six switches MS(2,1) -

MS(2,4), and middle stage 150 consists of four, six by six switches MS(3,1) - MS(3,4).

Such a network can be operated in strictly non-blocking manner for multicast

connections, because the switches in the input stage 110 are of size two bysix, the
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switches in output stage 120 are of size six by two, and there are four switches in each of

middle stage 130, middle stage 140 and middle stage 150.

The networks 300D, 300E, 300F, 300G, 300H, 3001 and 300J of FIG. 3D, FIG.

3E, FIG. 3F, FIG. 3G, FIG. 3H, FIG. 3], and FIG. 3J are also embodiments of symmetric

multi-link multi-stage network can be represented with the notation V,,,,,,(N.d,s), where

N represents the total numberofinlet links of all input switches (for example the links

IL1-IL8), d represents the inlet links of each input switch or outlet links of each output

switch, and s is the ratio of number of outgoing links from each input switch to the inlet

links of each input switch. Althoughit is not necessary that there be the same numberof

inlet links IL1-IL8as there are outlet links OL1-OL8, in a symmetrical network they are

the same.

Just like networks of 300A,300B and 300C,for all the networks 300D, 300E,

300F, 300G, 300H, 3001 and 300J of FIG. 3D, FIG. 3E, FIG. 3F, FIG. 3G, FIG. 3H, FIG.

31, and FIG. 3J, each of the = input switches IS1 —IS4 are connected to exactly 3xd
switches in middle stage 130 through 3xd links.

Eachof the - middle switches MS(1,1) — MS(1,4) in the middle stage 130 are
connected from exactly d input switches through 3xqd links and also are connected to

exactly d switches in middle stage 140 through 3xd_ links.

Similarly each of the 7 middle switches MS(2,1) — MS(,4) in the middle stage
140 are connected from exactly d switches in middle stage 130 through 3xd links and

also are connected to exactly d switches in middle stage 150 through 3xd links.

Similarly each of the = middle switches MS(3,1) — MS(3,4) in the middle stage
150 are connected from exactly d switches in middle stage 140 through 3xd links and

also are connected to exactly d output switches in output stage 120 through 3xd links.
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Eachof the “ output switches OS1 — OS4 are connected from exactly 3xd
switches in middle stage 150 through 3xd_ links.

In all the ten embodiments of FIG. 3A to FIG. 3J the connection topologyis

different. That is the way the links ML(1,1) - ML(,24), ML@,1) - ML(,24), ML(3,1) -

ML(3,24), and ML(4,1) - ML(4,24) are connected between the respective stages is

different. Even though only ten embodimentsareillustrated, in general, the network

Vning (N» d,s) Can comprise anyarbitrary type of connection topology. For example the

connection topology of the network V,,,,,(V,d,s) may be back to back Benes networks,

Delta Networks and many more combinations. The applicant notes that the fundamental

property of a valid connection topologyof the V,,,,,(N,d,s) network is, when no

connections are setup from any inputlink all the output links should be reachable. Based

on this property numerous embodiments of the network V,,,,,,(V.d,s) can be built. The

ten embodiments of FIG, 3A to FIG. 3J are only three examples of network

Vning (N»d5S)

In all the ten embodiments of FIG. 3A to FIG. 3J, each of the links ML(1,1) —

ML(1,24), ML(2,1) — ML(2,24), ML(3,1) — ML(3,24) and ML(4,1) — ML(4,24) are

either available for use by a new connection or not available if currently used by an

existing connection. The input switches [S1-IS4 are also referred to as the network input

ports. The input stage 110 is often referred to as the first stage. The output switches

OS1-OS4are also referred to as the network output ports. The output stage 120 is often

referred to as the last stage. The middle stage switches MS(1,1) — MS(1,4), MS(2,1) —

MS(2,4), and MS(3,1) — MS(3,4) are referred to as middle switches or middle ports.

In the example illustrated in FIG. 3A (or in FIGIB to FIG. 3J), a fan-out of four is

possible to satisfy a multicast connection request if input switch is IS2, but only two

switches in middle stage 130 will be used. Similarly, although a fan-out of three is

possible for a multicast connection request if the input switch is IS1, again only a fan-out

of two is used. The specific middle switches that are chosen in middle stage 130 when

selecting a fan-out of twois irrelevant so long as at most two middle switches are selected
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to ensure that the connection request is satisfied, In essence, limiting the fan-out from

input switch to no more than two middle switches permits the network 300A (or 300B to

300J), to be operated in strictly nonblocking mannerin accordance with the invention.

The connection request of the type described above can be unicast connection

request, a multicast connection request or a broadcast connection request, depending on

the example. In case of a unicast connection request, a fan-out of one is used, 1.e. a single

middle stage switch in middle stage 130 is used to satisfy the request. Moreover,

although in the above-described embodimenta limit of two has been placed on the fan-

out into the middle stage switches in middle stage 130, the limit can be greater depending

on the number of middle stage switches in a network (while maintaining thestrictly

nonblocking nature of operation of the network for multicast connections). However any

arbitrary fan-out may be used within any of the middle stage switches and the output

stage switchesto satisfy the connection request.

Generalized Symmetric SNB Embodiments:

Network 300K of FIG. 3K is an example of general symmetrical multi-link multi-

stage network V,_,..(N,d,s) with (2x logaN)-1stages. The general symmetrical multi-

link multi-stage network V,,,,,,(N,d,s) can be operatedin strictly nonblocking manner

for multicast when s >3 according to the current invention (and in the example of FIG.

3K, s =3). The general symmetrical multi-link multi-stage network V,,,,,(N.d,s) with

(2xlog, N)—I1stages has d inlet links for each of = input switches IS1-IS(N/d) (for
example the links IL1-IL(d) to the input switch IS1) and 3xd outgoing links for each of

= input switches IS1-IS(N/d) (for example the links ML(1,1) - ML(1,3d) to the input

switch IS1). There are d outlet links for each of = output switches OS1-OS(N/d) (for
example the links OL1-OL(d) to the output switch OS1) and 3xd incoming links for

each of = output switches OS1-OS(N/d) (for example ML(2 x Log , N — 2,1) -
ML(2x Log ,N —2,3xd) to the output switch OS1).
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Eachof the “ input switches IS1 — IS(N/d) are connected to exactly d switches
in middle stage 130 through 3xd links.

Each of the - middle switches MS(1,1) - MS(1,N/d) in the middle stage 130 are
connected from exactly d input switches through 3xd links and also are connected to

exactly d switches in middle stage 140 through 3xd links.

Similarly each of the - middle switches MS(Log,N—1,1) - MS(Log,N —1, a)
in the middle stage 130+10*(Log,N—2) are connected from exactly d switches in

middle stage 130+10*(Log,N —3) through 3xd links and also are connected to

exactly d switches in middle stage 130+10* (Log ,N —1) through 3xd links.

Similarly each of the = middle switches MS(2x Log, N —3,1) -

MS(2x Log ,N —3, >) in the middle stage 130+10*(2* Log,N —4) are connected from
exactly d switches in middle stage 130+10*(2* Log ,N —5) through 3xd links and

also are connected to exactly d output switches in output stage 120 through 3xd links.

Each of the “ output switches OS1 — OS(N/d) are connected from exactly d
switches in middle stage 130+10*(2* Log,N —4) through 3xd links.

As described before, again the connection topology of a general V,,,,,,(N,d,5)

may be any one of the connection topologies. For example the connection topology of the

networkV,,,,,,(4,d,s5) may be back to back inverse Benes networks, back to back

Omega networks, back to back Benes networks, Delta Networks and many more

combinations. The applicant notes that the fundamental property of a valid connection

topologyof the general V,mmin (N.d,s) network is, when no connections are setup from

any inputlink if any output link should be reachable. Based on this property numerous
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embodiments of the network Vmlink (N,d,s) can be built. The embodiments of FIG, 3A to

FIG, 3J are ten examples of network V,,,,,(N.d.5).

The general symmetrical multi-link multi-stage network V,,,,.(V,d,s5) can be

operated in strictly nonblocking manner for multicast when s =3 according to the current

invention.

Every switch in the multi-link multi-stage networks discussed herein has multicast

capability. Ina V,,,,,,(N,d,s) network, if a network inlet link is to be connected to more

than one outlet link on the same output switch, then it is only necessary for the

corresponding input switch to have one path to that output switch. This follows because

that path can be multicast within the output switch to as many outlet links as necessary.

Multicast assignments can therefore be described in terms of connections between input

switches and output switches. An existing connection or a new connection from an input

switch to r' output switches is said to have fan-out r'. If all multicast assignments of a

first type, wherein anyinlet link of an input switch is to be connected in an output switch

to at most one outlet link are realizable, then multicast assignments of a second type,

wherein any inlet link of each input switch is to be connected to more than one outlet link

in the same output switch, can also be realized. For this reason, the following discussion

re . iN
is limited to general multicast connectionsofthe first type (with fan-out r', 1< r's 7?
although the same discussion is applicable to the secondtype.

To characterize a multicast assignment, for each inlet link ie {Bont let
I, =O, where Oc {ident denote the subset of output switches to whichinlet link i
is to be connected in the multicast assignment. For example, the network of Flg. 3C

shows an exemplary five-stage network, namely V,,,,, (8.2.3), with the following

multicast assignment 7, = {1,4} and all other /; =¢ for j= [2-8]. It should be noted that

the connection /, fans out in the first stage switch IS1 into middle switches MS(1,1) and
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MS(1,2) in middle stage 130, and fans out in middle switches MS(1,1) and MS(1,2) only

once into middle switches MS(2,1) and MS(2,3) respectively in middle stage 140.

The connection /, also fans out in middle switches MS(2,1) and MS(2,3) only

once into middle switches MS(3,1) and MS(3,4) respectively in middle stage 150. The

connection J, also fans out in middle switches MS(3,1) and MS(3,4) only once into

output switches OS1 and OS4 in output stage 120. Finally the connection 7, fans out

oncein the output stage switch OS1 into outlet link OL1 and in the output stage switch

OS4 twice into the outlet links OL7 and OL8. In accordance with the invention, each

connection can fan out in the input stage switch into at most two middle stage switches in

middle stage 130.

Asymmetric SNB (Nz > N,) Embodiments:

Referring to FIG, 3A1, in one embodiment, an exemplary asymmetrical multi-link

multi-stage network 300A1 with five stages of twenty switchesforsatisfying

communication requests, such as setting up a telephone call or a data call, or a connection

between configurable logic blocks, between an input stage 110 and output stage 120 via

middle stages 130, 140, and 150 is shown whereinput stage 110 consists of four, two by

six switches IS1-IS4 and output stage 120 consists of four, eight by six switches OS1-

OS4. Andall the middle stages namely middle stage 130 consists of four, six by six

switches MS(1,1) - MS(1,4), middle stage 140 consists of four, six by six switches

MS(2,1) - MS(2,4), and middle stage 150 consists of four, four by eight switches MS(3,1)

- MS@,4).

Such a network can be operated in strictly non-blocking manner for multicast

connections, because the switches in the input stage 110 are of size two bysix, the

switches in output stage 120 are of size eight by six, and there are four switches in each

of middle stage 130, middle stage 140 and middle stage 150.

In one embodimentof this network each of the input switches IS1-I$4 and output

switches O$1-OS4 are crossbar switches. The number of switches of input stage 110 and
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of output stage 120 can be denoted in general with the variable =, where N, is thetotal
numberof inlet links or and WN, is the total numberof outlet links and NV, > N, and

N, = p* N, where p> 1. The number of middle switches in each middle stageis

denoted by . The size of each input switch IS1-IS4 can be denoted in general with the

notation d * 3d and each output switch OS1-O%S4can be denoted in general with the

notation (2d +d,)*d,, where d, =N, xo = pXd. Thesize of each switch in any of1

the middle stages excepting the last middle stage can be denoted as 3d *3d . The size of

each switch in the last middle stage can be denoted as 3d * (2d +d,). A switch as used

herein can be either a crossbar switch, or a network of switches each of which in turn may

be a crossbar switch or a network of switches. An asymmetric multi-link multi-stage

network can be represented with the notation V,,,,,,(V,,N,,d,5), where N, represents

the total numberofinletlinks of all input switches (for example the links IL1-IL8), NV,

represents the total numberof outlet links of all output switches (for example the links

OL1-OL24), d represents the inlet links of each input switch where N, > WN, , and s is

the ratio of number of outgoing links from each input switch to the inlet links of each

input switch.

N

Eachof the 7 input switches IS1 —IS4 are connected to exactly d switches in
middle stage 130 through 3xd links (for example input switch IS1 is connected to

middle switch MS(1,1) through the links ML(1,1), ML(1,2), and ML(1,3); and also to

middle switch MS(1,2) through the links ML(1,4), ML(1,5), and ML(1,6)).

Each of the = middle switches MS(1,1) — MS(1,4) in the middle stage 130 are
connected from exactly d input switches through 3xd links (for example the links

ML(1,1), ML(1,2), and ML(1,3) are connected to the middle switch MS(1,1) from input

switch IS1, and the links ML(1,13), ML(1,14), and ML(1,15) are connected to the middle

switch MS(1,1) from input switch IS3) and also are connected to exactly d switches in
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middle stage 140 through 3xd links (for example the links ML(2,1), ML(2,2), and

ML(2,3) are connected from middle switch MS(1,1) to middle switch MS(2,1); and the

links MLQ,4), ML(2,5), and ML(2,6) are connected from middle switch MS(1,1) to

middle switch MS(2,2)).

Similarly each of the 7 middle switches MS(2,1) — MS(2,4) in the middle stage
140 are connected from exactly d switches in middle stage 130 through 3xd_links (for

example the links ML(2,1), ML(2,2), and ML(2,3) are connected to the middle switch

MS(,1) from middle switch MS(1,1), and the links ML(2,13), ML(2,14), and ML(2,15)

are connected to the middle switch MS(2,1) from middle switch MS(1,3)) and also are

connected to exactly d switches in middle stage 150 through 3xd_links (for example the

links ML(3,1), ML(3,2), and ML(3,3) are connected from middle switch MS(2,1) to

middle switch MS(3,1), and the links ML(3,4), ML@G,5) and ML(3,6) are connected from

middle switch MS(2,1) to middle switch MS(3,2)).

Similarly each of the = middle switches MS(3,1) — MS(3,4) in the middle stage
150 are connected from exactly d switches in middle stage 140 through 3xd_links (for

example the links ML(3,1), ML(3,2), and ML(3,3) are connected to the middle switch

MS(3,1) from middle switch MS(2,1), and the links ML(@3,13), ML(3,14), and ML(G3,15)

are connected to the middle switch MS(3,1) from middle switch MS(2,3)) and also are
a 32

connected to exactly
 

output switches in output stage 120 through 2d +d, links

(For example the links ML(4,1), ML(4,2), and ML(4,3) are connected to output switch

OS1 from Middle switch MS(3,1); the links ML(4,4), ML(4.5), and ML(4,6) are

connected to output switch OS2 from middle switch MS(3,1); the links ML(4,7),

ML(4,8), and ML(4,9) are connected to output switch OS3 from Middle switch MS(3,1);

the links ML(4,10), ML(4.11), and ML(4,12) are connected to output switch OS2 from

middle switch MS(3,1)).

-111-



Page 118 of 369

10

15

20

25

Page 118 of 369

$-0039 PCT

Eachof the “1 output switches OS1 — OS4 are connected fromexactly 2d+d,
switches in middle stage 150 through 2d +d, links (for example output switch OS1 is

connected from middle switch MS(3,1) through the links ML(4,1), ML(4,2), and

ML(4,3); output switch OSI is also connected from middle switch MS(3,2) through the

links ML(4,16), ML(4,17), and ML(4,18); output switch OS1 is connected from middle

switch MS(3,3) through the links ML(4,28), ML(4,29), and ML(4,30); and output switch

OS1 is also connected from middle switch MS(3,4) through the links ML(4,43),

ML(4,44), and ML(4,45)).

Finally the connection topology of the network 300A1 shown in FIG. 3A1is

knownto be back to back inverse Benes connection topology.

Referring to FIG, 3B1, in one embodiment, an exemplary asymmetrical multi-link

multi-stage network 300B1 with five stages of twenty switchesfor satisfying

communication requests, such as setting up a telephone call or a data call, or a connection

between configurable logic blocks, between an input stage 110 and output stage 120 via

middle stages 130, 140, and 150 is shown whereinput stage 110 consists of four, two by

six switches IS1-IS4 and output stage 120 consists of four, eight by six switches OS1-

OS4. Andall the middle stages namely middle stage 130 consists of four, six by six

switches MS(1,1) - MS(1,4), middle stage 140 consists of four, six by six switches

MS(2,1) - MS(2,4), and middle stage 150 consists of four, four by eight switches MS(3,1)

- MS@,4).

Such a network can be operated in strictly non-blocking manner for multicast

connections, because the switches in the input stage 110 are of size two bysix,the

switches in output stage 120 are of size eight by six, and there are four switches in each

of middle stage 130, middle stage 140 and middle stage 150.

In one embodimentof this network each of the input switches IS1-I$4 and output

switches O$1-OS4 are crossbar switches. The number of switches of input stage 110 and

. ; ; N .

of output stage 120 can be denoted in general with the variable 7 where N, is the total
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numberofinlet links or and N,is the total numberofoutlet links and N, > N, and

N, = p*N, where p> 1. The numberof middle switches in each middle stage is

denoted by . The size of each input switch IS1-IS4 can be denoted in general with the

notation d *3d and each output switch OS1-OS4 can be denoted in general with the

. d . as
notation (2d + d,)*d,, where d, = N, x— = pxXd. Thesize of each switch in any of

1

the middle stages excepting the last middle stage can be denoted as 3d *3d . The size of

each switch in the last middle stage can be denoted as 2d *(2d+d,). A switch as used

herein can be either a crossbar switch, or a network of switches each of which in turn may

be a crossbar switch or a network of switches. An asymmetric multi-link multi-stage

network can be represented with the notation V,,,,,,(V,,N,,d,5), where N, representslink

the total numberof inlet links of all input switches (for example the links IL1-IL8), N,

represents the total numberof outlet links of all output switches (for example the links

OL1-OL24), d represents the inlet links of each input switch where NV, > WN, , and s is

the ratio of number of outgoing links from each input switch to the inlet links of each

input switch.

N

Eachof the 7 input switches IS1 —IS4 are connected to exactly 3xd switches
in middle stage 130 through 3xd links (for example input switch IS1 is connected to

middle switch MS(1,1) through the links ML(1,1), ML(1,2), and ML(1,3); and also to

middle switch MS(1,2) through the links ML(1,4), ML(1,5), and ML(1,6)).

Each of the “ middle switches MS(1,1) - MS(1,4) in the middle stage 130 are
connected from exactly d input switches through 3xd links (for example the links

ML(1,1), ML(1,2), and ML(1,3) are connected to the middle switch MS(1,1) from input

switch IS1, and the links ML(1,13), ML(1,14), and ML(1,15) are connected to the middle

switch MS(1,1) from input switch IS3) and also are connected to exactly d switches in

middle stage 140 through 3xd links (for example the links ML(2,1), ML(2,2), and

ML(2,3) are connected from middle switch MS(1,1) to middle switch MS(2,1); and the
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links ML@,4), ML(2,5), and ML(2,6) are connected from middle switch MS(1,1) to

middle switch MS(2,?)).

Similarly each of the = middle switches MS(2,1) —- MS(Q,4) in the middle stage
140 are connected from exactly d switches in middle stage 130 through 3xd links (for

example the links ML(2,1), ML(2,2), and ML(2,3) are connected to the middle switch

MS(,1) from middle switch MS(1,1), and the links ML(2,13), ML(2,14), and ML(2,15)

are connected to the middle switch MS(2,1) from middle switch MS(1,3)) and also are

connected to exactly d switches in middle stage 150 through 3xd_links (for example the

links ML(3,1), ML(3,2), and ML(3,3) are connected from middle switch MS(2,1) to

middle switch MS(3,1), and the links ML(3,4), ML(3,5) and ML(3,6) are connected from

middle switch MS(2,1) to middle switch MS(3,2)).

Similarly each of the 7 middle switches MS(3,1) — MS(3,4) in the middle stage
150 are connected from exactly d switches in middle stage 140 through 3xd_links (for

example the links ML(3,1), ML(3,2), and ML(3,3) are connected to the middle switch

MS(3,1) from middle switch MS(2,1), and the links ML(3,13), ML(3,14), and ML(3,15)

are connected to the middle switch MS(3,1) from middle switch MS(@,3)) and also are

connected to exactly a; output switches in output stage 120 through 2d +d, links
 

(For example the links ML(4,1), ML(4,2), and ML(4,3) are connected to output switch

OS1 from Middle switch MS(3,1); the links ML(4,4), ML(4.5), and ML(4,6) are

connected to output switch OS2 from middle switch MS(3,1); the links ML(4,7),

ML(4,8), and ML(4,9) are connected to output switch OS3 from Middle switch MS(3,1);

the links ML(4,10), ML(4.11), and ML(4,12) are connected to output switch OS2 from

middle switch MS(3,1)).

N, . +d,
Eachofthe 7 output switches OS1 — OS4 are connected from exactly ————=

switches in middle stage 150 through 2d +d, links (for example output switch OS1 is

connected from middle switch MS(3,1) through the links ML(4,1), ML(4,2), and
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ML(4,3); output switch OS1 is also connected from middle switch MS(3,2) through the

links ML(4,16), ML(4,17), and ML(4,18); output switch OS1 is connected from middle

switch MS(3,3) through the links ML(4,28), ML(4,29), and ML(4,30); and output switch

OS1 is also connected from middle switch MS(3,4) through the links ML(4,43),

ML(4,44), and ML(G,45)).

Finally the connection topology of the network 300B1 shown in FIG. 3B1 is

knownto be back to back Omega connection topology.

Referring to FIG. 3C1, in one embodiment, an exemplary asymmetrical multi-link

multi-stage network 300C1 with five stages of twenty switchesfor satisfying

communication requests, such as setting up a telephone call or a data call, or a connection

between configurable logic blocks, between an input stage 110 and output stage 120 via

middle stages 130, 140, and 150 is shown where input stage 110 consists of four, two by

six switches IS1-IS4 and output stage 120 consists of four, eight by six switches OS1-

OS4. Andall the middle stages namely middle stage 130 consists of four, six by six

switches MS(1,1) - MS(1.4), middle stage 140 consists of four, six by six switches

MS(2,1) - MS(2,4), and middle stage 150 consists of four, four by eight switches MS(3,1)

- MS(3,4).

Such a network can be operated in strictly non-blocking manner for multicast

connections, because the switches in the input stage 110 are of size two bysix, the

switches in output stage 120 are of size eight by six, and there are four switches in each

of middle stage 130, middle stage 140 and middle stage 150.

In one embodimentof this network each of the input switches IS1-I$4 and output

switches O$1-OS4 are crossbar switches. The number of switches of input stage 110 and

N

of output stage 120 can be denoted in general with the variable 7 where N, is the total
numberofinlet links or and N, is the total numberofoutlet links and N, > N, and

N, = p* N, where p> 1. The numberof middle switches in each middle stage is

denoted by = . The size of each input switch IS1-IS4 can be denoted in general with the
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notation d *3d and each output switch OS1-OS4 can be denoted in general with the

notation (2d + d,)*d,, where d, =N, xh = pXd. Thesize of each switch in any of
1

the middle stages excepting the last middle stage can be denoted as 3d *3d . The size of

each switch in the last middle stage can be denoted as 2d *(2d+d,). A switch as used

herein can be either a crossbar switch, or a network of switches each of which in turn may

be a crossbar switch or a network of switches. An asymmetric multi-link multi-stage

network can be represented with the notation V,,,,,(N,,N,,d,5), where N, represents

the total numberofinletlinks of all input switches (for example the links IL1-IL8), N,

represents the total numberof outlet links of all output switches (for example the links

OL1-OL24), d@ represents the inlet links of each input switch where N, > WN, , and s is

the ratio of number of outgoing links from each input switch to the inlet links of each

input switch.

Eachof the “ input switches IS1 —IS4 are connected to exactly 3xd switches
in middle stage 130 through 3xd links (for example input switch IS1 is connected to

middle switch MS(1,1) through the links ML(1,1), ML(1,2), and ML(1,3); and also to

middle switch MS(1,2) through the links ML(1,4), ML(1,5), and ML(1,6)).

Each of the “ middle switches MS(1,1) — MS(1,4) in the middle stage 130 are
connected from exactly d input switches through 3xd links (for example the links

ML(1,1), ML(1,2), and ML(1,3) are connected to the middle switch MS(1,1) from input

switch IS1, and the links ML(1,22), ML(1,23), and ML(1,24) are connected to the middle

switch MS(1,1) from input switch IS4)) and also are connected to exactly d switches in

middle stage 140 through 3xd links (for example the links ML(2,1), M1(2,2), and

ML(2,3) are connected from middle switch MS(1,1) to middle switch MS(2,1), and the

links ML(2,4), ML(2,5), and ML(2,6) are connected from middle switch MS(1,1) to

middle switch MS(2,2)).
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Similarly each of the 7 middle switches MS(2,1) - MS(,4) in the middle stage
140 are connected from exactly d switches in middle stage 130 through 3xd links (for

example the links ML(2,1), ML(2,2), and ML(2,3) are connected to the middle switch

MS(2,1) from middle switch MS(1,1), and the links ML(2,22), ML(2,23), and ML(2,24)

are connected to the middle switch MS(2,1) from middle switch MS(1,4)) and also are

connected to exactly d switches in middle stage 150 through 3xd_links (for example the

links ML(3,1), ML(@,2), and ML(3,3) are connected from middle switch MS(2,1) to

middle switch MS(3,1), and the links ML(3,4), ML@G,5), and ML(3,6) are connected from

middle switch MS(2,1) to middle switch MS(3,2)).

Similarly each of the 7 middle switches MS(3,1) — MS(3,4) in the middle stage
150 are connected from exactly d switches in middle stage 140 through 3xd links (for

example the links ML(3,1), ML(3,2), and ML(3,3) are connected to the middle switch

MS(3,1) from middle switch MS(2,1), and the links ML(3,22), ML(3,23), and ML(3,24)

are connected to the middle switch MS(3,1) from middle switch MS(2,4)) and also are
422d+

connected to exactly
 

output switches in output stage 120 through 2d +d, links

(For example the links ML(4,1), ML(4,2), and ML(4,3) are connected to output switch

OS1 from Middle switch MS@G,1); the links ML(4,4), ML(4.5), and ML(4,6) are

connected to output switch OS2 from middle switch MS(3,1); the links ML(4,7),

ML(4,8), and ML(4.9) are connected to output switch OS3 from Middle switch MS(3,1);

the links ML(4,10), ML(4.11), and ML(4,12) are connected to output switch OS2 from

middle switch MS(3,1)).

9

Eachof the “1 output switches OS1 - OS4 are connected from exactly2dtd,
switches in middle stage 150 through 2d +d, links (for example output switch OS] is

connected from middle switch MS(3,1) through the links ML(4,1), ML(4,2), and

ML(4,3); output switch OS1 is also connected from middle switch MS(3,2) through the

links ML(4,16), ML(4,17), and ML(4,18); output switch OS1 is connected from middle

switch MS(3,3) through the links ML(4,28), ML(4,29), and ML(4,30); and output switch
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OS1 is also connected from middle switch MS(3,4) through the links ML(4,43),

ML(4,44), and ML(4,45)).

Finally the connection topology of the network 300C1 shownin FIG. 3C1 is

hereinafter called nearest neighbor connection topology.

Similar to network 300A1 of FIG. 3A1, 300B1 of FIG. 3B1, and 300C1 of FIG.

3C1, referring to FIG. 3D1, FIG. 3E1, FIG. 3F1, FIG. 3G1, FIG. 3H1, FIG. 311 and FIG.

3J1 with exemplary asymmetrical multi-link multi-stage networks 300D1, 300E1, 300F1,

300G1, 300H1, 30011, and 300J1 respectively with five stages of twenty switches for

satisfying communication requests, such as setting up a telephone call or a data call, or a

connection between configurable logic blocks, between an input stage 110 and output

stage 120 via middle stages 130, 140, and 150 is shown where input stage 110 consists of

four, two by six switches IS1-IS4 and output stage 120 consists of four, six by two

switches O$1-OS4. And all the middle stages namely middle stage 130 consists of four,

six by six switches MS(1,1) - MS(1,4), middle stage 140 consists of four, six by six

switches MS(2,1) - MS(2.4), and middle stage 150 consists of four, six by six switches

MS(3,1) - MS(3,4).

Such a network can be operated in strictly non-blocking manner for multicast

connections, because the switches in the input stage 110 are of size two bysix, the

switches in output stage 120 are of size six by two, and there are four switches in each of

middle stage 130, middle stage 140 and middle stage 150.

The networks 300D1, 300E1, 300F1, 300G1, 300H1, 30011 and 300J1 of

FIG, 3D1, FIG. 3E1, FIG. 3F1, FIG. 3G1, FIG. 3H1, FIG. 311, and FIG. 3J1 are also

embodiments of asymmetric multi-link multi-stage network can be represented with the

notation Vmink (N,,.N,.d,s), where N, represents the total numberofinletlinks ofall

input switches (for example the links IL1-IL8), N, represents the total numberof outlet

links of all output switches (for example the links OL1-OL24), d represents the inlet

links of each input switch where N, > N, , and s is the ratio of number of outgoing links

from each input switch to the inlet links of each input switch.
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Just like networks of 300A1,300B1 and 300C1, for all the networks 300D1,

300E1, 300F1, 300G1, 300H1, 30011 and 300J1 of FIG. 3D1, FIG. 3E1, FIG. 3F1, FIG.

3G1, FIG. 3H1, FIG. 311, and FIG. 3J1, each of the ~ input switches IS1 —IS4 are
connected to exactly d switches in middle stage 130 through 3xd links.

Each of the “1 middle switches MS(1,1) — MS(1,4) in the middle stage 130 are
connected from exactly d input switches through 3xd links and also are connected to

exactly d switches in middle stage 140 through 3xd_links.

Similarly each of the 7 middle switches MS(2,1) —- MS(2,4) in the middle stage
140 are connected from exactly d switches in middle stage 130 through 3xd links and

also are connected to exactly d switches in middle stage 150 through 3xd links.

Similarly each of the = middle switches MS(3,1) — MS(3,4) in the middle stage
150 are connected from exactly d switches in middle stage 140 through 3xd links and

2d +d, 
also are connected to exactly output switches in output stage 120 through

2d +d, links.

+

Eachof the = output switches OS1 — OS4 are connected from exactly2d+d,
switches in middle stage 150 through 2d +d, links.

In all the ten embodiments of FIG. 3A1 to FIG. 3J1 the connection topologyis

different. That is the way the links ML(1,1) - ML(1,24), ML@,1) - ML(2,24), ML(3,1) -

ML(3,24), and ML(4,1) - ML(4,48) are connected between the respective stages is

different. Even though only ten embodimentsareillustrated, in general, the network

Vtine (N,,N>,d,5) can comprise any arbitrary type of connection topology. For example

the connection topology of the network V,,,,,,(N,,N.,,d,s5) may be back to back Benes

networks, Delta Networks and many more combinations. The applicant notes that the
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fundamental property of a valid connection topology of the V,,,,,(N,,N,,d,s) networkdin

is, when no connectionsare setup from any inputlink all the outputlinks should be

reachable. Based on this property numerous embodiments of the network

VtineN,N>,d,5) can be built. The ten embodiments of FIG. 3A1 to FIG. 3J1 are only

three examples of network V,,,,,(N,,N,,d,5).

In all the ten embodiments of FIG. 3A1 to FIG. 3J1, each of the links ML(1,1) —

ML(1,24), ML(@,1) — ML(2,24), ML(3,1) — ML(3,24) and ML(4,1) — ML(4,48) are

either available for use by a new connection or not available if currently used by an

existing connection. The input switches [S1-IS4 are also referred to as the network input

ports. The input stage 110 is often referred to as the first stage. The output switches

OS1-OS4are also referred to as the network output ports. The output stage 120 is often

referred to as the last stage. The middle stage switches MS(1,1) — MS(1,4), MS(,1) —

MS(2,4), and MS(3,1) — MS(3,4) are referred to as middle switches or middle ports.

In the example illustrated in FIG. 3A1 (or in FIG. 3B1 to FIG. 3J1), a fan-out of

four is possible to satisfy a multicast connection request if input switch is IS2, but only

two switches in middle stage 130 will be used. Similarly, although a fan-outof three is

possible for a multicast connection request if the input switch is IS1, again only a fan-out

of two is used. The specific middle switches that are chosen in middle stage 130 when

selecting a fan-out of twois irrelevant so long as at most two middle switches are selected

to ensure that the connection request is satisfied. In essence, limiting the fan-out from

input switch to no more than two middle switches permits the network 300A1 (or 300B1

to 300J1), to be operatedin strictly nonblocking manner in accordance with the invention.

The connection request of the type described above can be unicast connection

request, a multicast connection request or a broadcast connection request, depending on

the example. In case of a unicast connection request, a fan-out of oneis used,i.e. a single

middle stage switch in middle stage 130 is used to satisfy the request. Moreover,

although in the above-described embodimenta limit of two has been placed on the fan-

out into the middle stage switches in middle stage 130, the limit can be greater depending

on the number of middle stage switches in a network (while maintaining the strictly
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nonblocking nature of operation of the network for multicast connections), However any

arbitrary fan-out may be used within any of the middle stage switches and the output

stage switchesto satisfy the connection request.

Generalized Asymmetric SNB (N2 > N,) Embodiments:

Network 300K1 of FIG. 3K1 is an example of general asymmetrical multi-link

multi-stage network V,,,,(N,,N>,d,5) with (2xlog, N,)—1stages where N, > N, and

N, = p*N, where p> 1. In network 300K1 of FIG. 3K1, VN, =N andN, = p*N. The

general asymmetrical multi-link multi-stage network V__,,,(N,,N,,d,s) can be operated

in strictly nonblocking mannerfor multicast when s 23 according to the current

invention (and in the example of FIG. 3K1, s =3). The general asymmetrical multi-link

multi-stage network V,,,,,(N,,N,.d,s) with (2xlog, N,)—1stages has d inlet links for1

each of = input switches [S1-IS(N,/d) (for example the links IL1-IL(d) to the input

switch IS1) and 3xd outgoinglinks for each of a input switches IS1-IS(N,/d) (for
example the links ML(1,1) - ML(1,3d) to the input switch IS1). There are d, (where

d,=N, x— = pXd _) outlet links for each of “ output switches OS1-OS(N,/d) (for1

example the links OL1-OL(p*d) to the output switch OS1) and 2d +d, (= 2d+ pxd)

. . . N, .
incoming links for each of a output switches O$1-OS(N)/d) (for

example ML(2 x Log,N, —2,1)- ML(2x Log ,N, —2,2d +d,) to the output switch OS1).

Eachof the * input switches IS1 — IS(Nj/d) are connected to exactly 3xd
switches in middle stage 130 through 3xd links.
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Each of the “1 middle switches MS(1,1) — MS(1,N;/d) in the middle stage 130
are connected from exactly d input switches through 3xd links and also are connected

to exactly d switches in middle stage 140 through 3xd links.

Sumilarly each of the - middle switches MS(Log,N, —1,)) -

MS(Log,N, - 1) in the middle stage 130+10* (Log ,N, —2) are connected from
exactly d switches in middle stage 130+10*(Log,N, —3) through 3xd links and also

are connected to exactly d switches in middle stage 130+10* (Log ,N, —1) through

3xd links.

Similarly each of the = middle switches MS(2x Log,N, —3,1) -
N

MS(2x Log ,N, -3) in the middle stage 130+10*(2* Log,N, —4) are connected
from exactly d switches in middle stage 130+10*(2* Log,N, —5) through 3xd links

2d +d, 
and also are connected to exactly output switches in output stage 120 through

2d +d, links.

Eachof the = output switches OS1 — OS(N;/d) are connected from exactly
2d+d, 

switches in middle stage 130+10*(2* Log ,N, —4) through 2d +d, links.

Asdescribed before, again the connection topology of a general

Vtink (N,N>,d,5) may be any one of the connection topologies. For example the

connection topology of the network V7atnt N,,N,,d,8) may be back to back inverse

Benes networks, back to back Omega networks, back to back Benes networks, Delta

Networks and many more combinations. The applicant notes that the fundamental

property of a valid connection topology of the general V,,,,,,(N,,N,,d,s) network is,

-122-



Page 129 of 369

10

15

20

25

Page 129 of 369

$-0039 PCT

when no connections are setup from any input link if any output link should be reachable.

Based on this property numerous embodiments of the network V,,,.,(N,,N,,d,s) can be

built. The embodiments of FIG. 3A1 to FIG. 3J1 are ten examples of network

Viwine (N,»N>,d,5) fors=3 and N,>N,.

The general symmetrical multi-link multi-stage network V,,,,,.(N,,N,,d,5) can

be operated in strictly nonblocking manner for multicast when s =3 according to the

current invention.

For example, the network of FIg. 3C1 shows an exemplary five-stage network,

namely V,,,,.,(8,24,2,3) , with the following multicast assignment 7, = {1,4}and all other

I, =@ for j =[2-8]. It should be noted that the connection /, fans outin the first stage

switch IS1 into middle switches MS(1,1) and MS(1,2) in middle stage 130, and fans out

in middle switches MS(1,1) and MS(1,2) only once into middle switches MS(2,1) and

MS(2,3) respectively in middle stage 140.

The connection /, also fans out in middle switches MS(2,1) and MS(2,3) only

once into middle switches MS(3,1) and MS(3,4) respectively in middle stage 150. The

connection /, also fans out in middle switches MS(3,1) and MS(3,4) only once into

output switches OS1 and OS4in output stage 120. Finally the connection 7, fans out

oncein the output stage switch OS1 into outlet link OL2 and in the output stage switch

OS4twice into the outlet links OL19 and OL21. In accordance with the invention, each

connection can fan out in the input stage switch into at most two middle stage switches in

middle stage 130.

Asymmetric SNB (N; > N2) Embodiments:

Referring to FIG, 3A2, in one embodiment, an exemplary asymmetrical multi-link

multi-stage network 300A2 with five stages of twenty switches for satisfying

communication requests, such as setting up a telephone call or a data call, or a connection

between configurable logic blocks, between an input stage 110 and output stage 120 via

middle stages 130, 140, and 150 is shown whereinput stage 110 consists of four, six by
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eight switches [S1-IS4 and output stage 120 consists of four, six by two switches OS1-

OS4. Andall the middle stages namely middle stage 130 consists of four, eight by four

switches MS(1,1) - MS(1,4), middle stage 140 consists of four, six by six switches

MS(2,1) - MS(@,4), and middle stage 150 consists of four, six by six switches MS(3,1) -

MS(,4).

Such a network can be operated in strictly non-blocking manner for multicast

connections, because the switches in the input stage 110 are of size six by eight, the

switches in output stage 120 are of size six by two, and there are four switches in each of

middle stage 130, middle stage 140 and middle stage 150.

In one embodimentof this network each of the input switches [S1-[$4 and output

switches OS1-OS4 are crossbar switches. The number of switches of input stage 110 and

of output stage 120 can be denoted in general with the variable , where WN,is the

total numberof inlet links or and N,, is the total numberof outlet links and N, > N, and

N, = p*N, where p> 1. The number of middle switches in each middle stageis

denoted by a2 . The size of each input switch IS1-IS4 can be denoted in general with
the notation d, *(2d +d,) and each output switch OS1-OS4 can be denoted in general

with the notation 3d *d, where d, = N,x = pxd. Thesize of each switch in any of

the middle stages excepting the first middle stage can be denoted as 3d *3d . The size of

each switchin the first middle stage can be denoted as (2d + d, )* 3d. A switch as used

herein can be either a crossbar switch, or a network of switches each of which in turn may

be a crossbar switch or a network of switches. An asymmetric multi-link multi-stage

network can be represented with the notation V,,,,,,(N,,N,,d,5), where N, represents

the total numberofinletlinks of all input switches (for example the links IL1-IL24), N,

represents the total numberof outlet links of all output switches (for example the links

OL1-OL8), d represents the inlet links of each input switch where N, > NV, , and s is

the ratio of number of incoming links to each output switch to the outlet links of each

output switch.
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N, . 2d+d,
Eachof the a input switches IS1 —IS4 are connected to exactly ————

switches in middle stage 130 through 2d +d, links (for example input switch IS1 is

connected to middle switch MS(1,1) through the links ML(1,1), ML(,2), and ML(1,3);

input switch IS] is also connected to middle switch MS(1,2) through the links ML(1,4),

ML(,5), and ML(1.6); input switch IS1 is connected to middle switch MS(1,3) through

the links ML(1,7), ML(,8), and ML(1,9); and input switch IS1 is also connected to

middle switch MS(1,4) through the links ML(1,10), ML(1,11), and ML(1,12)).

 

Eachof the ~ middle switches MS(1,1) - MS(1.4) in the middle stage 130 are
2d+d

connected from exactly 1
 

input switches through 2d +d, links (for example

middle switch MS(1,1) is connected from input switch [$1 through the links ML(1,1),

ML(1,2), and ML(1,3); middle switch MS(1,1) is connected from input switch IS2

through the links ML(1,16), ML(1,17), and ML(1,18); middle switch MS(1,1) is

connected from input switch IS3 through the links ML(1,28), ML(1,29), and ML(1,30);

and middle switch MS(1,1) is connected from input switch IS4 through the links

ML(1,43), ML(1,44), and ML(1,45)) and also are connected to exactly d switches in

middle stage 140 through 3xd links (for example the links ML(2,1), ML(2,2), and

ML(,3) are connected from middle switch MS(1,1) to middle switch MS(2,1), and the

links ML(2,4), ML(2,5), and ML(2,6) are connected from middle switch MS(1,1) to

middle switch MS(2,3)).

 

Similarly each of the ~ middle switches MS(2,1) — MS(2,4) in the middle stage
140 are connected from exactly d switches in middle stage 130 through 3xd links (for

example the links ML(2,1), ML(2,2), and ML(2,3) are connected to the middle switch

MS(,1) from middle switch MS(1,1), and the links ML(2,16), ML(2,17), and ML(,18)

are connected to the middle switch MS(2,1) from middle switch MS(1,3)) and also are

connected to exactly d switches in middle stage 150 through 3xd_links (for example the

links ML(3,1), ML(3,2), and ML(3,3) are connected from middle switch MS(2,1) to
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middle switch MS(3,1), and the links ML(3,4), ML(3,5), and ML(3,6) are connected from

middle switch MS(2,1) to middle switch MS(3,3)).

 

Similarly each of the ~ middle switches MS(3,1) — MS(3,4) in the middle stage
150 are connected from exactly d switches in middle stage 140 through 3xd links (for

example the links ML(3,1), ML(3,2), and ML(,3) are connected to the middle switch

MS(3,1) from middle switch MS(2,1), and the links ML(3,16), ML(3,17), and ML(3,18)

are connected to the middle switch MS(3,1) from middle switch MS(2,3)) and also are

connected to exactly d output switches in output stage 120 through 3xd links (for

example the links ML(4,1), ML(4,2), and ML(4,3) are connected to output switch OS1

from Middle switch MS(3,1), and the links ML(4,10), ML(4,11), and ML(4,12) are

connected to output switch OS2 from middle switch MS(3,1)).

Each of the “2 output switches OS1 - OS4 are connected from exactly d
switches in middle stage 150 through 3xd links (for example output switch OS1 is

connected from middle switch MS(3,1) through the links ML(4,1), ML(4,2), and

ML(4,3), and output switch OS1 is also connected from middle switch MS(3,2) through

the links ML(4,10), ML(4,11) and ML(4,12)).

Finally the connection topology of the network 300A2 shownin FIG. 3A2is

knownto be back to back inverse Benes connection topology.

Referring to FIG. 3B2, in one embodiment, an exemplary asymmetrical multi-link

multi-stage network 300B2 with five stages of twenty switches for satisfying

communication requests, such as setting up a telephone call or a data call, or a connection

between configurable logic blocks, between an input stage 110 and output stage 120 via

middle stages 130, 140, and 150 is shown where input stage 110 consists of four, six by

eight switches [S1-IS4 and output stage 120 consists of four, six by two switches OS1-

OS4. And all the middle stages namely middle stage 130 consists of four, eight by four

switches MS(1,1) - MS(1,4), middle stage 140 consists of four, six by six switches
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MS(2,1) - MS@,4), and middle stage 150 consists of four, six by six switches MS(@,1) -

MS(3,4).

Such a network can be operated in strictly non-blocking manner for multicast

connections, because the switches in the input stage 110 are of size six by eight, the

switches in output stage 120 are of size six by two, and there are four switches in each of

middle stage 130, middle stage 140 and middle stage 150.

In one embodimentof this network each of the input switches IS1-IS4 and output

switches OS1-OS4are crossbar switches. The number of switches of input stage 110 and

of output stage 120 can be denoted in general with the variable Na , where JN,is the

total numberofinlet links or and N, is the total numberof outlet links and N, > N, and

N, = p*N, where p> 1. The numberof middle switches in each middle stage is

denoted by = . The size of each input switch IS1-IS4 can be denoted in general with
the notation d, *(2d +d,) and each output switch OS1-OS4 can be denoted in general

with the notation 3d *d, where d, =N, x = pxd. Thesize of each switch in any of

the middle stages excepting the first middle stage can be denoted as 3d «3d . The size of

each switchin the first middle stage can be denoted as (2d + d, )* 3d. A switch as used

herein can be either a crossbar switch, or a network of switches each of which in turn may

be a crossbar switch or a network of switches. An asymmetric multi-link multi-stage

network can be represented with the notationV,,,,,,(V,,N.,,d,5), where N, represents

the total numberof inletlinks of all input switches (for example the links IL1-IL24), N,

represents the total numberof outlet links of all output switches (for example the links

OL1-OL8), d represents the inlet links of each input switch where N, > N, , and s is

the ratio of number of incoming links to each output switch to the outlet links of each

output switch.
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N, . 2d+d,
Eachof the a input switches IS1 —IS4 are connected to exactly ————

switches in middle stage 130 through 2d +d, links (for example input switch IS1 is

connected to middle switch MS(1,1) through the links ML(1,1), ML(,2), and ML(1,3);

input switch IS] is also connected to middle switch MS(1,2) through the links ML(1,4),

ML(,5), and ML(1.6); input switch IS1 is connected to middle switch MS(1,3) through

the links ML(1,7), ML(,8), and ML(1,9); and input switch IS1 is also connected to

middle switch MS(1,4) through the links ML(1,10), ML(1,11), and ML(1,12)).

 

Eachof the ~ middle switches MS(1,1) - MS(1.4) in the middle stage 130 are
2d+d

connected from exactly 1
 

input switches through 2d +d, links (for example

middle switch MS(1,1) is connected from input switch [$1 through the links ML(1,1),

ML(1,2), and ML(1,3); middle switch MS(1,1) is connected from input switch IS2

through the links ML(1,16), ML(1,17), and ML(1,18); middle switch MS(1,1) is

connected from input switch IS3 through the links ML(1,28), ML(1,29), and ML(1,30);

and middle switch MS(1,1) is connected from input switch IS4 through the links

ML(1,43), ML(1,44), and ML(1,45)) and also are connected to exactly d switches in

middle stage 140 through 2d links (for example the links ML(2,1), ML(2,2), and

ML(2,3) are connected from middle switch MS(1,1) to middle switch MS(2,1); and the

links ML(2,4), ML(2,5), and ML(2,6) are connected from middle switch MS(1,1) to

middle switch MS(2,2)).

 

Similarly each of the ~ middle switches MS(2,1) — MS(2,4) in the middle stage
140 are connected from exactly d switches in middle stage 130 through 3xd links (for

example the links ML(2,1), ML(2,2), and ML(2,3) are connected to the middle switch

MS(,1) from middle switch MS(1,1), and the links ML(2,13), ML(2,14), and ML(,15)

are connected to the middle switch MS(2,1) from middle switch MS(1,3)) and also are

connected to exactly d switches in middle stage 150 through 3xd_links (for example the

links ML(3,1), ML(3,2), and ML(3,3) are connected from middle switch MS(2,1) to
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middle switch MS(3,1), and the links ML(3,4), ML(3,5) and ML(3,6) are connected from

middle switch MS(2,1) to middle switch MS(3,?)).

 

Similarly each of the ~ middle switches MS(3,1) — MS(3,4) in the middle stage
150 are connected from exactly d switches in middle stage 140 through 3xd links (for

example the links ML(3,1), ML(3,2), and ML(3,3) are connected to the middle switch

MS(3,1) from middle switch MS(2,1), and the links ML(3,13), ML(3,14), and ML@3,15)

are connected to the middle switch MS(3,1) from middle switch MS(2,3)) and also are

connected to exactly d output switches in output stage 120 through 3xd links (for

example the links ML(4,1), ML(4,2), and ML(4,3) are connected to output switch OS1

from Middle switch MS(3,1), and the links ML(4,4), ML(4.5), and ML(4,6) are

connected to output switch OS2 from middle switch MS(3,1)).

Each of the “2 output switches OS1 - OS4 are connected from exactly d
switches in middle stage 150 through 3xd links (for example output switch OS1 is

connected from middle switch MS(3,1) through the links ML(4,1), ML(4,2), and

ML(4,3), and output switch OS1 is also connected from middle switch MS(3,3) through

the links ML(4,13), ML(4,14), and ML(4,15)).

Finally the connection topology of the network 300B2 shown in FIG. 3B2is

knownto be back to back Omega connection topology.

Referring to FIG. 3C2, in one embodiment, an exemplary asymmetrical multi-link

multi-stage network 300C2 with five stages of twenty switches for satisfying

communication requests, such as setting up a telephone call or a data call, or a connection

between configurable logic blocks, between an input stage 110 and output stage 120 via

middle stages 130, 140, and 150 is shown where input stage 110 consists of four, six by

eight switches [S1-IS4 and output stage 120 consists of four, six by two switches OS1-

OS4. And all the middle stages namely middle stage 130 consists of four, eight by four

switches MS(1,1) - MS(1,4), middle stage 140 consists of four, six by six switches
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MS(2,1) - MS@,4), and middle stage 150 consists of four, six by six switches MS(@,1) -

MS(3,4).

Such a network can be operated in strictly non-blocking manner for multicast

connections, because the switches in the input stage 110 are of size six by eight, the

switches in output stage 120 are of size six by two, and there are four switches in each of

middle stage 130, middle stage 140 and middle stage 150.

In one embodimentof this network each of the input switches IS1-IS4 and output

switches OS1-OS4are crossbar switches. The number of switches of input stage 110 and

of output stage 120 can be denoted in general with the variable Na , where JN,is the

total numberofinlet links or and N, is the total numberof outlet links and N, > N, and

N, = p*N, where p> 1. The numberof middle switches in each middle stage is

denoted by = . The size of each input switch IS1-IS4 can be denoted in general with
the notation d, *(2d +d,) and each output switch OS1-OS4 can be denoted in general

with the notation 3d *d, where d, =N, x = pxd. Thesize of each switch in any of

the middle stages excepting the first middle stage can be denoted as 3d «3d . The size of

each switchin the first middle stage can be denoted as (2d + d, )* 3d. A switch as used

herein can be either a crossbar switch, or a network of switches each of which in turn may

be a crossbar switch or a network of switches. An asymmetric multi-link multi-stage

network can be represented with the notationV,,,,,,(V,,N.,,d,5), where N, represents

the total numberof inletlinks of all input switches (for example the links IL1-IL24), N,

represents the total numberof outlet links of all output switches (for example the links

OL1-OL8), d represents the inlet links of each input switch where N, > N, , and s is

the ratio of number of incoming links to each output switch to the outlet links of each

output switch.
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N, . 2d+d,
Eachof the a input switches IS1 —IS4 are connected to exactly ————

switches in middle stage 130 through 2d +d, links (for example input switch IS1 is

connected to middle switch MS(1,1) through the links ML(1,1), ML(,2), and ML(1,3);

input switch IS] is also connected to middle switch MS(1,2) through the links ML(1,4),

ML(,5), and ML(1.6); input switch IS1 is connected to middle switch MS(1,3) through

the links ML(1,7), ML(,8), and ML(1,9); and input switch IS1 is also connected to

middle switch MS(1,4) through the links ML(1,10), ML(1,11), and ML(1,12)).

 

Eachof the ~ middle switches MS(1,1) - MS(1.4) in the middle stage 130 are
2d+d

connected from exactly 1
 

input switches through 2d +d, links (for example

middle switch MS(1,1) is connected from input switch [$1 through the links ML(1,1),

ML(1,2), and ML(1,3); middle switch MS(1,1) is connected from input switch IS2

through the links ML(1,16), ML(1,17), and ML(1,18); middle switch MS(1,1) is

connected from input switch IS3 through the links ML(1,28), ML(1,29), and ML(1,30);

and middle switch MS(1,1) is connected from input switch IS4 through the links

ML(1,43), ML(1,44), and ML(1,45)) and also are connected to exactly d switches in

middle stage 140 through 3xd links (for example the links ML(2,1), M1(2,2), and

ML(,3) are connected from middle switch MS(1,1) to middle switch MS(2,1), and the

links ML(2,4), ML(2,5), and ML(2,6) are connected from middle switch MS(1,1) to

middle switch MS(2,2)).

 

Similarly each of the ~ middle switches MS(2,1) — MS(2,4) in the middle stage
140 are connected from exactly d switches in middle stage 130 through 3xd links (for

example the links ML(2,1), ML(2,2), and ML(2,3) are connected to the middle switch

MS(,1) from middle switch MS(1,1), and the links ML(2,22), ML(2,23), and ML(2,24)

are connected to the middle switch MS(2,1) from middle switch MS(1,4)) and also are

connected to exactly d switches in middle stage 150 through 3xd_links (for example the

links ML(3,1), ML(3,2), and ML(3,3) are connected from middle switch MS(2,1) to
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middle switch MS(3,1), and the links ML(3,4), ML(3,5), and ML(3,6) are connected from

middle switch MS(2,1) to middle switch MS(3,?)).

 

Similarly each of the ~ middle switches MS(3,1) — MS(3,4) in the middle stage
150 are connected from exactly d switches in middle stage 140 through 3xd links (for

example the links ML(3,1), ML(3,2), and ML(,3) are connected to the middle switch

MS(3,1) from middle switch MS(2,1), and the links ML(3,22), ML(3,23), and ML(3,24)

are connected to the middle switch MS(3,1) from middle switch MS(2,4)) and also are

connected to exactly d output switches in output stage 120 through 3xd links (for

example the links ML(4,1), ML(4,2), and ML(4,3) are connected to output switch OS1

from middle switch MS(3,1), and the links ML(4,4), ML(4,5), and ML(4,6) are connected

to output switch OS2 from middle switch MS(3,1)).

Each of the “2 output switches OS1 - OS4 are connected from exactly d
switches in middle stage 150 through 3xd links (for example output switch OS1 is

connected from middle switch MS(3,1) through the links ML(4,1), ML(4,2), and

ML(4,3), and output switch OS1 is also connected from middle switch MS(3,4) through

the links ML(4,22), ML(4,23), and ML(4,24)).

Finally the connection topology of the network 300C2 shown in FIG. 3C2is

hereinafter called nearest neighbor connection topology.

Similar to network 300A2 of FIG. 3A2, 300B2 of FIG. 3B2, and 300C2 of FIG.

3C2, referring to FIG. 3D2, FIG. 3E2, FIG. 3F2, FIG. 3G2, FIG. 3H2, FIG. 312 and FIG.

3J2 with exemplary asymmetrical multi-link multi-stage networks 300D2, 300E2, 300F2,

300G2, 300H2, 30012, and 300J2 respectively with five stages of twenty switches for

satisfying communication requests, such as setting up a telephonecall or a data call, ora

connection between configurable logic blocks, between an input stage 110 and output

stage 120 via middle stages 130, 140, and 150 is shown where input stage 110 consists of

four, six by eight switches IS1-IS4 and output stage 120 consists of four, six by two

switches OS1-OS4. And all the middle stages namely middle stage 130 consists of four,
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eight by four switches MS(1,1) - MS(1,4), middle stage 140 consists of four, six by six

switches MS(2,1) - MS(2,4), and middle stage 150 consists of four, six by six switches

MS(3, 1) - MS(3,4).

such a network can be operated in strictly non-blocking manner for multicast

connections, because the switches in the input stage 110 are of size six by eight, the

switches in output stage 120 are of size six by two, and there are four switches in each of

middle stage 130, middle stage 140 and middle stage 150.

The networks 300D2, 300E2, 300F2, 300G2, 300H2, 300I2 and 300J2 of

FIG, 3D2, FIG. 3E2, FIG. 3F2, FIG. 3G2, FIG. 3H2, FIG. 312, and FIG. 3J2 are also

embodiments of asymmetric multi-link multi-stage network can be represented with the

notation Vmine (N,N,,d,5), where N, represents the total numberof inlet linksof all

input switches (for example the links IL1-IL8), N., represents the total numberof outlet

links of all output switches (for example the links OL1-OL24), d represents the inlet

links of each input switch where N, > N, , and s is the ratio of number of outgoing links

from each input switch to the inlet links of each input switch.

Just like networks of 300A2, 300B2 and 300C2,for all the networks 300D2,

300E2, 300F2, 300G2, 300H2, 30012 and 300J2 of FIG. 3D2, FIG. 3E2, FIG. 3F2, FIG.

3G2, FIG. 3H2, FIG. 312, and FIG. 3J2, each of the “ input switches IS1 — IS4 are
 2d+

connected to exactly d 3 d, switches in middle stage 130 through 2d +d, links.

Eachof the “2 middle switches MS(1,1) - MS(1,4) in the middle stage 130 are
d, 

connected from exactly input switches through 2d +d, links and also are

connected to exactly d switches in middle stage 140 through 3xd links.
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Similarly each of the = middle switches MS(2,1) — MS(2,4) in the middle stage
140 are connected from exactly d switches in middle stage 130 through 3xd links and

also are connected to exactly d switches in middle stage 150 through 3xd links.

 

Similarly each of the = middle switches MS(3,1) — MS(3,4) in the middle stage
150 are connected from exactly d switches in middle stage 140 through 3xd links and

also are connected to exactly d output switches in output stage 120 through 3xd links.

Eachof the <2 output switches OS1 — OS4 are connected from exactly d
switches in middle stage 150 through 3xd links.

In all the ten embodiments of FIG. 3A2 to FIG. 3J2 the connection topologyis

different. That is the way the links ML(1,1) - ML(1,48), ML, 1) - ML(2,24), ML(3,1) -

ML(3,24), and ML(4,1) - ML(4,24) are connected between the respective stages is

different. Even though only ten embodimentsare illustrated, in general, the network

Vtien (N,»N>,.d,8) can comprise any arbitrary type of connection topology. For example

the connection topology of the network V,,,,,,(N,,N,,d,s5) may be back to back Benes

networks, Delta Networks and many more combinations. The applicant notes that the

fundamental property of a valid connection topology of the V,,,,,,(NV,,N,,d,s5) network

is, when no connections are setup from any input link all the output links should be

reachable. Based on this property numerous embodiments of the network

Vning (N,N>,d,5) can be built. The ten embodiments of FIG. 3A2 to FIG, 3J2 are only

three examples of network V,,,,,,(N,.N,.d,5).

In all the ten embodiments of FIG. 3A2 to FIG. 3J2, each of the links ML(1, 1) —

ML(1,48), ML(@,1) - ML(@,24), ML(3,1) - ML(3,24) and ML(4,1) — ML(4,24)are

either available for use by a new connection or not available if currently used by an

existing connection. The input switches IS1-IS4 are also referred to as the network input

ports. The input stage 110 is often referred to as the first stage. The output switches
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OS1-OS4are also referred to as the network output ports. The output stage 120 is often

referred to as the last stage. The middle stage switches MS(1,1) — MS(1,4), MS(2,1) —

MS(2,4), and MS(3,1) — MS(3,4) are referred to as middle switches or middle ports.

In the example ilustrated in FIG. 3A2 (or in FIG. 3B2 to FIG. 3J2), a fan-out of

four is possible to satisfy a multicast connection request if input switch is IS2, but only

two switches in middle stage 130 will be used. Similarly, although a fan-outof three is

possible for a multicast connection request if the input switch is IS1, again only a fan-out

of two is used. The specific middle switches that are chosen in middle stage 130 when

selecting a fan-out of twois irrelevant so long as at most two middle switches are selected

to ensure that the connection request is satisfied. In essence, limiting the fan-out from

input switch to no more than two middle switches permits the network 300A2 (or 300B2

to 300J2), to be operatedin strictly nonblocking manner in accordance with the invention.

The connection request of the type described above can be unicast connection

request, a multicast connection request or a broadcast connection request, depending on

the example. In case of a unicast connection request, a fan-out of oneis used,i.e. a single

middle stage switch in middle stage 130 is usedto satisfy the request. Moreover,

although in the above-described embodimenta limit of two has been placed on the fan-

out into the middle stage switches in middle stage 130, the limit can be greater depending

on the number of middle stage switches in a network (while maintainingthestrictly

nonblocking nature of operation of the network for multicast connections). However any

arbitrary fan-out may be used within any of the middle stage switches and the output

stage switchesto satisfy the connection request.

Generalized Asymmetric SNB (N, > N,) Embodiments:

Network 3001K2 of FIG. 3K2 is an example of general asymmetrical multi-link

multi-stage network V,,,,,,(N,,N>,d,5) with (2xlog, N,)—-1stages where N, > N, and

N, =p*N, where p> 1. In network 300K2 of FIG. 3K2, N, = N andN, = p*N. The

general asymmetrical multi-link multi-stage network V,,,,,,(V,,N.,d,s5) can be operated

in strictly nonblocking mannerfor multicast when s =3 according to the current

invention (and in the example of FIG. 3K2, s =3). The general asymmetrical multi-link
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multi-stage network V,,,,,(N,,N>,d,5) with (2xlog, N,)—1 stages has d, (where

d,=N,a = pxXd inlet links for each of <= input switches IS1-IS(N2/d) (for2

example the links IL1-IL(p*d) to the input switch IS1) and 2d +d, (= 2d+ pxd)

outgoing links for each of “2 input switches IS1-IS(N2/d) (for example the links
ML(1,1) - ML(1,(d+p*d)) to the input switch IS1). There are d outlet links for each of

— output switches OS1-OS(N2/d) (for example the links OL1-OL(d) to the output

switch OS1) and 2d incoming links for each of <2 output switches OS1-OS(N2/d)
(for example ML(2 x Log, N, —2,1)- ML2x Log,N, —2,3Xd) to the output switch

OS1).

2d+

Eachof the “2 input switches IS1 — IS(N2/d) are connected to exactly 2dta
switches in middle stage 130 through 2d +d, links.

 

Eachof the ~ middle switches MS(1,1) - MS(1.N2/d) in the middle stage 130
are connected from exactly d input switches through 3xd_ links and also are connected

to exactly d switches in middle stage 140 through 3xd links.

2

Similarly each of the ~ middle switches MS(Log,N, —1,1) -
 

MS(Log ,N, -2) in the middle stage 130+10* (Log ,N, —2) are connected from
exactly d switches in middle stage 130+10*(Log,N, —3) through 3xd links and also

are connected to exactly d switches in middle stage 130+10* (Log, N, —1) through

3xd links.
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Similarly each of the = middle switches MS(2x Log ,N, —3,1) -

MS(2x Log ,N, —- 3) in the middle stage 130+10*(2* Log ,N, —4) are connected
from exactly d switches in middle stage 130+ 10*(2* Log ,N, —5) through 3xd links

and also are connected to exactly d output switches in output stage 120 through 3xd

5 links.

Eachof the “2 output switches OS1 — OS(N:/d) are connected from exactly d
switches in middle stage 130+10* (2* Log, N, —4) through 2xd links.

Asdescribed before, again the connection topology of a general

VineN,N,,d,5) may be any oneof the connection topologies. For example the

10 connection topology of the network V,,,,,,(N,,N,,d,s5) may be back to back inverse

Benes networks, back to back Omega networks, back to back Benes networks, Delta

Networks and many more combinations. The applicant notes that the fundamental

property of a valid connection topologyof the general V,,,,,,(N,,N,,d,s) network is,

when no connections are setup from any input link if any output link should be reachable.

15. Based on this property numerous embodiments of the network V,,,,,(N,,N>.,.d,5) can be

built. The embodiments of FIG. 3A2 to FIG. 3J2 are ten examples of network

Vnine (N»N,,d,5) fors=3 and N,>N,.

The general symmetrical multi-link multi-stage network V,,,,,,(N,,N>,,d,5) can

be operated in strictly nonblocking manner for multicast when s >3 according to the

20 current invention.

For example, the network of FIg. 3C2 shows an exemplary five-stage network,

namely V,,,,,(8,24,2,3), with the following multicast assignment 7, = {1,4}and all other

I, =@ for j =[2-8]. It should be noted that the connection /, fans outin thefirst stage

switch IS1 into middle switches MS(1,1) and MS(1,4) in middle stage 130, and fans out
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in middle switches MS(1,1) and MS(1,4) only once into middle switches MS(2,1) and

MS(2,4) respectively in middle stage 140.

The connection /, also fans out in middle switches MS(2,1) and MS(2,4) only

once into middle switches MS(3,1) and MS(3,4) respectively in middle stage 150. The

5 connection J, also fans out in middle switches MS(3,1) and MS(3,4) only once into

output switches OS1 and OS4 in output stage 120. Finally the connection 7, fans out

oncein the output stage switch OS1 into outlet link OL1 and in the output stage switch

OS4 twice into the outlet links OL7 and OL8. In accordance with the invention, each

connection can fan out in the input stage switch into at most two middle stage switches in

10~—middle stage 130.

Folded Strictly Nonblocking multi-link multi-stage Networks:

The folded multi-link multi-stage network V,O01d-mtine (N,,N,,d,5), disclosed in the

current invention, is topologically exactly the same as the multi-stage network

Vwing (N,.N>,.d,5), disclosed in U.S. Provisional Patent Application Docket No. M-

15 0037USthat is incorporated by reference above, excepting that in the illustrations folded

network Vp14 mtinan (Ni, N>,d,5) is shown asit is folded at middle stage

130+10*(Log,N,-2) .

The general symmetrical folded multi-link multi-stage network Vjj4ming (Nd, 5)

can also be operated in strictly nonblocking manner for multicast when s 23 according

20 to the current invention. Similarly the general asymmetrical folded multi-link multi-stage

network Vjiig-mtine (Ni, N>,d,5) can also be operated in strictly nonblocking manner for

multicast when s 23 according to the current invention.

25
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FOLDED MULTI-STAGE NETWORK EMBODIMENTS:

Symmetric folded RNB Embodiments:

Referring to FIG. 4A, in one embodiment, an exemplary symmetrical folded

multi-stage network 400A with five stages of thirty two switches forsatisfying

communication requests, such as setting up a telephone call or a data call, or a connection

between configurable logic blocks, between an input stage 110 and output stage 120 via

middle stages 130, 140, and 150 is shown where input stage 110 consists of four, two by

four switches [S1-IS4 and output stage 120 consists of four, four by two switches OS1-

OS4. Andall the middle stages namely middle stage 130 consists of eight, two by two

switches MS(1,1) - MS(1,8), middle stage 140 consists of eight, two by two switches

MS(2, 1) - MS(@,8), and middle stage 150 consists of eight, two by two switches MS(3,1)

- MS(3,8).

Such a network can be operated in strictly non-blocking mannerfor unicast

connections, because the switches in the input stage 110 are of size two by four, the

switches in output stage 120 are of size four by two, and there are eight switches in each

of middle stage 130, middle stage 140 and middle stage 150. Such a network can be

operated in rearrangeably non-blocking mannerfor multicast connections, because the

switches in the input stage 110 are of size two by four, the switches in output stage 120

are of size four by two, and there are eight switches in each of middle stage 130, middle

stage 140 and middle stage 150.

In one embodimentof this network each of the input switches IS1-I$4 and output

switches O$1-OS4 are crossbar switches. The number of switches of input stage 110 and

of output stage 120 can be denoted in general with the variable = , where N is the total
numberofinlet links or outlet links. The number of middle switches in each middle stage

is denoted by 2x— . The size of each input switch IS1-IS4 can be denoted in general
with the notation d *2d and each output switch OS1-OS4 can be denoted in general with

the notation 2d *d. Likewise, the size of each switch in any of the middle stages can be

denoted as d*d. A switch as used herein can be either a crossbar switch, or a network
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of switches each of which in turn maybe a crossbar switch or a network of switches. A

symmetric folded multi-stage network can be represented with the notation V,,,(N,d,5s),

where N represents the total numberofinlet links of all input switches (for example the

links IL1-IL8), d represents the inlet links of each input switch or outlet links of each

output switch, and s is the ratio of number of outgoing links from each input switch to

the inlet links of each input switch. Althoughit is not necessary that there be the same

numberof inlet links IL1-IL8 as there are outlet links OL1-OL8, in a symmetrical

network they are the same.

Eachof the = input switches IS1 — IS4 are connected to exactly 2xd switches
in middle stage 130 through 2xd links (for example input switch IS1 is connected to

middle switches MS(1,1), MS(1,2), MS(1,5) and MS(1,6) through the links ML(1,1),

ML(1,2), ML(1,3) and ML(1,4) respectively).

Eachof the 2x— middle switches MS(1,1) — MS(1,8) in the middle stage 130
are connected from exactly d input switches through d links (for example the links

ML(1,1) and ML(1,5) are connected to the middle switch MS(1,1) from input switch IS1

and IS2 respectively) and also are connected to exactly d switches in middle stage 140

through d links (for example the links ML(2,1) and ML(2,2) are connected from middle

switch MS(1,1) to middle switch MS(,1) and MS(2,3) respectively).

similarly each of the ax— middle switches MS(2,1) — MS(2,8) in the middle
stage 140 are connected from exactly d switches in middle stage 130 through d links

(for example the links ML(2,1) and ML(2,6) are connected to the middle switch MS(2,1)

from middle switches MS(1,1) and MS(1,3) respectively) and also are connected to

exactly d switches in middle stage 150 through d links (for example the links ML@G,1)

and ML(3,2) are connected from middle switch MS(2,1) to middle switch MS(3,1) and

MS(3,3) respectively).
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Similarly each of the 2x— middle switches MS(3,1) — MS(3,8) in the middle
stage 150 are connected from exactly d switches in middle stage 140 through d links

(for example the links ML(3,1) and ML@G,6) are connected to the middle switch MS(3,1)

from middle switches MS(2,1) and MS(2,3) respectively) and also are connected to

exactly d output switches in output stage 120 through d links (for example the links

ML(4,1) and ML(4,2) are connected to output switches OS1 and OS2 respectively from

middle switches MS(3,1)).

Eachof the “ output switches OS1 — OS4 are connected from exactly 2xd
switches in middle stage 150 through 2xd links (for example output switch OS1 is

connected from middle switches MS(3,1), MS(3,2), MS(3,5) and MS(3,6) through the

links ML(4,1), ML(4,3), ML(4,9) and ML(4,11) respectively).

Finally the connection topology of the network 400A shown in FIG. 4A is known

to be back to back inverse Benes connection topology.

Referring to FIG. 4A1, in another embodimentof network V,,,,(N,d,s), an

exemplary symmetrical folded multi-stage network 400A1 with five stages of thirty two

switches for satisfying communication requests, such as setting up a telephonecall or a

data call, or a connection between configurable logic blocks, between an input stage 110

and output stage 120 via middle stages 130, 140, and 150 is shown where input stage 110

consists of four, two by four switches IS1-IS4 and output stage 120 consists of four, four

by two switches OS1-OS4. And all the middle stages namely middle stage 130 consists of

eight, two by two switches MS(1,1) - MS(1,8), middle stage 140 consists of eight, two by

two switches MS(2,1) - MS(@.,8), and middle stage 150 consists of eight, two by two

switches MS(3,1) - MS@G,8).

Such a network can be operated in strictly non-blocking mannerfor unicast

connections, because the switches in the input stage 110 are of size two by four, the

switches in output stage 120 are of size four by two, and there are eight switches in each

of middle stage 130, middle stage 140 and middle stage 150. Such a network can be
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operated in rearrangeably non-blocking manner for multicast connections, because the

switches in the input stage 110 are of size two byfour, the switches in output stage 120

are of size four by two,and there are eight switches in each of middle stage 130, middle

stage 140 and middle stage 150.

In one embodimentof this network each of the input switches [S1-IS4 and output

switches OS1-OS4are crossbar switches. The number of switches of input stage 110 and

of output stage 120 can be denoted in general with the variable = , where N is the total
numberofinlet links or outlet links. The number of middle switches in each middle stage

is denoted by 2x— . The size of each input switch [S1-IS4 can be denoted in general
with the notation d *2d and each output switch OS1-OS4 can be denoted in general with

the notation 2d *d. Likewise, the size of each switch in any of the middle stages can be

denoted as d*d. A switch as used herein can be either a crossbar switch, or a network

of switches each of which in turn maybe a crossbar switch or a network of switches. The

symmetric folded multi-stage network of FIG. 4A1is also the network of the type

Vioa(N,d,s), where N represents the total numberofinlet links of all input switches

(for example the links IL1-IL8), d represents the inlet links of each input switch or outlet

links of each output switch, and s is the ratio of number of outgoing links from each

input switch to the inlet links of each input switch. Althoughit is not necessary that there

be the same numberofinlet links IL1-IL8 asthere are outlet links OL1-OL8, ina

symmetrical network they are the same.

Each of the - input switches IS1 — IS4 are connected to exactly 2xd switches
in middle stage 130 through 2xd links (for example input switch IS1 is connected to

middle switches MS(1,1), MS(1,2), MS(1,5) and MS(1,6) through the links ML(1,1),

ML(1,2), ML(1,3) and ML(1,4) respectively).

Eachof the 2x— middle switches MS(1,1) — MS(1,8) in the middle stage 130
are connected from exactly d input switches through d links (for example the links
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ML(,1) and ML(1,9) are connected to the middle switch MS(1,1) from input switch IS1

and IS3 respectively) and also are connected to exactly d switches in middle stage 140

through d links (for example the links ML(2,1) and ML(2,2) are connected from middle

switch MS(1,1) to middle switch MSQ,1) and MS(Q,72)respectively).

Similarly each of the 2x— middle switches MS(2,1) — MS(2,8) in the middle
stage 140 are connected from exactly d switches in middle stage 130 through d links

(for example the links ML(2,1) and ML(2,5) are connected to the middle switch MS(2,1)

from middle switches MS(1,1) and MS(1,3) respectively) and also are connected to

exactly d switches in middle stage 150 through d_ links (for example the links ML@G,1)

and ML(3,2) are connected from middle switch MS(@,1) to middle switch MS(3,1) and

MS(3,2) respectively).

Similarly each of the 2 x= middle switches MS(3,1) — MS(3,8) in the middle
stage 150 are connected from exactly d switches in middle stage 140 through d links

(for example the links ML(3,1) and ML(3,5) are connected to the middle switch MS(3,1)

from middle switches MS(2,1) and MS(2,3) respectively) and also are connected to

exactly d output switches in output stage 120 through d links (for example the links

ML(4,1) and ML(4,2) are connected to output switches OSI and OS2 respectively from

middle switches MS(3,1)).

Eachofthe output switches OS1 — OS4 are connected from exactly 2xd

switches in middle stage 150 through 2xd_links (for example output switch OS! is

connected from middle switches MS(3,1), MS(3,3), MS@,5) and MS(@3,7) through the

links ML(4,1), ML(4,5), ML(4,9) and ML(4,13) respectively).

Finally the connection topology of the network 400A1 shownin FIG. 4A1is

knownto be back to back Omega connection topology.

Referring to FIG. 4A2, in another embodiment of network Vota (N,d,s),an

exemplary symmetrical folded multi-stage network 400A2 with five stages of thirty two
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switches for satisfying communication requests, such as setting up a telephonecall or

a data call, or a connection between configurable logic blocks, between an input

stage 110 and output stage 120 via middle stages 130, 140, and 150 is shown where input

stage 110 consists of four, two by four switches IS1-IS4 and output stage 120 consists of

four, four by two switches OS1-OS4. Andall the middle stages namely middle stage 130

consists of eight, two by two switches MS(1,1) - MS(1,8), middle stage 140 consists of

eight, two by two switches MS(2,1) - MS(2,8), and middle stage 150 consists of eight,

two by two switches MS(3,1) - MS(3,8).

Such a network can be operatedin strictly non-blocking mannerfor unicast

connections, because the switches in the input stage 110 are of size two by four, the

switches in output stage 120 are of size four by two, and there are eight switches in each

of middle stage 130, middle stage 140 and middle stage 150. Such a network can be

operated in rearrangeably non-blocking mannerfor multicast connections, because the

switches in the input stage 110 are of size two by four, the switches in output stage 120

are of size four by two, and there are eight switches in each of middle stage 130, middle

stage 140 and middle stage 150.

In one embodimentof this network each of the input switches I$1-I$4 and output

switches O$1-OS4 are crossbar switches. The number of switches of input stage 110 and

of output stage 120 can be denoted in general with the variable = , where NV is the total
numberofinlet links or outlet links. The number of middle switches in each middle stage

is denoted by 2x— . The size of each input switch IS1-IS4 can be denoted in general
with the notation d *2d and each output switch OS1-OS4 can be denoted in general with

the notation 2d *d. Likewise, the size of each switch in any of the middle stages can be

denoted as d*d. A switch as used herein can be either a crossbar switch, or a network

of switches each of which in turn may be a crossbar switch or a network of switches. The

symmetric folded multi-stage network of FIG. 4A2 is also the network of the type

Vioa(N,d,s), where N represents the total numberofinletlinks of all input switches

(for example the links IL1-IL8), d represents the inlet links of each input switch or outlet
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links of each output switch, and s is the ratio of number of outgoing links from each

input switch to the inlet links of each input switch. Althoughit is not necessary that there

be the same numberofinlet links [L1-IL8 as there are outlet links OL1-OL8, ina

symmetrical network they are the same.

Eachof the - input switches IS1 —IS4 are connected to exactly 2xd switches
in middle stage 130 through 2xd links (for example input switch IS1 is connected to

middle switches MS(1,1), MS(1,2), MS(1,5) and MS(1,6) through the links ML(1,1),

ML(,2), ML(,3) and ML(1,4) respectively).

Eachof the 2x— middle switches MS(1,1) — MS(1,8) in the middle stage 130
are connected from exactly d input switches through d links (for example the links

ML(,1) and ML(1,14) are connected to the middle switch MS(1,1) from input switch IS1

and IS4 respectively) and also are connected to exactly d switches in middle stage 140

through d links (for example the links ML@Q,1) and ML(2,2) are connected from middle

switch MS(1,1) to middle switch MSQ,1) and MS(Q,72) respectively).

Similarly each of the 2 x= middle switches MS(2,1) — MS(2,8) in the middle
stage 140 are connected from exactly d switches in middle stage 130 through d links

(for example the links ML(2,1) and ML(2,8) are connected to the middle switch MS(2,1)

from middle switches MS(1,1) and MS(1,4) respectively) and also are connected to

exactly d switches in middle stage 150 through d links (for example the links ML@G,1)

and ML(3,2) are connected from middle switch MS(@,1) to middle switch MS(3,1) and

MS(3,2) respectively).

Similarly each of the 2x— middle switches MS(3,1) — MS(3,8) in the middle
stage 150 are connected from exactly d switches in middle stage 140 through d links

(for example the links ML(3,1) and ML(3,8) are connected to the middle switch MS(3,1)

from middle switches MS(2,1) and MS(2,4) respectively) and also are connected to

exactly d output switches in output stage 120 through d links (for example the links
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ML(4,1) and ML(4,2) are connected to output switches OS1 and OS2 respectively from

middle switches MS(3,1)).

Eachof the - output switches OS1 —- OS4 are connected from exactly 2xd
switches in middle stage 150 through 2xd links (for example output switch OS1 is

connected from middle switches MS(3,1), MS(3,4), MS(3,5) and MS(3,8) through the

links ML(4,1), ML(4,2), ML(4,3) and ML(4,4) respectively).

Finally the connection topology of the network 400A2 shownin FIG. 4A2is

hereinafter called nearest neighbor connection topology.

In the three embodiments of FIG. 4A, FIG. 4A1 and FIG. 4A2 the connection

topologyis different. That is the way the links ML(1,1) - ML(1,16), ML(2,1) - ML(2,16),

ML(3,1) - ML(3,16), and ML(4,1) - ML(4,16) are connected betweenthe respective

stages is different. Even though only three embodiments are illustrated, in general, the

network V,,,(N,d,s) can comprise any arbitrary type of connection topology. For

example the connection topology of the network V,,,,(V,d,s) may be back to back

Benes networks, Delta Networks and many more combinations. The applicant notes that

the fundamental property of a valid connection topology of the V,,,(V,d,s) networkts,

when no connectionsare setup from any inputlink all the output links should be

reachable. Based on this property numerous embodimentsof the network V,,,,(N, d,s)

can be built. The embodiments of FIG. 4A, FIG, 4A1, and FIG. 4A2 are only three

examples of network V,,,(N.d,5).

In the three embodiments of FIG. 4A, FIG. 4A1 and FIG. 4A2, each of the links

ML(,1) — ML(1,16), ML(2,1) - ML@,16), ML(3,1) - ML(3,16) and ML(4,1) -

ML(4,16) are either available for use by a new connection or not available if currently

used by an existing connection. The input switches IS1-IS4 are also referred to as the

network input ports. The input stage 110 is often referred to as the first stage. The output

switches O$1-OS4are also referred to as the network output ports. The output stage 120

is often referred to as the last stage. The middle stage switches MS(1,1) — MS(1,8),
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MS(2,1) — MS(2,8), and MS(3,1) — MS(3,8) are referred to as middle switches or middle

ports.

In the example illustrated in FIG. 4A (or in FIGIA], or in FIG. 4A2), a fan-out of

four is possible to satisfy a multicast connection request if input switch is IS2, but only

two switches in middle stage 130 will be used. Similarly, although a fan-out of three is

possible for a multicast connection request if the input switch is IS1, again only a fan-out

of two is used. The specific middle switches that are chosen in middle stage 130 when

selecting a fan-out of twois irrelevant so long as at most two middle switches are selected

to ensure that the connection request is satisfied. In essence, limiting the fan-out from

input switch to no more than two middle switches permits the network 400A (or 400A1,

or 400A2), to be operated in rearrangeably nonblocking manner in accordance with the

invention.

The connection request of the type described above can be unicast connection

request, a multicast connection request or a broadcast connection request, depending on

the example. In case of a unicast connection request, a fan-out of oneis used,i.e. a single

middle stage switch in middle stage 130 is usedto satisfy the request. Moreover,

although in the above-described embodimenta limit of two has been placed on the fan-

out into the middle stage switches in middle stage 130, the limit can be greater depending

on the numberof middle stage switches in a network (while maintaining the

rearrangeably nonblocking nature of operation of the network for multicast connections).

Howeverany arbitrary fan-out may be used within any of the middle stage switches and

the output stage switchesto satisfy the connection request.

Generalized Symmetric folded RNB Embodiments:

Network 400B of FIG. 4B is an example of general symmetrical folded multi-

stage network V,,,,(N,d,s5) with (2xlogaN)-1stages. The general symmetrical folded

multi-stage network V,,,(N,d,s) can be operated in rearrangeably nonblocking manner

for multicast when s 22 according to the current invention. Also the general

symmetrical folded multi-stage network V,,,,(N,d,s) can be operated in strictly
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nonblocking mannerfor unicast if s = 2 according to the current invention. (And in the

example of FIG. 4B, s = 2). The general symmetrical folded multi-stage network

Vionw(N.d,s) with (2xlog, N)—1stages has d inletlinks for each of = input switches
IS1-IS(N/d) (for example the links IL1-IL(d) to the input switch IS1) and 2xd_ outgoing

links for each of - input switches IS1-IS(N/d) (for example the links ML(1,1) -

ML(,2d) to the input switch IS1). There are d outlet links for each of - output
switches O$1-OS(N/d) (for example the links OL1-OL(d) to the output switch OS1) and

2xd incoming links for each of - output switches OS1-OS(N/d) (for
example ML(2 x Log ,N — 2,1) - ML(2x Log ,N —2,2Xd) to the output switch OS1).

Eachof the = input switches IS1 — ISCN/d) are connected to exactly 2xd
switches in middle stage 130 through 2xd links (for example input switch IS1 is

connected to middle switches MS(1,1) - MS(1,d) through the links ML(1,1) - ML(1,d)

and to middle switches MS(1,N/d+1) — MS(1,{N/d}+d) through the links ML(1,d+1) —

ML(1,2d) respectively.

Each of the 2x— middle switches MS(1,1) — MS(1,2N/d) in the middle stage
130 are connected from exactly d input switches through d links and also are connected

to exactly d switches in middle stage 140 through d links.

Similarly each of the ax— middle switches MS(Log,N—-1,]) -

MS(Log,N -1,2a) in the middle stage 130+10*(Log,N —2) are connected from
exactly d switches in middle stage 130+10*(ZLog,,N —3) through d links and also are

connected to exactly d switches in middle stage 130+10* (Log ,N —1) through d links.
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Similarly each of the 2x— middle switches MS(2x Log,N —3,]) -

MS(2x Log,N -3.2x2) in the middle stage 130+10*(2* Log,N —4) are connected
from exactly d switches in middle stage 130+10*(2* Log, N —5) through d links and

also are connected to exactly d output switches in output stage 120 through d links.

Each of the “ output switches OS1 — OS(N/d) are connected from exactly 2xd
switches in middle stage 130+10*(2* Log,N —4) through 2xd links.

As describedbefore, again the connection topologyof a general V,,,,(N,d,5)

may be any one of the connection topologies. For example the connection topology of the

network V,,,(N,d,s) may be back to back inverse Benes networks, back to back Omega

networks, back to back Benes networks, Delta Networks and many more combinations.

The applicant notes that the fundamental property of a valid connection topology ofthe

general V,,,(N,d,s) network is, when no connections are setup from any inputlink if

any output link should be reachable. Based on this property numerous embodiments of

the network V,,,,(N,d,s) can be built. The embodiments of FIG. 4A, FIG. 4A1, and

FIG, 4A2 are three examples of network V,,,,(N,d,5).

The general symmetrical folded multi-stage network V,,,,(N,d,s) can be

operated in rearrangeably nonblocking mannerfor multicast when s = 2 according to the

currentinvention. Also the general symmetrical folded multi-stage network V;,,,(N,d,5)

can be operated in strictly nonblocking mannerfor unicast if s = 2 according to the

current invention.

Every switch in the folded multi-stage networks discussed herein has multicast

capability. Ina V,,,,(N,d,s) network, if a network inlet link is to be connected to more

than one outlet link on the same output switch, then itis only necessary for the

corresponding input switch to have one path to that output switch. This follows because
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that path can be multicast within the output switch to as manyoutlet links as necessary.

Multicast assignments can therefore be described in terms of connections between input

switches and output switches. An existing connection or a new connection from an input

switch to r' output switchesis said to have fan-out r'. If all multicast assignments of a

first type, wherein anyinlet link of an input switch is to be connected in an output switch

to at most one outlet link are realizable, then multicast assignments of a second type,

wherein anyinlet link of each input switch is to be connected to more than one outlet link

in the same output switch, can also be realized. For this reason, the following discussion

Los . . . . , _N
is limited to general multicast connectionsofthe first type (with fan-out r', 1<r's 7?
although the same discussion is applicable to the secondtype.

. . . . La. N

To characterize a multicast assignment, for each inlet link ie Len , let

I, =O, where OC {ident denote the subset of output switches to whichinlet link 7
is to be connected in the multicast assignment. For example, the network of FIG. 4A

shows an exemplary five-stage network, namely V,,,,(8,2,2) , with the following

multicast assignment J, = {2,3}and all other / ; =¢@ forj = [2-8]. It should be noted that

the connection 7, fans outin the first stage switch IS1 into middle switches MS(1,1) and

MS(1,5) in middle stage 130, and fans out in middle switches MS(1,1) and MS(1,5) only

once into middle switches MS(2,1) and MS(2,5) respectively in middle stage 140.

The connection /, also fans out in middle switches MS(2,1) and MS(2,5) only

once into middle switches MS(3,1) and MS(3,7) respectively in middle stage 150. The

connection J, also fans out in middle switches MS(3,1) and MS(3,7) only once into

output switches OS2 and OS3 in output stage 120. Finally the connection 7, fans out

oncein the output stage switch OS2 into outlet link OL3 and in the output stage switch

OS3 twice into the outlet links OLS and OL6. In accordance with the invention, each

connection can fan out in the input stage switch into at most two middle stage switches in

middle stage 130.
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Asymmetric folded RNB (N2 > N,) Embodiments:

Referring to FIG. 4C, in one embodiment, an exemplary asymmetrical folded

multi-stage network 400C with five stages of thirty two switchesfor satisfying

communication requests, such as setting up a telephone call or a data call, or a connection

between configurable logic blocks, between an input stage 110 and output stage 120 via

middle stages 130, 140, and 150 is shown where input stage 110 consists of four, two by

four switches [S1-IS4 and output stage 120 consists of four, eight by six switches OS1-

OS4. And all the middle stages namely middle stage 130 consists of eight, two by two

switches MS(1,1) - MS(1,8), middle stage 140 consists of eight, two by two switches

MS(2,1) - MS(,8), and middle stage 150 consists of eight, two by four switches MS(3,1)

- MS@,8).

Such a network can be operated in strictly non-blocking mannerfor unicast

connections, because the switches in the input stage 110 are of size two by four, the

switches in output stage 120 are of size eight by six, and there are eight switches in each

of middle stage 130, middle stage 140 and middle stage 150. Such a network can be

operated in rearrangeably non-blocking manner for multicast connections, because the

switches in the input stage 110 are of size two by four, the switches in output stage 120

are of size eight by six, and there are eight switches of size two by two in each of middle

stage 130 and middle stage 140, and eight switches of size two byfour in middle stage

150.

In one embodimentof this network each of the input switches IS1-IS4 and output

switches OS1-OS4are crossbar switches. The number of switches of input stage 110 and

N

of output stage 120 can be denoted in general with the variable 7 where N,is the total
numberofinlet links or and N,, is the total numberof outlet links and N, > N, and

N, = p* N, where p> 1. The numberof middle switches in each middle stage is

denoted by 2 x= . The size of each input switch IS1-IS4 can be denoted in general with
the notation d *2d and each output switch OS1-O%S4 can be denoted in general with the
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notation (d+d,)*d , where d, =N,a = pxd. Thesize of each switch in any of1

the middle stages excepting the last middle stage can be denoted as d *d. The size of

(d+d,)
2

each switch in the last middle stage can be denoted as d * . A switch as used

herein can be either a crossbar switch, or a network of switches each of which in turn may

be a crossbar switch or a network of switches. An asymmetric folded multi-stage

network can be represented with the notation Void (N,,N,,d,s), where N, represents the

total numberofinlet links of all input switches (for example the links IL1-IL8), NV,

represents the total numberof outlet links of all output switches (for example the links

OL1-OL24), d represents the inlet links of each input switch where N, > N, , and s is

the ratio of number of outgoing links from each input switch to the inlet links of each

input switch.

Eachofthe = input switches IS1 —IS4 are connected to exactly 2xd switches
in middle stage 130 through 2xd links (for example input switch IS1 is connected to

middle switches MS(1,1), MS(1,2), MSC..5) and MS(1,6) through the links ML(1,1),

ML(1,2), ML(1,3) and ML(1,4) respectively).

Each of the 2x middle switches MS(1,1) — MS(1,8) in the middle stage 130
are connected from exactly d input switches through d links (for examplethe links

ML(1,1) and ML(1,5) are connected to the middle switch MS(1,1) from input switch IS1

and IS? respectively) and also are connected to exactly d switches in middle stage 140

through d links (for example the links ML(Q,1) and ML(2,2) are connected from middle

switch MS(1,1) to middle switch MSQ,1) and MS(,3) respectively).

Similarly each of the 2x middle switches MS(2,1) — MS(,8) in the middle
stage 140 are connected from exactly d switches in middle stage 130 through d links

(for example the links ML(2,1) and ML(2,6) are connected to the middle switch MS(2,1)

from middle switches MS(1,1) and MS(1,3) respectively) and also are connected to
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exactly d switches in middle stage 150 through d links (for example the links ML(3,1)

and ML(3,2) are connected from middle switch MS(2,1) to middle switch MS(3,1) and

MS(3,3) respectively).

Similarly each of the 2x middle switches MS(3,1) — MS(3,8) in the middle
stage 150 are connected from exactly d switches in middle stage 140 through d links

(for example the links ML(3,1) and ML@G,6) are connected to the middle switch MS(3,1)

from middle switches MS(2,1) and MS(2,3) respectively) and also are connected to

d,
42  + +

exactly d output switches in output stage 120 through da a links (for example

the links ML(4,1), ML(4,2), ML(4,3) and ML(4,4) are connected to output switches OS1,

OS2, OS3, and OS4 respectively from middle switches MS(3,1)).

Eachof the = output switches OSI — OS4 are connected from exactly d+d,
switches in middle stage 150 through d +d, links (for example output switch OS1is

connected from middle switches MS(3,1), MS(3,2), MS(3,3), MS@G,4), MS(3,5),

MS(3,6), MS(3,7), and MS(3,8) through the links ML(4,1), ML(4,5), ML(4,9), ML(4,13),

ML(4,17), ML(4,21), ML(4,25) and ML(4,29) respectively).

Finally the connection topology of the network 400C shown in FIG. 4C is known

to be back to back inverse Benes connection topology.

Referring to FIG. 4C1, in another embodiment of network V,,,(N,,N>,d,5), an

exemplary asymmetrical folded multi-stage network 400C1 with five stages of thirty two

switches for satisfying communication requests, such as setting up a telephonecall or a

data call, or a connection between configurable logic blocks, between an input stage 110

and output stage 120 via middle stages 130, 140, and 150 is shown whereinput stage 110

consists of four, two by four switches IS1-IS4 and output stage 120 consists of four, eight

by six switches OS1-OS4. And all the middle stages namely middle stage 130 consists of

eight, two by two switches MS(1,1) - MS(1,8), middle stage 140 consists of eight, two by
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two switches MS(2,1) - MS(2,8), and middle stage 150 consists of eight, two by four

switches MS(3,1) - MS(3,8).

Such a network can be operated in strictly non-blocking mannerfor unicast

connections, because the switches in the input stage 110 are of size two by four, the

switches in output stage 120 are of size eight by six, and there are eight switches in each

of middle stage 130, middle stage 140 and middle stage 150. Such a network can be

operated in rearrangeably non-blocking mannerfor multicast connections, because the

switches in the input stage 110 are of size two by four, the switches in output stage 120

are of size eight by six, and there are eight switches of size two by two in each of middle

stage 130 and middle stage 140, and eight switches of size two byfour in middle stage

150.

In one embodimentof this network each of the input switches IS1-IS4 and output

switches O$1-OS4 are crossbar switches. The number of switches of input stage 110 and

N

of output stage 120 can be denoted in general with the variable 7 where N,is the total
numberofinlet links or and N, is the total numberof outlet links and N, > N, and

N, = p*N, where p> 1. The number of middle switches in each middle stage is

denoted by 2 xa . The size of each input switch IS1-IS4 can be denoted in general with
the notation d*2d and each output switch OS1-OS4 can be denoted in general with the

notation (d+d,)*d , where d, =N,x = pxd. Thesize of each switch in any of
1

the middle stages excepting the last middle stage can be denoted as d *d. Thesize of

each switch in the last middle stage can be denoted as d * ere) . A switch as used
herein can be either a crossbar switch, or a network of switches each of which in turn may

be a crossbar switch or a network of switches. The asymmetric folded multi-stage

network of FIG. 4C1 is also the network of the type V;,,(N,,N,.,d,s5), where N,

represents the total numberof inlet links of all input switches (for example the links IL1-

IL8), NV, represents the total numberofoutlet links of all output switches (for example
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the links OL1-OL24), d represents the inlet links of each input switch where N, > N, ,

and s is the ratio of number of outgoing links from each input switch to the inlet links of

each input switch.

N

Eachof the 7 input switches IS1 —IS4 are connected to exactly 2xd switches
in middle stage 130 through 2xd links (for example input switch IS1 is connected to

middle switches MS(1,1), MS(1,2), MS(1,5) and MS(1,6) through the links ML(1,1),

ML(1,2), ML(1,3) and ML(1,4) respectively).

Eachof the 2x middle switches MS(1,1) — MS(1,8) in the middle stage 130
are connected from exactly d input switches through d links (for example the links

ML(1,1) and ML(1,9) are connected to the middle switch MS(1,1) from input switch IS1

and IS3 respectively) and also are connected to exactly d switches in middle stage 140

through d links (for example the links ML(2,1) and ML(2,2) are connected from middle

switch MS(1,1) to middle switch MS(@,1) and MS(2,2) respectively).

Similarly each of the 2x middle switches MS(2,1) — MS(2,8) in the middle
stage 140 are connected from exactly d switches in middle stage 130 through d links

(for example the links ML(2,1) and ML(2,5) are connected to the middle switch MS(2,1)

from middle switches MS(1,1) and MS(1,3) respectively) and also are connected to

exactly d switches in middle stage 150 through d links (for example the links MLG,1)

and ML(3,2) are connected from middle switch MS(2,1) to middle switch MS@G,1) and

MS(3,2) respectively).

Similarly each of the 2x middle switches MS(3,1) — MS(3,8) in the middle
stage 150 are connected from exactly d switches in middle stage 140 through d links

(for example the links ML(3,1) and ML(3,5) are connected to the middle switch MS(3,1)

from middle switches MS(2,1) and MS(2,3) respectively) and also are connected to

: +
a; output switches in output stage 120 through dvd

92  
exactly d+ links (for examplea
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the links ML(4,1), ML(4,2), ML(4,3) and ML(4,4) are connected to output switches OS1,

OS2, OS3, and OS4 respectively from middle switches MS(3,1)).

Eachof the = output switches OS1 — OS4 are connected from exactly d+d,
switches in middle stage 150 through d +d, links (for example output switch OS1 is

connected from middle switches MS(3,1), MS(3,2), MS(3,3), MS@G,4), MS(3,5),

MS(3,6), MS(3,7), and MS(3,8) through the links ML(4,1), ML(4,5), ML(4,9), ML(4,13),

ML(4,17), ML(4,21), ML(4,25) and ML(4,29) respectively).

Finally the connection topology of the network 400C1 shown in FIG. 4C1 is

knownto be back to back Omega connection topology.

Referring to FIG. 4C2, in another embodiment of network V,,,,(N,,N,,d,5), an

exemplary asymmetrical folded multi-stage network 400C2 with five stages of thirty two

switches for satisfying communication requests, such as setting up a telephonecall or a

data call, or a connection between configurable logic blocks, between an input stage 110

and output stage 120 via middle stages 130, 140, and 150 is shown where input stage 110

consists of four, two by four switches IS1-IS4 and output stage 120 consists of four, eight

by six switches OS1-OS4. Andall the middle stages namely middle stage 130 consists of

eight, two by two switches MS(1,1) - MS(1,8), middle stage 140 consists of eight, two by

two switches MS(2,1) - MS(2,8), and middle stage 150 consists of eight, two by four

switches MS(3,1) - MS(@3,8).

Such a network can be operated in strictly non-blocking mannerfor unicast

connections, because the switches in the input stage 110 are of size two by four, the

switches in output stage 120 are of size eight by six, and there are eight switches in each

of middle stage 130, middle stage 140 and middle stage 150. Such a network can be

operated in rearrangeably non-blocking mannerfor multicast connections, because the

switches in the input stage 110 are of size two by four, the switches in output stage 120

are of size eight by six, and there are eight switches of size two by two in each of middle

stage 130 and middle stage 140, and eight switches of size two byfour in middle stage

150.
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In one embodimentof this network each of the input switches IS1-IS4 and output

switches OS$1-OS4 are crossbar switches. The numberof switches of input stage 110 and

of output stage 120 can be denoted in general with the variable =, where N,is the total
numberof inlet links or and WN, is the total numberof outlet links and N, > N, and

N, = p* N, where p> 1. The numberof middle switches in each middle stage is

denoted by 2 xa . The size of each input switch IS1-IS4 can be denoted in general with
the notation d*2d and each output switch OS1-OS4 can be denoted in general with the

notation (d+d,)*d , where d, =N, xe = pXd. Thesize of each switch in any of1

the middle stages excepting the last middle stage can be denoted as d *d. The size of

(d+d,)
2

each switch in the last middle stage can be denoted as d * . A switch as used

herein can be either a crossbar switch, or a network of switches each of which in turn may

be a crossbar switch or a network of switches. The asymmetric folded multi-stage

network of FIG. 4C2is also the network ofthe type Vj.,(N,,N,,d,s), where N,

represents the total numberof inlet links of all input switches (for example the links IL1-

IL8), NV, represents the total numberofoutletlinks of all output switches (for example

the links OL1-OL24), d represents theinlet links of each input switch where N, > N,,

and s is the ratio of number of outgoing links from each input switch to the inlet links of

each input switch.

N,. . .
Eachof the a input switches IS1 —IS4 are connected to exactly 2xd switches

in middle stage 130 through 2xd links (for example input switch IS1 is connected to

middle switches MS(1,1), MS(1,2), MS(1.5) and MS(1,6) through the links ML(1,1),

ML(1,2), ML(1,3) and ML(1,4) respectively).

Each of the 2x middle switches MS(1,1) — MS(1,8) in the middle stage 130
are connected from exactly d input switches through d links (for example the links
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ML(1,1) and ML(1,14) are connected to the middle switch MS(1,1) from input switch IS1

and IS4 respectively) and also are connected to exactly d switches in middle stage 140

through d links (for example the links ML(2,1) and ML(2,2) are connected from middle

switch MS(1,1) to middle switch MS(2,1) and MS(Q,2) respectively).

Similarly each of the 2x“ middle switches MS(2,1) — MS(,8) in the middle
stage 140 are connected from exactly d switches in middle stage 130 through d links

(for example the links ML(2,1) and ML(2,8) are connected to the middle switch MS(2,1)

from middle switches MS(1,1) and MS(1,4) respectively) and also are connected to

exactly d switches in middle stage 150 through d links (for example the links ML(3,1)

and ML(3,2) are connected from middle switch MS(2,1) to middle switch MS(3,1) and

MS(3,2) respectively).

Similarly each of the 2x middle switches MS(3,1) — MS(3,8) in the middle
stage 150 are connected from exactly d switches in middle stage 140 through d links

(for example the links ML(3,1) and ML@G,8) are connected to the middle switch MS(3,1)

from middle switches MS(2,1) and MS(2,4) respectively) and also are connected to

+d,
42 +

output switches in output stage 120 through d a

the links ML(4,1), ML(4,2), ML(4,3) and ML(4,4) are connected to output switches OS1,

OS2, OS3, and OS4 respectively from middle switches MS(3,1)).

 

exactly links (for example

Eachof the “1 output switches OSI — OS4 are connected from exactly d+d,
switches in middle stage 150 through d+d, links (for example output switch OS1 is

connected from middle switches MS(3,1), MS@G,2), MS(3,3), MS(3,4), MS@,5),

MS(3,6), MS(3,7), and MS(3,8) through the links ML(4,1), ML(4,5), ML(4,9), ML(4,13),

ML(4,17), ML(4,21), ML(4,25) and ML(4,29) respectively).

Finally the connection topology of the network 400C2 shownin FIG. 4C2is

hereinafter called nearest neighbor connection topology.
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In the three embodiments of FIG. 4C, FIG. 4C1 and FIG. 4C2 the connection

topology is different. That is the way the links ML(1,1) - ML(1,16), ML(2,1) - ML(2,16),

ML(3,1) - ML(3,16), and ML(4,1) - ML(4,16) are connected between the respective

stages is different. Even though onlythree embodiments are illustrated, in general, the

network V,,,,(N,,N,,d,s) can comprise any arbitrary type of connection topology. For

example the connection topology of the network V;,,,,(N,,N,,d,5) may be back to back

Benes networks, Delta Networks and many more combinations. The applicant notes that

the fundamental property of a valid connection topology of the V,,,(N,,N,,d,5)

network is, when no connections are setup from any inputlink all the output links should

be reachable. Based on this property numerous embodiments of the network

Vio (N,N.d,5) can be built. The embodiments of FIG. 4C, FIG. 4C1, and FIG, 4C2

are only three examples of network V;,.,(N,,N>,.d,5).

In the three embodiments of FIG. 4C, FIG. 4C1 and FIG. 4C2, each of the links

ML(,1) — ML(1,32), ML(2,1) - ML(,16), ML(3,1) - MLG3,16) and ML(4,1) -

ML(4,16) are either available for use by a new connection or not available if currently

used by an existing connection. The input switches [$1-IS4 are also referred to as the

network input ports. The input stage 110 is often referred to as the first stage. The output

switches O$1-OS4 are also referred to as the network output ports. The output stage 120

is often referred to as the last stage. The middle stage switches MS(1,1) — MS(1,8),

MS(2,1) — MS(,8), and MS(3,1) — MS(3,8) are referred to as middle switches or middle

ports.

In the example illustrated in FIG. 4C (or in FIGIC1, or in FIG, 4C2), a fan-out of

four is possible to satisfy a multicast connection request if input switch is IS2, but only

two switches in middle stage 130 will be used. Similarly, although a fan-out of three is

possible for a multicast connection requestif the input switch is IS1, again only a fan-out

of two is used. The specific middle switches that are chosen in middle stage 130 when

selecting a fan-out of twois irrelevant so long as at most two middle switches are selected

to ensure that the connection requestis satisfied. In essence, limiting the fan-out from

input switch to no more than two middle switches permits the network 400C (or 400C1,

-159-



Page 166 of 369

10

15

20

25

Page 166 of 369

$-0039 PCT

or 400C2), to be operated in rearrangeably nonblocking mannerin accordance with the

invention.

The connection request of the type described above can be unicast connection

request, a multicast connection request or a broadcast connection request, depending on

the example. In case of a unicast connection request, a fan-out of oneis used,Le. a single

middle stage switch in middle stage 130 is used to satisfy the request. Moreover,

although in the above-described embodimenta limit of two has been placed on the fan-

out into the middle stage switches in middle stage 130, the limit can be greater depending

on the number of middle stage switches in a network (while maintaining the

rearrangeably nonblocking nature of operation of the network for multicast connections).

Howeveranyarbitrary fan-out may be used within any of the middle stage switches and

the output stage switches to satisfy the connection request.

Generalized Asymmetric folded RNB (N2 > Ni) Embodiments:

Network 400D of FIG. 4D is an example of general asymmetrical folded multi-

stage network V,,,(N,,N>,d,5) with (2xlog, N,)—Istages where N, > N, and

N, = p* N, where p> 1. In network 400D of FIG. 4D, N, = N andN, = p*N. The

general asymmetrical folded multi-stage network V,,,,(N,,N,,d,5) can be operated in

rearrangeably nonblocking manner for multicast when s > 2 according to the current

invention. Also the general asymmetrical folded multi-stage network V,,,,(N,,N,,d,5)

can be operatedin strictly nonblocking mannerfor unicast if s > 2 according to the

current invention. (And in the example of FIG. 4D, s =2). The general asymmetrical

folded multi-stage network V,,,, (N,.N,.d,5) with (2xlog, N, )-Istages has d inlet

links for each of = input switches IS 1-IS(N;/d) (for example the links IL1-IL(d) to the

input switch IS1) and 2xd outgoing links for each of = input switches IS1-IS(Nj/d)
(for example the links ML(1,1) - ML(1,2d) to the input switch IS1). There are d, (where

d,=N, xe = pd ) outlet links for each of = output switches OS1-OS(N,/d) (for1
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example the links OL1-OL(p*d) to the output switch OSI) and d+d, (= d+ pxd)

incoming links for each of “ output switches OS1-OS(N;/d) (for
example ML(2x Log, N, —2,1)- ML(2x Log ,N, —2,d +d,) to the output switch OS1),

Eachof the “ input switches IS1 —IS(Nj/d) are connected to exactly 2xd
switches in middle stage 130 through 2xd links (for example in one embodimentthe

input switch IS1 is connected to middle switches MS(1,1) - MS(1,d) throughthe links

ML(1,1) - ML(1,d) and to middle switches MS(1.Ni/d+1) — MS(1,{ Ni/d}+d) through the

links ML(1,d+1) — ML(1,2d) respectively.

Eachof the 2x middle switches MS(1,1) — MS(1,2 N;/d) in the middle stage
130 are connected from exactly d input switches through d links and also are connected

to exactly d switches in middle stage 140 through d links.

Similarly each of the 2x middle switches MS(Log,N,—-1,1) -

MS(Log,N,- 12x) in the middle stage 130+10* (Log ,N, —2) are connected from
exactly d switches in middle stage 130+10* (Zog,N,—3) through d links andalso are

connected to exactly d switches in middle stage 130 +10* (Log, N, —1) through d

links.

Similarly each of the 2x middle switches MS(2x Log, N, —3,)) -

MS(2x Log, N, ~3.2«4) in the middle stage 130+ 10*(2* Log,N, —4) are
connected from exactly d switches in middle stage 130 +10* (2* Log, N, —5) through

d links and also are connected to exactly d output switches in output stage 120 through

d links.
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Eachof the “1 output switches OSI — OS(Nj/d) are connected from exactly
d +d, switches in middle stage 130+10*(2* Log,N, —4) through d +d, links.

As described before, again the connection topology of a general

Vtora (N,,N,.d,5) may be any one of the connection topologies. For example the

connection topology of the network V,,,,(N,,N,,d,s) may be back to back inverse

Benes networks, back to back Omega networks, back to back Benes networks, Delta

Networks and many more combinations. The applicant notes that the fundamental

property of a valid connection topology of the general V,,,(N,,N,,d,5) networkis,

when no connections are setup from any input link if any output link should be reachable.

Based on this property numerous embodiments of the network V,,,,(N,,N>,d,s) can be

built. The embodiments of FIG. 4C, FIG. 4C1, and FIG. 4C2 are three examples of

network V,,,(N,,N>,d,5) fors=2 and N,>N,.

The general symmetrical folded multi-stage network V,,,,(N,,N,,d,5) can be

operated in rearrangeably nonblocking mannerfor multicast when s = 2 according to the

current invention. Also the general symmetrical folded multi-stage network

Vio (N,,N,,.d,5) can be operated in strictly nonblocking manner for unicastif

s 22 according to the current invention.

For example, the network of FIG, 4C shows an exemplary five-stage network,

namely Vou (8,24,2,2) , with the following multicast assignment 7, = {2,3}and all other

I, =@ for j =[2-8]. It should be noted that the connection /, fansoutin the first stage

switch IS1 into middle switches MS(1,1) and MS(1,5) in middle stage 130, and fans out

in middle switches MS(1,1) and MS(1,5) only once into middle switches MS(2,1) and

MS(2,5) respectively in middle stage 140.

The connection /, also fans out in middle switches MS(2,1) and MS(2,5) only

once into middle switches MS(3,1) and MS(3,7) respectively in middle stage 150. The

connection /, also fans out in middle switches MS(3,1) and MS(3,7) only once into
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output switches OS2 and OS3 in output stage 120. Finally the connection J, fans out

once in the output stage switch OS2 into outlet link OL7 andin the output stage switch

OS3 twice into the outlet links OL13 and OL16. In accordance with the invention, each

connection can fan out in the input stage switch into at most two middle stage switches in

middle stage 130.

Asymmetric folded RNB (N; > Nz) Embodiments:

Referring to FIG. 4E, in one embodiment, an exemplary asymmetrical folded

multi-stage network 400E with five stages of thirty two switchesfor satisfying

communication requests, such as setting up a telephone call or a data call, or a connection

between configurable logic blocks, between an input stage 110 and output stage 120 via

middle stages 130, 140, and 150 is shown where input stage 110 consists of four, six by

eight switches IS1-IS4 and output stage 120 consists of four, four by two switches OS1-

OS4. And all the middle stages namely middle stage 130 consists of eight, four by two

switches MS(1,1) - MS(1,8), middle stage 140 consists of eight, two by two switches

MS(2,1) - MS(2,8), and middle stage 150 consists of eight, two by two switches MS(3,1)

- MS@,8).

Such a network can be operated in strictly non-blocking mannerfor unicast

connections, because the switches in the input stage 110 are of size six by eight, the

switches in output stage 120 are of size four by two, and there are eight switches in each

of middle stage 130, middle stage 140 and middle stage 150. Such a network can be

operated in rearrangeably non-blocking manner for multicast connections, because the

switches in the input stage 110 are of size six by eight, the switches in output stage 120

are of size four by two, and there are eight switches of size four by two in middle stage

130, and eight switches of size two by two in middle stage 140 and middle stage 150.

In one embodimentof this network each of the input switches IS1-IS4 and output

switches O$1-OS4 are crossbar switches. The numberof switches of input stage 110 and

of output stage 120 can be denoted in general with the variable “2 , where WN,is the
total numberofinlet links or and JN, is the total numberof outlet links and N, > N., and
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N, = p*N, where p> 1. The number of middle switches in each middle stageis

denoted by 2x ~
 

. The size of each input switch IS1-IS4 can be denoted in general with

the notation d*(d+d,) and each output switch OS1-OS4 can be denoted in general with

the notation (2xd*d), where d, = N,x = pxd. Thesize of each switch in any of
2

the middle stages excepting the first middle stage can be denoted as d *d . The size of

(d+d,)
2

each switch in the first middle stage can be denoted as *d. A switch as used

herein can be either a crossbar switch, or a network of switches each of which in turn may

be a crossbar switch or a network of switches. An asymmetric folded multi-stage

network can be represented with the notation V,,,(N,,N,,d,s), where N, represents the

total numberofinlet links of all input switches (for example the links IL1-IL24), N,

represents the total numberof outlet links of all output switches (for example the links

OL1-OL8), d represents the inlet links of each input switch where N, > N, , and s is

the ratio of number of incoming links to each output switch to the outlet links of each

output switch.

N, . ;
Eachofthe 7 input switches ISI —IS4 are connected to exactly d+d,

switches in middle stage 130 through d +d, links (for example input switch IS1 is

connected to middle switches MS(1,1), MS(1,2), MS(1,3), MS(1,4), MS(1,5), MS(1,6),

MS(1,7), and MS(1,8) through the links ML(1,1), ML(1,2), ML(1,3), ML(1,4), ML(1,5),

ML(1,6), ML(1,7), and ML(1,8) respectively).

Eachof the 2x middle switches MS(1,1) — MS(1,8) in the middle stage 130
are connected from exactly

 

input switches through links (for example
(d+d,) (d+d,)

2 2

the links ML(1,1), ML(,9), ML(1,17) and ML(1,25) are connected to the middle switch

MS(1,1) from input switch IS1, IS2, IS3, and IS4 respectively) and also are connected to

exactly d switches in middle stage 140 through d links (for example the links ML(2,1)
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and ML(2,2) are connected from middle switch MS(1,1) to middle switch MSQ,1) and

MS(2,3) respectively).

Similarly each of the 2x72 middle switches MS(2,1) — MS(2,8) in the middle
stage 140 are connected from exactly d switches in middle stage 130 through d links

(for example the links ML(2,1) and ML(2,6) are connected to the middle switch MS(2,1)

from middle switches MS(1,1) and MS(1,3) respectively) and also are connected to

exactly d switches in middle stage 150 through d links (for example the links ML(3,1)

and ML(3,2) are connected from middle switch MS(2,1) to middle switch MS(3,1) and

MS(3,3) respectively).

Similarly each of the 2x—2 middle switches MS(3,1) — MS(3,8) in the middle
stage 150 are connected from exactly d switches in middle stage 140 through d links

(for example the links ML(3,1) and ML@G,6) are connected to the middle switch MS(3,1)

from middle switches MS(2,1) and MS(2,3) respectively) and also are connected to

exactly d output switches in output stage 120 through d links (for example the links

ML(4,1) and ML(4,2) are connected to output switches OS1 and OS? respectively from

middle switches MS(3,1)).

N

Eachofthe 7 output switches OS1 —- OS4 are connected from exactly 2xd
switches in middle stage 150 through 2xd links (for example output switch OS1 is

connected from middle switches MS(3,1), MS(,2), MS(3,5), and MS(3,6) through the

links ML(4,1), ML(4,3), ML(4,9), and ML(4,11) respectively).

Finally the connection topology of the network 400E shown in FIG. 4E is known

to be back to back inverse Benes connection topology.

Referring to FIG. 4E1, in another embodiment of network Viota (N,,N.,d,5), an

exemplary asymmetrical folded multi-stage network 400E1 with five stages of thirty two

switches for satisfying communication requests, such as setting up a telephonecall or a

data call, or a connection between configurable logic blocks, between an input stage 110

-165-



Page 172 of 369

10

15

20

25

Page 172 of 369

$-0039 PCT

and output stage 120 via middle stages 130, 140, and 150 is shown whereinput stage 110

consists of four, six by eight switches IS1-IS4 and output stage 120 consists of four, four

by two switches OS1-OS4. And all the middle stages namely middle stage 130 consists of

eight, four by two switches MS(1,1) - MS(1,8), middle stage 140 consists of eight, two by

two switches MS(2,1) - MS(2,8), and middle stage 150 consists of eight, two by two

switches MS(3,1) - MS@,8).

Such a network can be operated in strictly non-blocking mannerfor unicast

connections, because the switches in the input stage 110 are of size six by eight, the

switches in output stage 120 are of size four by two, and there are eight switches in each

of middle stage 130, middle stage 140 and middle stage 150. Such a network can be

operated in rearrangeably non-blocking manner for multicast connections, because the

switches in the input stage 110 are of size six by eight, the switches in output stage 120

are of size four by two, and there are eight switches of size four by two in middle stage

130, and eight switches of size two by two in middle stage 140 and middle stage 150.

In one embodimentof this network each of the input switches IS1-IS4 and output

switches O$1-OS4 are crossbar switches. The number of switches of input stage 110 and

of output stage 120 can be denoted in general with the variable <2 , where AN,is the
total numberofinlet links or and N, is the total numberof outlet links and N, > N, and

N,=p*N, where p> 1. The number of middle switches in each middle stage is

N, . . . . .
denoted by 2 xT . The size of each input switch IS1-IS4 can be denoted in general with

the notation d *(d+d,) and each output switch OS1-OS4 can be denoted in general with

the notation (2xd*d), where d, = N, aa = pxd. Thesize of each switch in any of2

the middle stages excepting the first middle stage can be denoted as d *d . The size of

(d+d,)
each switch in the first middle stage can be denoted as3*d. A switch as used
herein can be either a crossbar switch, or a network of switches each of which in turn may

be a crossbar switch or a network of switches. The asymmetric folded multi-stage
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network of FIG. 4E1is also the network of the type Vrota (N,.N,,d,5), where N,

represents the total numberofinlet links of all input switches (for example the links IL1-

IL24), N, represents the total numberofoutlet links of all output switches (for example

the links OL1-OL8), d represents the inlet links of each input switch where N, > N, ,

and s is the ratio of number of incoming links to each output switch to the outlet links of

each output switch.

N

Eachof the 7 input switches ISI —IS4 are connected to exactly d+d,
switches in middle stage 130 through d +d, links (for example input switch IS1 is

connected to middle switches MS(1,1), MS(1,2), MS(1,3), MS(1,4), MS(1,5), MS(1,6),

MS(1,7), and MS(1,8) through the links ML(1,1), ML(,2), ML(1,3), ML(,4), ML(1,5),

ML(,6), ML(1,7), and ML(1,8) respectively).

Each of the 2x middle switches MS(1,1) — MS(1,8) in the middle stage 130
(d+d,) (d+d,)

2 2
are connected from exactly input switches through links (for example

the links ML(1,1), ML(1,9), ML(1,17) and ML(1,25) are connected to the middle switch

MS(1,1) from input switch IS1, IS2, IS3, and IS4 respectively) and also are connected to

exactly d switches in middle stage 140 through d links (for example the links ML(2,1)

and ML(2,2) are connected from middle switch MS(1,1) to middle switch MS(2,1) and

MS(2,2) respectively).

Similarly each of the 2x2 middle switches MS(2,1) — MS(2,8) in the middle
stage 140 are connected from exactly d switches in middle stage 130 through d links

(for example the links ML(2,1) and ML(2,5) are connected to the middle switch MS(2,1)

from middle switches MS(1,1) and MS(1,3) respectively) and also are connected to

exactly d switches in middle stage 150 through d links (for example the links ML@G,1)

and ML(3,2) are connected from middle switch MS(2,1) to middle switch MS@G,1) and

MS(3,2) respectively).
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Similarly each of the 2x72 middle switches MS(3,1) — MS(3,8) in the middle
stage 150 are connected from exactly d switches in middle stage 140 through d links

(for example the links ML(3,1) and ML(3,5) are connected to the middle switch MS(3,1)

from middle switches MS(2,1) and MS(2,3) respectively) and also are connected to

exactly d output switches in output stage 120 through d links (for example the links

ML(4,1) and ML(4,2) are connected to output switches OS1 and OS2 respectively from

middle switches MS(3,1)).

Eachof the “2 output switches OS1 — OS4 are connected from exactly 2xd
switches in middle stage 150 through 2xd links (for example output switch OS1 is

connected from middle switches MS(3,1), MS(3,3), MS(3,5), and MS(3,7) through the

links ML(4,1), ML(4,5), ML(4,9), and ML(4, 13) respectively).

Finally the connection topology of the network 400E1 shownin FIG. 4E1is

knownto be back to back Omega connection topology.

Referring to FIG. 4E2, in another embodimentof network V,,,,(N,,N,,d,5), an

exemplary asymmetrical folded multi-stage network 400E2 with five stages of thirty two

switches for satisfying communication requests, such as setting up a telephonecall or a

data call, or a connection between configurable logic blocks, between an input stage 110

and output stage 120 via middle stages 130, 140, and 150 is shown where input stage 110

consists of four, six by eight switches IS1-IS4 and output stage 120 consists of four, four

by two switches OS1-OS4. And all the middle stages namely middle stage 130 consists of

eight, four by two switches MS(1,1) - MS(1,8), middle stage 140 consists of eight, two by

two switches MS(2,1) - MS(2,8), and middle stage 150 consists of eight, two by two

switches MS(3,1) - MS(3,8).

Such a network can be operated in strictly non-blocking mannerfor unicast

connections, because the switches in the input stage 110 are of size six by eight, the

switches in output stage 120 are of size four by two, and there are eight switches in each

of middle stage 130, middle stage 140 and middle stage 150. Such a network can be
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operated in rearrangeably non-blocking manner for multicast connections, because the

switches in the input stage 110 are of size six by eight, the switches in output stage 120

are of size four by two, and there are eight switches of size four by two in middle stage

130, and eight switches of size two by two in middle stage 140 and middle stage 150.

In one embodiment of this network each of the input switches IS1-IS4 and output

switches OS1-OS4are crossbar switches. The numberof switches of input stage 110 and

N, ;

of output stage 120 can be denoted in general with the variable 7 , where JN, is the

total numberofinlet links or and N,is the total numberof outlet links and N, > N, and

N, = p*N, where p> 1. The number of middle switches in each middle stageis

N, . .
denoted by 2 xT . The size of each input switch IS1-IS4 can be denoted in general with

the notation d*(d+d,) and each output switch OS1-OS4 can be denoted in general with

the notation (2xd *d), where d, = N, xo = pxXd. Thesize of each switch in any of2

the middle stages excepting the first middle stage can be denoted as d *d_. The size of

(d+d,)
2aeach switch in the first middle stage can be denoted as *d. A switch as used

herein can be either a crossbar switch, or a network of switches each of which in turn may

be a crossbar switch or a network of switches. The asymmetric folded multi-stage

network of FIG. 4E1is also the network of the type V,,,(N,,N.,d,5), where N,

represents the total numberofinlet links of all input switches (for example the links IL1-

IL24), N, represents the total numberofoutlet links of all output switches (for example

the links OL1-OL8), d represents theinlet links of each input switch where N, > N, ,

and s is the ratio of number of incoming links to each output switch to the outletlinks of

each output switch.

Ny. ;
Eachof the a input switches IS1 —IS4 are connected to exactly d+d,

switches in middle stage 130 through d +d, links (for example input switch IS1 is

connected to middle switches MS(1,1), MS(1,2), MS(1,3), MSC1,4), MS(1,5), MSC,6),
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MS(1,7), and MS(1,8) through the links ML(1,1), ML(1,2), ML(1,3), ML.,4), ML(1,5),

ML(,6), ML(1,7), and ML(1,8) respectively).

Each of the 2x—2 middle switches MS(1,1) — MS(1,8) in the middle stage 130
 

are connected from exactly input switches through links (for example
(d+d,) (d+d,)

2 2

the links ML(1,1), ML(1,9), ML(1,17) and ML(1,25) are connected to the middle switch

MS(1,1) from input switch IS1, IS2, IS3, and IS4 respectively) and also are connected to

exactly d switches in middle stage 140 through d links (for example the links ML(2,1)

and ML(2,2) are connected from middle switch MS(1,1) to middle switch MS(2,1) and

MS(2,2) respectively).

Similarly each of the 2x2 middle switches MS(2,1) — MS(2,8) in the middle
stage 140 are connected from exactly d switches in middle stage 130 through d links

(for example the links ML(2,1) and ML(2,8) are connected to the middle switch MS(2,1)

from middle switches MS(1,1) and MS(1,4) respectively) and also are connected to

exactly d switches in middle stage 150 through d links (for example the links ML@G,1)

and ML(3,2) are connected from middle switch MS(2,1) to middle switch MS@G,1) and

MS(3,2) respectively).

Sumilarly each of the 2x—2 middle switches MS(3,1) — MS(3,8) in the middle
stage 150 are connected from exactly d switches in middle stage 140 through d links

(for example the links ML(3,1) and ML(3,8) are connected to the middle switch MS(3,1)

from middle switches MS(2,1) and MS(2,4) respectively) and also are connected to

exactly d output switches in output stage 120 through d links (for example the links

ML(4,1) and ML(4,2) are connected to output switches OS1 and OS2 respectively from

middle switches MS(3,1)).

N

Eachofthe 7 output switches OS1 —- OS4 are connected from exactly 2xd
switches in middle stage 150 through 2xd_ links (for example output switch OSI is
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connected from middle switches MS(3,1), MS(3,4), MS(3,5), and MS(3,8) through the

links ML(4,1), ML(4,8), ML(4,9), and ML(4, 16) respectively).

Finally the connection topology of the network 400E2 shownin FIG, 4E2is

hereinafter called nearest neighbor connection topology.

In the three embodiments of FIG. 4E, FIG. 4E1 and FIG. 4E2 the connection

topologyis different. That is the way the links ML(1,1) - ML(1,32), ML(2,1) - ML(2,16),

ML(3,1) - ML(3,16), and ML(4,1) - ML(4,16) are connected betweenthe respective

stages is different. Even though onlythree embodiments are illustrated, in general, the

network V,,,,(N,,N,,d,5) can comprise any arbitrary type of connection topology. For

example the connection topology of the network V,,,,(N,,N,,d,s) may be back to back

Benes networks, Delta Networks and many more combinations. The applicant notes that

the fundamental property of a valid connection topology of the Vj,,(N,,N>,d,5)

network is, when no connections are setup from any inputlink all the output links should

be reachable. Based on this property numerous embodiments of the network

Vig (N,,N>.d,5) can be built. The embodiments of FIG. 4E, FIG. 4E1, and FIG. 4E2

are only three examples of network V,,,,(N,,N,.d,5).

In the three embodiments of FIG. 4E, FIG. 4E1 and FIG. 4E2, each ofthe links

ML(,1) — ML(1,32), ML(@,1) - ML@,16), ML(3,1) - ML(@3,16) and ML(4,1) -

ML(4,16) are either available for use by a new connection or not available if currently

used by an existing connection. The input switches I[S1-IS4 are also referred to as the

network input ports. The input stage 110 is often referred to as the first stage. The output

switches O$1-OS4 are also referred to as the network output ports. The output stage 120

is often referred to as the last stage. The middle stage switches MS(1,1) — MS(1,8),

MS(2,1) — MS(2,8), and MS@G,1) — MS(3,8) are referred to as middle switches or middle

ports.

In the example illustrated in FIG. 4E (or in FIGIE1, or in FIG. 4E2), a fan-out of

fouris possible to satisfy a multicast connection request if input switch is IS2, but only

two switches in middle stage 130 will be used. Similarly, although a fan-outof three is
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possible for a multicast connection request if the input switch is IS1, again only a fan-out

of two is used. The specific middle switches that are chosen in middle stage 130 when

selecting a fan-out of twois irrelevant so long as at most two middle switches are selected

to ensure that the connection requestis satisfied. In essence, limiting the fan-out from

input switch to no more than two middle switches permits the network 400E (or 400E1,

or 400E2), to be operated in rearrangeably nonblocking mannerin accordance with the

invention.

The connection request of the type described above can be unicast connection

request, a multicast connection request or a broadcast connection request, depending on

the example. In case of a unicast connection request, a fan-out of one is used, 1.e. a single

middle stage switch in middle stage 130 is used to satisfy the request. Moreover,

although in the above-described embodimenta limit of two has been placed on the fan-

out into the middle stage switches in middle stage 130, the limit can be greater depending

on the number of middle stage switches in a network (while maintaining the

rearrangeably nonblocking nature of operation of the network for multicast connections).

Howeveranyarbitrary fan-out may be used within any of the middle stage switches and

the output stage switches to satisfy the connection request.

Generalized Asymmetric folded RNB (N; > Nz) Embodiments:

Network 400F of FIG. 4F is an example of general asymmetrical folded multi-

stage network V,.,(N,,N,,d,s5) with (2xlog, N,)—Istages where N, > N, and

N, = p*N, where p> 1. In network 400D of FIG. 4F, N, =N andN, = p*N. The

general asymmetrical folded multi-stage network V,,,,(N,,N,,d,5) can be operated in

rearrangeably nonblocking manner for multicast when s 2 2 according to the current

invention. Also the general asymmetrical folded multi-stage network V,,.,(N,,N>,d,5)

can be operated in strictly nonblocking mannerfor unicast if s 2 2 according to the

current invention. (And in the example of FIG. 4F, s = 2). The general asymmetrical

folded multi-stage network V,,,,(N,,N.,d,5) with (2x log, N,)—1 stages has d,

(where d, = N,x = pxd inlet links for each of = input switches IS1-ISCN2/d) (for2
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example the links IL1-IL(p*d) to the input switch IS1) and d+d, (= d+ pxXd) outgoing

 N

links for each of 7 input switches IS1-IS(N2/d) (for example the links ML(1,1) -

ML(1,(d+p*d)) to the input switch IS1). There are d outlet links for each of = output
switches OS1-OS(N2/d) (for example the links OL1-OL(d) to the output switch OS1) and

2xd incoming links for each of 2 output switches OS1-OS(N2/d) (for
example ML(2x Log ,N, —2.1)- ML(2x Log, N, —2,2Xd) to the output switch OS1).

Each of the “2 input switches IS1 — IS(No/d) are connected to exactly d +d,
switches in middle stage 130 through d +d, links (for example in one embodimentthe

input switch IS1 is connected to middle switches MS(1,1) - MSC, (d+d;,)/2) through the

links ML(1,1) - ML(1,(d+d,)/2) and to middle switches MS(1,N;/d+1) — MS(1,{

N,/d}+(d+d))/2) through the links ML(1, ((d+d1)/2)+1) — ML(1, (d+dj)) respectively.

Each of the 2x middle switches MS(1,1) — MS(1,2*N>/d) in the middle stage
130 are connected from exactly d input switches through d links and also are connected

to exactly d switches in middle stage 140 through d links.

Similarly each of the 2x72 middle switches MS(Log ,N, -1,)) -

MS(Log ,N, -1,2=) in the middle stage 130+ 10* (Log, N, —2) are connected
from exactly d switches in middle stage 130+ 10* (Log,N., —3) through d links and

also are connected to exactly d switches in middle stage 130+10* (Log,N, —1) through

d links.
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. . N, . .
Similarly each of the 2x— middle switches MS(2x Log, N, —3,]) -

MS(2x Log ,N, ~3.2x°2) in the middle stage 130+10*(2* Log, N, —4) are
connected from exactly d switches in middle stage 130 +10*(2* Log, N, —5) through

d links and also are connected to exactly d output switches in output stage 120 through

d links.

Eachofthe ~ output switches OS1 — OS(N2/d) are connected from exactly
 

2xd switches in middle stage 130+10*(2* Log ,N, —4) through 2d links.

Asdescribed before, again the connection topology of a general

Viog (N,,N,.d,5) may be any oneof the connection topologies. For example the

connection topology of the network V,,,,(N,,N,,d,s) may be back to back inverse

Benes networks, back to back Omega networks, back to back Benes networks, Delta

Networks and many more combinations. The applicant notes that the fundamental

property of a valid connection topologyof the general V,,,,(N,,N,,d,5) networkis,

whenno connectionsare setup from any inputlink if any output link should be reachable.

Based on this property numerous embodiments of the network V,.,(N,,N,,d,s5) can be

built. The embodiments of FIG. 4E, FIG. 4E1, and FIG. 4E2 are three examples of

network V,,,,(N,,N,,d,5) fors=2 and N, > N,.

The general symmetrical folded multi-stage network V,,,,(N,,N,,d,s) can be

operated in rearrangeably nonblocking manner for multicast when s = 2 according to the

current invention. Also the general symmetrical folded multi-stage network

Vow (N,,N,.d,5) can be operated in strictly nonblocking manner for unicastif

s 22 according to the current invention.

For example, the network of FIG. 4E shows an exemplary five-stage network,

namely V,,,(24,8,2,2) , with the following multicast assignment /, = {2,3}andall other

-174-



Page 181 of 369

10

15

20

25

Page 181 of 369

$-0039 PCT

I, =@ for j =[2-8]. It should be noted that the connection /, fans outin thefirst stage

switch IS1 into middle switches MS(1,1) and MS(1,5) in middle stage 130, and fans out

in middle switches MS(1,1) and MS(1,5) only once into middle switches MS(2,1) and

MS(2,5) respectively in middle stage 140.

The connection /, also fans out in middle switches MS(2,1) and MS(2,5) only

once into middle switches MS(3,1) and MS(3,7) respectively in middle stage 150. The

connection 7, also fans out in middle switches MS(3,1) and MS(3,7) only once into

output switches OS2 and OS3 in output stage 120. Finally the connection J, fans out

once in the output stage switch OS2 into outlet link OL3 andin the output stage switch

OS3 twice into the outlet links OL5 and OL6. In accordance with the invention, each

connection can fan out in the input stage switch into at most two middle stage switches in

middle stage 130.

SNB Embodiments:

The folded multi-stage network V;,.,,(N,,N,,d,s) disclosed, in the current

invention,is topologically exactly the same asthe multi-stage network V,,,,(N,,N,,d,5),

disclosed in U.S. Provisional Patent Application Docket No. M-0037USthatis

incorporated by reference above, excepting that in the illustrations folded network

Vio (N,N ,.d,5) is shown asit is folded at middle stage 130+10* (Log, N, —2) .

The general symmetrical folded multi-stage network V,,,(NV,d,s) can also be

operated in strictly nonblocking manner for multicast when s 23 according to the current

invention. Similarly the general asymmetrical folded multi-stage network

Vg (N,,N,.d,5) can also be operatedin strictly nonblocking manner for multicast when

s 23 according to the current invention.

Symmetric folded RNB Unicast Embodiments:

Referring to FIG, 5A, an exemplary symmetrical folded multi-stage network

SO0A respectively with five stages of twenty switches for satisfying communication
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requests, such as setting up a telephonecall or a data call, or a connection between

configurable logic blocks, between an input stage 110 and output stage 120 via middle

stages 130, 140, and 150 is shown where input stage 110 consists of four, two by two

switches IS1-IS4 and output stage 120 consists of four, two by two switches OS1-OS4.

Andall the middle stages namely middle stage 130 consists of four, two by two switches

MS(1,1) - MS(1,4), middle stage 140 consists of four, two by two switches MS(2,1) -

MS(2,4), and middle stage 150 consists of four, two by two switches MS(3,1) - MS(3,4).

Such a network can be operated in rearrangeably nonblocking mannerfor unicast

connections, because the switches in the input stage 110 are of size two by two, the

switches in output stage 120 are of size two by two, and there are four switches in each of

middle stage 130, middle stage 140 and middle stage 150.

The connection topology of the network SOOA shownin FIG. 5A is known to be

back to back inverse Benes connection topology. In other embodiments the connection

topology is different. That is the way the links ML(1,1) - ML(1,8), ML(2,1) - ML(@,8),

ML(3,1) - ML(3,8), and ML(4,1) - ML(4,8) are connected between the respective stages

is different.

Even though only one embodimentis illustrated, in general, the network

Vio (N,d,5) can comprise any arbitrary type of connection topology. For example the

connection topology of the network V,,,,(N,d,s) may be back to back Benes networks,

Delta Networks and many more combinations. The applicant notes that the fundamental

property of a valid connectiontopology of the V,,,,(N,d,5) network is, when no

connections are setup from any inputlink all the output links should be reachable. Based

on this property numerous embodiments of the network V,,,,(N,d,5) can be built. The

embodimentof FIG. 5A is only one example of network V,,,(N,d,5).

The network 500A of FIG. 5Ais also rearrangeably nonblocking for unicast

according to the current invention. In one embodimentof these networks each of the

input switches IS1-IS4 and output switches OS1-OS4are crossbar switches. The number

of switches of input stage 110 and of output stage 120 can be denoted in general with the
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variable : , whereWNis the total numberofinlet links or outlet links. The numberof

middle switches in each middle stage is denoted by = . The size of each input switch
IS1-IS4 can be denoted in general with the notation d*d and each output switch OS1-

OS4 can be denoted in general with the notation d*d. Likewise, the size of each switch

in any of the middle stages can be denoted as d *d. A switch as used herein can be

either a crossbar switch, or a network of switches each of which in turn may be a crossbar

switch or a network of switches. A symmetric folded multi-stage network can be

represented with the notation V,,,(N.d,s), where N represents the total numberofinlet

links ofall input switches (for example the links IL1-IL8), d representstheinlet links of

each input switch or outlet links of each output switch, and s is the ratio of number of

outgoing links from each input switch to the inlet links of each input switch. Althoughit

is not necessary that there be the same numberofinlet links IL1-IL8 as there are outlet

links OL1-OL8,in a symmetrical network they are the same.

In network 500A of FIG. 5A, each of the - input switches IS1 —IS4 are
connected to exactly d switches in middle stage 130 through d links (for example input

switch IS1 is connected to middle switches MS(1,1) and MS(1,2) through the links

ML(1,1) and ML(1,2) respectively).

Each of the “ middle switches MS(1,1) — MS(1,4) in the middle stage 130 are
connected from exactly d input switches through d links (for example the links ML(1,1)

and ML(1,4) are connected to the middle switch MS(1,1) from input switch IS1 and IS2

respectively) and also are connected to exactly d switches in middle stage 140 through

d links (for example the links ML(2,1) and ML(2,2) are connected from middle switch

MS(1,1) to middle switch MS(2,1) and MS(2,3) respectively).

Similarly each of the - middle switches MS(2,1) — MS(2,4) in the middle stage
140 are connected from exactly d switches in middle stage 130 through d links (for

-177-



Page 184 of 369

10

15

20

25

Page 184 of 369

$-0039 PCT

example the links ML(2,1) and ML(2,6) are connected to the middle switch MS(2,1) from

middle switches MS(1,1) and MS(,3) respectively) and also are connected to exactly d

switches in middle stage 150 through d links (for example the links ML(3,1) and

ML(3,2) are connected from middle switch MS(2,1) to middle switch MS(3,1) and

MS(3,3) respectively).

Similarly each of the 7 middle switches MS(3,1) — MS(3,4) in the middle stage
150 are connected from exactly d switches in middle stage 140 through d_ links (for

example the links ML(3,1) and ML(3,6) are connected to the middle switch MS(3,1) from

middle switches MS(2,1) and MS(2,3) respectively) and also are connected to exactly d

output switches in output stage 120 through d links (for example the links ML(4,1) and

ML(4,2) are connected to output switches OS1 and OS2 respectively from middle switch

MS(3,1)).

Eachofthe - output switches OS1 —OS4 are connected from exactly d
switches in middle stage 150 through d links (for example output switch OS1 is

connected from middle switches MS(3,1) and MS(3,2) through the links ML(4,1) and

ML(4,4) respectively).

Generalized Symmetric folded RNB Unicast Embodiments:

Network 500B of FIG. 5B is an example of general symmetrical folded multi-

stage network V,,,(N,d,s) with (2xlog, N)—1stages. The general symmetrical folded

multi-stage network V,,,(NV,d,s) can be operated in rearrangeably nonblocking manner

for unicast when s 21 according to the current invention (and in the example of FIG. 5B,

s =1). The general symmetrical folded multi-stage network V,,,,(N.d,s) with

(2xlogaN)—1stages has d inlet links for each of = input switches IS1-IS(N/d) (for

example the links IL1-IL(d) to the input switch IS1) and d outgoing links for each of 7
input switches IS1-IS(N/d) (for example the links ML(1,1) - ML(1,d) to the input switch
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IS1). There are d outlet links for each of . output switches OS1-OS(N/d) (for example

OL1-OL(d) to the output switch O51) and d incominglinks for each of - output
switches OS1-OS(N/d) (for example ML(2x Log, N —2,1)- ML(2x Log ,N —2,d) to the

output switch OS1).

Eachof the “ input switches IS1 — IS(N/d) are connected to exactly d switches
in middle stage 130 through d links.

Each of the ; middle switches MS(1,1) - MS(1,N/d) in the middle stage 130 are
connected from exactly d input switches through d links and also are connected to

exactly d switches in middle stage 140 through d links.

Similarly each of the = middle switches MS(Log,N—1,l) - MS(Log,N — 1)
in the middle stage 130+10*(Log,N—2) are connected from exactly d switches in

middle stage 130+10*(Log,N —3) through d links and also are connected to exactly d

switches in middle stage 130+10* (Log ,N —1) through d links.

Similarly each of the : middle switches MS(2x Log, N —3,1) -

MS(2x Log ,N - 3, >) in the middle stage 130+10*(2* Log,N —4) are connected from
exactly d switches in middle stage 130+10*(2* Log,N —5) through d links and also

are connected to exactly d output switches in output stage 120 through d links.

Eachof the “ output switches OS1 — OS(N/d) are connected from exactly d
switches in middle stage 130+10*(2* Log,N —4) through d links.
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The general symmetrical folded multi-stage network V,,,,(N,d,s) can be

operated in rearrangeably nonblocking manner for multicast when s = 1 according to the

current invention.

Asymmetric folded RNB (N2 > Ni) Unicast Embodiments:

Referring to FIG. 5C, an exemplary symmetrical folded multi-stage network 500C

respectively with five stages of twenty switches for satisfying communication requests,

such as setting up a telephonecall or a data call, or a connection between configurable

logic blocks, between an input stage 110 and output stage 120 via middle stages 130, 140,

and 150 is shown whereinput stage 110 consists of four, two by two switches I$1-IS4

and output stage 120 consists of four, six by six switches OS1-OS4. Andall the middle

stages namely middle stage 130 consists of four, two by two switches MS(1,1) - MS(1,4),

middle stage 140 consists of four, two by two switches MS(2,1) - MS(2,4), and middle

stage 150 consists of four, two by six switches MS(3,1) - MS(3,4).

Such networks can be operated in rearrangeably nonblocking mannerfor unicast

connections, because the switches in the input stage 110 are of size two by two, the

switches in output stage 120 are of size six by six, and there are four switches in each of

middle stage 130, middle stage 140 and middle stage 150.

The connection topology of the network 500C shownin FIG. 5C is knownto be

back to back inverse Benes connection topology. The connection topology of the

networks 500C is different in the other embodiments. That is the way the links ML(1,1) -

ML(1,8), ML(2,1) - ML(2,8), ML(3,1) - ML(3,8), and ML(4,1) - ML(4,8) are connected

between the respective stages is different.

Even though only one embodimentis illustrated, in general, the network

Vio (N,,N..d,5) can comprise any arbitrary type of connection topology. For example

the connection topology ofthe network V,,,(N,,N,,d,s) may be back to back Benes

networks, Delta Networks and many more combinations. The applicant notes that the

fundamental property of a valid connection topologyof the V,,,,(N,,N>.,d,5) networkis,

whenno connectionsare setup from any inputlink all the output links should be
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reachable. Based on this property numerous embodiments of the network

Vio (N,,N>,d,5) can be built. The embodiment of FIG. 5C is only one example of

network V;,,,(N,,N>,d,5).

The networks 500C of FIG. SC is also rearrangeably nonblocking for unicast

according to the current invention. In one embodiment of these networks each of the

input switches IS1-IS4 and output switches OS1-OS4are crossbar switches. The number

of switches of input stage 110 and of output stage 120 can be denoted in general with the

variable =, where N,is the total numberof inlet links or and N, is the total number of
outlet links and NV, > N, and N, = p*N, where p> 1. The number of middle switches

. N, . .
in each middle stage is denoted by 7 The size of each input switch IS1-IS4 can be
denoted in general with the notation d *d_ and each output switch OS1-OS4 can be

denoted in general with the notation d, *d,, where d, = N,x = pxd. Thesize of
1

each switch in any of the middle stages excepting the last middle stage can be denoted as

d*d. The size of each switch in the last middle stage can be denoted as d*d,. A

switch as used herein can be either a crossbar switch, or a network of switches each of

which in turn may be a crossbar switch or a network of switches. An asymmetric folded

multi-stage network can be represented with the notation Vod (N,,N,,d,s), where N,

represents the total numberofinlet links of all input switches (for example the links IL1-

IL8), MN, represents the total numberof outlet links of all output switches (for example

the links OL1-OL24), d represents the inlet links of each input switch where N, > N, ,

and s is the ratio of number of outgoing links from each input switch to the inlet links of

each input switch.

In network S5O0C of FIG. 5C, each of the — input switches IS1 —IS4 are
connected to exactly d switches in middle stage 130 through d links (for example input
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switch IS1 is connected to middle switches MS(1,1) and MS(1,2) through the links

ML(,1) and ML(1,2) respectively).

Eachof the = middle switches MS(1,1) - MS(1,4) in the middle stage 130 are
connected from exactly d input switches through d links (for example the links ML(1,1)

and ML(1,4) are connected to the middle switch MS(1,1) from input switch IS1 and IS2

respectively) and also are connected to exactly d switches in middle stage 140 through

d links (for example the links ML(2,1) and ML(2,2) are connected from middle switch

MS(1,1) to middle switch MS(2,1) and MS(2,3) respectively).

Similarly each of the “ middle switches MS(2,1) — MS(,4) in the middle stage
140 are connected from exactly d switches in middle stage 130 through d links (for

example the links ML(2,1) and ML(2,6) are connected to the middle switch MS(2,1) from

middle switches MS(1,1) and MS(1,3) respectively) and also are connected to exactly d

switches in middle stage 150 through d links (for example the links ML(3,1) and

ML(3,2) are connected from middle switch MS(2,1) to middle switch MS(3,1) and

MS(3,3) respectively).

Similarly each of the = middle switches MS(3,1) — MS(3,4) in the middle stage
150 are connected from exactly d switches in middle stage 140 through d links (for

example the links ML(3,1) and ML(3,6) are connected to the middle switch MS(3,1) from

middle switches MS(2,1) and MS(2,3) respectively) and also are connected to exactly d

output switches in output stage 120 through d, links (for example the links ML(4,1) and

ML(4,2) are connected to output switches OS1 from middle switch MS(3,1); the links

ML(4,3) and ML(4,4) are connected to output switches OS2 from middle switch

MS(3,1); the link ML(4,5) is connected to output switches OS3 from middle switch

MS(3,1); and the link ML(4,6) is connected to output switches OS4 from middle switch

MS@3,1)).
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Eachof the “1 output switches OSI — OS4 are connected from exactly d
switches in middle stage 150 through d, links (for example output switch OS1 is

connected from middle switch MS(3,1) through the links ML(4,1) and ML(4,2); output

switch OS1 is connected from middle switch MS(3,2) through the links ML(4,7) and

ML(4,8); output switch OSI is connected from middle switch MS(3,3) through the link

ML(4,13); and output switch OS1 is connected from middle switch MS(3,4) through the

links ML(4,19)).

Generalized Asymmetric folded RNB (N2 > N,) Unicast Embodiments:

Network 500D of FIG. 5D is an example of general asymmetrical folded multi-

stage network V,,,,(N,,N..d,s5) with (2xlog, N)—Istages where N, > N, and

N, = p* N, where p> 1. In network 500D of FIG. 5D, N, = N andN, = p*N. The

general symmetrical folded multi-stage network V,,,,(NV,,N,,d,5) can be operated in

rearrangeably nonblocking mannerfor unicast when s 21 according to the current

invention (and in the example of FIG. 5D, s =1). The general asymmetrical folded multi-

stage network V;,,,(N,,N>,d,5) with (2xlog, N)—1stages has d inletlinks for each of

N

7 input switches IS1-IS(N,/d) (for example the links IL1-IL(d) to the input switch IS1)
. a. N,. . “1 1e .

and d outgoing links for each of 7 input switches IS1-LS(Nj/d) (for example the links

ML(1,1) - ML(1,d) to the input switch IS1). There are d, (where d, = N,x = pxd)1

outlet links for each of — output switches OS1-OS(N)/d) (for example the links OL1-

OL(p*d) to the output switch OSI) and d, (= pXd) incominglinks for each of =
output switches OS1-OS(N,/d) (for example ML(2x Log ,N, —2,1)-

ML(2x Log, N, —2,d,) to the output switch OSI).
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Eachof the “1 input switches IS1 — IS(Nj/d) are connected to exactly d
switches in middle stage 130 through d links.

Each of the = middle switches MS(1,1) —- MS(1,N;/d) in the middle stage 130
are connected from exactly d input switches through d links and also are connected to

exactly d switches in middle stage 140 through d links.

Similarly each of the = middle switches MS(Log,N, -LD-

MS(Log,N, - Wa) in the middle stage 130+10* (Log ,N, —2) are connected from
exactly d switches in middle stage 130+10* (Log ,N, —3) through d links andalso are

connected to exactly d switches in middle stage 130 +10* (Log, N, —1) through d

links.

Similarly each of the “1 middle switches MS(2x Log ,N, —3,1) -

MS(2x Log ,N, - 34) in the middle stage 130+ 10*(2* Log,N, —4) are connected
from exactly d switches in middle stage 130+ 10*(2* Log, N, —5) through d links and

also are connected to exactly d output switches in output stage 120 through d, links.

N,
Eachof the 7 output switches OSI — OS(Nj/d) are connected from exactly d

switches in middle stage 130+10*(2* Log,N —4) through d, links.

The general symmetrical folded multi-stage network V,,,,(N,,N,,d,5) can be

operated in rearrangeably nonblocking manner for multicast when s 21 according to the

current invention.
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Asymmetric folded RNB (N; > N2) Unicast Embodiments:

Referring to FIG. 5E, an exemplary symmetrical folded multi-stage network 500E

with five stages of twenty switches for satisfying communication requests, such as setting

up a telephone call or a data call, or a connection between configurable logic blocks,

between an input stage 110 and output stage 120 via middle stages 130, 140, and 150is

shown where input stage 110 consists of four, six by six switches IS1-IS4 and output

stage 120 consists of four, two by two switches OS1-OS4. Andall the middle stages

namely middle stage 130 consists of four, six by two switches MS(1,1) - MS(1,4), middle

stage 140 consists of four, two by two switches MS(2,1) - MS(2,4), and middle stage 150

consists of four, two by two switches MS(3,1) - MS(3,4).

Such a network can be operated in rearrangeably nonblocking mannerfor unicast

connections, because the switches in the input stage 110 are of size six by six, the

switches in output stage 120 are of size two by two, and there are four switches in each of

middle stage 130, middle stage 140 and middle stage 150.

The connection topology of the network 500E shownin FIG.5E is knownto be

back to back inverse Benes connection topology. The connection topology of the

networks 500Eis different in the other embodiments. That is the way the links ML(1,1) -

ML(1,8), ML(2,1) - ML(2,8), ML(3,1) - ML(3,8), and ML(4,1) - ML(4,8) are connected

betweenthe respective stages is different.

Even though only one embodimentis illustrated, in general, the network

Vjoi (N,,N..d,5), comprise any arbitrary type of connection topology. For example the

connection topology of the network V,,,,(N,,N,,d,5) may be back to back Benes

networks, Delta Networks and many more combinations. The applicantnotes that the

fundamental property of a valid connection topologyof the V;,,,(N,,N,,d,s) network is,

when no connections are setup from any inputlink all the output links should be

reachable. Based on this property numerous embodiments of the network

Vio (N,N.d,5) can be built. The embodimentof FIG. 5E is only one example of

network Vii,(N,,N.,d,5).
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The network 500Eis rearrangeably nonblocking for unicast according to the

current invention. In one embodiment of these networkseach of the input switches IS1-

1S4 and output switches OS1-OS4are crossbar switches. The number of switches of input

. . . N,
stage 110 and of output stage 120 can be denoted in general with the variable a where

N, is the total numberof inlet links or and N, is the total numberof outlet links and

N,>WN, and N, = p*N, where p>1. The numberof middle switches in each middle

; N, ; ,
stage is denoted by 7 The size of each input switch IS1-IS4 can be denoted in general

with the notation d, *d, and each output switch OS1-O%4 can be denoted in general with

the notation (d *d), where d, = N,« = pxd. Thesize of each switch in any of the
middle stages excepting the first middle stage can be denoted as d *d . The size of each

switch in the first middle stage can be denoted as d, *d . A switch as used herein can be

either a crossbar switch, or a network of switches each of which in turn maybe a crossbar

switch or a network of switches. An asymmetric folded multi-stage network can be

represented with the notation V,,,,(N,,N,,d,5), where N, represents the total number of

inlet links of all input switches (for example the links IL1-IL24), N, represents the total

numberofoutlet links of all output switches (for example the links OL1-OL8), d

represents the inlet links of each output switch where NV, > N, , and s is the ratio of

numberof outgoing links from each input switch to the inlet links of each input switch.

In network 500E of FIG. 5E, each of the ~ input switches IS1 —IS4 are
 

connected to exactly d switches in middle stage 130 through d, links (for example input

switch IS1 is connected to middle switch MS(1,1) through the links ML(1,1) and

ML(1,2); input switch [$1 is connected to middle switch MS(1,2) throughthe links

ML(1,3) and ML(1,4); input switch IS1 is connected to middle switch MS(1,3) through

the link ML(1,5); and input switch IS1 is connected to middle switch MS(1,4) through

the links ML(1,6)).
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Each of the “2 middle switches MS(1,1) — MS(1,4) in the middle stage 130 are
connected from exactly d, input switches through d links (for example the links

ML(,1) and ML(1,2) are connected to the middle switch MS(1,1) from input switch IS1;

the links ML(1,7) and ML(1,8) are connected to the middle switch MS(1,1) from input

switch IS2; the link ML(1,13) is connected to the middle switch MS(1,1) from input

switch IS3; and the link ML(1,19) is connected to the middle switch MS(1,1) from input

switch IS4), and also are connected to exactly d switches in middle stage 140 through d

links (for example the links ML(2,1) and ML(2,2) are connected from middle switch

MS(1,1) to middle switch MS(2,1) and MS(2,3) respectively).

Similarly each of the — middle switches MS(2,1) —- MS(2,4) in the middle stage
140 are connected from exactly d switches in middle stage 130 through d links (for

example the links ML(2,1) and ML(2,6) are connected to the middle switch MS(2,1) from

middle switches MS(1,1) and MS(1,3) respectively) and also are connected to exactly d

switches in middle stage 150 through d links (for example the links ML(3,1) and

ML(3,2) are connected from middle switch MS(2, 1) to middle switch MS(3,1) and

MS(3,3) respectively).

Similarly each of the 7 middle switches MS(3,1) — MS(3,4) in the middle stage
150 are connected from exactly d switches in middle stage 140 through d links (for

example the links ML(3,1) and ML(3,6) are connected to the middle switch MS(3,1) from

middle switches MS(2,1) and MS(2,3) respectively) and also are connected to exactly d

output switches in output stage 120 through d, links (for example the links ML(4,1) and

ML(4,2) are connected to output switches OS1 and OS2 respectively from middle switch

MS(3,1)).

Eachof the = output switches OSI — OS4 are connected from exactly d
switches in middle stage 150 through d, links (for example output switch OS1 is
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connected from middle switches MS(3,1) and MS(3,2) through the links ML(4,1) and

ML(4,4) respectively).

Generalized Asymmetric folded RNB (Ni > N2) Unicast Embodiments:

Network 500F of FIG. 5F is an example of general asymmetrical folded multi-

stage network V,,,(N,,N>,d,5) with (2xlog, N)—1stages where N, > N, and

N, = p*N, where p> 1. In network 500F of FIG. 5F, N, =N andN, = p*N.. The

general symmetrical folded multi-stage network V,,,,,(N,,N>,d,5) can be operated in

rearrangeably nonblocking mannerfor unicast when s =1 according to the current

invention (and in the example of FIG. 5F, s =1). The general asymmetrical folded multi-

stage network V..,(N,,N,,d,s) with (2xlog, N)—Istages has d, (where

N

d,=N,a = pXd inletlinks for each of 7 input switches IS1-IS(N2/d) (for2

example the links IL1-IL(p*d) to the input switch ISI) and d, (= pxd_) outgoing links

for each of <2 input switches IS1-IS(N>2/d) (for example the links ML(1,1)-

ML(1,(d+p*d)) to the input switch IS1). There are d outlet links for each of = output
switches OS1-OS(N>/d) (for example the links OL1-OL(d) to the output switch OS1) and

d incominglinks for each of “2 output switches OS1-OS(N>/d) (for
example ML(2 x Log ,N, —2,1)- ML(2x Log ,,N, —2,d) to the output switch OS1).

Eachof the os input switches IS1 — IS(N2/d) are connected to exactly d
switches in middle stage 130 through ¢, links.

Eachof the “2 middle switches MS(1,1) - MS(1.N2/d) in the middle stage 130
are connected from exactly d input switches through d, links and also are connected to

exactly d switches in middle stage 140 through d links.
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Similarly each of the =: middle switches MS(Log,N,—1,]) -

MS(Log ,N,- Le) in the middle stage 130+ 10* (Log, N, — 2) are connected from
exactly d switches in middle stage 130+10* (Log ,N, —3) through d links and also are

connected to exactly d switches in middle stage 130+10*(Log,N, —1) through d

links.

 

Similarly each of the ~ middle switches MS(2x Log ,N, —3,1) -
N

MS(2x Log ,N, —3, 7 ) in the middle stage 130+10*(2* Log ,N, —4) are connected
 

from exactly d switches in middle stage 130+10*(2* Log ,N, —5) through d links

and also are connected to exactly d output switches in output stage 120 through d links.

Each of the “2 output switches OS1 — OS(N2/d) are connected from exactly d
switches in middle stage 130+ 10* (2* Log,N, —4) through d links.

The general symmetrical folded multi-stage network V,,,,(N,,N,,d,s) can be

operated in rearrangeably nonblocking mannerfor unicast when s 21 according to the

current invention,

Symmetric RNB Unicast Embodiments:

Referring to FIG. 6A, FIG. 6B, FIG. 6C, FIG. 6D, FIG. 6E, FIG. 6F, FIG. 6G,

FIG. 600H, FIG. 6001 and FIG. 6J with exemplary symmetrical multi-stage networks

600A, 600B, 600C, 600D, 600E, 600F, 600G, 600H, 600I, and 600J respectively with

five stages of twenty switches for satisfying communication requests, such as setting up a

telephonecall or a data call, or a connection between configurable logic blocks, between

an input stage 110 and output stage 120 via middle stages 130, 140, and 150 is shown

where input stage 110 consists of four, two by two switches IS1-IS4 and output stage 120

consists of four, two by two switches OS1-O54. Andall the middle stages namely middle
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stage 130 consists of four, two by two switches MS(1,1) - MS(1,4), middle stage 140

consists of four, two by two switches MS(Q,1) - MS(2,4), and middle stage 150 consists

of four, two by two switches MS(3, 1) - MS(3,4).

Such networks can be operated in rearrangeably nonblocking mannerfor unicast

connections, because the switches in the input stage 110 are of size two by two, the

switches in output stage 120 are of size two by two, and there are four switches in each of

middle stage 130, middle stage 140 and middle stage 150.

In all the ten embodiments of FIG. 6A to FIG. 6J the connection topologyis

different. That is the way the links ML(1,1) - ML(1,8), ML(2,1) - ML@,8), ML@3,]) -

ML(3,8), and ML(4,1) - ML(4,8) are connected between the respective stages is different.

For example, the connection topology of the network 600A shown in FIG. 6A is known

to be back to back inverse Benes connection topology; the connection topology of the

network 600B shownin FIG. 6B is knownto be back to back Omega connection

topology; and the connection topology of the network 600C shownin FIG. 6C is

hereinafter called nearest neighbor connection topology.

Even though only ten embodimentsare illustrated, in general, the network

V(N,d,s) can comprise any arbitrary type of connection topology. For example the

connection topology of the network V(N,d,s) may be back to back Benes networks,

Delta Networks and many more combinations. The applicant notes that the fundamental

property of a valid connection topology of the V(N,d,s5) network is, when no

connections are setup from any inputlink all the output links should be reachable. Based

on this property numerous embodiments of the network V(N,d,s) can be built. The ten

embodiments of FIG. 6A to FIG. 6J are only three examples of network V(N,d,s).

The networks 600A - 600J of FIG. 6A - FIG. 6J are also rearrangeably

nonblocking for unicast according to the current invention. In one embodimentof these

networks each of the input switches [S1-IS4 and output switches OS1-OS4 are crossbar

switches. The numberof switches of input stage 110 and of output stage 120 can be

denoted in general with the variable oa , where N is the total numberofinlet links or
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outlet links. The number of middle switches in each middle stage is denoted by : . The
size of each input switch IS1-IS4 can be denoted in general with the notation d*d and

each output switch OS1-OS4 can be denoted in general with the notation d*d.

Likewise, the size of each switch in any of the middle stages can be denoted as d*d. A

switch as used herein can be either a crossbar switch, or a network of switches each of

which in turn may be a crossbar switch or a network of switches. A symmetric multi-

stage network can be represented with the notation V(N,d,s), where N represents the

total numberof inlet links of all input switches (for example the links IL1-IL8), d

represents the inlet links of each input switch or outlet links of each output switch, and s

is the ratio of numberof outgoing links from each input switch to the inlet links of each

input switch, Althoughit is not necessary that there be the same numberofinlet links

IL1-IL8 as there are outlet links OL1-OL8,in a symmetrical network they are the same.

In network 600A of FIG. 6A, each of the = input switches IS1 —IS4 are
connected to exactly d switches in middle stage 130 through d links (for example input

switch IS1 is connected to middle switches MS(1,1) and MS(1,2) through the links

ML(1,1) and ML(1,2) respectively).

Each of the > middle switches MS(1,1) — MS(1,4) in the middle stage 130 are
connected from exactly d input switches through d links (for example the links ML(1,1)

and ML(1,4) are connected to the middle switch MS(1,1) from input switch IS1 and IS2

respectively) and also are connected to exactly d switches in middle stage 140 through

d links (for example the links ML(2,1) and ML(2,2) are connected from middle switch

MS(1,1) to middle switch MS(2,1) and MS(2,3) respectively).

Similarly each of the 7 middle switches MS(2,1) — MS(2,4) in the middle stage
140 are connected from exactly d switches in middle stage 130 through d links (for

example the links ML(2,1) and ML(2,6) are connected to the middle switch MS(2, 1) from

middle switches MS(1,1) and MS(1,3) respectively) and also are connected to exactly d
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switches in middle stage 150 through d links (for example the links ML(3,1) and

ML(3,2) are connected from middle switch MS(2,1) to middle switch MS(3,1) and

MS(3,3) respectively).

Similarly each of the 7 middle switches MS(3,1) — MS(3,4) in the middle stage
150 are connected from exactly d switches in middle stage 140 through d links (for

example the links ML(3,1) and ML(3,6) are connected to the middle switch MS(3,1) from

middle switches MS(2,1) and MS(2,3) respectively) and also are connected to exactly d

output switches in output stage 120 through d links (for example the links ML(4,1) and

ML(4,2) are connected to output switches OS1 and OS2 respectively from middle switch

MS(3,1)).

Eachofthe = output switches OS1 —OS4 are connected from exactly d
switches in middle stage 150 through d links (for example output switch OS1 is

connected from middle switches MS(3,1) and MS(3,2) through the links ML(4,1) and

ML(4,4) respectively).

Generalized Symmetric RNB Unicast Embodiments:

Network 600K of FIG. 6K is an example of general symmetrical multi-stage

network V(N,d,s) with (2xlog, N)—1stages. The general symmetrical multi-stage

network V(N,d,s) can be operated in rearrangeably nonblocking mannerfor unicast

when s 21 according to the current invention (and in the example of FIG. 6K, s=1).

The general symmetrical multi-stage network V(N,d,s) with (2xlogiN)—1 stages has

d inlet links for each of - input switches [S1-IS(N/d) (for example the links IL1-IL(d)

to the input switch IS1) and d outgoing links for each of - input switches IS1-IS(N/d)
(for example the links ML(1,1) - ML(1,d) to the input switch IS1). There are d outlet

links for each of ot output switches OS1-OS(N/d) (for example OL1-OL(d) to the output

-192-



Page 199 of 369

10

15

20

Page 199 of 369

$-0039 PCT

switch OS1) and d incominglinks for each of output switches OS1-OS(N/d) (for

example ML(2 x Log ,N —2,1)- ML(2x Log ,N —2,d) to the output switch OS1).

Eachofthe 7 input switches IS1 — ISCN/d) are connected to exactly d switches
in middle stage 130 through d links.

Eachof the ~ middle switches MS(1,1) — MS(1,N/d) in the middle stage 130 are
connected from exactly d input switches through d links and also are connected to

exactly d switches in middle stage 140 through d links.

. N ; N

Similarly each of the 7 middle switches MS(Log,N—1,l) - MS(Log,N -L)

in the middle stage 130+10*(Log,N —2) are connected from exactly d switches in

middle stage 130+10*(Log,N —3) through d links and also are connected to exactly d

switches in middle stage 130+10*(ZLog,N—1) through d links.

Similarly each of the 7 middle switches MS(2x Log,N —3,]) -

MS(2x Log ,N - 32) in the middle stage 130+10*(2* Log,N —4) are connected from
exactly d switches in middle stage 130+10*(2* Log ,N —5) through d links and also

are connected to exactly d output switches in output stage 120 through d links.

Each of the 7 output switches OS1 — OS(N/d) are connected from exactly d
switches in middle stage 130+10*(2* Log,N —4) through d links.

The general symmetrical multi-stage network V(N,d,s) can be operated in

rearrangeably nonblocking manner for unicast when s 21 according to the current

invention.
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Asymmetric RNB (N2 > N,) Unicast Embodiments:

Referring to FIG. 6A1, FIG. 6B1, FIG. 6C1, FIG. 6D1, FIG. 6E1, FIG. 6F1, FIG.

6G1, FIG. 600H1, FIG. 60011 and FIG. 6J1 with exemplary symmetrical multi-stage

networks 600A1, 600B1, 600C1, 600D1, 600E1, 600F1, 600G1, 600H1, 60011, and

600J1 respectively with five stages of twenty switches for satisfying communication

requests, such as setting up a telephonecall or a data call, or a connection between

configurable logic blocks, between an input stage 110 and output stage 120 via middle

stages 130, 140, and 150 is shown where input stage 110 consists of four, two by two

switches IS1-IS4 and output stage 120 consists of four, six by six switches OS1-OS4.

Andall the middle stages namely middle stage 130 consists of four, two by two switches

MS(1,1) - MS(1,4), middle stage 140 consists of four, two by two switches MS(2,1) -

MS(2,4), and middle stage 150 consists of four, two by six switches MS(3,1) - MS(3,4).

Such networks can be operated in rearrangeably nonblocking mannerfor unicast

connections, because the switches in the input stage 110 are of size two by two, the

switches in output stage 120 are of size six by six, and there are four switches in each of

middle stage 130, middle stage 140 and middle stage 150.

In all the ten embodiments of FIG. 6A1 to FIG. 6J1 the connection topology is

different. That is the way the links ML(1,1) - ML(1,8), ML(2,1) - ML(@,8), ML(3,1) -

ML(3,8), and ML(4,1) - ML(4,8) are connected between the respective stages is different.

For example, the connection topology of the network 600A1 shownin FIG. 6A1is

knownto be back to back inverse Benes connection topology; the connection topology of

the network 600B1 shown in FIG. 6B1 is knownto be back to back Omega connection

topology; and the connection topology of the network 600C1 shownin FIG. 6C1 is

hereinafter called nearest neighbor connection topology.

Even though only ten embodimentsare illustrated, in general, the network

V(N,,N,.d,5) can comprise any arbitrary type of connection topology. For example the

connection topology of the network V(N,,N,,d,s) may be back to back Benes networks,

Delta Networks and many more combinations. The applicant notes that the fundamental

property of a valid connection topology of the V(N,,N,,d,5) network is, when no
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connections are setup from any inputlink all the output links should be reachable. Based

on this property numerous embodiments of the network V(N,,N,,d,s) can be built, The

ten embodiments of FIG. 6A1 to FIG. 6J1 are only three examples of network

V(N,,N,,d,8).

The networks 600A1 - 600J1 of FIG. 6A1 - FIG. 6J1 are also rearrangeably

nonblocking for unicast according to the current invention. In one embodimentof these

networks each of the input switches IS1-IS4 and output switches OS1-OS4are crossbar

switches. The number of switches of input stage 110 and of output stage 120 can be

denoted in general with the variable =, where JN,is the total numberofinletlinks or
and N, is the total numberof outlet links and N, > N, and N, = p*N, where p> 1.

The numberof middle switches in each middle stage is denoted by =. The size of each
input switch IS1-IS4 can be denoted in general with the notation d*d and each output

switch OS1-OS4 can be denoted in general with the notation d, *d,, where

d,=N,x = pxd. Thesize of each switch in any of the middle stages excepting the1

last middle stage can be denoted as d *d. The size of each switch in the last middle stage

can be denoted as d *d,. A switch as used herein can be either a crossbar switch, or a

network of switches each of which in turn maybe a crossbar switch or a network of

switches. An asymmetric multi-stage network can be represented with the notation

V(N,,N,,d,s), where N, represents the total numberof inlet links of all input switches

(for example the links IL1-IL8), N., represents the total numberofoutlet links ofall

output switches (for example the links OL1-OL24), d represents the inlet links of each

input switch where N, > N, , and s is the ratio of numberof outgoing links from each

input switch to the inlet links of each input switch.

In network 600A1 of FIG. 6A1, each of the “1 input switches IS1 —IS4 are
connected to exactly d switches in middle stage 130 through d links (for example input
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switch IS1 is connected to middle switches MS(1,1) and MS(1,2) through the links

ML(,1) and ML(1,2) respectively).

Eachof the = middle switches MS(1,1) - MS(1,4) in the middle stage 130 are
connected from exactly d input switches through d links (for example the links ML(1,1)

and ML(1,4) are connected to the middle switch MS(1,1) from input switch IS1 and IS2

respectively) and also are connected to exactly d switches in middle stage 140 through

d links (for example the links ML(2,1) and ML(2,2) are connected from middle switch

MS(1,1) to middle switch MS(2,1) and MS(2,3) respectively).

Similarly each of the “ middle switches MS(2,1) — MS(,4) in the middle stage
140 are connected from exactly d switches in middle stage 130 through d links (for

example the links ML(2,1) and ML(2,6) are connected to the middle switch MS(2,1) from

middle switches MS(1,1) and MS(1,3) respectively) and also are connected to exactly d

switches in middle stage 150 through d links (for example the links ML(3,1) and

ML(3,2) are connected from middle switch MS(2,1) to middle switch MS(3,1) and

MS(3,3) respectively).

Similarly each of the = middle switches MS(3,1) — MS(3,4) in the middle stage
150 are connected from exactly d switches in middle stage 140 through d links (for

example the links ML(3,1) and ML(3,6) are connected to the middle switch MS(3,1) from

middle switches MS(2,1) and MS(2,3) respectively) and also are connected to exactly d

output switches in output stage 120 through d, links (for example the links ML(4,1) and

ML(4,2) are connected to output switches OS1 from middle switch MS(3,1); the links

ML(4,3) and ML(4.4) are connected to output switches OS2 from middle switch

MS(3,1); the link ML(4,5) is connected to output switches OS3 from middle switch

MS(3,1); and the link ML(4,6) is connected to output switches OS4 from middle switch

MS@3,1)).
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Eachof the “1 output switches OSI — OS4 are connected from exactly d
switches in middle stage 150 through d, links (for example output switch OS1 is

connected from middle switch MS(3,1) through the links ML(4,1) and ML(4,2); output

switch OS1 is connected from middle switch MS(3,2) through the links ML(4,7) and

ML(4,8); output switch OSI is connected from middle switch MS(3,3) through the link

ML(4,13); and output switch OS1 is connected from middle switch MS(3,4) through the

links ML(4,19)).

Generalized Asymmetric RNB (N2 > N;) Unicast Embodiments:

Network 600K1 of FIG. 6K1 is an example of general asymmetrical multi-stage

network V(N,,N,,d,s) with (2xlog, N)—1stages where N, > N, and N, = p*N,

where p > 1. In network 400K1 of FIG. 4K1, N, =N andN, = p*N. The general

symmetrical multi-stage network V(N,,N,,d,s) can be operated in rearrangeably

nonblocking mannerfor unicast when s 21 according to the current invention (and in the

example of FIG. 6K1, s =1). The general asymmetrical multi-stage network

N

V(N,,N,,d,s) with (2 xlog, N)- 1stages has d inlet links for each of 7 input
switches IS1-IS(N,/d) (for example the links IL1-IL(d) to the input switch IS1) and d

outgoing links for each of “1 input switches IS1-IS(N,/d) (for example the links

ML(1,1) - ML(1,d) to the input switch IS1). There are d, (where d, = N,x = pxd)1

outlet links for each of 7 output switches OS1-OS(N,/d) (for example the links OL1-

OL(p*d) to the output switch OS1) and d, (= p Xd) incominglinks for each of =
output switches OS1-OS(N;/d) (for example ML(2 x Log, N, — 2,1) -

ML(2x Log ,N, —2,d,) to the output switch OS1).
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Eachof the “1 input switches IS1 — IS(Nj/d) are connected to exactly d
switches in middle stage 130 through d links.

Each of the = middle switches MS(1,1) —- MS(1,N;/d) in the middle stage 130
are connected from exactly d input switches through d links and also are connected to

exactly d switches in middle stage 140 through d links.

Similarly each of the = middle switches MS(Log,N, -LD-

MS(Log,N, - Wa) in the middle stage 130+10* (Log ,N, —2) are connected from
exactly d switches in middle stage 130+10* (Log ,N, —3) through d links andalso are

connected to exactly d switches in middle stage 130 +10* (Log, N, —1) through d

links.

Similarly each of the “1 middle switches MS(2x Log ,N, —3,1) -

MS(2x Log ,N, - 34) in the middle stage 130+ 10*(2* Log,N, —4) are connected
from exactly d switches in middle stage 130+ 10*(2* Log, N, —5) through d links and

also are connected to exactly d output switches in output stage 120 through d, links.

N,
Eachof the 7 output switches OSI — OS(Nj/d) are connected from exactly d

switches in middle stage 130+10*(2* Log,N —4) through d, links.

The general symmetrical multi-stage network V(N,,N,,d,s) can be operated in

rearrangeably nonblocking manner for multicast when s =1 according to the current

invention.
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Asymmetric RNB (N; > N2) Unicast Embodiments:

Referring to FIG. 6A2, FIG. 6B2, FIG. 6C2, FIG. 6D2, FIG. 6E2, FIG. 6F2, FIG.

6G2, FIG. 600H2, FIG. 60012 and FIG. 6J2 with exemplary symmetrical multi-stage

networks 600A2, 600B2, 600C2, 600D2, 600E2, 600F2, 600G2, 600H2, 60012, and

600J2respectively with five stages of twenty switches for satisfying communication

requests, such as setting up a telephonecall or a data call, or a connection between

configurable logic blocks, between an input stage 110 and output stage 120 via middle

stages 130, 140, and 150 is shown where input stage 110 consists of four, six by six

switches IS1-IS4 and output stage 120 consists of four, two by two switches OS1-OS4.

Andall the middle stages namely middle stage 130 consists of four, six by two switches

MS(1,1) - MS(1,4), middle stage 140 consists of four, two by two switches MS(2,1) -

MS(2,4), and middle stage 150 consists of four, two by two switches MS(3,1) - MS(G,4).

Such networks can be operated in rearrangeably nonblocking mannerfor unicast

connections, because the switches in the input stage 110 are of size six by six, the

switches in output stage 120 are of size two by two, and there are four switches in each of

middle stage 130, middle stage 140 and middle stage 150.

In all the ten embodiments of FIG. 6A2 to FIG. 6J2 he connection topology is

different. That is the way the links ML(1,1) - ML(1,8), ML(2,1) - ML(@,8), ML(3,1) -

ML(3,8), and ML(4,1) - ML(4,8) are connected between the respective stages is different.

For example, the connection topology of the network 600A2 shownin FIG. 6A2is

knownto be back to back inverse Benes connection topology; the connection topology of

the network 600B2 shown in FIG. 6B2 is knownto be back to back Omega connection

topology; and the connection topology of the network 600C2 shown in FIG, 6C2is

hereinafter called nearest neighbor connection topology.

Even though only ten embodimentsare illustrated, in general, the network

V(N,,N,.d,5) can comprise any arbitrary type of connection topology. For example the

connection topology of the network V(N,,N,,d,s) may be back to back Benes networks,

Delta Networks and many more combinations. The applicant notes that the fundamental

property of a valid connection topology of the V(N,,N,,d,5) network is, when no
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connections are setup from any inputlink all the output links should be reachable. Based

on this property numerous embodiments of the network V(N,,N,,d,s) can be built, The

ten embodiments of FIG. 6A2 to FIG. 6J2 are only three examples of network

V(N,,N,,d,8).

The networks 600A2 - 600J2 of FIG. 6A2 - FIG. 6J2 are also rearrangeably

nonblocking for unicast according to the current invention. In one embodimentof these

networks each of the input switches IS1-IS4 and output switches OS1-OS4are crossbar

switches. The number of switches of input stage 110 and of output stage 120 can be

denoted in general with the variable = , where AN,is the total numberof inlet links or
and N, is the total numberof outlet links and N, > N, and N, = p*N, where p> 1.

The numberof middle switches in each middle stage is denoted by = . The size of each
input switch IS1-IS4 can be denoted in general with the notation d, *d, and each output

switch OS1-OS4 can be denoted in general with the notation (d *d), where

d,=N, as = pxd. The size of each switch in anyof the middle stages excepting the
2

first middle stage can be denoted as d *d. The size of each switch in the first middle

stage can be denoted as d, *d. A switch as used herein can be either a crossbar switch,

or a network of switches each of which in turn may be a crossbar switch or a network of

switches. An asymmetric multi-stage network can be represented with the notation

V(N,,N,.d,5), where N, represents the total numberofinlet links ofall input switches

(for example the links IL1-IL24), N, represents the total numberof outlet linksof all

output switches (for example the links OL1-OL8), d represents the inlet links of each

output switch where N, > N, , and s is the ratio of number of outgoing links from each

input switch to the inlet links of each input switch.

In network 600A2 of FIG. 6A2, each of the ~ input switches IS1 —IS4 are
 

connected to exactly d switches in middle stage 130 through d, links (for example input
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switch IS1 is connected to middle switch MS(1,1) through the links ML(1,1) and

ML(,2); input switch IS1 is connected to middle switch MS(1,2) through the links

ML(1,3) and ML(1,4); input switch [S1 is connected to middle switch MS(1,3) through

the link ML(1,5); and input switch ISI is connected to middle switch MS(1,4) through

the links ML(1,6)).

Eachof the 2 middle switches MS(1,1) - MS(1,4) in the middle stage 130 are
connected from exactly d, input switches through d links (for example the links

ML(1,1) and ML(1,2) are connected to the middle switch MS(1,1) from input switch IS1;

the links ML(1,7) and ML(1,8) are connected to the middle switch MS(1,1) from input

switch IS2; the link ML(1,13) is connected to the middle switch MS(1,1) from input

switch IS3; and the link ML(1,19) is connected to the middle switch MS(1,1) from input

switch IS4), and also are connected to exactly d switches in middle stage 140 through d

links (for example the links ML(2,1) and ML(2,2) are connected from middle switch

MS(1,1) to middle switch MS(2,1) and MS(2,3) respectively).

Similarly each of the “ middle switches MS(2,1) - MS(,4) in the middle stage
140 are connected from exactly d switches in middle stage 130 through d links (for

example the links ML(2,1) and ML(2,6) are connected to the middle switch MS(2,1) from

middle switches MS(1,1) and MS(1,3) respectively) and also are connected to exactly d

switches in middle stage 150 through d links (for example the links ML(3,1) and

ML(3,2) are connected from middle switch MS(2,1) to middle switch MS(3,1) and

MS(3,3) respectively).

Similarly each of the = middle switches MS(3,1) — MS(3,4) in the middle stage
150 are connected from exactly d switches in middle stage 140 through d links (for

example the links ML(3,1) and ML(3,6) are connected to the middle switch MS(3,1) from

middle switches MS(2,1) and MS(2,3) respectively) and also are connected to exactly d

output switches in output stage 120 through d, links (for example the links ML(4,1) and
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ML(4,2) are connected to output switches OS1 and OS2 respectively from middle switch

MS(3,1)).

Eachof the = output switches OS1 — OS4 are connected from exactly d
switches in middle stage 150 through d, links (for example output switch OS1 is

connected from middle switches MS(3,1) and MS(3,2) through the links ML(4,1) and

ML(4,4) respectively).

Generalized Asymmetric RNB (N; > N2) Unicast Embodiments:

Network 600K2 of FIG. 6K2 is an example of general asymmetrical multi-stage

network V(N,,N,,d,s) with (2xlog, N)—1stages where N, > N, and N, = p*N,

where p > 1. In network 400K2 of FIG. 4K2, N, = N andN, = p*N.. The general

symmetrical multi-stage network V(N,,N.,,d,s) can be operated in rearrangeably

nonblocking mannerfor unicast when s 21 according to the current invention (and in the

example of FIG. 6K2, s =1). The general asymmetrical multi-stage network

V(N,,N,,d,s) with (2xlog, N)—1stages has d, (where d, = N, xo = pxd inlet

links for each of “2 input switches IS1-IS(N>/d) (for example the links IL1-IL(p*d) to

the input switch IS1) and d, (= p Xd) outgoing links for each of “ input switches
IS1-IS(N2/d) (for example the links ML(1,1) - ML(1,(d+p*d)) to the input switch IS1).

There are d outlet links for each of = output switches OS1-OS(N>/d) (for example the
 

links OL1-OL(d) to the output switch OS1) and d incominglinks for each of = output
switches OS1-OS(N2/d) (for example ML(2 x Log ,N, —2,1)- ML(2x Log ,N, —2,d) to

the output switch OS1).
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Eachof the “2 input switches IS1 — IS(N2/d) are connected to exactly d
switches in middle stage 130 through d, links.

Eachof the <2 middle switches MS(1,1) - MS(1,N2/d) in the middle stage 130
are connected from exactly d input switches through d, links and also are connected to

exactly d switches in middle stage 140 through d links.

 

Similarly each of the ~ middle switches MS(Log,N, —1,1) -

MS(Log ,N,-2) in the middle stage 130+ 10* (Log, N, — 2) are connected from
exactly d switches in middle stage 130+10* (Log ,N, —3) through d links and also are

connected to exactly d switches in middle stage 130+10* (Log ,N, —1) through d

links.

 

Similarly each of the ~ middle switches MS(2x Log ,N, —3,l) -

MS(2x Log ,N, -3,2) in the middle stage 130+10* (2* Log ,N, —4) are connected
from exactly d switches in middle stage 130+10*(2* Log ,N, —5) through d links

and also are connected to exactly d output switches in output stage 120 through d links.

Eachofthe ee output switches OS1 — OS(N:/d) are connected from exactly d
switches in middle stage 130+10*(2* Log, N, —4) through d links.

The general symmetrical multi-stage network V(N,,N,,d,s) can be operated in

rearrangeably nonblocking manner for unicast when s =1 according to the current

invention.
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Scheduling Method Embodiments:

FIG. 7A showsa high-level flowchart of a scheduling method 1000, in one

embodimentexecuted to setup multicast and unicast connections in network 100A of

FIG, 1A (or any of the networks V,,,,, (N,,N,,d,5) and the networks V(N,,N,,d,s)

disclosed in this invention). According to this embodiment, a multicast connection

request is received in act 1010. Then the control goes to act 1020.

In act 1020, based on the inlet link and input switch of the multicast connection

received in act 1010, from each available outgoing middle link of the input switch of the

multicast connection, by traveling forward from middle stage 130 to middle stage

130+10*(Log,N —2), the lists of all reachable middle switches in each middle stage are

derived recursively. That is, first, by following each available outgoing middle link of the

input switch all the reachable middle switches in middle stage 130 are derived. Next,

starting from the selected middle switches in middle stage 130 traveling through all of

their available out going middle links to middle stage 140 all the available middle

switches in middle stage 140 are derived. This process is repeated recursively until all the

reachable middle switches, starting from the outgoing middle link of input switch, in

middle stage 130+10*(Log,N —2) are derived. This process is repeated for each

available outgoing middle link from the input switch of the multicast connection and

separate reachablelists are derived in each middle stage from middle stage 130 to middle

stage 130+10*(Log,N —2) for all the available outgoing middle links from the input

switch, Then the control goes to act 1030.

In act 1030, based on the destinations of the multicast connection received in act

1010, from the output switch of each destination, by traveling backward from output

stage 120 to middle stage 130+10* (Log,N —2), thelists of all middle switches in each

middle stage from which each destination output switch (and hence the destination outlet

links) is reachable, are derived recursively. Thatis, first, by following each available

incoming middle link of the output switch of each destination link of the multicast

connection,al] the middle switches in middle stage 130+10*(2* Log,N —4) from which

the output switch is reachable, are derived. Next, starting from the selected middle
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switches in middle stage 1304+10*(2* Log, N —4) traveling backward throughall of

their available incoming middle links from middle stage 130 +10*(2* Log, N —5) all

the available middle switches in middle stage 130+10* (2* Log ,N —5) from which the

output switch is reachable, are derived. This process is repeated recursively until all the

middle switches in middle stage 130+10*(Zog,N —2) from which the output switch is

reachable, are derived. This process is repeated for each output switch of each destination

link of the multicast connection and separate lists in each middle stage from middle stage

130+10*(2* Log,N —4) to middle stage 130+10*(Log,N —2) for all the output

switches of each destination link of the connection are derived. Then the control goes to

act 1040.

In act 1040, using the lists generated in acts 1020 and 1030, particularly list of

middle switches derived in middle stage 130+10* (Log,N —2) corresponding to each

outgoing link of the input switch of the multicast connection, and the list of middle

switches derived in middle stage 130+10*(Log,N —2) corresponding to each output

switch of the destination links, the list of all the reachable destination links from each

outgoing link of the input switch are derived. Specifically if a middle switch in middle

stage 130+10*(Log,N —2) is reachable from an outgoing link of the input switch, say

“x”, and also from the same middle switch in middle stage 130+10* (Log, N — 2) if the
46,99

output switch of a destination link, say “y”, is reachable then using the outgoing link of

the input switch x, destination link y is reachable. Accordingly, the list of all the

reachable destination links from each outgoing link of the input switch is derived. The

control then goes to act 1050.

In act 1050, among all the outgoing links of the input switch,it is checkedifall

the destinations are reachable using only one outgoing link of the input switch. If one

outgoing link is available through whichall the destinations of the multicast connection

are reachable (1.e., act 1050 results in “‘yes’’), the control goes to act 1070. And in act

1070, the multicast connection is setup by traversing from the selected only one outgoing

middle link of the input switch in act 1050, to all the destinations. Then the control

transfers to act 1090.
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If act 1050 results “no”, that is one outgoing link is not available through which

all the destinations of the multicast connection are reachable, then the control goes to act

1060. In act 1060, it is checked if all destination links of the multicast connection are

reachable using two outgoing middle links from the input switch. According to the

current invention, it is always possible to find at most two outgoing middle links from the

input switch through whichall the destinations of a multicast connection are reachable.

So act 1060 alwaysresults in “yes”, and then the control transfers to act 1080. In act

1080, the multicast connection is setup by traversing from the selected only two outgoing

middle links of the input switch in act 1060, to all the destinations. Then the control

transfers to act 1090.

In act 1090,all the middle links between any two stages of the network used to

setup the connection in either act 1070 or act 1080 are marked unavailable so that these

middle links will be made unavailable to other multicast connections. The control then

returns to act 1010, so that acts 1010, 1020, 1030, 1040, 1050, 1060, 1070, 1080, and

1090 are executed in a loop, for each connection request until the connectionsare set up.

In the example illustrated in FIG. 1A, four outgoing middle links are available to

satisfy a multicast connection request if input switch is [S2, but only at most two

outgoing middle links of the input switch will be used in accordance with this method.

Similarly, although three outgoing middle links is available for a multicast connection

requestif the input switch is IS1, again only at most two outgoing middle links is used.

The specific outgoing middle links of the input switch that are chosen whenselecting two

outgoing middle links of the input switch is irrelevant to the method of FIG. 7A so long

as at most two outgoing middle links of the input switch are selected to ensure that the

connection request is satisfied, i.e. the destination switches identified by the connection

request can be reached from the outgoing middle links of the input switch that are

selected. In essence, limiting the outgoing middle links of the input switch to no more

than two permits the network V,,,,,,(N,,N,,d,s5) and the network V(N,,N,,d,s5) tobe

operated in nonblocking mannerin accordance with the invention.
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According to the current invention, using the method 1040 of FIG. 7A, the

network V‘ntine  N,»N>,d,8) and the networks V(N,,N,,d,s5) are operated in

rearrangeably nonblocking for unicast connections when s =1, are operated in strictly

nonblocking for unicast connections when s 2 2, and are operated in rearrangeably

nonblocking for multicast connections when s 2 2.

The connection request of the type described abovein reference to method 1000

of FIG. 7A can be unicast connection request, a multicast connection request or a

broadcast connection request, depending on the example. In case of a unicast connection

request, only one outgoing middle link of the input switchis used to satisfy the request.

Moreover, in method 1000 described above in reference to FIG. 7A any numberof

middle links may be used between any two stages excepting between the input stage and

middle stage 130, and also anyarbitrary fan-out may be used within each output stage

switch, to satisfy the connection request.

As noted above method 1000 of FIG. 7A can be used to setup multicast

connections, unicast connections, or broadcast connection of all the networks

Vtine N55), Visine N,N>,d,5), VON, d,s) and V(N,,N,,d,s) disclosed in this

invention.

Applications Embodiments:

All the embodiments disclosed in the current invention are useful in many

varieties of applications. FIG. 8A1 illustrates the diagram of 800A1 whichis a typical

two by two switch with two inlet links namely IL1 and IL2, and twooutlet links namely

OL1 and OL2. The two by two switch also implements four crosspoints namely CP(1,1),

CP(1,2), CP(2,1) and CP(2,2) as illustrated in FIG. 8A1. For example the diagram of

800A1 may the implementation of middle switch MS(1,1) of the diagram 400A of FIG.

4A whereinlet link IL1 of diagram 800A1 corresponds to middle link ML(1,1) of

diagram 400A,inlet link IL2 of diagram 800A1 corresponds to middle link ML(1,5) of

diagram 400A,outlet link OL1 of diagram 800A1 corresponds to middle link ML(2,1) of
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diagram 400A,outlet link OL? of diagram 800A1 corresponds to middle link ML(2,2) of

diagram 400A.

1) Programmable Integrated Circuit Embodiments:

All the embodiments disclosed in the current invention are useful in

programmable integrated circuit applications. FIG. 8A2 illustrates the detailed diagram

800A2 for the implementation of the diagram 800A1 in programmable integrated circuit

embodiments. Each crosspoint is implemented by a transistor coupled between the

correspondinginlet link and outlet link, and a programmable cell in programmable

integrated circuit embodiments. Specifically crosspoint CP(1,1) is implemented by

transistor C(1,1) coupled betweeninlet link [L1 and outlet link OL1, and programmable

cell P(1,1); crosspoint CP(1,2) is implemented by transistor C(1,2) coupled between inlet

link ILI and outlet link OL2, and programmable cell P(1,2); crosspoint CP(2,1) is

implementedbytransistor C(2,1) coupled betweeninlet link IL2 and outlet link OL1, and

programmable cell P(2,1); and crosspoint CP(2,2) is implemented bytransistor C(2,2)

coupled betweeninlet link IL2 and outlet link OL2, and programmable cell P(2,2).

If the programmable cell is programmed ON,the corresponding transistor couples

the correspondinginlet link and outlet link. If the programmable cell is programmed

OFF,the correspondinginlet link and outletlink are not connected. For example if the

programmable cell P(1,1) is programmed ON,the correspondingtransistor C(1,1) couples

the correspondinginlet link IL1 and outlet link OL1. If the programmable cell P(1,1) is

programmed OFF,the correspondinginlet link IL1 and outlet link OL1 are not

connected. In volatile programmable integrated circuit embodiments the programmable

cell may be an SRAM (Static Random Address Memory) cell. In non-volatile

programmable integrated circuit embodiments the programmable cell may be a Flash

memory cell. Also the programmableintegrated circuit embodiments may implement

field programmable logic arrays (FPGA) devices, or programmable Logic devices (PLD),

or Application Specific Integrated Circuits (ASIC) embedded with programmable logic

circuits or 3D-FPGAs.
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2) One-time Programmable Integrated Circuit Embodiments:

All the embodiments disclosed in the current invention are useful in one-time

programmable integrated circuit applications, FIG. 8A3 illustrates the detailed diagram

800A3 for the implementation of the diagram 800A1 in one-time programmable

integrated circuit embodiments. Each crosspoint is implemented bya via coupled

between the corresponding inlet link and outlet link in one-time programmable integrated

circuit embodiments. Specifically crosspoint CP(1,1) is implemented by via V(1,1)

coupled betweeninlet link IL1 and outlet link OL1; crosspoint CP(1,2) is implemented

by via V(1,2) coupled between inlet link IL1 and outlet link OL2; crosspoint CP(2,1) is

implemented by via V(2,1) coupled betweeninlet link [L2 and outlet link OL1; and

crosspoint CP(2,2) is implemented by via V(2,2) coupled betweeninlet link IL2 and

outlet link OL2.

If the via is programmed ON,the correspondinginlet link and outlet link are

permanently connected which is denoted bythick circle at the intersection of inlet link

and outlet link. If the via is programmed OFF, the correspondinginlet link and outlet link

are not connected which is denoted by the absenceof thick circle at the intersection of

inlet link and outlet link. For example in the diagram 800A3 the via V(1,1) is

programmed ON,and the corresponding inlet link IL1 and outlet link OL1 are connected

as denoted by thick circle at the intersection of inlet link IL1 and outlet link OL1; the via

V(2,2) is programmed ON,andthe correspondinginlet link IL2 and outlet link OL2 are

connected as denoted bythick circle at the intersection of inlet link IL2 and outlet link

OL2; the via V(1,2) is programmed OFF, and the corresponding inlet link IL1 and outlet

link OL2 are not connected as denoted by the absenceof thick circle at the intersection of

inlet link IL1 and outlet link OL2; the via V(2,1) is programmed OFF, and the

correspondinginlet link IL2 and outlet link OL1 are not connected as denoted by the

absence ofthick circle at the intersection of inlet link IL2 and outlet link OL1. One-time

programmable integrated circuit embodiments may be anti-fuse based programmable

integrated circuit devices or mask programmable structured ASIC devices.
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3) Integrated Circuit Placement and Route Embodiments:

All the embodiments disclosed in the current invention are useful in Integrated

Circuit Placement and Route applications, for example in ASIC backend Placement and

Route tools. FIG. 8A4illustrates the detailed diagram 800A4 for the implementation of

the diagram 800A1 in Integrated Circuit Placement and Route embodiments. In an

integrated circuit since the connections are known a-priori, the switch and crosspoints are

actually virtual. Howeverthe concept of virtual switch and virtal crosspoint using the

embodiments disclosed in the current invention reduces the number of required wires,

wire length needed to connectthe inputs and outputs of different netlists and the time

required by the tool for placementand route of netlists in the integrated circuit.

Eachvirtual crosspoint is used to either to hardwire or provide no connectivity

between the correspondinginlet link and outlet link. Specifically crosspoint CP(1,1) is

implemented bydirect connect point DCP(1,1) to hardwire (.e., to permanently connect)

inlet link IL1 and outlet link OL1 which is denoted by the thick circle at the intersection

ofinlet link IL1 and outlet link OL1; crosspoint CP(2,2) is implemented by direct

connect point DCP(2,2) to hardwire inlet link IL2 and outlet link OL2 which is denoted

by the thick circle at the intersection of inlet link IL2 and outlet link OL2. The diagram

800A4 does not show direct connect point DCP(1,2) and direct connect point DCP(1,3)

since they are not needed and in the hardware implementation they are eliminated.

Alternatively inlet link IL1 needs to be connected to outlet link OL1 and inlet link IL1

does not need to be connected to outlet link OL2. Also inlet link IL2 needs to be

connected to outlet link OL2 and inlet link IL2 does not need to be connected to outlet

link OL1. Furthermore in the example of the diagram 800A4,there is no need to drive the

signal of inlet link IL1 horizontally beyond outlet link OL1 and hencetheinlet link IL1 is

not even extended horizontally until the outlet link OL2. Also the absence of direct

connect point DCP(2,1) illustrates there is no need to connectinlet link IL2 andoutlet

link OL1.

In summary in integrated circuit placement and route tools, the concept of virtual

switches and virtual cross points is used during the implementation of the placement &

routing algorithmically in software, however during the hardware implementation cross
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points in the cross state are implemented as hardwired connections between the

corresponding inlet link and outlet link, and in the bar state are implemented as no

connection betweeninlet link and outlet link.

3) More Application Embodiments:

All the embodiments disclosed in the current invention are also useful in the

design of SoC interconnects, Field programmable interconnect chips, parallel computer

systems and in time-space-time switches.

Numerous modifications and adaptations of the embodiments, implementations,

and examples described herein will be apparentto the skilled artisan in view of the

disclosure.
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CLAIMS

Whatis claimedis:

1. A network having a plurality of multicast connections, said network comprising:

N,inlet links and N,, outlet links, and

when N, > WN, and N, = p*N, where p> 1 then N, =N, d, =d, and

d

d, =N,X——= pxd ; and1

. ..  N,, . . . os
an input stage comprising 7 input switches, and each input switch comprising d

inlet links and each said input switch further comprising xx d outgoing links connecting

to switches in a second stage where x > 0; and

_.  N, ; ;
an output stage comprising a output switches, and each output switch

(d+d,)
comprising d, outlet links and each said output switch further comprising xx 5
incominglinks connecting from switches in the penultimate stage; and

a plurality of y middle stages comprising 7 middle switches in each of said y
middle stages wherein said second stage and said penultimate stage are one of said

middle stages where y >3, and

each middle switch in all said middle stages excepting said penultimate stage

comprising xxd incoming links (hereinafter “incoming middle links”) connecting from

switches in its immediate preceding stage, and each middle switch further

comprising xxd outgoing links (hereinafter “outgoing middle links”) connecting to

switchesin its immediate succeeding stage; and

each middle switch in said penultimate stage comprising +x d incoming links

connecting from switchesin its immediate preceding stage, and each middle switch

(d+d,)
afurther comprising xx outgoing links connecting to switches in its immediate

succeeding stagei.e., said output stage; or
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when N, > N, and N, = p* N, where p>1 then N, =N, d, =dand

d

d, =N, ay pxd and2

. ee N, . . . . ee
an input stage comprising 7 input switches, and each input switch comprising

(d+d,)
2

d, inlet links and each input switch further comprising xx outgoing links

connecting to switches in a second stage where x > 0; and

oe N, + +
an output stage comprising 7 output switches, and each output switch

comprising d outlet links and each output switch further comprising xxd incoming links

connecting from switches in the penultimate stage; and

a plurality of y middle stages comprising middle switches in each of said y

middle stages wherein said second stage and said penultimate stage are one of said

middle stages where y > 3, and

each middle switch in said second stage comprising xx incoming links

connecting from switchesin its immediate preceding stagei.e., said input stage, and each

middle switch further comprising xxd outgoing links connecting to switchesin its

immediate succeeding stage; and

each middle switch in all said middle stages excepting said second stage

comprising xxd incoming links (hereinafter “incoming middle links”) connecting from

switchesin its immediate preceding stage, and each middle switch further

comprising xxd outgoing links (hereinafter “outgoing middle links”) connecting to

switchesin its immediate succeeding stage; and

wherein each multicast connection from aninlet link passes through at most two

outgoing links in input switch, and said multicast connection further passes through a

plurality of outgoing links in a plurality switches in each said middle stage and in said

output stage.
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2. The network of claim 1, wherein all said incoming middle links and outgoing

middle links are connected in any arbitrary topology such that when no connections are

setup in said network, a connection from any said inlet link to any said outlet link can be

setup.

3. The network of claim 2, wherein y > (2xlog, N,)—3 when N, > N,, and

y >(2xlog, N,)-3 when N, >N,.

4, The network of claim 3, wherein x =>1, wherein said each multicast connection

comprises only one destination link, and

said each multicast connection from aninlet link passes through only one

outgoing link in input switch, and said multicast connection further passes through only

one outgoing link in one of the switches in each said middle stage and in said output

stage, and

further is always capable of setting up said multicast connection by changing the

path, defined bypassage of an existing multicast connection, thereby to change only one

outgoing link of the input switch used bysaid existing multicast connection, and said

networkis hereinafter “rearrangeably nonblocking network for unicast”.

5. The network of claim 3, wherein x > 2, wherein said each multicast connection

comprises only one destination link, and

said each multicast connection from aninlet link passes through only one

outgoing link in input switch, and said multicast connection further passes through only

one outgoing link in one of the switches in each said middle stage and in said output

stage, and

further is always capable of setting up said multicast connection by never

changing path of an existing multicast connection, wherein said each multicast

connection comprises only one destination link and the networkis hereinafter “strictly

nonblocking network for unicast”.

6. The network of claim 3, wherein x >2,
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further is always capable of setting up said multicast connection by changing the

path, defined bypassage of an existing multicast connection, thereby to change one or

two outgoing links of the input switch used by said existing multicast connection, and

said network is hereinafter “rearrangeably nonblocking network”.

7. The network of claim 3, wherein x23,

further is always capable of setting up said multicast connection by never

changing path of an existing multicast connection, and the network is hereinafter “strictly

nonblocking network”.

8. The network of claim 1, further comprising a controller coupled to each of said

input, output and middle stages to set up said multicast connection.

9. The network of claim 1, wherein said N, inlet links and N, outlet links are the

same numberoflinks, ie., N, =N,=N,and d, =d, =d.

10. The network of claim 1, wherein said each input switch, said each output switch

and said each middle switch is either fully populated or partially populated.

11, The network of claim 1,

wherein each of said input switches, or each of said output switches, or each of

said middle switches further recursively comprise one or more networks.

12. A method for setting up one or more multicast connections in a network having

N, inlet links and WN, outlet links, and

when N, > WN, and N, = p*N, where p> 1 then N, =N, d, =d, and

d,=N, xo = p xd ; and having1

. . N, . . . . . .
an input stage having a input switches, and each input switch havingdinlet

links and each input switch further having x x d outgoing links connected to switches in a

second stage where x > 0; and
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_  N
an output stage having — output switches, and each output switch having d,

d

(d+d,)
2

outlet links and each output switch further having xx incoming links connected

from switches in the penultimate stage; and

a plurality of y middle stages having = middle switches in each of said y
middle stages wherein said second stage and said penultimate stage being one of said

middle stages where y > 3, and

each middle switch in all said middle stages excepting said penultimate stage

having xxd incominglinks connected from switchesin its immediate preceding stage,

and each middle switch further having xxd outgoing links connected to switchesin its

immediate succeeding stage; and

each middle switch in said penultimate stage having xxd incoming links

connected fromswitches in its immediate preceding stage, and each middle switch further

(d+d,)
having xx outgoing links connected to switches in its immediate succeeding

stage; or

when N, > N, and N, = p* N, where p>1 then N, =N, d, =dand

d,=N, xe = pxd ; and having2

an input stage having 7 input switches, and each input switch having d, inlet
(d+d,)

2
links and each input switch further having xx outgoing links connected to

switches in a second stage where x > 0; and

_ N . . .

an output stage having 7 output switches, and each output switch having
d outlet links and each output switch further having xxd incoming links connected from

switches in the penultimate stage; and
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a plurality of y middle stages having = middle switches in each of said y
middle stages wherein said second stage and said penultimate stage being one of said

middle stages where y >3, and

each middle switch in said second stage having xX incoming links
(d+d,)

2

connected from switches in its immediate preceding stage, and each middle switch further

having xxd outgoing links connected to switchesin its immediate succeeding stage; and

each middle switch in all said middle stages excepting said second stage having

xxd incominglinks connected from switches in its immediate preceding stage, and each

middle switch further having «xd outgoing links connected to switchesin its immediate

succeeding stage; and said method comprising:

receiving a multicast connection at said input stage;

fanning out said multicast connection through at most two outgoinglinks in input

switch and a plurality of outgoing links in a plurality of middle switches in each said

middle stage to set up said multicast connection to a plurality of output switches among

., N, . . . . «ps
said TT output switches, wherein said plurality of output switches are specified as
destinations of said multicast connection, wherein said at most two outgoing links in

input switch andsaid plurality of outgoing links in said plurality of middle switches in

each said middle stage are available.

13. A method of claim 12 wherein said act of fanning out is performed without

changing anyexisting connection to pass through anotherset of plurality of middle

switches in each said middle stage.

14. A method of claim 12 wherein said act of fanning out is performed recursively.

15. A method of claim 12 wherein a connection exists through said network and

passes through a plurality of middle switches in each said middle stage and said method

further comprises:
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if necessary, changing said connection to pass through anotherset of plurality of

middle switches in each said middle stage, act hereinafter “rearranging connection”.

16. A method of claim 12 wherein said acts of fanning out and rearranging are

performedrecursively.

17. A methodfor setting up one or more multicast connections in a network having

N,inlet links and N, outlet links, and

when N, > WN, and N, = p*N, where p> 1 then NV, =N, d, =d, and

d,=N, x= = pxXd ; and having1

. _ N,, . . . .
an input stage having a input switches, and each input switch havingdinlet

links and each input switch further having x xd outgoing links connected to switches in a

second stage where x > 0; and

_ N
an output stage having — output switches, and each output switch having d,

d

(d+d,)
2

outlet links and each output switch further having xx incoming links connected

from switches in the penultimate stage; and

a plurality of y middle stages having 7 middle switches in each of said y
middle stages wherein said second stage and said penultimate stage being one of said

middle stages where y >3, and

each middle switch in all said middle stages excepting said penultimate stage

having xxd incominglinks connected from switchesin its immediate preceding stage,

and each middle switch further having xxd outgoing links connected to switchesin its

immediate succeeding stage; and

each middle switch in said penultimate stage having xxd incoming links

connected from switches in its immediate preceding stage, and each middle switch further

-218-



Page 225 of 369

10

15

20

Page 225 of 369

$-0039 PCT

having xx outgoing links connected to switches in its immediate succeeding
(d+d,)

2

stage; or

when N, > NV, and N, = p*N, wherep>1 then N, =N, d, =d and

d,=N, xf = pxd_; and having
2

an input stage having —+ input switches, and each input switch having d, inlet
d

d, 
links and each input switch further having xx outgoing links connected to

switches in a second stage where x > 0; and

_ N

an output stage having 7 output switches, and each output switch having
 

d outlet links and each output switch further having xxd incoming links connected from

switches in the penultimate stage; and

a plurality of y middle stages having a middle switches in each of said y
middle stages wherein said second stage and said penultimate stage being one of said

middle stages where y >3, and

 
each middle switch in said second stage having xx incoming links

(d+d,)
2

connected from switches in its immediate preceding stage, and each middle switch further

having xxd outgoing links connected to switchesin its immediate succeeding stage; and

each middle switch in all said middle stages excepting said second stage having

xxd incominglinks connected from switches in its immediate preceding stage, and each

middle switch further having «xd outgoing links connected to switches in its immediate

succeeding stage; and said method comprising:

checking if a first outgoing link in input switch anda first plurality of outgoing

links in plurality of middle switches in each said middle stage are availableto at least a

first subset of destination output switches of said multicast connection; and
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checking if a second outgoing link in input switch and second plurality of

outgoing links in plurality of middle switches in each said middle stage are available toa

second subset of destination output switches of said multicast connection.

wherein each destination output switch of said multicast connection is one of said

first subset of destination output switches and said second subsetof destination output

switches.

18. The method of claim 17 further comprising:

prior to said checkings, checkingif all the destination output switches of said

multicast connection are available throughsaid first outgoing link in input switch and

saidfirst plurality of outgoing links in plurality of middle switches in each said middle

stage

19, The method of claim 17 further comprising:

repeating said checkingsof available second outgoing link in input switch and

second plurality of outgoing links in plurality of middle switches in each said middle

stage to a second subset of destination output switches of said multicast connection to

each outgoing link in input switch other than said first and said second outgoing links in

input switch.

wherein each destination output switch of said multicast connection is one of said

first subset of destination output switches and said second subset of destination output

switches.

20. The method of claim 17 further comprising:

repeating said checkings of available first outgoing link in input switch andfirst

plurality of outgoing links in plurality of middle switches in each said middle stage to a

first subset of destination output switches of said multicast connection to each outgoing

link in input switch other than said first outgoing link in input switch.

21. The method of claim 17 further comprising:

setting up each of said multicast connection from its said input switch to its said

output switches through not more than two outgoing links, selected by said checkings, by
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fanning out said multicast connectionin its said input switch into not more than said two

outgoing links.

22. The method of claim 17 wherein any ofsaid acts of checking andsetting up are

performedrecursively.
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FULLY CONNECTED GENERALIZED MULTI-LINK MULTI-STAGE NETWORKS

Venkat Konda

ABSTRACT OF DISCLOSURE

A generalized multi-link multi-stage network comprising (2x logaN)-1 stagesis

operated in strictly nonblocking mannerfor unicast includes an input stage having =
switches with each of them having d inlet links and 2 xd outgoing links connecting to

second stage switches, an output stage having = switches with each of them having d
outlet links and 2d incoming links connecting from switches in the penultimate stage.

The networkalso has (2xlogaN)—3 middle stages with each middle stage having os
switches, and each switch in the middle stage has 2xd incoming links connecting from

the switches in its immediate preceding stage, and 2xd outgoing links connecting to the

switches in its immediate succeeding stage. Also the same generalized multi-link multi-

stage network is operated in rearrangeably nonblocking mannerforarbitrary fan-out

multicast and each multicast connection is set up by use of at most two outgoing links

from the input stage switch.

A generalized multi-link multi-stage network comprising (2 xlogiN)-1 stagesis

operated in strictly nonblocking manner for multicast includes an input stage having =
switches with each of them having d inlet links and 3xdoutgoing links connecting to

second stage switches, an output stage having = switches with each of them having d
outlet links and 3x d incoming links connecting from switches in the penultimate stage.

The network also has (2xlogaN)-—3 middle stages with each middle stage having =
switches, and each switch in the middle stage has 3xd incoming links connecting from

the switches in its immediate preceding stage, and 3xd_ outgoing links connecting to the

switches in its immediate succeedingstage.
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