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FULLY CONNECTED GENERALIZED BUTTERFLY FAT TREE 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, 387

entitled "FULLY CONNECTED GENERALIZED BUTTERFLY FAT TREE

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, 390

entitled "FULLY CONNECTED GENERALIZED MULTI-LINK BUTTERFLY FAT

TREE 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 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 & MULTICAST IN

ARBITRARILY LARGE MULTI-STAGE NETWORKS"by Venkat Kondaassigned to

the sameassignee 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 Konda assigned to the same

assignee as the current application, filed May 25, 2007.
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This application is related to and incorporates by reference in its entirety the PCT

Application Docket No. S$-0039PCT entitled "FULLY CONNECTED GENERALIZED

MULTI-LINK MULTI-STAGE NETWORKS"by Venkat Konda assigned to the same

assignee as the current application, filed concurrently, 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, the U.S. Provisional Patent Application Serial No. 60/940, 391 entitled "FULLY

CONNECTED GENERALIZED FOLDED MULTI-STAGE 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, 392 entitled "FULLY

CONNECTED GENERALIZED STRICTLY NONBLOCKING MULTI-LINK MULITI-

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-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 NETWORKS WITH LOCALITY EXPLOITATION"by Venkat

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

This application is related to and incorporates by reference in 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 assignee as the current application,filed January 1, 2008.
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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 butterfly fat tree network comprising (logaN ) stages is operated in

strictly nonblocking mannerfor unicast includesa leaf stage consisting of an input stage

having = switches with each of them having d inlet links and 2x d outgoing links

connecting to its immediate succeeding stage switches, and an output stage having 7
switches with each of them having d outlet links and 2xd incoming links connecting

from switchesin its immediate succeeding stage. The network also has (logaN)-1
 2xmiddle stages with each middle stage, excepting the root stage, having N switches,

and each switch in the middle stage has d incoming links connecting from the switches

in its immediate preceding stage, d incoming links connecting fromthe switchesinits

immediate succeeding stage, d outgoing links connecting to the switchesin its

immediate succeeding stage, d outgoing links connecting to the switchesin its

 _ 2xXN on:
immediate preceding stage, and the root stage having switches, and each switch in

the middle stage has d incoming links connecting from the switches in its immediate

preceding stage and d outgoing links connecting to the switches in its immediate

preceding stage. Also the same generalized butterfly fat tree network is operated in

5-
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rearrangeably nonblocking mannerfor arbitrary fan-out multicast and each multicast

connection is set up by use of at most two outgoing links from the input stage switch.

A generalizedbutterfly fat tree network comprising (logaN ) stages is operated in

strictly nonblocking manner for multicast includes a leaf stage consisting of an input

stage having 7 switches with each of them having d inlet links and 3x d outgoing links

connecting to its immediate succeeding stage switches, an output stage having 7a

switches with each of them having d outlet links and 3x d incoming links connecting

from switchesin its immediate succeeding stage. The network also has (logaN)-1
 

middle stages with each middle stage, excepting the root stage, having switches,

and each switch in the middle stage has d incoming links connecting from the switches

in its immediate preceding stage, d incoming links connecting from the switchesinits

immediate succeeding stage, d outgoing links connecting to the switchesin its

immediate succeeding stage, d outgoing links connecting to the switchesin its

_ 3xXN _, 4
immediate preceding stage, and the root stage having switches, and each switch in

 

the middle stage has d incoming links connecting from the switches in its immediate

preceding stage and d outgoing links connecting to the switches in its immediate

precedingstage.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1A is a diagram 100A of an exemplary Symmetrical Butterfly fat tree

network V,,, (N,d,s) having inverse Benes connection topology of three 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.
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FIG. 1B is a diagram 100B of a general symmetrical Butterfly fat tree network

Vig(N.d,s) with (log, N) stagesstrictly 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 Asymmetrical Butterfly fat tree

network V,,(N,,N,,d,2) having inverse Benes connection topology of three stages with

Ni = 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. 1D is a diagram 100D of a general asymmetrical Butterfly fat tree network

Vi,(N,,N>,d,2) with No = p* N; and with (log aN ) stages strictly nonblocking network

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

multicast connections in accordance with the invention.

FIG. 1E is a diagram 100E of an exemplary Asymmetrical Butterfly fat tree

network V,,(N,,N,,d,2) having inverse Benes connection topology of three stages with

Nz =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. 1F is a diagram 100F of a general asymmetrical Butterfly fat tree network

Vig(N,,N,,d,2) with N; = p* No and with (log iN) stages strictly nonblocking network

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

multicast connections in accordance with the invention.

FIG. 2A is a diagram 200A of an exemplary Symmetrical Butterfly fat tree

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

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

for unicast connections, in accordance with the invention.
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FIG, 2B is a diagram 200B of a general symmetrical Butterfly fat tree network

Vig(N.d,s) with (log, N) stages and s=1, rearrangeably nonblocking network for

unicast connections in accordance with the invention.

FIG. 2C is a diagram 200C of an exemplary Asymmetrical Butterfly fat tree

network V,,(N,,N,,d,1) having inverse Benes connection topology of three stages with

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

rearrangeably nonblocking network for unicast connections, in accordance with the

invention.

FIG, 2D is a diagram 200D of a general asymmetrical Butterfly fat tree network

Vig(N,,N>,d,1) with No = p* Nj; and with (log aN ) stages rearrangeably nonblocking

network for unicast connections in accordance with the invention.

FIG, 2E is a diagram 200E of an exemplary Asymmetrical Butterfly fat tree

network V,,(N,,N,,d,1) having inverse Benes connection topology of three stages with

Nz = 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.

FIG, 2F is a diagram 200F of a general asymmetrical Butterfly fat tree network

Vig(N,,N.,d,1) with Ni = p* No and with (log, N) stages rearrangeably nonblocking

network for unicast connections in accordance with the invention.

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

tree network V,,jin.5¢(N,d,5) having inverse Benes 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. 3B is a diagram 300B of a general symmetrical multi-link Butterfly fat tree

network Viggo (N,d,2) with (logaN ) stages strictly nonblocking network for unicast

-8-
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connections and rearrangeably nonblocking network for arbitrary fan-out multicast

connections in accordance with the invention.

FIG, 3C is a diagram 300C of an exemplary asymmetrical multi-link Butterfly fat

tree network Vino¢(Ni,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

connections, strictly nonblocking network for unicast connections and rearrangeably

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

invention.

FIG, 3D is a diagram 300D of a general asymmetrical multi-link Butterfly fat tree

network Vijinog (N,,N>,d,2) with No = p* N; and with (log, N) stages strictly

nonblocking network for unicast connections and rearrangeably nonblocking network for

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

FIG, 3E is a diagram 300E of an exemplary asymmetrical multi-link Butterfly fat

tree network V,jinyg(N,,N>,d,2) having inverse Benes connection topology of five

stages with N» = 8, N; = 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. 3Fis a diagram 300F of a general asymmetrical multi-link Butterfly fat tree

network V,,jin4g (N,,N>,d,2) with N; = p* No and with (log, N) stages strictly

nonblocking network for unicast connections and rearrangeably nonblocking network for

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

FIG. 4A 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, 5A1 is a diagram 500A1 of an exemplary prior art implementation of a two

by two switch; FIG. 5A2 is a diagram 500A2 for programmable integrated circuit prior

-9-



Page 15 of 164

10

15

20

25

Page 15 of 164

$-0038 PCT

art implementation of the diagram 500A1 of FIG. 5A1; FIG. 5A3 is a diagram 500A3 for

one-time programmable integrated circuit prior art implementation of the diagram 500A1

of FIG. 5A1; FIG. 5A4 is a diagram 500A4 for integrated circuit placement and route

implementation of the diagram 500A1 of FIG. 5A1.

DETAILED DESCRIPTION OF THE INVENTION

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

crosspoint reduction using arbitrarily large Butterfly fat tree networks and Multi-link

Butterfly fat tree networks for broadcast, unicast and multicast connections. Particularly

Butterfly fat tree networks and Multi-link Butterfly fat tree networks with stages more

than or equal to three and radices greater than or equal to two offer large scale crosspoint

reduction when configured with optimal links 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 informationto all the available receiving devices, the one-to-all

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

broadcast connection.

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 butterfly fat tree networks and multi-link butterfly fat tree networks of

the type described herein, any connection request of arbitrary fan-out, i.e. from an inlet

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

-10-
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blocking if necessary by rearranging someof the previous connection requests. In certain

other Butterfly fat tree networks of the type described herein, any connection request of

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

network,can besatisfied without blocking with never needing to rearrange any of the

previous connection requests.

In certain butterfly fat tree networks and multi-link butterfly fat tree 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 Butterfly fat tree 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 methods are 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) Rearrangeably nonblocking for arbitrary fan-out multicast and unicast, and

strictly nonblocking for unicast for generalized multi-link multi-stage networks

Vtien (N,,N>,d,8) and generalized folded multi-link multi-stage networks

Vjott—mtine (N,N,.d,5) with numerous connection topologies and the scheduling methods

are described in detail in U.S. Provisional Patent Application Serial No. 60/940, 389 that

is incorporated by reference above.

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

unicast for generalized folded multi-stage networks V,.,(N,,N.,d.5) with numerous

connection topologies and the scheduling methods are described in detai] in U.S.

-11-
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Provisional Patent Application Serial No. 60/940, 391 that is incorporated by reference

above.

4) Strictly nonblocking for arbitrary fan-out multicast for generalized multi-link

multi-stage networks V,,,,(N,,N,,d,s) and generalized folded multi-link multi-stage

5 networks Viisntian (Ni,N>,d,5) with numerous connection topologies and the scheduling

methodsare described in detail in U.S. Provisional Patent Application Serial No. 60/940,

392 that is incorporated by reference above.

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

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

10 *V,,(N,,N,,d,5), generalized multi-link multi-stage networks V,,,,.(N,,N>,d,5),

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

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

networksV,_,,(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

15. by reference above.

6) 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.

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

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

reference above.

25

-12-
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BUTTERFLY FAT TREE EMBODIMENTS:

Symmetric RNB Embodiments:

Referring to FIG. 1A, in one embodiment, an exemplary symmetrical butterfly fat

tree network 100A with three stages of twenty four 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, and 140 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.

Input stage 110 and output stage 120 together belongto leaf stage. Andall the middle

stages excepting root stage namely middle stage 130 consists of eight, four by four

switches MS(1,1) - MSC1,8), and root stage i.e., middle stage 140 consists of eight, two

by two switches MS(2,1) - MS(2,8).

Such a network can be operated in strictly non-blocking manner for 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 and middle stage 140. 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 eight switches in each of middle stage 130 and middle stage 140.

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. Input stage 110 and output stage 120 together

belong to leaf stage. The number of middle switches in each middle stage is denoted by

ax— . 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 excepting that the size of each switch in middle stage 140 is denoted as d*d.
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Cn another embodiment, the size of each switch in any of the middle stages other than the

middle stage 140, can be implemented as d *2d and d *d since the down coming

middle links are never setup to the up going middle links. For example in network 100A

of FIG. 1A, the down coming middle links ML(3,2) and ML(3,5) are never setup to the

up going middle links ML(2,1) and ML(2,2) for the middle switch MS(1,1). So middle

switch MS(1,1) can be implemented as a two by four switch with middle links ML(1,1)

and ML(1,3) as inputs and middle links ML(2,1), ML(2,2), ML(4,1) and ML(4,2) as

outputs; and a two by two switch with middle links ML(3,2) and ML(3,5) as inputs and

middle links ML(4,1) and ML(4,2) as outputs).

Middle stage 140 is called as root stage. 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 Butterfly fat tree 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, Although it 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 IS] —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

ML(1,1) and ML(1,5) are connected to the middle switch MS(1,1) from input switch IS1

and IS2 respectively) and are also 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(1,1) from middle switches MS(2,1) and MS(2,3) respectively).
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Each of the 2x— middle switches MS(1,1) — MS(1,8) in the middle stage 130
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) 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(1,1)).

Similarly each of the 2x5 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 130 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(1,1) and

MS(1,3) respectively).

Each ofthe - output switches OS1 — OS4 are connected from exactly 2x d
switches in middle stage 130 through 2xd links (for example output switch OS1 is

connected from middle switches MS(1,1), MS(1,2), MS(1,5) and MS(1,6) through the

links ML(4,1), ML(4,3), ML(4,9) and ML(4,11) respectively).

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

to be back to back inverse Benes connection topology.

In the three embodiments of FIG. 1A, FIG. 1A1 and FIG. 1A2 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,pa (N, d,s) can comprise any arbitrary type of connection topology. For

example the connection topologyof the network V,,(N,d,s) may be back to back Benes

-15-



Page 21 of 164

10

15

20

25

Page 21 of 164

$-0038 PCT

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,,(N,d,s) can be built.

The embodiments of FIG. 1A, FIG. 1A1, and FIG. 1A2 are only three examples of

network Vion (N,d,s).

In the three embodiments of FIG. 1A, FIG. 1A1 and FIG. 1A2, 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-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)and

MS(,1) — MS(@,8) 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(1,2) — MS(2,8) are

referred to as root stage switches.

In the example illustrated in FIG. 1A (or in FIGIAI, or in FIG. 1A2), 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 100A (or 100A1,

or 100A2), 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,1.e. a single
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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 Symmetric RNB Embodiments:

Network 100B of FIG. 1B is an example of general symmetrical Butterfly fat tree

network V,.(N,d,s) with (log iN) stages. The general symmetrical Butterflyfat tree

network V,,(N,d,s) can be operated in rearrangeably nonblocking manner for multicast

when s = 2 according to the current invention. Also the general symmetrical Butterfly fat

tree network V,nv (Nd,s) can be operatedin strictly nonblocking mannerfor unicastif

s = 2 according to the current invention. (And in the example of FIG. 1B, s = 2). The

general symmetrical Butterfly fat tree network V,,(N,d,s) with (log, N) stages has d

inlet links for each of = input switches IS1-IS(N/d) (for example the links TL1-IL(d) to

the input switch IS1) and 2xd outgoing links for each of 7 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 - output 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).

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
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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 2 x= middle switches MS(1,1) - MS(1,2N/d) in the middle
stage 130 are also connected from exactly d switches in middle stage 140 through d

links and also are connected to exactly d output switches in output stage 120 through d

links.

Similarly each of the 2x7 middle switches MS(Log,N—1,1) -

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.

Eachof the output switches OS1 — OS(N/d) are connected from exactly 2xd

switches in middle stage 130 through 2xd links.

As described before, again the connection topologyof a general V,,(N,d,s) 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 topologyof the

general V,,(N,d,s) network is, when no connections are setup from any input link if any

output link should be reachable. Based on this property numerous embodiments of the
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network Vig (N,d,s) can be built. The embodiments of FIG. 1A, FIG, 1A1, and FIG.

1A2 are three examples of network Vig (N,d,8).

The general symmetrical Butterfly fat tree network V,,(N,d,s) can be operated

in rearrangeably nonblocking manner for multicast when s > 2 according to the current

invention. Also the general symmetrical Butterfly fat tree network V,,(N,d,s) can be

operated in strictly nonblocking mannerfor unicast if s > 2 according to the current

invention.

Every switch in the Butterfly fat tree 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 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 froman 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

Lye . . ; _N
is limited to general multicast connectionsofthe first type (with fan-out r', 1<r's7
although the same discussion is applicable to the secondtype.

. . . . wa N

To characterize a multicast assignment, for each inlet link ié Levu , 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. 1A

shows an exemplary three-stage network, namely V,, (8,2,2), with the following
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multicast assignment J, = {2,3}and all other I ; =¢@ forj = [2-8]. It should be noted that

the connection /, fans out in 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 output switch OS2 in output stage 120 and middle switch MS(2,7) in middle

stage 140 respectively.

The connection /, also fans out in middle switch MS(2,7) 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 switch MS(1,7) only once into output switch OS3 in output stage 120.

Finally the connection /, fans out once in the output stage switch OS2 into outlet link

OL3and 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.

Asymmetric RNB (Nz > N;) Embodiments:

Referring to FIG. 1C, in one embodiment, an exemplary asymmetrical Butterfly

fat tree network 100C with three stages of twenty four 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 and 140 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.

Input stage 110 and output stage 120 together belongto leaf stage. Middle stage 130

consists of eight, four by six switches MS(1,1) - MS(1,8) and middle stage 140 consists

of eight, two by two switches MS(2,1) - MS(2,8).

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 and middle stage 140. Such a network can be operated in

rearrangeably non-blocking manner for multicast connections, because the switches in the
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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 four by six in middle stage 130 andeight

switches of size two by two in middle stage 140.

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 WN, isthe 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 2 oe . The size of each input switch IS1-IS4 can be denoted in general with
the notation d*2d and each output switch OS1-OS4can be denoted in general with the

notation (d+d.,)*d , where d, =N,a = pxd. The size of each switch in middle1

stage 130 can be denoted as 2d *(d +d,). The size of each switch in the root stage (Le.,

middle stage140) can be denoted as d *d. The size of each switch in all the middle

stages excepting middle stage 130 and root stage can be denoted as 2d * 2d (In network

100C of FIG. 1C, there is no such middle stage). (In another embodiment, the size of each

switch in any of the middle stages other than the middle stage 140, can be implemented

as d*2d and d *d since the down coming middle links are never setup to the up going

middle links. For example in network 100C of FIG. 1C, the down coming middle links

ML(3,2) and ML(3,5) are never setup to the up going middle links ML(2,1) and ML(2,2)

for the middle switch MS(1,1). So middle switch MS(1,1) can be implemented as a two

by four switch with middle links ML(1,1) and ML(1,3) as inputs and middle links

ML(2,1), ML(2,2), ML(4,1) and ML(4,2) as outputs; and a two by two switch with

middle links ML(3,2) and ML(3,5) as inputs and middle links ML(4,1) and ML(4,2) as

outputs).

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

Butterfly fat tree network can be represented with the notation Von (N,,N,,d,5), where
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N,represents the total numberofinletlinks of all input switches (for example the links

IL1-IL8), N., represents the total number of 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.

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(1,5) are connected to the middle switch MS(1,1) from input switch IS1

and IS2 respectively) and are also 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(1,1) from middle switches MS(2,1) and MS(2,3) respectively).

Similarly each of the 2x middle switches MS(1,1) — MS(1,8) in the middle
stage 130 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) and also are connected to exactly

d, d, +output switches in output stage 120 through d
 

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 switch MS(1,1)).

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
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(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 130 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(1,1) and

MS(1,3) respectively).

Eachof the - output switches OSI — OS4 are connected from exactly d+d,
switches in middle stage 130 through d+d, links (for example output switch OS1 is

connected from middle switches MS(1,1), MS(1,2), MS(1,3), MS(1,4), MS(1,5),

MS(1,6), MSC,7), and MS(1,8) 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 100C shown in FIG. 1C is known

to be back to back inverse Benes connection topology.

In the three embodiments of FIG. 1C, FIG. 1C1 and FIG. 1C2 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(4,32) are connected between the respective

stages is different. Even though only three embodiments are illustrated, in general, the

network V,pg (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,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

Voi (N,,N,,d,s) can be built. The embodiments of FIG. 1C, FIG. 1C1, and FIG. 1C2 are

only three examples of network Vip (N,,N,,d,5).

In the three embodiments of FIG. 1C, FIG. 1C1 and FIG. 1C2, each of 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(4,32) are either available for use by a new connection or not available if currently
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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 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(1,8) and

MS(2,1) — MS(2,8) are referred to as middle switches or middle ports.

In the example illustrated in FIG. 1C (or in FIGIC1, or in FIG. 1C2), 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

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 100C (or 100C1,

or 100C2), 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 RNB (N; > N,) Embodiments:

Network 100D of FIG. 1D is an example of general asymmetrical Butterfly fat

tree network V,,(N,,N,,d,8) with (log, N) stages where N, > N, and N, = p*N,

where p > 1. In network 100D of FIG. 1D, N, = N andN, = p*N. The general
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asymmetrical Butterfly fat tree 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 asymmetrical Butterfly fat tree network V,,(N,,N,,d,s) can

be operated in strictly nonblocking mannerfor unicast if s = 2 according to the current

invention. (And in the example of FIG. 1D, s =2), The general asymmetrical Butterfly

fat tree network V,,(N,,N,,d,5) with (log, N) stages has d inlet links for each of =
input switches IS1-IS(Ni/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, (where

d,=N,a = pxXd ) outlet links for each of ~ output switches OS1-OS(N,/d) (for1

example the links OL1-OL(p*d) to the output switch OSI) and d+d, (= d+ pxd)

incominglinks for each of - output switches OS1-OS(Nj/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(Nj/d) are connected to exactly 2xd

switches in middle stage 130 through 2xd links (for example in one embodiment the

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,.Nj/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.
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Similarly each of the 2x middle switches MS(1,1) — MS(1,2 N;/d) in the
middle stage 130 are connected from exactly d switches in middle stage 140 through d

links and also are connected to exactly d output switches in output stage 120 through

+ard, 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*(Log,N,—3) through d links andalso are

connected to exactly d switches in middle stage 130+10* (Log, N, —1) through d

links.

Eachof the - output switches OS1 — OS(N;/d) are connected from exactly
d+d., switches in middle stage 130 through d +d, links.

As described before, again the connection topologyof a general V,,(N,,N.,,d,5)

may be any one of the connection topologies. For example the connection topology of the

network V,nx (N,N,,d,5) may beback 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) 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,,N,,d,s) can be built. The embodiments of FIG.

1C, FIG. 1C1, and FIG. 1C2 are three examples of network Von (N,,N,,d.s) fors=2

and N, >N,.

The general symmetrical Butterfly fat tree network V,,(N,,N,,d,5) can be

operated in rearrangeably nonblocking mannerfor multicast when s = 2 according to the
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current invention. Also the general symmetrical Butterfly fat tree network

Vig(N,,N>,d,s) can be operated in strictly nonblocking mannerfor unicast if

s 2 2 according to the current invention.

For example, the network of Fig. 1C shows an exemplary three-stage network,

namely V,, (8,24,2,2), with the following multicast assignment J, = {2,3}andall 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(1,5) in middle stage 130, and fans out

in middle switches MS(1,1) and MS(1,5) only once into middle switches OS2 and OS3

respectively in output stage 120.

Finally the connection /, fans out once in the output stage switch OS2 into outlet

link OL7and in the output stage switch OS3 twice into the outlet links OL13 and OL18.

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. 1E, in one embodiment, an exemplary asymmetrical Butterfly

fat tree network 100E with three stages of twenty four 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 and 140 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.

Middle stage 130 consists of eight, six by four switches MS(1,1) - MS(1,8) and middle

stage 140 consists of eight, two by two switches MS(2,1) - 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 and middle stage 140. Such a network can be operated in
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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 eight switches of size six by four in middle stage 130, and eight

switches of size two by two in middle stage 140.

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 7a , where JN, 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 stageis

denoted by 2 >= . 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, Tm = pxd. Thesize of each switch in middle
stage 130 can be denoted as (d +d,)* 2d. The size of each switch in the root stage (i.e.,

middle stage140) can be denoted as d *d. The size of each switch in all the middle

stages excepting middle stage 130 and root stage can be denoted as 2d * 2d (In network

100E of FIG. 1E, there is no such middle stage). (In another embodiment, the size of each

switch in any of the middle stages other than the middle stage 140, can be implemented

as d*2d and d *d since the down coming middle links are never setup to the up going

middle links. For example in network 100E of FIG. 1E, the down coming middle links

ML(3,2) and ML(3,5) are never setup to the up going middle links ML(2,1) and ML(2,2)

for the middle switch MS(1,1). So middle switch MS(1,1) can be implemented as a two

by four switch with middle links ML(1,1) and ML(1,3) as inputs and middle links

ML(2,1), ML@,2), ML(4,1) and ML(4,2) as outputs; and a two by two switch with

middle links ML(3,2) and ML(3,5) as inputs and middle links ML(4,1) and ML(4,2) as

outputs),

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
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Butterfly fat tree network can be represented with the notation Von (N,,N,,d,s), 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 the links OL1-OL8), d represents the inlet links of each input switch where

N, > WN, , and s is the ratio of number of incominglinks to each output switch to the

outlet links of each output switch.

Each ofthe me input switches ISI —IS4 are connected to exactly d+d,
switches in middle stage 130 through 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 2x2 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), MLG,9), ML(1,17) and ML(1,25) are connected to the middle switch

MS(1,1) from input switch IS1, IS2, [S3, and IS4 respectively) and also 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(1,1) from middle switches

MS(2,1) and MS(2,3) respectively).

Similarly each of the 2x72 middle switches MS(1,1) — MS(1,8) in the middle
stage 130 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), 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(1,1)).

-29-



Page 35 of 164

10

15

20

25

Page 35 of 164

$-0038 PCT

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 130 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(1,3) and

MS(1,1) respectively).

Eachof the <2 output switches OSI — OS4 are connected from exactly 2xd
switches in middle stage 130 through 2xd links (for example output switch OS1 is

connected from middle switches MS(1,1), MS(1,2), MS(1,5), and MS(1,6) through the

links ML(4,1), ML(4,3), ML(4,9), and ML(4,11) respectively).

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

to be back to back inverse Benes connection topology.

In the three embodiments of FIG. 1E, FIG. 1E1 and FIG. 1E2 the connection

topology is 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 only three 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 connectionsare setup from any inputlink all the output links should be

reachable. Based on this property numerous embodiments of the network

Vi_(N,,N,,d,5) can be built. The embodiments of FIG. 1E, FIG. 1E1, and FIG, 1E2 are

only three examples of network V,,(N,,N,,d,5).
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In the three embodiments of FIG. 1E, FIG. 1E1 and FIG. 1E2, each of the links

ML(,1) — ML(1,32), ML(@,1) - ML@,16), ML(3,1) - ML@G,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) and

MS(2,1) — MS(2,8) are referred to as middle switches or middle ports.

In the example illustrated in FIG. 1E (or in FIGIE1, or in FIG. 1E2), 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 100E (or 100E1,

or 100E2), 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 Asymmetric RNB (N; > Nz) Embodiments:

Network 100F of FIG. 1F is an example of general asymmetrical Butterfly fat tree

network V,,(N,,N.,,d,s) with (log, N’) stages where N, > N, and N, = p*N, where

p> L. In network 100F of FIG. 1F, N, =N andN, = p* N. The general asymmetrical

Butterfly fat tree 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

asymmetrical Butterfly fat tree network V,,,(N,,N,,d,5) can be operated in strictly

nonblocking mannerfor unicast if s = 2 according to the current invention. (And in the

example of FIG. 1F, s =2). The general asymmetrical Butterfly fat tree network

Vin(N,,N,,d,s) with (log, N) stages has d, (where d, = N, xs = pxd inletlinks2

for each of input switches IS1-IS(N>2/d) (for example the links IL1-IL(p*d)to the

input switch IS1) and d+d, (= d+ pxXd ) 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 oe output switches OS1-OS(N>/d) (for example the

links OL1-OL(d) to the output switch OS1) and 2xd incominglinks for each of ne
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).

Each of the ~ input switches IS1 —IS(N2/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) - MS(1, (d+d;)/2) through the

links ML(1,1) - ML(1,(d+d))/2) and to middle switches MS(1,Ni/d+1) — MS, {

N,/d}+(d+d,)/2) through the links ML(1, ((d+d,)/2)+1) - ML(1, (d+d,)) respectively.

32.



Page 38 of 164

10

15

20

Page 38 of 164

$-0038 PCT

Eachof the 2 oa 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

from exactly d switches in middle stage 130 through d links.

Similarly each of the 2x2 middle switches MS(1,1) —- MS(1,2*N>/d) in the
middle stage 130 also are connected to exactly d switches in middle stage 140 through

d links and also are connected to exactly d output switches in output stage 120 through

d links.

Similarly each of the 2x2 middle switches MS(Log,N, —1,1) -
N,
d

from exactly d switches in middle stage 130+ 10*(Log,N, —3) through d links and

 

MS(Log ,N, —1,2x—) in the middle stage 130+10* (Log ,N, —2) are connected

also are connected to exactly d switches in middle stage 130+10* (Log,N, —1) 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.

As described before, again the connection topology of a general V,,,(N,,N.,d,5)

may be any one of the connection topologies. For example the connection topology of the

network V,ng (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

topologyof the general V,,(N,,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 V,,(N,,N,,d,5) can be built. The embodiments of FIG.
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1E, FIG, 1E1, and FIG, 1E2 are three examples of network Vo6 (N,,N,,d,s) fors=2

and N, >N,.

The general symmetrical Butterfly fat tree 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 symmetrical Butterfly fat tree network

V,,(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. |[E shows an exemplary three-stage network,

namely V,,(24,8,2,2), with the following multicast assignment J, = {2,3}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(1,5) in middle stage 130, and fans out

in middle switches MS(1,1) and MS(1,5) only once into output switch OS2 in output

stage 120 and middle switch and MS(2,7) in middle stage 140 respectively.

The connection /, also fans out in middle switch MS(2,7) only once into middle

switch MS(1,7) in middle stage 130, The connection 7, also fans out in middle switch

MS(1,7) only once into output switch OS3 in output stage 120. Finally the connection /,

fans out oncein the output stage switch OS2 into outlet link OL3 andin 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.

Strictly Nonblocking Butterfly Fat Tree Networks:

The general symmetric Butterfly fat tree network V,,(N,d,s) can also be

operated in strictly nonblocking mannerfor multicast when s 23 according to the current

invention. Similarly the general asymmetric Butterfly fat tree network V,,(N,,N.,,d,5)

can also be operated in strictly nonblocking manner for multicast when s >3 according

to the current invention.
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Symmetric RNB Unicast Embodiments:

Referring to FIG. 2A, in one embodiment, an exemplary symmetrical Butterfly fat

tree network 200A with three stages of sixteen 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, and 140 is shown whereinput stage 110 consists of four, two by two switches

IS1-IS4 and output stage 120 consists of four, two by two switches OS1-OS4. Input stage

110 and output stage 120 together belong to leaf stage. Andall the middle stages

excepting root stage namely middle stage 130 consists of four, four by four switches

MS(1,1) - MS(1,4), and root stage i.e., middle stage 140 consists of four, two by two

switches MS(2,1) - MS(2,4).

Such a network can be operated in rearrangeably non-blocking 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 and middle stage 140.

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 - , 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*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 2d * 2d excepting that the size of each switch in middle stage 140 is denoted

as d*d. (In another embodiment, the size of each switch in any of the middle stages

other than the middle stage 140, can be implemented as d *2d and d*d since the down

coming middle links are never setup to the up going middle links. For example in

network 200A of FIG. 2A, the down coming middle links ML(3,2) and ML(3,5) are never

setup to the up going middle links ML(,1) and ML(2,2) for the middle switch MS(1,1).
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So middle switch MS(1,1) can be implemented as a two by four switch with middle links

ML(,1) and ML(1,3) as inputs and middle links ML(2,1), ML(2,2), ML(4,1) and

ML(4,2) as outputs; and a two by two switch with middle links ML(3,2) and ML(3,5) as

inputs and middle links ML(4,1) and ML(4,2) as outputs).

Middle stage 140 is called as root stage. 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 Butterfly fat tree 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 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 d switches in
middle stage 130 through 2xd links (for example input switch IS1 is connected to

middle switch MS(1,1) through the link ML(1,1); and input switch IS1 is also connected

to middle switch MS(1,2) through the link ML(1,2)).

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 link ML(1,1)

is connected to the middle switch MS(1,1) from input switch IS1; and the link ML(1,3) is

connected to the middle switch MS(1,1) from input switch IS2) and are also connected

from exactly ¢d switches in middle stage 140 through d links (for example the link

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

the link ML(3,5) is connected to the middle switch MS(1,1) from middle switch

MS(2,3)).
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Each of the = middle switches MS(1,1) — MS(1,4) in the middle stage 130 are
connected to exactly d switches in middle stage 140 through d links (for example the

link ML(2,1) is connected from middle switch MS(1,1) to middle switch MS(2,1), and

the link ML(2,2) is connected from middle switch MS(1,1) to middle switch MS(2,3))

and also are connected to exactly d output switches in output stage 120 through d links

(for example the link ML(4,1) is connected to output switch OS1 from middle switch

MS(1,1), and the link ML(4,2) is connected to output switch OS2 from middle switch

MS(1,1)).

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 link ML(2,1) is connected to the middle switch MS(2,1) from middle switch

MS(1,1), and the link ML(2,5) is 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 130

through d links (for example the link ML(@3,1) 1s connected from middle switch MS(2,1)

to middle switch MS(1,3); and the link ML(3,2) is connected from middle switch

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

Eachofthe ~ output switches OS1 — OS4 are connected from exactly d
switches in middle stage 130 through d links (for example output switch OS1 is

connected from middle switch MS(1,1) through the link ML(4,1); and output switch OS1

is also connected from middle switch MS(1,2) through the link ML(4,2)).

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(1,8), ML@,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
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Viq(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,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 bebuilt. The

embodiment of FIG. 2A is only one example of network V,,(NV,d,s).ft

In the embodiment of FIG. 2A eachof the links ML(1,1) - ML(1,8), ML(2,1) -

ML(,8), MLG,1) — ML(3,8) and ML(4,1) — ML(4,8) 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.

Generalized Symmetric RNB Unicast Embodiments:

Network 200B of FIG. 2B is an example of general symmetrical Butterfly fat tree

network V,,(N.d,s) with (log iN) stages. The general symmetrical Butterfly fat treebjt

network V,nv (N, d,s) can be operated in rearrangeably nonblocking mannerfor unicast

when s =1 according to the current invention (and in the example of FIG. 2B, s =1). The

general symmetrical Butterfly fat tree network V,,(N,d,s) with (logan ) 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
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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 ot 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 “ 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 7 middle switches MS(1,1) — MS(1,N/d) in the middle
stage 130 are also connected from exactly d switches in middle stage 140 through d

links and also are connected to exactly d output switches in output stage 120 through d

links.

Similarly each of the - middle switches MS(Log,N —1,1) - 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.

Each of the - output switches OS1 — OS(N/d) are connected from exactly d
switches in middle stage 130 through d links.

Asdescribed before, again the connection topologyof a general V,,(N,d,s) may

be any one of the connection topologies. For example the connection topology of the
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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 of the

general V,,,(N,d,s) network is, 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,d,s) can be built. The embodiment of FIG. 2A are one example of

network Voie (N,d,s).

The general symmetrical Butterfly fat tree network V,,(N,d,s) is operated in

rearrangeably nonblocking mannerfor unicast when s >1 according to the current

invention.

Asymmetric RNB Unicast (N2 > N,) Embodiments:

Referring to FIG, 2C, in one embodiment, an exemplary asymmetrical Butterfly

fat tree network 200C with three stages of sixteen 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 and 140 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. Middle stage

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

consists of four, two by two switches MS(2,1) - MS(2,4).

Such a network can be operated in rearrangeably non-blocking 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 of size four

by eight in middle stage 130 and four switches of size two by two in middle stage 140.

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

-A4Q-



Page 46 of 164

10

15

20

25

Page 46 of 164

$-0038 PCT

of output stage 120 can be denoted in general with the variable =, where N,is thetotal
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

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 middle stage1

130 can be denoted as 2d *(d+d,). The size of each switch in the root stage (Le.,

middle stage140) can be denoted as d *d . The size of each switch in all the middle

stages excepting middle stage 130 and root stage can be denoted as 2d * 2d (In network

200C of FIG, 2C, there is no such middle stage). (In another embodiment, the size of each

switch in any of the middle stages other than the middle stage 140, can be implemented

as d*2d and d *d since the down coming middle links are never setup to the up going

middle links. For example in network 200C of FIG. 2C, the down coming middle links

ML(3,2) and ML(3,5) are never setup to the up going middle links ML(2,1) and ML(2,2)

for the middle switch MS(1,1). So middle switch MS(1,1) can be implemented as a two

by four switch with middle links ML(1,1) and ML(1,3) as inputs and middle links

ML@Q,1), ML@,2), ML(4,1) and ML(4,2) as outputs; and a two by two switch with

middle links ML(3,2) and ML(3,5) as inputs and middle links ML(4,1) and ML(4,2) as

outputs).

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

Butterfly fat tree network can be represented with the notation Via (N,,N,,d,5), where

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

IL1-IL8), WV. represents the total number of 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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Eachof 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 link ML(1,1), and input switch IS1 is also connected to

MS(1,2) through the link ML(1,2)).

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 link ML(1,1)

is connected to the middle switch MS(1,1) from input switch IS1 and the link ML(1,3) is

connected to the middle switch MS(1,1) from input switch IS2) and are also connected

from exactly d switches in middle stage 140 through d links (for example the link

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

link ML(3,5) is connected to the middle switch MS(1,1) from middle switch MS(2,3)).

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

example the link ML(2,1) is connected from middle switch MS(1,1) to middle switch

MS(2,1), and the link ML(2,2) is connected from middle switch MS(1,1) to middle

. d . .

switch MS(2,3)), and also are connected to exactly 7 output switches in output stage

120 through d, links (for example the link ML(4,1) and ML(4,2) are connected from

middle switch MS(1,1) to output switch OS1; the links ML(4,3) and ML(4,4) are

connected from middle switch MS(1,1) to output switch OS2; the link ML(4,5) is

connected from middle switch MS(1,1) to output switch OS3; and the links ML(4,6) is

connected from middle switch MS(1,1) to output switch OS4).

Similarly each of the “1 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 link ML(2,1) is connected to the middle switch MS(2,1) from middle switch

MS(1,1); and the link ML(2,5) is connected to the middle switch MS(2,1) from middle
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switch MS(1,3)) and also are connected to exactly d switches in middle stage 130

through d links (for example the link ML(3,2) is connected from middle switch MS(2,1)

to middle switch MS(1,1); and the link ML(3,1) is connected from middle switch

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

Eachofthe = output switches OS1 —- OS4 are connected from exactly :
switches in middle stage 130 through d, links (for example output switch OS1is

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

switch OS1 is connected from middle switch MS(1,2) through the links ML(4,7) and

ML(4,8); output switch OS1 is connected from middle switch MS(1,3) through the link

ML(4,13); output switch OS1 is connected from middle switch MS(1,4) through the link

ML(4,19)).

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

embodiment of the network 200C of FIG. 2C. 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(4,24) are connected

between the respective stages is different. Even though only one embodimentis

illustrated, in general, the network V,,(N,,N,,d,s) can comprise anyarbitrary type of

connection topology. For example the connection topology of the network

Vig(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,s) 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 V,.,(N,,N,,d,s) can be built. The embodimentof FIG. 2C,

are only one example of network V,,(N,,N,,d,5).

In the embodiment of FIG, 2C, each of 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(4,24)are either available for use by a
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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(1,2) — MS(2,4) are referred to as root stage switches.

Generalized Asymmetric RNB Unicast (N2 > Ni) Embodiments:

Network 200D of FIG. 2D is an example of general asymmetrical Butterfly fat

tree network V,.(N,,N,,d,s) with (log, N’) stages where N, > N, and N, = p*N,

where p > 1. In network 200D of FIG, 2D, N, = N andN, = p*N. The general

asymmetrical Butterfly fat tree network V,,(N,,N,,d,5) can be operated in

rearrangeably nonblocking manner for unicast when s =1 according to the current

invention (and in the example of FIG. 2D, s =1). The general asymmetrical Butterfly fat

tree network V,.(N,,N.,,d,s) with (log aN ) stages 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

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, (where d, = N, xo = 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 OS1) and d, (= pxd_) 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 “ 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 a" middle switches MS(1,1) - MS(1,N)/d) in the middle
stage 130 are connected from exactly d switches in middle stage 140 through d links

d . .

and also are connected to exactly 7 output switches in output stage 120 through d,
links.

. N, .
Similarly each of the 7 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 d links andalso are

connected to exactly d switches in middle stage 130+10* (Log ,N, —1) through d

links.

Eachof the “ output switches OSI — OS(Nj/d) are connected from exactly &a
switches in middle stage 130 through d, links.

As described before, again the connection topologyof a general V,,(N,,N.,,d,5)

may be any one of the connection topologies. For example the connection topology of the

network V,nv (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
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topology ofthe general V,,(N,,N.,,d,s) network is, 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 embodiment of FIG. 2Coft

is one example of network V,,(N,,N.,,d,s) fors=1and N, >N,.

The general asymmetrical Butterfly fat tree network V,,(N,,N,,d,s) can be

operated in rearrangeably nonblocking mannerfor unicast when s 21 according to the

current invention.

Asymmetric RNB Unicast (N; > N2) Embodiments:

Referring to FIG, 2E, in one embodiment, an exemplary asymmetrical Butterfly

fat tree network 200E with three stages of sixteen 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 and 140 is shown whereinput stage 110 consists of four, six by six switches

IS1-IS4 and output stage 120 consists of four, two by two switches OS1-OS4. Middle

stage 130 consists of four, eight by four switches MS(1,1) - MS(1,4) and middle stage

140 consists of four, two by two switches MS(2,1) - MS(2,4).

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 six, the

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

middle stage 130 and middle stage 140. Such a network can be operated in rearrangeably

non-blocking 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 of size eight by four in middle stage 130, and four switches of size two

by two in middle stage 140.

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 WN,is the
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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, *d, and each output switch OS1-OS4 can be denoted in general with the

notation (d*d), where d, = N, on = pxd. Thesize of each switch in middle stage2

130 can be denoted as (d + d,)* 2d. The size of each switch in the rootstage (i.e., middle

stage 140) can be denoted as d *d. The size of each switch in all the middle stages

excepting middle stage 130 and root stage can be denoted as 2d * 2d (In network 200E of

FIG. 2E, there is no such middle stage). (In another embodiment, the size of each switch

in any of the middle stages other than the middle stage 140, can be implementedas

d*2d and d*d since the down coming middle links are neversetup to the up going

middle links. For example in network 200E of FIG. 2E, the down coming middle links

ML(3,2) and ML(3,5) are never setup to the up going middle links ML(2,1) and ML(2,2)

for the middle switch MS(1,1). So middle switch MS(1,1) can be implemented as a two

by four switch with middle links ML(1,1) and ML(1,3) as inputs and middle links

ML(Q,1), ML(@,2), ML(4,1) and ML(4.2) as outputs; and a two by two switch with

middle links ML(3,2) and ML(3,5) as inputs and middle links ML(4,1) and ML(4,2) as

outputs),

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

Butterfly fat tree network can be represented with the notation Vora (N,,N,,d,5), where

N, represents the total numberofinletlinks ofall 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 incominglinks to each output switch to the

outlet links of each output switch.
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Eachof the “2 input switches ISI —IS4 are connected to exactly . 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 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 link ML(1,5); input switch

ISI is connected to middle switch MS(1,4) through the link ML(1,6)).

 

Eachof the ~ middle switches MS(1,1) - MS(1.4) in the middle stage 130 are

connected from exactly “ input switches through d, links (for example the links
ML(1,1) and ML(1,2) are connected from input switch IS1 to middle switch MS(1,1);

the links ML(1,7) and ML(1,8) are connected from input switch IS2 to middle switch

MS(1,1); the link ML(1,13) is connected from input switch IS3 to middle switch

MS(1,1); the link ML(1,19) is connected from input switch IS4 to middle switch

MS(1,1)), and also are connected from exactly d switches in middle stage 140 through

d links (for example the link ML(3,2) is connected to the middle switch MS(1,1) from

middle switch MS(2,1); and the link ML(3,5) is connected to the middle switch MS(1,1)

from middle switch MS(2,3)).

 

Similarly each of the ~ middle switches MS(1,1) — MS(1,4) in the middle stage
130 are connected to exactly d switches in middle stage 140 through d links (for

example the link ML(2,1) is connected from middle switch MS(1,1) to middle switch

MS(2,1) and the link ML(2,2) is connected from middle switch MS(1,1) to middle switch

MS(2,3)), and also are connected to exactly d output switches in output stage 120

through d links (for example the link ML(4,1) is connected to output switch OS1 from

middle switch MS(1,1) and the link ML(4,2) is connected to output switch OS? from

middle switch MS(1,1)).
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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 d links (for

example the link ML(2,1) is connected to the middle switch MS(2,1) from middle switch

MS(1,1) and the link ML(2,5) is 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 130

through d links (for example the link ML(3,2) is connected from middle switch MS(2,1)

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

to middle switch MS(1,3)).

Eachof the <2 output switches OS1 — OS4 are connected from exactly d
switches in middle stage 130 through d links (for example output switch OS1 is

connected from middle switch MS(1,1) through the link ML(4,1), and output switch OS1

is connected from middle switch MS(1,2) through the link ML(4,3)).

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 maybe different from the

embodiment of the network 200E of FIG. 2E. That is the way the links ML(1,1) -

ML(1,24), 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 V,,(N,,N,,d,s) can comprise anyarbitrary type of

connection topology. For example the connection topology of the network

Vig(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 ofthe V,,(N,,N,,d,s) 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 V,on (N,N>,d,8) can be built. The embodiment of FIG. 2E

is only one example of network Von (N,,N,,d.5).
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In the embodiment of FIG. 2E, each of the links ML(1,1) - ML(1,24), ML@,1) -—

ML(Q,8), ML(G,1) — ML(3,8) and ML(4,1) — ML(4,8) 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.

Generalized Asymmetric RNB Unicast (N; > Nz) Embodiments:

Network 200F of FIG. 2F is an example of general asymmetrical Butterfly fat tree

network V,.(N,,N,,d,s) with (log, N’) stages where N, > N, and N, = p*N, where

p> 1. In network 200F of FIG. 2F, N, = N and WN, = p* N. The general asymmetrical

Butterfly fat tree network V,,(N,,N,,d,s) can be operated in rearrangeably nonblocking

mannerfor unicast when s =1 according to the current invention. (And in the example of

FIG. 2F, s =1). The general asymmetrical Butterfly fat tree network Vig (NN,.d,5)

2 

with (log aN ) stages has d, (where d, = N, x = pxXd inlet links for each of
input switches IS1-IS(N>/d) (for example the links IL1-IL(p*d) to the input switch IS1)

and d, (= pxd_) outgoing links for each of “2 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 d incominglinks for each of ne output switches OS1-
OS(N2/d) (for example ML(2x 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 &.a

switches in middle stage 130 through d, links.

Eachof the middle switches MS(1,1) - MS(1,N2/d) in the middle stage 130

d, . ; ;

are connected from exactly > input switches through d, links and also are connected
from exactly d switches in middle stage 140 through d links.

 

Similarly each of the ~ middle switches MS(1,1) —- MS(1,2N>/d) in the middle
stage 130 also are connected to exactly d switches in middle stage 140 through d links

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

 

Similarly 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 d links and also are

connected to exactly d switches in middle stage 130+10* (Log ,N., —1) through d

links.

Eachof the = output switches OS1 — OS(N2/d) are connected from exactly d
switches in middle stage 130+ 10*(2* Log,N, —4) through d links.

As described before, again the connection topology of a general V,,(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

topologyof the general V,,(N,,N,,d,5) network is, when no connections are setup from
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any input link if any output link should be reachable. Based on this property numerous

embodiments of the network V,we (N,,N.,d,s) can be built. The embodiments of FIG, 2E

is one example of network V,,(N,,N,,d,s) fors=1and N, >N,.

The general symmetrical Butterfly fat tree network V,,(N,,N,,d,s) can be

operated in rearrangeably nonblocking mannerfor unicast when s > 1 according to the

current invention.

MULTI-LINK BUTTERFLY FAT TREE EMBODIMENTS:

Symmetric RNB Embodiments:

Referring to FIG. 3A, in one embodiment, an exemplary symmetrical Multi-link

Butterfly fat tree network 300A with three stages of sixteen 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, and 140 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.

Input stage 110 and output stage 120 together belongto leaf stage. Andall the middle

stages excepting root stage namely middle stage 130 consists of four, eight by eight

switches MS(1,1) - MS(1,4), and root stage 1.e., middle stage 140 consists of four, four by

four switches MS(2,1) - MS(2,4).

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 and middle stage 140. 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 and middle stage 140.
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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 WN isthetotal
numberofinletlinks 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-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 4d * 4d excepting that the size of each switch in middle stage 140 is denoted

as 2d * 2d . (In another embodiment, the size of each switch in anyof the middle stages

other than the middle stage 140, can be implemented as 2d *4d and 2d * 2d since the

down coming middle links are never setup to the up going middle links, For example in

network 300A of FIG. 3A, the down coming middle links ML(3,3), ML(@3,4), ML(3,9)

and ML(3,10) are never setup to the up going middle links ML(2,1), ML(2,2), ML(2,3)

and ML(2,4) for the middle switch MS(1,1). So middle switch MS(1,1) can be

implemented as a four by eight switch with middle links ML(1,1), ML(1,2), ML(1,5) and

ML(1,6) as inputs and middle links ML(2,1), ML(2,2), ML(2,3), ML(2,4), ML(4,1),

ML(4,2), ML(4,3), and ML(4,4) as outputs; and a four by four switch with middle links

ML(3,3), ML(3,4), ML(3,9) and ML(3,10) as inputs and middle links ML(4,1), ML(4,2),

ML(4,3), and ML(4.4) as outputs).

Middle stage 140is called as root stage. 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 Butterfly fat tree network can be

represented with the notation V,,, (N,d,s), where N represents the total numberoflink—bft

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 switchto the inlet links of each input switch.

Althoughit is not necessary that there be the same numberofinlet links IL1-IL$8as there

are outlet links OL1-OL8, in a symmetrical network they are the same.
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Eachof the “ 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) and ML(1,2); and input switch IS1 is

also connected 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(1,5) and ML(1,6) are connected to the middle switch MS(1,1) from

input switch IS2) and are also connected from exactly d switches in middle stage 140

through 2d links (for example the links ML(3,3) and ML(3,4) are connected to the

middle switch MS(1,1) from middle switch MS(2,1) and also the links ML(3,9) and

ML(3,10) are connected to the middle switch MS(1,1) from middle switch MS(2,3)).

Each of the - middle switches MS(1,1) - MS(1,4) in the middle stage 130 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)) 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(1,1), and the links ML(4,3) and

ML(4,4) are connected to output switch OS2 from middle switch MS(1,1)).

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 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(2,9) 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 130 through 2xd links (for example the links ML(3,1) and
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ML(3,2) are connected from middle switch MS(2,1) to middle switch MS(1,3); and the

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

MS(1,1)).

Eachofthe ot output switches OS1 — OS4 are connected from exactly d
switches in middle stage 130 through 2d links (for example output switch OS1 is

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

switch OS1 is also connected from middle switch MS(1,2) through the links ML(4,5) and

ML(4,6)).

Finally the connection topology of the network 300A shownin FIG. 3A is known

to be back to back inverse Benes connection topology.

In other embodiments the connection topology may be different from the network

300A of FIG. 3A. That is the way the links ML(1,1) - ML(1,16), ML(Q,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 embodimentis illustrated, in general, the

network Vmiink-of (N,d,5) can comprise any arbitrary type of connection topology. For

example the connection topology of the network Vmalink-o(Nd, 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 ofthe V,,jin.»_(N,d,5) network

is, when no connectionsare setup from anyinputlink all the output links should be

reachable. Based on this property numerous embodiments of the network

Vnuinkop (Nd, 5) can be built. The embodiment of FIG. 3A is only one example of

network V,inno¢(N.d,5)

In the embodiment of FIG. 3A each of the links ML(1,1) - ML(,16), ML@Q,1) —

ML@Q,16), MLG,1) —- ML(3,16) and ML(4,1) — ML(4,16) are either available for use by

anew 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
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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(,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 example illustrated in FIG. 3A,a fan-out of four is 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 request if 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 request is satisfied. In essence, limiting the fan-out from input switch to no

more than two middle switches permits the network 300A,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 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 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 Symmetric RNB Embodiments:

Network 300B of FIG. 3B is an example of general symmetrical Multi-link

Butterfly fat tree network V49,(N.d,s) with (log, N) stages. The general

symmetrical Multi-link Butterfly fat tree network V,,),,4,(N,d,5) can be operated in

rearrangeably nonblocking manner for multicast when s = 2 according to the current

invention, Also the general symmetrical Multi-link Butterfly fat tree network
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V. ntink-os (Nd, 5) can be operatedin strictly nonblocking mannerfor unicastif

s = 2 according to the current invention. (And in the example of FIG. 3B, s = 2). The

general symmetrical Multi-link Butterfly fat tree network V4.4¢(N.d,5) with (log, N)

stages 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 2d 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 - output switches OS1-OS(N/d) (for example the links

OL1-OL(d) to the output switch O51) 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).

Eachofthe - input switches IS1 — IS(N/d) are connected to exactly d switches
in middle stage 130 through 2xd links.

Eachof the ot 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(1,1) — MS(1,N/d) in the middle
stage 130 are also connected from exactly d switches in middle stage 140 through 2x d

links and also are connected to exactly d output switches in output stage 120 through

2xd links.

Similarly each of the = middle switches MS(Log,N —-1,1) - MS(Log,N -1, 2)
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 andalso are connected to

exactly d switches in middle stage 130+10* (Log ,N —1) through 2xd links.

Eachof the output switches OS1 — OS(N/d) are connected from exactly d

switches in middle stage 130 through 2xd links.

Asdescribed before, again the connection topologyof a general V,,jin5 (N,d,58)

may be any one of the connection topologies. For example the connection topology of the

network V,,j:,4-»;(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 generalV,,,,,,_,;,(N,d,s) 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 Vj,-»,(N,d,5) can be built. The embodimentof FIG. 3A

are one example of network V,,,4;(N.d,5).

The general symmetrical Multi-link Butterfly fat tree network Vj, (Nd, 5)

can be operated in rearrangeably nonblocking manner for multicast when s 2 2

according to the current invention. Also the general symmetrical Multi-link Butterfly fat

tree network V,ji.5¢(N.d,5) can be operated in strictly nonblocking manner for unicast

if s = 2 according to the current invention.

Everyswitch in the Multi-link Butterfly fat tree networks discussed herein has

multicast capability. Ina Vmiine-on (Nd, 5) network,if a networkinletlink 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
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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 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 is limited to general multicast connections of the

. _ ' _N . i, .
first type (with fan-out r', 1<r'< 7? although the same discussion is applicable to the
second type.

. . . . a. N

To characterize a multicast assignment, for each inlet link i¢ Lesa , let

1,=O, where OC {ido denote the subset of output switches to whichinlet link 7
is to be connected in the multicast assignment. For example, the network of FIG. 3A

shows an exemplary three-stage network, namely V,,ji..»; (8,2,2) , with the following

multicast assignment J, = {2,3}and all other J ) =¢@ forj = [2-8]. It should benotedthat

the connection /, fans out in 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 output switch OS2 in output stage 120 and middle switch MS(2,2) in middle

stage 140 respectively.

The connection /, also fans out in middle switch MS(2,2) only once into middle

switches MS(1,4) in middle stage 130, The connection 7, also fans out in middle switch

MS(1,4) only once into output switch OS3 in output stage 120. Finally the connection /,

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 RNB (N2 > Ni) Embodiments:

Referring to FIG. 3C, in one embodiment, an exemplary asymmetrical Multi-link

Butterfly fat tree network 300C with three stages of sixteen 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 and 140 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.

Middle stage 130 consists of four, eight by twelve switches MS(1,1) - MS(1,4) and

middle stage 140 consists of four, four by four switches MS(2,1) - 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 eight by six, and there are four switches in each

of middle stage 130 and middle stage 140. 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 of size eight by twelve in middle stage 130 and four

switches of size four by four in middle stage 140.

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 WN, isthe 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

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,a = pXd. Thesize of each switch in middle1

stage 130 can be denoted as 4d * 2(d +d.,). The size of each switch in the root stage

(i.e., middle stage140) can be denoted as 2d * 2d . The size of each switch inall the
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middle stages excepting middle stage 130 and root stage can be denoted as 4d *4d Un

network 300C of FIG. 3C, there is no such middle stage). (In another embodiment, the

size of each switch in any of the middle stages other than the middle stage 140, can be

implemented as 2d *4d and 2d * 2d since the down coming middle links are never setup

to the up going middle links. For example in network 300C of FIG. 3C, the down coming

middle links ML(3,3), ML(3.4), ML(3,9) and ML(3,10) are never setup to the up going

middle links ML(2,1), ML@,2), ML(2,3) and ML(2,4) for the middle switch MS(1,1). So

middle switch MS(1,1) can be implemented as a four by eight switch with middle links

ML(1,1), ML(1,2), ML(1,5) and ML(1,6) as inputs and middle links ML(2,1), ML(2,2),

ML(2,3), ML(2,4), ML(4,1), ML(4,2), ML(4,3), and ML(4,4) as outputs; and a four by

four switch with middle links ML(3,3), ML(3,4), ML(3,9) and ML(3,10) as inputs and

middle links ML(4,1), ML(4,2), ML(4,3), and ML(4,4) as outputs).

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 Butterfly fat tree network can be represented with the notation

V tine-ox (N1,N>,d,5), 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 inletlinks of

each input switch where N, > WN, , and s is the ratio of numberof outgoing links from

each input switch to the inlet links of each input switch.

N

Eachofthe 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) and ML(1,2), and input switch IS1 is

also connected to 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
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and the links ML(1,5) and ML(1,6) are connected to the middle switch MS(1,1) from

input switch IS2) and are also connected from exactly d switches in middle stage 140

through 2xd links (for example the links ML(3,3) and ML(3,4) are connected to the

middle switch MS(1,1) from middle switch MS(2,1), and the links ML(3,9) and

ML(3,10) are connected to the middle switch MS(1,1) from middle switch MS(2,3)).

Similarly each of the 7 middle switches MS(1,1) — MS(1,4) in the middle stage
130 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)), and also are connected to exactly 2 output
switches in output stage 120 through d, links (for example the links ML(4,1) and

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

ML(4,3) and ML(4,4) are connected from middle switch MS(1,1) to output switch OS2;

the links ML(4,4) and ML(4,6) are connected from middle switch MS(1,1) to output

switch OS3; and the links ML(4,7) and ML(4,8) are connected from middle switch

MS(1,1) to output switch OS4).

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 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(2,9) 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 130 through 2xd links (for example the links ML(3,3) and

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

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

MS(1,3)).
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2

Eachof the “1 output switches OSI — OS4 are connected from exactly :
 

switches in middle stage 130 through d, links (for example output switch OS1 is

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

switch OS1 is connected from middle switch MS(1,2) through the links ML(4,9) and

ML(4,10); output switch OS1 is connected from middle switch MS(1,3) through the links

ML(4,17) and ML(4,18); output switch OSI is connected from middle switch MS(1,4)

through the links ML(4,25) and ML(4,26)).

Finally the connection topology of the network 300C shownin FIG. 3C is known

to be back to back inverse Benes connection topology.

In other embodiments the connection topology may be different from the

embodiment of the network 300C of FIG. 3C. 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(4,32) are

connected between the respective stages is different. Even though only one embodiment

is illustrated, in general, the network V,,i45,(N,,N,,d,s) can comprise any arbitrary

type of connection topology. For example the connection topology of the network

Vtine-og (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 topologyofthe V,iin¢(Ni,N2-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 V,,jin.sf (N,,N,,d,5) can be built. The

embodimentof FIG. 3C,are only one example of network V,jin5¢(Ni,No.d,5).

In the embodiment of FIG. 3C, each ofthe links ML(1,1) - ML(1,16), ML@,1) -

ML@Q,16), MLG,1) — ML(3,16) and ML(4,1) — ML(4,32) are either available for use by

anew 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
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middle switches or middle ports. The middle stage 130 is also referred to as root stage

and middle stage switches MS(1,2) - MS(2,4) are referred to as root stage switches.

In the example illustrated in FIG. 3C, 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 [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 300C, 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, 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 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 RNB (N, > N,) Embodiments:

Network 300D of FIG. 3D is an example of general asymmetrical Multi-link

Butterfly fat tree network V,jinxo¢(N1,N2,d,5) with (log, N) stages where N, > N, and

N, = p*N, where p> 1. In network 300D of FIG. 3D, N, = N andN, = p*N. The

general asymmetrical Multi-link Butterfly fat tree network V,jjin_yg(Ni,.N2,d,5) can be

operated in rearrangeably nonblocking mannerfor multicast when s = 2 according to the

current invention. Also the general asymmetrical Multi-link Butterfly fat tree network

-64-



Page 70 of 164

10

15

20

Page 70 of 164

$-0038 PCT

Vmlink-byt (N,,N,,d,s) can be operated in strictly nonblocking mannerfor unicastif

s = 2 according to the current invention. (And in the example of FIG. 3D, s =2). The

general asymmetrical Multi-link Butterfly fat tree network V,,i,4;,(N,,N>2,d,5) with

N

(logaN ) stages has d inlet links for each of 7 input switches IS1-ISC(N,/d) (for
example the links IL1-IL(d) to the input switch [S1) and 2x d outgoing links for each of

“1 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 of on1

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(Nj/d) are connected to exactly d
switches in middle stage 130 through 2xd_ 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 2xd_ links and also are connected

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

ae Ni. . =. . .
Similarly each of the 7 middle switches MS(1,1) - MS(1,N)/d) in the middle

stage 130 are connected from exactly d switches in middle stage 140 through 2d_links

+d, d . .
and also are connected to exactly output switches in output stage 120 through

d-+d, links.
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Similarly each of the 7 middle switches MS(Log,N, —LD-

MS(Log,N,- I) 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.

Eachof the = output switches OS1 — OS(Nj/d) are connected from exactly
d+d, switches in middle stage 130 through d +d, links.
 

Asdescribed before, again the connection topology of a general

V  ntine-op (N,N>,d,5) maybe any oneof the connection topologies. For example the

connection topology of the network V,,ji.1¢(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) 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 Vj5¢(N,.N>,.d,5) can

be built. The embodimentof FIG. 3C is one example of network V,jing (N,,N2,d, 5)

fors=2and N,>N,.

The general asymmetrical Multi-link Butterfly fat tree network

V.ntink-of: (N1,N>,d,5) can be operated in rearrangeably nonblocking mannerfor multicast

when s 2 2 according to the current invention. Also the general symmetrical Multi-link

Butterfly fat tree network V,jincoN1,N>,d,5) can be operatedin strictly nonblockingTH.

mannerfor unicast if s = 2 according to the current invention.
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For example, the network of FIG, 3C shows an exemplary three-stage network,

namely V,ings (8,24,2,2), with the following multicast assignment 7, = {2,3}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(1,2) in middle stage 130, and fans

out in middle switches MS(1,1) and MS(1,2) only once into output switch OS2 in output

stage 120 and middle switch MS(2,2) in middle stage 140.

The connection 7, also fans out in middle switch MS(2,2) only once into middle

switches MS(1,4) in middle stage 130. The connection /, also fans out in middle switch

MS(1,4) only once into output switch OS3 in output stage 120. Finally the connection /,

fans out once in the output stage switch OS2 into outlet link OL7 and in the output stage

switch OS3 twice into the outlet links OL13 and OL18. 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 (N; > Nz) Embodiments:

Referring to FIG. 3E, in one embodiment, an exemplary asymmetrical Multi-link

Butterfly fat tree network 300E with three stages of sixteen 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 and 140 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.

Middle stage 130 consists of four, twelve by eight switches MS(1,1) - MS(1,4) and

middle stage 140 consists of four, four by four switches MS(2,1) - MS(2,4).

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 and middle stage 140. 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
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by two, and there are four switches of size twelve by eight in middle stage 130, and four

switches of size four by four in middle stage 140.

In one embodimentof this network each of the input switches IS1-I$4 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 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 “e . 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, aa = pxXd. Thesize of each switch in
middle stage 130 can be denoted as 2(d +d,)* 4d. The size of each switch in the root

stage (i.e., middle stage140) can be denoted as 2d * 2d. The size of each switch inall the

middle stages excepting middle stage 130 and root stage can be denoted as 4d *4d Un

network 300C of FIG. 3C, there is no such middle stage). (In another embodiment, the

size of each switch in any of the middle stages other than the middle stage 140, can be

implemented as 2d *4d and 2d *2d since the down coming middle links are never setup

to the up going middle links. For example in network 300E of FIG. 3E, the down coming

middle links ML(3,3), ML(3.4), ML(3,9) and ML(3,10) are never setup to the up going

middle links ML(2,1), ML(2,2), ML(2,3) and ML(2,4) for the middle switch MS(1,1). So

middle switch MS(1,1) can be implemented as a four by eight switch with middle links

ML(1,1), ML(1,2), ML(1,5) and ML(1,6) as inputs and middle links ML(2,1), ML(2,2),

ML(2,3), ML(2,4), ML(4,1), ML(4,2), ML(4,3), and ML(4,4) as outputs; and a four by

four switch with middle links ML(3,3), ML(3,4), ML(3,9) and ML(3,10) as inputs and

middle links ML(4,1), ML(4,2), ML(4,3), and ML(4,4) as outputs).

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 Butterfly fat tree network can be represented with the notation
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Vmlink-byt (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 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 incominglinks to

each output switch to the outlet links of each output switch.

2 +

Eachof the “2 input switches ISI —1S4 are connected to exactly ane
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) and 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(,5) and ML(1,6); input switch [S1 is 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+d,)

2
connected from exactly input switches through d +d, links (for example the

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

MS(1,1); the links ML(1,9) and ML(1,10) are connected from input switch IS2 to middle

switch MS(1,1); the links ML(1,17) and ML(1,18) are connected from input switch IS3 to

middle switch MS(1,1); the links ML(1,25) and ML(1,26) are connected from input

switch IS4 to middle switch MS(1,1)), and also are connected from exactly d switches in

middle stage 140 through 2d links (for example the links ML(3,3) and ML(3,4) are

connected to the middle switch MS(1,1) from middle switch MS(2,1); and the links

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

MS(2,3)).

 

Similarly each of the “ middle switches MS(1,1) — MS(1,4) in the middle stage
130 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
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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(Q,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(1,1) and the links

ML(4,3) and ML(4,4) are connected to output switch OS2 from middle switch MS(1,1)).

 

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(2,9) 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 130 through 2d links (for example the links ML(3,3) and

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

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

MS(1,3)).

Each ofthe <2 output switches OS1 — OS4 are connected from exactly d
switches in middle stage 130 through 2xd links (for example output switch OS1 is

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

output switch OS1 is connected from middle switch MS(1,2) through the links ML(4,5)

and ML(4,6).

Finally the connection topology of the network 300E shownin FIG.3E is known

to be back to back inverse Benes connection topology.

In other embodiments the connection topology may be different from the

embodiment of the network 300E of FIG. 3E. That is the way the links ML(1,1) -

ML(1,32), 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 one embodiment

is illustrated, in general, the network V,,14_5¢(N,,N,,d,s) can comprise any arbitrary

type of connection topology. For example the connection topology of the network
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V.ntink-o: (N1,N>,d,5) maybe 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 Viin: (N,N,,d,8) 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 V,jin54(N,,N>,d,5) can be built. The

embodimentof FIG.3E is only one example of network V,4.5¢(Nj,No.d,5).

In the embodiment of FIG. 3E, each of the links ML(1,1) - ML(1,32), ML(,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 thefirst 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.

In the example illustrated in FIG. 3E, 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 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 300E,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,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 number of middle
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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

be used within any of the middle stage switches and the output stage switchesto satisfy

the connection request.

Generalized Asymmetric RNB (N; > N2) Embodiments:

Network 300F of FIG. 3F is an example of general asymmetrical Multi-link

Butterflyfat tree network V,jine_y¢(Ni,N>,d,5) with (log, N) stages where N, > N, and

N, = p*N, where p> 1. In network 300F of FIG. 3F, N, =N andN, = p*N. The

general asymmetrical Multi-link Butterfly fat tree network V,,jin.»¢(Ni,N2,d,5) can be

operated in rearrangeably nonblocking manner for multicast when s = 2 according to the

current invention. Also the general asymmetrical Multi-link Butterfly fat tree network

V. ntink-op (N,N,,d,5) can be operatedin strictly nonblocking mannerfor unicastif

s = 2 according to the current invention. (Andin the example of FIG. 3F, s =2). The

general asymmetrical Multi-link Butterfly fat tree network V,,i,-3(Ni,.N>..d,5) with

(logaN ) stages has d, (where d, = N, xe = pxXd inlet links for each of = input2

switches IS1-IS(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(No2/d) (for
example the links ML(1,1) - ML(.,(d+p*d)) to the input switch IS1). There are d outlet

N

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 incoming links 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).

N,. d+d,
Eachof the a input switches IS1 — IS(N2/d) are connected to exactly >

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
d, d+d, .

are connected from exactly input switches through d+ d, links andalso are

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

 

Similarly each of the ~ middle switches MS(1,1) — MS(1,2N>/d) in the middle
stage 130 also are connected to 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.

 

Similarly each of the ~ middle switches MS(Log,N, —1,]) -

MS(Log ,N,-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 2xd links and also

are connected to exactly d switches in middle stage 130+10* (Log ,N, —1) through

2xd links.

Eachof the m output switches OS1 — OS(N2/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

1V non-op (N,,N>,d,5) maybe any oneof the connection topologies. For example the

connection topology of the network V,,j..4¢(Ni,N2,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,,,»4¢(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 embodimentsof the network V,,jjn.4¢(Ni,N2.d.5) can
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be built. The embodiments of FIG. 3E is one example of network V,,j,,_4¢(Ni,N2.d.5)

fors=2and N,>N,.

The general symmetrical Multi-link Butterfly fat tree network

Vi aine-op (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 Multi-link

Butterfly fat tree network V,jinn; (N1,N>,d,5) can be operatedin strictly nonblocking

mannerfor unicast if s > 2 according to the current invention.

For example, the network of FIG. 3E showsan exemplary three-stage network,

namely V, (24,8,2,2), with the following multicast assignment J, = {2,3}and allmilink—bft

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(1,2) in middle stage 130, and fans

out in middle switches MS(1,1) and MS(1,2) only once into output switch OS2 in output

stage 120 and middle switch and MS(2,2) in middle stage 140 respectively.

The connection /, also fans out in middle switch MS(2,2) only once into middle

switch MS(1,4) in middle stage 130, The connection 7, also fans out in middle switch

MS(1,4) only once into output switch OS3 in output stage 120. Finally the connection /,

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.

Strictly Nonblocking Multi-link Butterfly Fat Tree Networks:

The general symmetric multi-link Butterfly fat tree network V,ji4_y¢(N.d@,5) can

also be operated in strictly nonblocking manner for multicast when s 23 according to the

current invention. Similarly the general asymmetric multi-link Butterfly fat tree network

Vnink-o (N1,N>,4,5) can also be operated in strictly nonblocking manner for multicastciit

when s 23 according to the current invention.
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Scheduling Method Embodiments:

FIG. 4A showsa high-level flowchart of a scheduling method 1000, in one

embodimentexecuted to setup multicast and unicast connections in network 400A of

FIG, 4A (or any of the networks V,,(N,.N.,d,5) and Vijineog (Ni.N>2,d,5) disclosedin

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 throughall of

their available out going middle links to middle stage 140 (reverse links from middle

stage 130 to output stage 120 are ignored) all the available middle switches in middle

stage 140 are derived. (In the traversal from any middle stage to the following middle

stage only upward links are used and noreverse links or downwardlinks are used. Thatis

for example, while deriving the list of available middle switches in middle stage 140, the

reverse links going from middle stage 130 to output stage 120 are ignored.) 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

processis 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) forall 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 hencethe destination outlet
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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,all the middle switches in middle stage 130 from which the output switch is

reachable, are derived. Next, starting from the selected middle switches in middle stage

130 traveling backward throughall of their available incoming middle links from middle

stage 140 all the available middle switches in middle stage 140 (reverse links from

middle stage 130 to input stage 120 are ignored) from which the output switch is

reachable, are derived. (In the traversal from any middle stage to the following middle

stage only upward links are used and no reverse links or downwardlinks are used. Thatis

for example, while deriving the list of available middle switches in middle stage 140, the

reverse links coming to middle stage 130 from input stage 110 are ignored.) This process

is repeated recursively until all the middle switches in middle stage

130+10* (Log,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 andseparate lists in each middle stage from middle stage 130 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
66,99

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, thelist of all the

reachable destination links from each outgoing link of the input switch is derived. The

control then goes to act 1050.

-76-



Page 82 of 164

10

15

20

25

30

Page 82 of 164

$-0038 PCT

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(i.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. Also the nearest U-turn

is taken while setting up the connection. Thatis at any middle stage if one of the middle

switch in the lists derived in acts 1020 and 1030 are common then the connectionis setup

so that the U-turn is made to setup the connection from that middle switch for all the

destination links reachable from that common middle switch. Then the control transfers

to act 1090.

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 checkedif 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. Also the nearest U-

turn is taken while setting up the connection. That is at any middle stage if one of the

middle switch in the lists derived in acts 1020 and 1030 are common then the connection

is setup so that the U-turn is made to setup the connection from that middle switch forall

the destination links reachable from that common middle switch. 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.
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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

request if the input switch is IS1, again only at most two outgoing middle linksis 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. 4A so long

as at most two outgoing middle links of the input switch are selected to ensure that the

connection requestis 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,, (NV,,N,,d,5) and the network V,jiN,,N2,d,5) to

be operated in nonblocking mannerin accordance with the invention.

According to the current invention, using the method 1040 of FIG. 4A,the

network Vir (N,,N,,d,5) and the network V,, (N,,N,,d,5) are operated intink —bft

rearrangeably nonblocking for unicast connections when s 2 1, are operated instrictly

nonblocking for unicast connections when s > 2, are operated in rearrangeably

nonblocking for multicast connections when s 2 2, and are operated instrictly

nonblocking for multicast connections when s 23.

The connection request of the type described abovein reference to method 1000

of FIG. 4A 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. 4A 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.

Asnoted above method 1000 of FIG. 4A can be used to setup multicast

connections, unicast connections, or broadcast connection of all the networks
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Vig (Ns 55), Vig Ni. N55455) 5 Vintineop (No, 5), ad Viinno (N1,N2,d.5) disclosed in

this invention.

Applications Embodiments:

All the embodiments disclosed in the current invention are useful in many

varieties of applications. FIG. 5A1 illustrates the diagram of 500A1 whichis a typical

two by two switch with twoinlet links namely IL1 and IL2, and two outlet 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. 5A1. For example the diagram of

500A1 may the implementation of middle switch MS(2,1) of the diagram 100A of FIG.

1A whereinlet link IL1 of diagram 500A1 correspondsto middle link ML(2,1) of

diagram 100A,inlet link IL2 of diagram 500A1 corresponds to middle link ML(2,5) of

diagram 100A,outlet link OL1 of diagram 500A1 corresponds to middle link ML(3,1) of

diagram 100A,outlet link OL? of diagram 500A1 corresponds to middle link ML(3,2) of

diagram 100A.

1) Programmable Integrated Circuit Embodiments:

All the embodiments disclosed in the current invention are useful in

programmable integrated circuit applications, FIG. 5A2 illustrates the detailed diagram

500A2for the implementation of the diagram 500A1 in programmable integrated circuit

embodiments. Each crosspoint is implemented bya transistor coupled between the

corresponding inlet 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 IL1 and outlet link OL1, and programmable

cell P(1,1); crosspoint CP(1,2) is implemented by transistor C(1,2) coupled betweeninlet

link ILI andoutlet link OL2, and programmablecell P(1,2); crosspoint CP(2,1)is

implemented bytransistor 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).
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If the programmable cell is programmed ON,the correspondingtransistor couples

the correspondinginlet link and outlet link. If the programmable cell is programmed

OFF, the correspondinginlet link and outlet link are not connected. For exampleif the

programmable cell P(1,1) is programmed ON,the correspondingtransistor C(1,1) couples

the corresponding inlet 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 programmable integrated 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.

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. 5A3 illustrates the detailed diagram

500A3 for the implementation of the diagram 500A1 in one-time programmable

integrated circuit embodiments. Each crosspoint is implemented bya via coupled

between the correspondinginlet 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 betweeninlet link IL1 and outlet link OL2; crosspoint CP(2,1) is

implemented by via V(2,1) coupled betweeninlet link IL2 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 corresponding inlet 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 500A3 the via V(1,1) is
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programmed ON,and the correspondinginlet link IL1 and outlet link OL1 are connected

as denoted by thick circle at the intersection of inlet link IL] and outlet link OL1; the via

V(2,2) is programmed ON,and the correspondinginlet link IL2 and outlet link OL2 are

connected as denoted by thick circle at the intersection of inlet link IL2 and outlet link

OL2; the via V(1,2) is programmed OFF, andthe correspondinginlet link IL1 and outlet

link OL2 are not connected as denoted by the absenceofthick 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

absenceofthick 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.

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. 5A4illustrates the detailed diagram 500A4for the implementation of

the diagram 500A1 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. However the 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 TL1 and outlet link OL1 whichis denoted bythe thick circle at the intersection

of inlet link ILI 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

500A4 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.
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Alternatively inlet link IL1 needs to be connected to outlet link OL1 andinlet 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 TL2 does not need to be connected to outlet

link OL1. Furthermore in the example of the diagram SO0A4,there is no needto drive the

5 signal of inlet link IL1 horizontally beyond outlet link OL1 and hencetheinlet link IL1 is

not even extendedhorizontally until the outlet link OL2. Also the absence of direct

connect point DCP(2,1) illustrates there is no need to connectinlet link IL2 and outlet

link OL1.

In summaryin integrated circuit placement and route tools, the concept of virtual

10 switches and virtual cross points is used during the implementation of the placement &

routing algorithmically in software, however during the hardware implementation cross

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.

153) 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,

20 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 NV, outlet links, and

when N, > N, and N, = p*N, where p> 1 then N, =N, d, =d, and

d,=N xf = xd; and
2 2 N, P ,

a leaf stage comprising an input stage and an output stage; and said input stage

comprising — input switches, and each input switch comprising d inlet links and each
said input switch further comprising xx d outgoing links connecting to switchesinits

; ..  N,
immediate succeeding stage where x > 0; and said output stage comprising 7 output

switches, and each output switch comprising d, outlet links and each said output switch

(d+d,)
2

further comprising xX incoming links connecting from switchesin its

immediate succeeding stage; and

a plurality of y middle stages, excepting a root stage, comprising xo middle
switches in each of said y middle stages wherein one of said middle stages is the

immediate succeeding stage to both said input stage and said output stage, where y > 1,

; .. N_, .
and said root stage comprising — middle switches; and

each middle switch in all said middle stages, excepting said root stage and said

succeeding stage to both said input stage said output stage, comprising d incoming links

(hereinafter “incoming middle links”) connecting from switches in its immediate

preceding stage and d incoming links connecting from switchesin its immediate

succeeding stage, and each middle switch further comprising d outgoing links
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(hereinafter “outgoing middle links”) connecting to switches in its immediate succeeding

stage and d outgoing links connecting to switchesin its immediate succeeding stage; and

each middle switch in said succeeding stage to both said input stage and said

output stage comprising d incoming links connecting from switchesin said input stage

and d incominglinks connecting from switchesit its immediate succeeding stage, and

(d+d,)
2

each middle switch further comprising outgoing links connecting to switches in

said output stage and d outgoing links connecting to switches in its immediate

succeeding stage; and

each middle switch in said root stage comprising d incoming links connecting

from switchesin its immediate preceding stage and each middle switch further

comprising d outgoing links connecting to switches in its immediate preceding stage; or

when N, > N, and N, = p* N, where p>1 then N, =N, d, =dand

d,= Nx = pxd and
N,

a leaf stage comprising an input stage and an output stage; said input stage

comprising 7 input switches, and each input switch comprising d, inlet links and each
(d+d,)

2
input switch further comprising xx outgoing links connecting to switches in its

. . . . _. NWN

immediate succeeding stage where x > 0; and said 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 switchesin its immediate succeeding

stage; and

. ; . N.,

a plurality of y middle stages, excepting a root stage, comprising XX middle
switches in each of said y middle stages wherein one of said middle stages is the

immediate succeeding stage to both said input stage and said output stage, where y > 1,

.  N_,
and said root stage comprising — middle switches; and
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each middle switch in all said middle stages, excepting said root stage and said

succeeding stage to both said input stage said output stage, comprising d incoming links

(hereinafter “incoming middle links”) connecting from switchesin its immediate

preceding stage and d incoming links connecting from switchesin its immediate

succeeding stage, and each middle switch further comprising d outgoing links

(hereinafter “outgoing middle links”) connecting to switches in its immediate succeeding

stage and d outgoing links connecting to switchesin its immediate succeeding stage; and

each middle switch in said succeeding stage to both said input stage and said

(d+d,)
aoutput stage comprising incoming links connecting from switchesin said input

stage and d incoming links connecting from switches it its immediate succeeding stage,

and each middle switch further comprising d outgoing links connecting to switches in

said output stage and d outgoing links connecting to switches in its immediate

succeeding stage; and

each middle switch in said root stage comprising d incoming links connecting

from switches in its immediate preceding stage and each middle switch further

comprising d outgoing links connecting to switches in its immediate preceding 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.

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 networkofclaim 2, wherein y > (log iN, )-1 when N, > N,, and

y (log, N,)-1 when N, >N,.
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4, The network of claim 3, wherein x 21, wherein said each multicast connection

comprises only one destination link, and

said each multicast connection from an inlet 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 by passage 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,

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 networkis hereinafter “strictly

nonblocking network”.
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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, outletlinks are the

same numberof links, .e., N, =N,=N,and d, =d,=d.

10. The network of claim 1, wherein said input switches, said output switches and

said middle switches are not fully 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 NV, outlet links, and

when N, > WN, and N, = p*N, where p> 1 then N, =N, d, =d, and

d
d, =N,xX— = pxd;and

N,

having a leaf stage comprising an input stage and an output stage; and said input

. NN. . . . . . .
stage having 7 input switches, and each input switch having d inlet links and each
input switch further having xx d outgoing links connected to switches in its immediate

. . _ N, .
succeeding stage where x > 0; and said output stage having a output switches, and

each output switch having d, outlet links and each output switch further having

(d+d,). o., . oe, . .
xX> incoming links connected from switches in its immediate succeeding stage;
and

a plurality of y middle stages, excepting a root stage, having xe middle
switches in each of said y middle stages wherein one of said middle stages is the
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immediate succeeding stage to both said input stage and said output stage, where y > 1,

and said root stage having = middle switches, and
each middle switch in all said middle stages, excepting said root stage and said

succeeding stage to both said input stage said output stage, having d incoming links

connected from switches in its immediate preceding stage and d incoming links

connected from switches in its immediate succeeding stage, and each middle switch

further comprising d outgoing links connected to switches in its immediate succeeding

stage and d outgoing links connected to switchesin its immediate succeeding stage; and

each middle switch in said succeeding stage to both said input stage and said

output stage having d incoming links connected from switchesin said input stage and d

incoming links connected from switchesit its immediate succeeding stage, and each

(d+d,)
amiddle switch further having outgoing links connected to switches in said output

stage and d outgoing links connected to switchesin its immediate succeeding stage; and

each middle switch in said root stage having d incoming links connected from

switches in its immediate preceding stage and each middle switch further having d

outgoing links connected to switches in its immediate preceding stage; or

when N, > N, and N, = p* N, where p>1 then N, =N, d, =dand

d,=N,x = pxXd; and having
having a leaf stage having an input stage and an output stage; and said input stage

having — input switches, and each input switch having d,inlet links and each input
d

(d+d,)
2

switch further having xx outgoing links connected to switchesin its immediate

. . _ N ;

succeeding stage where x > 0; and said 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 its immediate succeeding stage; and
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a plurality of y middle stages, excepting a root stage, having xe middle
switches in each of said y middle stages wherein oneof said middle stagesis the

immediate succeeding stage to both said input stage and said output stage, where y > 1,

. _ NN, .

and said root stage having a middle switches, and
each middle switch in all said middle stages, excepting said root stage and said

succeeding stage to both said input stage said output stage, having d incoming links

connected from switches in its immediate preceding stage and d incominglinks

connected from switches in its immediate succeeding stage, and each middle switch

further comprisingd outgoing links connected to switches in its immediate succeeding

stage and d outgoing links connected to switchesin its immediate succeeding stage; and

each middle switch in said succeeding stage to both said input stage and said

(d+d,)
2

output stage having incoming links connected from switchesin said input stage

and d incoming links connected from switchesit its immediate succeeding stage, and

each middle switch further having d outgoing links connected to switches in said output

stage and d outgoing links connected to switches in its immediate succeeding stage; and

each middle switch in said root stage having d incoming links connected from

switches in its immediate preceding stage and each middle switch further having d

outgoing links connected to switches in its immediate preceding stage; and said method

comprising:

receiving a multicast connection at said input stage;

fanning out said multicast connection through at most two outgoing links 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

said 7 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 and said plurality of outgoing links in said plurality of middle switches in

each said middle stage are available.
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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:

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 method for setting up one or more multicast connections in a network having

N, inlet links and NV, outlet links, and

when N, > WN, and N, = p*N, where p> 1 then N, =N, d, =d, and

d
d, =N,xX— = pxd; and

N,

having a leaf stage comprising an input stage and an output stage; and said input

_ N,.« . . . . .
stage having 7 input switches, and each input switch having d inlet links and each
input switch further having xx d outgoing links connected to switches in its immediate

_ N,
succeeding stage where x > 0; and said output stage having a output switches, and

each output switch having d, outlet links and each output switch further having

ld +s)
2

incoming links connected from switches in its immediate succeeding stage;

and
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a plurality of y middle stages, excepting a root stage, having xe middle
switches in each of said y middle stages wherein oneof said middle stagesis the

immediate succeeding stage to both said input stage and said output stage, where y > 1,

. _ NN, .

and said root stage having a middle switches, and
each middle switch in all said middle stages, excepting said root stage and said

succeeding stage to both said input stage said output stage, having d incoming links

connected from switches in its immediate preceding stage and d incominglinks

connected from switches in its immediate succeeding stage, and each middle switch

further comprisingd outgoing links connected to switches in its immediate succeeding

stage and d outgoing links connected to switchesin its immediate succeeding stage; and

each middle switch in said succeeding stage to both said input stage and said

output stage having d incominglinks connected from switches in said input stage and d

incoming links connected from switchesit its immediate succeeding stage, and each

(d+d,)
amiddle switch further having outgoing links connected to switches in said output

stage and d outgoing links connected to switchesin its immediate succeeding stage; and

each middle switch in said root stage having d incoming links connected from

switches in its immediate preceding stage and each middle switch further having d

outgoing links connected to switches in its immediate preceding stage; or

when N, > N, and N, = p* N, wherep>1 then N, =N, d, =dand

d,=N, oa = pxd; and having2

having a leaf stage having an inputstage and an output stage; and said input stage

N.
having — input switches, and each input switch having d, inlet links and each input

d

; ; dt+d re . So ;
switch further having xx+outgoing links connected to switchesin its immediate

_ N .
succeeding stage where x > 0; and said output stage having —* output switches, and
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each output switch having d outlet links and each output switch further having xxd

incoming links connected from switches in its immediate succeeding stage; and

. ; . . N

a plurality of y middle stages, excepting a root stage, having xXT middle
switches in each of said y middle stages wherein one of said middle stagesis the

immediate succeeding stage to both said input stage and said output stage, where y > 1,

. _ NN, .

and said root stage having 7 middle switches, and
each middle switch in all said middle stages, excepting said root stage and said

succeeding stage to both said input stage said output stage, having d incoming links

connected from switches in its immediate preceding stage and d incominglinks

connected from switches in its immediate succeeding stage, and each middle switch

further comprisingd outgoing links connected to switches in its immediate succeeding

stage and d outgoing links connected to switchesin its immediate succeeding stage; and

each middle switch in said succeeding stage to both said input stage and said

(d+d,)
2

output stage having incoming links connected from switches in said input stage

and d incoming links connected from switchesit its immediate succeeding stage, and

each middle switch further having d outgoing links connected to switches in said output

stage and d outgoing links connected to switchesin its immediate succeeding stage; and

each middle switch in said root stage having d incoming links connected from

switches in its immediate preceding stage and each middle switch further having d

outgoing links connected to switches in its immediate preceding stage; and said method

comprising:

checkingif a first outgoing link in input switch anda first plurality of outgoing

links in plurality of middle switches in each said middle stage are available to at least a

first subset of destination output switches of said multicast connection; and

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 subsetof destination output switches of said multicast connection.
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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.

18. The method of claim Error! Reference source not found. 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 Error! Reference source not found. further comprising:

repeating said checkings of 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 Error! Reference source not found. 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 Error! Reference source not found. further comprising:

setting up each of said multicast connection from its said input switch to its said

output switches through not more than two outgoinglinks, selected by said checkings, by

fanning out said multicast connectionin its said input switch into not more than said two

outgoing links.
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22. The method of claim Error! Reference source not found. wherein any ofsaid

acts of checking andsetting up are performed recursively.
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FULLY CONNECTED GENERALIZED BUTTERFLY FAT TREE NETWORKS

Venkat Konda

ABSTRACTOF DISCLOSURE

A generalizedbutterfly fat tree network comprising (logiN ) stages is operated in

strictly nonblocking mannerfor unicast, when s 2 2, includesa leaf stage consisting of

. _ N . . . .

an input stage having 7 switches with each of them having d inlet links and
sxdoutgoing links connectingto its immediate succeeding stage switches, and an output

stage having 7 switches with each of them having d outlet links and sxd incoming
links connecting from switches in its immediate succeeding stage. The network also has

(logiN)-1 middle stages with each middlestage, excepting the root stage, having

SXN 

switches, and each switch in the middle stage has d incoming links connecting

from the switches in its immediate preceding stage, d incoming links connecting from

the switches in its immediate succeeding stage, d outgoing links connecting to the

switches in its immediate succeeding stage, d outgoing links connecting to the switches

sx N 

in its immediate preceding stage, and the root stage having switches, and each

switch in the middle stage has d incoming links connecting from the switches inits

immediate preceding stage and d outgoing links connecting to the switches inits

immediate preceding stage. Also the same generalized butterfly fat tree network, i.e.

when s 2 2, is operated in rearrangeably nonblocking mannerfor arbitrary fan-out

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

from the input stage switch. Also the generalized butterfly fat tree network, when s 2 3,

is operated in strictly nonblocking mannerfor arbitrary fan-out multicast, and each

multicast connection is set up by use of at most two outgoing links from the input stage

switch.
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Express Mail mailing number:

File reference no,: $-0038 PCT

Customer Number!= 38139

' Customer Number will allow access to the application iu Private PAIR but cannot be used to establish or change the correspondeuce address,

 
 

 
 
 

 

  

 This is a new International Application 
 SCREENING DISCLOSURE INFORMATION;

In orderto assist in screening the accompanying international application for purposes of determining whether a
license for foreign transmittal should and could be granted and for other purposes,the following informationis
supplied. (check as boxes as apply):

 

   
 
  
 

(L] Theinvention disclose was not madein the United States of America.

(J Thereis no prior US. application relating to this invention.  The following prior U.S. application(s) contain subject matter whichis related to the invention disclosed in the
attached intemational application. (NOTE: priority to these applications may or may not be claimed on the
Request (farm PCT/RO/101) and this listing does not constitute a claimfor priority.)

application no. 60/940, 390 filed on 5/25/2007

The present international application contains additional subject matter not foundin the prior U.S. application(s)
identified above. The additional subject matter is found on pages _79-82
and DOES NOT ALTER (J MIGHT BE CONSIDERED TO ALTER thegeneral nature of the
invention in a manner which would require the U.S. application to have been madeavailable for inspection by the
appropriate defense agencies under 35 U.S.C. 181 and 37 C.F.R. 5.15.

itemized list of contents .

Sheets of Request form: 3

Sheets of description .
(excluding sequencelisting) 82 Return receipt postcard:

  
 

      
  
  
 

  
 
 

 

 
 
 
 
 
 
 

Sheets of claims: 12

Sheets of abstract: 1 Certifiedapyofpriority

7A Applicant Venkat Konda
The person

 
signingthis [[] Attomey/Agent (Reg. No.) Name ofperson signing

Nenkat Konda/

(1) Common Representative Signature
 

This callection of information is required by 37 CFR 1.10 and 1.412. The information is required to obtain or retain 3 benefit by the public, which is to file Gand by the
USPTO to process) an application. Confidentiality is govemed by 35 U.S.C. 122 and 37 CFR 1.f 1 and 1.14, This collection is estimated to take 15 minutes to complete,
including gathering information, preparing, and submitting the completed form to the USPTO,Time will vary depending upon the individual case. Any comments on the
amountoftime you require to complete this form and/or suggestions for reducing this burden, should be sent to the ChicfInformation Officer, U.S. Patent and Trademark
Office, U.S, Department of Commerce,P.O. Box 1450, Alexandria, VA 22313-1450. DO NOT SEND FEES OR COMPLETED FORMSTO THIS ADDRESS.
SEND TO: Mail Stop PCT, Commissioner for Patents, P.O. Box 1450, Alexandria, VA 22313-1450.
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PATENT COOPERATION TREATY
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To PCT
VENKAT KONDA

6278, GRAND OAK WAY NOTIFICATION CONCERNING PAYMENT
SAN JOSE, CALIFORNIA 95135 OF PRESCRIBED FEES

 
 
 
 
 

 
(PCT Rules 14, 15 and 16 and Administrative

Instructions, Sections 102bis(c), 304,

323(b), 707(b) and 803)

 
 Date of mailing

(day/month/year) 10 Jun 2008

Applicant’s or agent’s file reference PAYMENT DUE

S-0038 PCT see ilem 3 for Limelimits

International application No. Internationalfiling date/Date of receipt Priority date (day/month/year)

Pct/Us2008/064603=|@a”montivvear) 25 May 2007
Applicant

KONDA, VENKAT

|. The applicant is hereby notified that this receiving Office has received:

[] the paymentofall the prescribed fees, and [] an overpayment, which will be refunded in due course.

De] no or insufficient payment of the prescribed fees and the applicant is hereby invited to pay the balance due, assummarized under item 2, within the time limit(s) indicated under item 3.

2. Fees and payment calculation:

4,505.00 0.00 4,505.00

Total fees payable Amount paid Balance

  

[] The details of the calculation are given in the Annex.

3. Timelimit(s) for payment and amount(s) payable (Rules 14.1, 15.4 and 16.1(f)):

within ONE MONTHfrom the date of receipt of the international application (for the transmittal fee (if any), the search
= fee and the internationalfiling fee). The amount payable for each fee is the amount applicable on the date of receipt of the

international application.

[] within 16 MONTHSfrom thepriority date (only for the fee for priority document). The applicant’s attention is drawnto thefact that the request made by the applicant under Rule 17.1(b) will be considered not to have been made unlessthe fee is paid
within that time limit.

4. Additional observations (if necessary):

The search copy will not be transmitted to the International Searching Authority until the search fee is paid (therefore the
start of the international search will be delayed) (Rule 23.1(a) and (b)).

Nameand mailing address of the receiving Office Authorized officer

Mail Stop PCT, Commissioner for Patents MOTLEY NINA
P.O. Box 1450, Alexandria, VA 22313-1450

liacsimile No. 571-273-3201 ‘lelephone No. (703)308-9290 X123

Form PCT/RO/102 (January 2004)
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ANNEX TO FORM PCT/RO/102
CALCULATION OF THE PRESCRIBED FEES International application No.

PCT/US2008/064603 
Transmittal Fee

Prescribed amount: . . 2... eeee 300.00 [T]
0.00

Balance:. 2. 2 2we__300.00 [_] overpayment
balance due

Amount paid: . 2...) [_] correct amount

Search Fee

Prescribed amount: . . 2... 1. eeee 1,800.00 [s]
Amountpaid: 2 2.0eee900

1,800.00
Balance:. 2 2 2 2ee[_] overpayment

balance due

CT correct amount

International Filing Fee

Fixed amountfor first 30 sheets: . . . . . . . 1,173.00 [il]

88 x 14.00 = 1,232.00

Numberof sheets Fee per sheet
in excess of 30

 

Additional

component:. . .400 x 0.00 _ 0.00 fi3]
Fee per sheet

Reduction where the international application is filed
(See PCTApplicant’s Guide, Volume I, General Part,
for details on the availability of this reduction):

using the PCT-FASYsoftware:. 2. 2. 2. 2. 2 = 0.00 [x]
or

in electronic form where the text of the

description, claims and abstract is not in
character coded format:. . .. ..... - 0.00 [x|
or

in electronic form where the text of the

description, claimsand abstract is in character
coded formal:. 2... 2. eee 0.00[F]

Sub-total: 2. 2. 2.2 2,405.00 [i1+i2+i3-r]

Prescribed total amount (The amount to be entered at I is the sub-total
entered at (i1+i2+i3-r), except where the applicant is (or all applicants
are) entitled to a reduction of 75%, in which case the amount to be
entered at I is 25% ofthe sub-total (i11+i2+i3-1); certain applicantsfrom
certain States are entitled to a reduction of 75% of the international
filing fee; see Notes to the Fee Calculation Sheet as annexed to the
Request Form, PCT/RO/101, for details): . 2 0 0ee - 2,405.00 [1]
Amountpaid:2...) 0.00

Balance:. 2. 2 weee 2,405.00 [[] overpayment
balance due

CT correct amount

Fee for Priority Document

Prescribed amount: . 2. 2... 2.ee 0.00 [P]
Amount paid: . 2...) . eee

P 7 9-00 correct amount
Balance: . 2 2 2 eeee _ 0.00 Cc overpayment

TC balance due 

Form PCT/RO/102 (Annex) (January 2004)
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PATENT COOPERATION TREATY

From the RECEIVING OFFICE

PCT
To:

VENKAT KONDA

6278, GRAND OAK WAY
SAN JOSE, CALIFORNIA 95135

 
 
 
 

 
 
 

 

NOTIFICATION OF THE INTERNATIONAL
APPLICATION NUMBER AND OF THE

INTERNATIONAL FILING DATE

(PCT Rulc 20.2(c))

 
 . . Date of mailing

Confirmation No: 5416 (day/month/vear) 10 Jun 2008

Applicant’s or agent’s file reference IMPORTANT NOTIFICATION
$-0038 PCT

International application No. International filing date (day/month/vear) Priority date (day/month/vear)

PCT/US2008/064603 22 May 2008 25 May 2007

  
 
 

Applicant

KONDA, VENKAT

Title of the invention
FULLY CONNECTED GENERALIZED BUTTERFLY FAT TREE NETWORKS
 
  

Theapplicant is hereby notified that the international application has been accorded the international application number and the
internationalfiling date indicated above.

2.  Theapplicantis further notified thatthe record copy ofthe international application:

. . 10 Jun 2008was transmitted to the International Bureau on 

[| has not yetbeen transmitted to the International Bureau forthe reason indicated hclowandacopyofthis notificationhas beensent to the International Bureau*:

[| becausethe necessary national security clearance has notyet been obtained.

[] because (reasonto be specified):

* The International Bureau monitors the transmittal ofthe record copy by the receiving Office and will notify the applicant (with
Form PCT/IB/301) ofits receipt. Should the record copy not have been received by the expiration of 14 months fromthe priority
date, the International Bureau will notify the applicant (Rule 22. 1(c)).

FOREIGN TRANSMITTAL LICENSE INFORMATION Completed by: MN
Additional license for foreign transmittal not required. This subject matter is covered by a license already granted or
the equivalent U.S. national application. Refer to that license for information concerning its scope.

License for foreign transmittal not required. 37 CFR. 5.11(e)(1) or 37 CFR 5.11(e)(2). However, a license may be
required for additional subject matter. See 37 CFR 5.15(b).

. . . 04 Jun 2008
Foreign transmittal license granted. 35 U.S.C. 184; 37 CFR 5.11 on

= (date)
[J 37 cer 5.15(a) 37 CER 5.15(b)

Name and mailing address of the receiving Office Authorized officer

Mail Stop PCT, Commissioner for Patents MOTLEY NINA
P.O. Box 1450, Alexandria, VA 22313-1450

Facsimile No. 574-273-3201 Telephone No. (703)308-9290 X123

Form PCT/RO/105 (April 2007)

 
Page 150 of 164



Page 151 of 164

PATENT COOPERATION TREATY

From the RECEIVING OFFICE

Te: PCT
VENKAT KONDA

6278, GRAND OAK WAY
SAN JOSE, CALIFORNIA 95135 INVITATION TO CORRECT DEFECTSIN

THE INTERNATIONAL APPLICATION

(PCT Articles 3(4)G) and 14(1) and Rule 26)

Date of mailing
(day/month/year) 10 Jun 2008

 
Applicant’s or agent’s file reference REPLY DUE within TWO MONTHSfrom the

S-0038 PCT
above date of mailing

International application No. International filing date

PCT/US2008/064603 (day/month/year) 22 May 2008

Applicant ONDA, VENKAT

1. The applicant is hereby invited, within the time limit indicated above,to correct, in the international applicationasfiled, the
defects specified on the attached:

CL] Annex A

C Annex B1 (lext matter of the international application asfiled)
Annex Cl (drawings of the international application asfiled)

2. LC] The applicant is hereby invited, within the time limit indicated above, to correct, in the translation of the international
application furnished under Rule 12.3 or 12.4, the defects specified on the attached:

CL] Annex A

CL] Annex B2 (lext matter of the translation of the international application)
C] Annex C2 (drawings of the translation of the international application)

Additional observations(ifnecessary):

HOW TO CORRECT THE DEFECTS?

Except where the defect is in the request, any correction must be submitted by filing a replacement sheet embodying the
correction and a letter accompanying the replacement sheet, which shall draw attention to the difference between the replaced
sheet and the replacement sheet. For a defect in the request, a correction may simply bestated in a letterif it is of such a nature
that the correction can be transferred clearly onto the request record copy (Rule 26.4).

ATTENTION

Failure to correct the defects will result in the international application being considered withdrawnby this receiving Office (see
Rule 26.5 for further details).

Accopy ofthis Invitation and any attachments has been sent to the International Bureau

andthe International Searching Authority.

Name and mailing addressof the receiving Office Authorized officer

Mail Stop PCT, Commissioner for Patents MOTLEY NINA
P.O. Box 1450, Alexandria, VA 22313-1450

 
Facsimile No. 571-273-3201 Telephone No. (703)308-9290 X123

Form PCT/RO/106 (April 2007)
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International application No.

The receiving Office has found the following defects in the international application as filed:

As to signature ofthe international application (Rules 4.15, 26.2bis(a) and 90.4), the request:

a. CI is not signed* by the applicant or, if there is more than one applicant, by at least one of them
b. | is not accompanied by the statement referred to in the check list in Box No. IX of the request explaining the lack of the

signature of an applicant for the designation of the United States of America
c. CJ is signed by what appcars to be an agent/commonrepresentative but:

| the international application is not accompanied by a powerofattorney appointing him
C the powerof attorney accompanying the international application is not signed by all the applicants

d. Cl other(specify):

Although Rule 4.15 requires that all applicants must sign the request (e.g. including all inventors/applicants for the designation of
the United States of America), for the purposes of Article 14(1)(a)@),if there is more than one applicant, it shall be sufficient that
the request be signed by one of them (Rule 26.2bdis(a)).

However, the applicant’s attention is drawn to the fact that the national law applicd by cach designated Office may require, in
connection with the processing of the international application in the national phase, that the applicant furnish the confirmation of
the international application by the signature of any applicant for the designated State who has not signed the request
(Rule 51dis.1(€a)(vi)).

Asto indications concerning the applicant* whois entitled, according to Rule 19.1, to file the international application with the
receiving Office, the request (Rules 4.4, 4.5 and 26.2bis(b)):

a. Cl does not properly indicate the applicant’s name (specify):

does not indicate the applicant’s address
does not properly indicate the applicant’s address (specify):

does not indicate the applicant’s nationality

does not indicate the applicant’s residence

TC Further observations about indications concerning other applicants (if applicable):

Although Rules 4.4 and 4.5 require indications concerning the applicant, or if there are several applicants, of each of them,for the
purposes ofArticle 14(1)(a)(i), if there is more than one applicant, it shall be sufficient that the indications required under
Rule 4.5(a)Gi) and (iii) be provided in respect of one of them whois entitled according to Rule 19.1 to file the international
application with the receiving Office (Rule 26.2bis(b)).

However, the applicant’s attention is drawn to the fact that the national law applied by each designated Office may require, in
connection with the processing of the international application in the national phase, that the applicant furnish any missing
indication required under Rule 4.5(a)(i) and(iii) in respect of any applicant for the designated State (Rule 51 bis.1(a)(vii)).

As to the language of certain elements of the international application, other than the description and claims (Rules 12.1(c)
and 26.3¢er(a) and (c)):

a. C] the request is not in a language ofpublication accepted by this receiving Office; (the) language(s) accepted by this
receiving Office is/are:

b. C] the text matter of the drawingsis not in the language in whichthe international application is to be published, whichis:

c. | the abstract is not in the language in whichthe international application is to be published, which is:

The title of the invention:

a, LI is not indicated in Box No.I ofthe request (Rule 4.1(a))
b. C] is not indicated at the top ofthe first sheet of the description (Rule 5.1(a))
c. C] as appearing in Box No. I of the request is not identical with the title heading the description (Rule 5.1(a))

Asto the abstract (Rules 8 and 26.1(b)):

C the international application does not contain an abstract

 
Form PCT/RO/106 (Annex A) (April 2007)
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International application No.

This receiving Office has found that, with regard to the presentation of the text matter of the international application as filed, the
physical requirements are not complied with to the extent that compliance therewith is necessary for:

1. O reasonably uniform international publication (Rules 11 and 26.3(a)(G)) (defects to be specified):
Request Description Claims Abstract

the sheets do not admit of direct reproduction

the element does not commence on a new sheet

sheets are not free from creases, cracks, folds

shects are not used in the upright position

one side ofthe sheets is not left unused

the paperofthe sheets is not flexible/strong/white/smooth/non-shiny/durable

the sheets are not connected as prescribed (Rule 11.4(b))

sheets are not A4 size (29.7cm x 21cm)

ooooogooo
the minimum margins on the shccts are not as prescribed
(top: 2cm; left side: 2.5cm; right side: 2cm; bottom: 2cm)

the file reference number indicated on the sheets does not appearin the
left-hand corner of the sheets, within 1.5 cm of the top of the sheets

the file reference number exceeds the maximumof 12 characters

the sheets of the description, claims and abstract are not numbered
in consecutive Arabic numerals

the sheet numbers are not centered at the top or bottomofthe sheets

the sheet numbersare in the margin (see i. above for the size of the margins)

the text matter is not typed or printed

|

ko

1.0

mL]

nL]

of

pO the typing on the sheets is not 1%4-spaced

the characters in the text matter on the shects are less than 0.28 cm high
in capital letters

the text matter on the sheets is not in dark, indelible color

the element contains drawings

the sheets contain alterations/overwritings/interlineations/too many erasures

O OOOOOOOOOOOOOOOOOOOOO OOOOOOOOOOO0OOOOOOOOO OOOOOOOOOOOOOOOOOOOOO
Ooooo oooooad

the sheets contain photocopy marks

2. C satisfactory reproduction (Rules 11 and 26.3(b)())

Further observations(ifnecessary): 
Form PCT/RO/106 (Annex B1) (April 2007)
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International application No.

ANNEX C1 TO FORM PCT/RO/106 PCT/US2008/064603

This recciving Office has found that, with regard to the presentation of the drawings of the international application as filed, the
physical requirements are not complied with to the extent that compliance therewith is necessary for:

1. reasonably uniform international publication (Rules 11 and 26.3(a)(i)) (defects to be specified):

Sheets containing drawings:
a,

nr DOOOOUOOOOOOOOOO
p.

the sheets do not admit of direct reproduction

the sheets are not free from creases, cracks, folds
one side of the sheets is not left unused

the paperof the sheets is not flexible/strong/white/smooth/non-shiny/durable

the drawings do not commence on a new sheet

the sheets are not connected as prescribed (Rule 11.4(b))

the sheets are not A4 size (29.7em x 2 lem)

the minimum margins on the sheets are not as prescribed
(top: 2.5cm; left side: 2.5cm; right side: 1.5cm; bottom: 1cm)

the file reference numberindicated on the sheets does not appearin the left-hand corner of the sheets, within 1.5 cm
ofthe top of the sheets
the file reference number exceeds the maximum of 12 characters

the sheets are not free from frames around usable or used surfaces

the sheets are not numbered in consecutive Arabic numerals (e.g. 1/3, 2/3, 3/3)

the sheet numbers are not centered at the top or bottom of the sheets

the sheet numbers are in the margin (see h. above for the size of the margins)

the shects contain altcrations/overwritings/intcrlincations/too many crasures

the sheets contain photocopy marks

Drawings (Rule 11.13):

noopoB
t.
u.

CL]
C

C]
C]
CL]
OC

C]
CL]

C
CO

C
CL]
CL]
C]
C]
C)
C]
CO

do not admit of direct reproduction

contain unnecessary text matter

contain words so placed as to prevent translation without interference with lines thereof

are not executed in durable black color; the lines are not uniformly thick and well-defined

contain cross-sections not properly hatched

would not be properly distinguishable in reduced reproduction

contain scales not represented graphically

contain numbers, letters and reference lines lacking simplicity and clarity

contain lines drafted without the aid of drafting instruments

contain disproportionate elements of a figure not necessary forclarity

contain numbers andletters of height less than 0.32 cm

contain letters not conforming to the Latin, and where customary, Greek alphabets

contain figures on two or more sheets which form a single complete figure but which are not able to be assembled
without concealing parts thereof

contain figures which are not properly arranged and clearly separated

contain different figures not numbered in consecutive Arabic numerals

contain different figures not numbered independently of the numbcring of the shects

are not restricted to reference signs mentioned in the description

do not contain reference signs that are mentioned in the description

contain the same feature denoted by different reference signs

are not arranged in an upright position, clearly separated from one another

are not presented sideways with the top of the figures at the left side of the shects

2. | satisfactory reproduction (Rules 11 and 26.3(b)(i))

Further observations (if necessary):

ALL NEW DRAWINGS ARE REQUIRED

 
Form PCT/RO/106 (Annex C1) (April 2007)
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PATENT COOPERATION TREATY

From the RECEIVING OFFICE

Te: PCT
VENKAT KONDA

6278, GRAND OAK WAY
SAN JOSE, CALIFORNIA 95135 NOTIFICATION REGARDING CERTAIN

CORRECTIONS MADE EX OFFICIO

(PCT Administrative Instructions, Sections 319 and 327)

Date of mailing
(day/month/year) 10 Jun 2008

 
Applicant’s or agent’s file reference REPLY DUE NONE

$-0038 PCT However, see paragraph 3 below 

International application No. International filing date
(day/month/year)

PCT/US2008/064603

Applicant

KONDA, VENKAT

The applicant is hereby notified that this receiving Office has corrected formal defects in the international application
ex officio, as shown onthe attached copyof:

the request, shect No.: 3, CHECK LIST

[| the description, sheet No.:

 

 

[| the claims, sheet No.:
 
[| the drawings, sheet No.:

[| other(specify):

2. Ifthe applicant agrees with these corrections, no further action is required in this regard.

In case of disagreementwith these corrections, the applicant should promply inform this receiving Office accordingly.

Name and mailing address of the receiving Office Authorized officer

Mail Stop PCT, Commissioner for Patents
P.O. Box 1450, Alexandria, VA 22313-1450 MOTLEY NINA

 
Facsimile No. 571-273-3201 Telephone No. (703)308-9290 X123

Torm PCT/RO/146 (April 2006)
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Electronic Patent Application Fee Transmittal

Filing Date: 22-May-2008 

FULLY CONNECTED GENERALIZED BUTTERFLY FAT TREE
Title of Invention: NETWORKS

First Named Inventor/Applicant Name: VENKAT KONDA

Attorney Docket Number: §-0038 PCT

International Application forfiling in the US receiving office Filing Fees

sony]ame |

Basic Filing:

Transmittal fee 1 300 300 

PCT Search Fee- no prior US applfiled

Int! Filing Fee (1st-30 Pgs.) PCT Easy 1701 1173 1173

Suppl. Intl Filing Fee (each page > 30) 1703 88 14 1232

Miscellaneous-Filing:
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eeeDssee|a

Miscellaneous:

Total in USD ($) 4505
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Electronic Acknowledgement Receipt

ee
|__epteasonnumpes

International Application Number: PCT/US08/64603
 

Confirmation Number:

Title of Invention:

5416

FULLY CONNECTED GENERALIZED BUTTERFLY FAT TREE
NETWORKS

Customer Number: 38139

VENKAT KONDA

CorrespondenceAddress:

6278, GRAND OAK WAY

SAN JOSE

US 408-472-3273

es

Receipt Date: 19-JUN-2008
 

Filing Date: 22-MAY-2008
 

Time Stamp: 21:13:47

 
Application Type: International Application for filing in the US receiving office

Paymentinformation:

Submitted with Payment yes
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Payment Type Credit Card

Payment was successfully received in RAM $4505

Deposit Account

Authorized User po

 

File Listing: 
Document

Number
File Size(Bytes)

DocumentDescription File Name /Message Digest| Part /.zip| (if appl.)

Fee Worksheet (PTO-06) fee-info.padf ftfaSc8eed0d5c049c1 {25ca43eadi9e06
Sce27e

Information:

This AcknowledgementReceipt evidences receipt on the noted date by the USPTOofthe indicated documents,
characterized by the applicant, and including page counts, where applicable. It serves as evidenceof receipt
similar to a Post Card, as described in MPEP 503.

 
New Applications Under 35 U.S.C. 111
If a new application is being filed and the application includes the necessary componentsfora filing date (see
37 CFR 1.53(b)-(d) and MPEP 506), a Filing Receipt (37 CFR 1.54) will be issued in due course and the date
shownonthis AcknowledgementReceiptwill establish the filing date of the application.

National Stage of an International Application under 35 U.S.C. 371
If a timely submission to enter the national stage of an international application is compliant with the conditions
of 35 U.S.C. 371 and other applicable requirements a Form PCT/DO/EO/903 indicating acceptanceof the
application as a national stage submission under 35 U.S.C. 371 will be issued in addition to the Filing Receipt,
in due course.

New International Application Filed with the USPTO as a Receiving Office
If a new international application is being filed and the international application includes the necessary
componentsforan internationalfiling date (see PCT Article 11 and MPEP 1810), a Notification of the
International Application Number andof the International Filing Date (Form PCT/RO/105) will be issued in due
course, subject to prescriptions concerning national security, and the date shown on this Acknowledgement
Receiptwill establish the internationalfiling date of the application.
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PATENT COOPERATION TREATY

From the INTERNATIONAL SEARCHING AUTHORITY

To PCT
VENKAT KONDA

6278, GRAND OAK WAY
SAN JOSE, CALIFORNIA 95135 NOTIFICATION OF RECEIPT

OF SEARCH COPY

(PCT Rule 25.1) 
PALM Tracking Number = 51864603 (lanmanthveas 22 Jul 2008

Applicant’s or agent’s file reference IMPORTANTNOTIFICATION
S-0038 PCT

International application No. International filing date (day/month/year)

PCT/US2008/064603 22 May 2008

Applicant

Priority date (day/month/year)

25 May 2007

KONDA, VENKAT 

Where the International Searching Authority and the receiving Office are not the same Office:

The applicantis hereby notified that the search copy of the international application was received by this International Searching
Authority on the date indicated below.

Where the International Searching Authority and the receiving Office are the same Office:

‘Lhe applicant is hereby notified that the search copy of the international application was received on the date indicated below.

22 Jul 2008
(date of receipt).

The search copy was accompanied by a nucleotide and/or amino acid sequencelisting or tables related thereto in computer
readable form.

Time limit for establishmentof international search report and written opinion of the International Searching Authority

The applicant is informed that the time limit for establishing the international search report and the written opinion of the
International Searching Authority is three months from the date of receipt indicated above or nine months from the priority date,
whichevertime limit expires later (Rules 42.1 and 435is.1(a)).

A copy of this notification has been sent to the International Bureau and, wherethefirst sentence of paragraph 1 applies, to the
receiving Office.

Nameand mailing address of the ISA/ Authorized officer

Mail Stop PCT, Commissioner for Patents Nina D MotleyP.O. Box 1450, Alexandria, VA 22313-1450

l'acsimile No. 571-273-3201

 
‘Velephone No. (703)308-9290 X123

Form PCT/ISA/202 (January 2004)
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PCT/US2008/064603 03.09.2008

PATENT COOPERATION TREATY

From the INTERNATIONAL SEARCHING AUTHORITY
 

   

  
  
 
  

 
 

PCT

NOTIFICATION OF TRANSMITTAL OF
THE INTERNATIONAL SEARCH REPORT AND

THE WRITTEN OPINION OF THE INTERNATIONAL

SEARCHING AUTHORITY, OR THE DECLARATION

 To:

VENKAT KONDA
- 6278, GRAND OAK WAY

SAN JOSE, CA 95135

(PCT Rule 44.1)  
 

  
  
  

 

   

  
  
  

  

  
 

Date of mailing

(daymonhyear)=3 SEP 2008
Applicant’s or agent’s file reference

FOR FURTHER ACTION|See paragraphs | and 4 below
$-0038 PCT

International application No. Internationalfiling date

PCT/US2008/064603 (day/month’year) 22 May 2008  

 Applicant
VENKAT KONDA

1. x] The applicantis hereby notified that the international search report andthe written opinion of the International Searching
Authority have been established and are transmitted herewith.

Filing of amendments and statement under Article 19:
The applicantis entitled, if he so wishes, to amend the claimsof the international application (see Rule 46):

When? The time limit for filing such amendments is normally two months from the date of transmittal of the
intemational search report.

Where? Directly to the International Bureau of WIPO, 34 chemin des Colombettes
1211 Geneva 20, Switzerland, Facsimile No.: +41 22 740 14 35

For moredetailed instructions, see the notes on the accompanying sheet.

2. CL] The applicant is hereby notified that no intemational search report will be established and that the declaration under
Article 17(2)(a) to that effect and the written opinion of the Internationa) Searching Authority are transmitted herewith.

3. CJ With regard to the protest against paymentof (an) additional fee(s) under Rule 40.2, the applicantis notified that:
the protest together with the decision thereon has been transmitted to the Intemational Bureau together with the
applicant’s request to forward the texts of both the protest and the decision thereonto the designated Offices.

[} no decision has been made yet onthe protest; the applicant will be notified as soon as a decision is made. 
  
  
  

  
  

  
  
  

 4. Reminders

Shortly after the expiration of 18 months from the priority date, the international application will be published by the
International Bureau. If the applicant wishes to avoid or postpone publication, a notice of withdrawal of the international
application,or of the priority claim, must reach the Intemational Bureau as provided in Rules 906is.1 and 90bis.3, respectively,
before the completion ofthe technical preparations for international publication.
The applicant may submit comments on aninformalbasis on the written opinion of the International Searching Authority to the
International Bureau. The International Bureau will send a copy of such comments to all designated Offices unless an
international preliminary examination report has been oris to be established. These comments would also be made available to
the public but not before the expiration of30 months from the priority date.
Within 19 months from the priority date, but only in respect ofsome designated Offices, a demand for international! preliminary
examination mustbe filed if the applicant wishes to postpone the entry into the national phase until 30 months from the priority
date (in some Offices even later); otherwise, the applicant must, within 20 months from the priority date, perform the prescribed
acts for entry into the national phase before those designated Offices.
In respect of other designated Offices, the time limit of 30 months(orlater) will apply even if no demandis filed within 19months.

See the Annex to Form PCT/1B/301 and,for details about the applicable time limits, Office by Office, see the PCT Applicant's
Guide, Votume H, National Chapters and the WIPO Intemetsite.

Nameand mailing address of the ISA/US Authorized officer:
Mail Stop PCT,Attn: ISA/US
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This international search report has been prepared by this International Searching Authority and is transmitted to the applicant
according to Article 18. A copy is being transmitted to the International Bureau.”

This international search report consists of a total of 2) sheets.
[] It is also accompanied by a copy of each prior art documentcited in this report. 

1. Basis of the report

a. With regard to the language, the international search was carried out onthe basis of:

[x] the international application in the language in whichit wasfiled
[] a translation of the international application into , which is the language

of a translation furmished for the purposesofinternational search (Rules 12.3(a) and 23.1(b))

b.[] With regard to any nucleotide and/or amino acid sequencedisclosed in the intemational application, see Box No.I.

2. ] Certain claims were found unsearchable (see Box No.Il)

| Unity of invention is lacking (see Box No. III)

  4. With regardto thetitle,

ix] the text is approved as submitted by the applicant
[] the text has been established by this Authority to read as follows:

5. With regard to the abstract,

LC the text is approved as submitted by the applicant
x] the text has been established, according to Rule 38.2(b), by this Authority as it appears in Box No. 1V. The applicant

may, within one month from the date of mailing of this international search report, submit comments to this Authority

 6. With regard to the drawings,

a. the figure of the drawingsto be published with the abstract is Figure No. 18

| as suggested by the applicant
{] as selected by this Authority, because the applicant failed to suggest a figure
{_] as selected by this Authority, because this figure better characterizes the invention

b. C] none of the figures is to be published with the abstract
Form PCT/ISA/2 10 (first sheet) (April 2005)
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Box No. IV Text of the abstract (Continuation of item 5 of the first sheet)

ABSTRACT OF DISCLOSURE

A generalized butterfly fat tree network comprising (logd N ) stages is operated in strictly nonblocking manner for unicast, when s > or =
2, includes a leaf stage consisting of an input stage having N/d switches with each of them havingd intet links and s x d outgoing links
connecting to its immediate succeeding stage switches, and an output stage having N/d switches with each of them having d outletlinks
and s xd incominglinks connecting from switchesin its immediate succeeding stage.
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Electronic data base consulted during the intemational search (name of data base and, where practicable, search terms used)

MicroPatent, IP.com, DialogPro
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US 6,868,084 B2 (KONDA)15 March 2005 (15.03.2005) entire document

Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

1-22

US 2007/0053356 A1 (KONDA)08 March 2007 (08.03.2007) entire document

US 5,179,551 A (TURNER) 12 January 1993 (12.01.1993) entire document

[] Further documents are listed in the continuation of Box C. [|
Special categories of cited documents:
documentdefining the general state of the art which is not considered
to be of particular relevance
earlier application or patent but published onorafter the international
filing date
document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)
document referring to an oral disclosure, use, exhibition or othermeans

document published priorto the international filing date but later than
the priority date claimed
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later documentpublishedafter the internationalfiling date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

document of particular relevance, the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the documentis taken alone
document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the documentis
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

* document memberof the same patent family
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