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Dascription
Technicat Fleld
This invention relates to systems for information processing or switching.

Background and Problem

Communication networks are generally designed as point-to-point networks to interconnect, upon
request, selected pairs of terminals from a large plurality of terminals connected to the network. The
simplest network capable of connecting N network inlets to N network outlets is an N x N crossbar array of
switching elements or crosspoints. Although such an array is non-blocking in that any idle inlet is always
connectable to any idle outlet regardiess of other array interconnections, the crossbar array is not a
practical network in many apptications due to the prohibitive cost of the large number of array crosspoints.

One known non-blocking network having significantly fewer crosspoints than a crossbar array is
disclosed tn an articke by C. Clos, "A Study of Non-Blocking Switching Networks,” Bell System Technical
Journal, March 1953, pages 406-424. The network, referred to as the three-stage Clos network, has N inlets
and M outlets and comprises N/n rectangular n x r first stage switches, r rectangular N/'n x M/m second
stage switches and M/m rectangular r x m third stage switches. There is exactly one link connecting each
first stage switch to each second stage switch and one link connecting each second stage switch to each
third stage switch. A three-stage Clos network where the number, r, of second stage switches is given by r
= n + m -1, is a non-blocking point-io-point network. This is frue since a given first stage switch input
terminal is always connectable to a given third stage switch output terminal via a second stage switch that
is connected to none of the other n - 1 input terminals of the given first stage switch and none of the other
m - 1 output terminals of the given third stage switch. A five-stage Clos network can be constructed by
replacing each second stage switch with a three-stage Clos network. More generally, an S + 2 stage Clos
network can be recursively constructed from an S stage Clos network by replacing each switch in a given
stage with a three-stage Clos network. However, Clos networks are difficult to implement in, for example,
the photonics domain because the switching elements are typically quite large, and there are different
numbers of links between stages, with the number of links increasing geometrically toward the center of the
network. Efficient photonic network implementations typically have small, non-complex switching elements,
8.g., 2 x 2 nodes, and are relatively spacs-invariant from stage to stage. The interest in photonic networks is
mainly stimulated by their potential to implement massively parallel architectures. This holds especially true
for free space systemns where three-dimensional space is the communications medium and where imaging
setups use bulk optical elements such as lenses, mirrors, and beam splitters to interconnect two-
dimensional arrays of optical logic devices.

Another known network architecture is the so-called perfect shuffle. A perfect shuffle network of 2 x 2
nodes is a cost-effective interconnection network, for example, in large-scale parallel and distributed
supercomputer systems, because it provides network connectivity from any of N network inlets to any of N
network outlets in only logzN stages. The inter-stage interconnection pattern assigns links consecutively to
nodes in the next stage in a manner analogous to shuffling a deck of playing cards. There are a number of
other known networks, such as the banyan and the crossover, which are topologically equivalent to the
perfect shufile although they each have their own specific interconnection pattern. For each of these
networks, the number of inter-stage links bhetween any pair of successive stages is equal to N, the number
of network inlets. Photonic implementations of such networks using free-space optical interconnects are
disclosed in U. S. patent application 296,284 of K. Brenner et al., filed January 11, 1989, "Optical Shuffle
Arrangement™ and U. S. patent application 219,623 of J. Jahns et al., filed July 15, 1988, "Optical Crossover
Network", both applications being assignsed to the same assignee as the present invention. Networks of this
type are, however, not fault-tolerant and have high blocking. The problem with the topology is that in a
network having logzN stages, there is only one path from a given network inlet to a given network outlet.
Thus, if there is a fault on that path or some part of the path is busy, no communication is possibie. An
article of G. B. Adams et al, "The Exira Stage Cube: A Fault-Tolerant Interconnection Network for
Supersystems”, IEEE Transactions on Computers, Vol. C-31, No. 5, May 1982, discloses the addition of an
exira stage to the network thus providing one additional path between any inlet and any outlet. Although this
makes the network substantially more reliable, it still has an unacceptably high blocking probability.
Furthermore, the simple addition of extra stages will never rasult in a point-to-point, strictly nonblocking
natwork or even one with a blocking probability that is acceptably low in most high-traffic network
applications.
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EP-A-0 282 227 discloses an optical switching system which comprises a perfect shuffle equivalent
network. There is only one path between a given systsm inlet and a given system outlet. The network is a
self-routing network which performs a sort function based on addresses transmitted prior to the information
to be switched. Accordingly, the nodes are relatively complex and include the electronics required to
perform the sort function. The nodes have two optical states—the exchange state and the bypass state--and
convey two optical signals in each state. Because there are two signals within a node, the likelthood of
encountering crosstalk problems is increased as compared with a capacity one node. The complexity of the
system is further increased by using microoptics, specifically microlenses rather than all bulk optics.

IEEE TRANSACTIONS ON COMMUNICATIONS, vol. 35, No. 12, Dacember 1987, New York, US; pages
1357-1365; K.PADMANABHAN et al. discloses an NxN dilated Omega network. Exclusive of the dilation (the
expansion/concentration), the system has only two switching stages with one stage of links therebetween.
The systam uses lithium niobate couplers and is dilated to reduce crosstalk by reducing the probability that
two active signals will pass through one node. There is only one path between the system inlets and the
outputs of the last switching node stage.

In view of the foregoing, a recognized problem in the art is the lack of a low-blocking or non-blocking
network that is efficiently implementable in the photonics domain. '

According to this invention there is provided a system as claimed in claim 1.

The invention will now be described with referance to the accompanying drawings, in which:

FIG. 1 is a diagram of an exemplary photonic system comprising expansion, a perfect shuffle squivalent
network, and concentration;

FIG. 2 is a diagram of an illustrative network topology for a systemn comprising expansion, a perfect
shuffle equivalent network, and concentration;

FIGS. 3, 4, and 5 are diagrams of the network topology of FIG. 2 but with different expansion and
concentration implementations;

FIGS. 8, 7. and 8 are diagrams of a full capacity node, a capacity onse node with selectivity, and a
capacity one node without selectivity, respectively, for use in the system of FIG. 2;

FIG. 9 is a diagram of a network topology similar to that of FIG. 2 but without concentration;

FIG. 10 is a diagram of a network topology similar to that of FIG. 2 but without expansion;

FIG. 11 is a diagram of a single stage strictly nonblocking network;

FIG. 12 is a diagram of a strictly nonblocking three stage Clos network;

FIG. 13 is a diagram of a general strictly nonblocking three stage Clos network;

FIG. 14 is a diagram of a strictly nonblocking five stage Clos network;

FIG. 15 is a diagram of a multistage interconnection network (MIN);

FIG. 16 is a diagram of a particular type of MIN, referred to herein as an extended generalized shuffle
(EGS) network;

FIGS. 17 and 18 are diagrams of an example EGS network;

FIG. 19 is a diagram illustrating a channel graph L{x,y) from inlet x to outlet y of the network of FIGS. 17
and 18;

FIG. 20 is a diagram showing a single intersecting call in addition to the channe! graph L{x,y) of FIG. 19;
FIGS. 21 and 23 are diagrams of the network of FIG. 16 that are used in deriving nonblocking criteria for
the network; -

FIG. 22 is a diagram of the network of FIG. 18 that is used in describing a network property referred to
herein as the forward-backward invariance property {FBIP);

FIG. 24 is a diagram of an example nonblocking EGS network;

FIG. 25 is a diagram of a particular perfect shuffle equivalent network--the crossover (or half crossover)
network;

FIG. 26 is a diagram of an EGS network representing an important special case of perfect shuffle
equivalent networks;

FIG. 27 is a path hunt processing flow chart used to effect the path hunt function in an EGS network of
FIG. 16 with full capacity nodes;

FIG. 28 is a path hunt processing flow chart used to effect the path hunt function in an EGS network of
FIG. 16 with capacity one nodes;

FIG. 29 is a diagram of an exemplary shuffle network used in explaining the relationship of the switches
and links of a shuffle network to the inlet, path and outlet numbers;

FIG. 30 is a diagram illustrating the concatenation of binary representations of inlet, path, and outlet
numbers for the network of FIG. 29 to form a single binary number;

FiG. 31 is a diagram illustrating the determination of switches, links, inputs and outputs for the network of
FIG. 29 from a single binary number,
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FIG. 32 is a schematic illustration of the transformations between various stages of two isomorphic
network types-crossover networks and shuffle networks--where the transformations are specified herein
in Tables 1-3;

FIGS. 34-38, when arranged in accordance with FIG. 33, comprise a diagram of a 16x16 two-dimensional
crossover network using ong-dimensional arrays of nodes;

FIG. 37 is a diagram illustrating the relative sizes of the 16x16 crossover network of FIGS. 34-36, a
128x128 crossover network, and a 512x512 crossover network of FIG. 38,

FIG. 38 is a diagram of a 512x512 crossover network and a corresponding crossover network controller;
FIG. 39 is a connection request processing flow chart for the crossover network controller of FIG. 38;
FIG. 40 is a disconnect request processing flow chart for the crossover network controller of FIG. 38;
FIGS. 42-44, when arranged in accordance with FIG. 41, comprise a diagram of a hardware logic circuit
implementation of the crossover network controller of FIG. 38;

FIG. 45 is a diagram of an alternative netwark controller embodiment that has duplicate copies of the
network controller memories;

FIG. 46 is a diagram of a disjoint path check unit of the controller of FIGS. 42-44;

FIG. 47 ig a timing diagram illustrating overlap path hunt processing by the controller of FIGS. 42-44;
FIG. 48 is a timing diagram illustrating overtap path hunt processing by the alternative controller of FIG.
45;

FIG. 49 is a diagram of a network having a first stage of 1x2" elements, a last stage of 2"x1 elements,
and for which the disjoint path check unit of FIG. 46 is applicable;

FIG. 50 is a diagram of a crossover to shuffle mapping unit of the controller of FIGS. 42-44;

FIG. 51 is a diagram of an idle path select unit of the controller of FIGS. 42-44;

FIGS. 52 and 53 are diagrams of a two-dimensional crossover network implementation and a two-
dimensional shuffle network implementation, respectively;

FIGS. 55-57, when arranged in accordance with FIG. 54, comprise a diagram of a 16x16, three-
dimensional crossover network that is topologically equivalent to the two-dimensional crossover network
of FIGS. 34-36;

FIG. 58 is a diagram of an array of symmetric self electro-optic effect devices {S-SEEDs) used in the
network of FIGS. 55-57;

FIG 59 is a diagram of a crossover network having two-input, two-output switching nodes within the
fanout (expansion) and fanin (concentration) sections as well as within the switching section;

FIG. 60 is a diagram of an electronic tri-state buffer implementation of a switching node referred to
herain as a 2-module;

FIG. 61 is a truth table defining the operation of the tri-state buffer of FIG. 60;

FIG. 62 is a diagram of an electronic inverting tri-state buffer implementation of a 2-module;

FIG. 63 is a diagram of an optical 2-module implementation using a device referred to hersin as an M-
SEED;

FIG. 64 is a truth table defining the operation of the M-SEED implementation of FIG. 63;

FIG. 65 is a diagram of an electronic OR/AND implementation of a 2-moduls;

FIG. 66 is a truth table defining the operation of the alectronic OR/AND implementation of FIG. 65;

FIG. 67 is a diagram of an electronic NOR/OR implementation of a 2-module;

FIG. 68 is a diagram of an optical NOR/OR S-SEED implsmentation of a 2-module;

FIG. 69 is a truth table defining the operation of the optical NOR/OR S-SEED implementation of FIG. 68;
FIG. 70 is a diagram of an electronic NAND/AND implementation of a 2-module,

FIG. 71 is a diagram of an optical NAND/AND S-SEED implementation of a 2-module;

FIG. 72 is a truth table defining the operation of the optical NAND/AND S-SEED implementation of FIG.
71;

FIG. 73 is a diagram of a timing circuit used to drive the laser diodes for a single network stage;

FIG. 74 is a diagram of a timing circuit used to drive the laser diodes for three successive network
stages;

FIG. 75 is a timing diagram associated with the timing circuit of FIG. 74,

FIG. 76 is a diagram illustrating horizontal connections in the three-dimensional crossover network of
FIGS. 55-57;

FIG. 77 is a diagram illustrating vertical connections in the three-dimensional crossover network of FIGS.
55-57;

FiG. 78 is a diagram of a network having nine node stages and having a single path identified by bold
links;



10

15

20

25

30

35

4Q

45

50

55

EP 0 397 372 B1

FIG. 79 is a diagram showing the line of linked 2-modules of the single path of FIG. 78 and associated
disabled 2-modules;

FIG. 80 is a diagram illustrating the relationship of the 2-modules of successive stages of the network of
FIG. 78;

FIG. 81 is a functional block diagram of a portion of the photonic system of FIG. 1;

FIG. 82 is a diagram of an implementation of an opfical crossover interconnect in the photonic system of
FiG. 1;

FiG. 83 is a diagram illustrating the connection formed by the optical crossover interconnect of FIG. 82,
FIG. 84 is a diagram of a2 prismatic mirror array which may replace a prismatic mirror in the optical
crossover interconnect of FIG. 82 to vary the width of the cross in a crossover network;

FIG. 85 is a diagram of an optical arrangement used for generating the preset and power beam arrays in
the photonic system of FIG. 1;

FIG. 86 is a diagram of an optical arrangement including a spatial light modulator used for generating the
disable beam arrays in the photonic system of FIG. 1;

FIGS. 87, 88, and 90 are diagrams of sub-units of a beam combination unit included in the photonic
system of FIG. 1;

FIG. 89 is a plot of typical transmission curves for a polarization beam splitter designed for 850-
nanometer operation;

FIG. 91 is a diagram illustrating the transmission and reflection of spots by patterned mirror reflectors
included in the beam combination sub-unit of FIG. 80;

FIG. 92 is a diagram lllustrating the receipt and reflection of spots by the S-SEED array of FIG. 58;

FIG. 93 is a diagram of an optical hardware module included in the photonic system of FIG. 1 and
comprising the optical crossover interconnect of FIG. 82, the beam combination sub-units of FIGS. 87, 88
and 90, power and preset beam array generators of the type shown in FIG. 85, a disable beam array
generator of the type shown In FIG. 86 and the S-SEED array of FIG. 58;

FIGS. 95 and 96, when arranged in accordance with FIG. 94, comprise a diagram of two cascaded
optical hardware modules included in the photonic system of FIG. 1;

FIG. 97 is a diagram of a data input unit included in the photonic system of FIG. 1; and

FIGS. 98, 99 and 100 are diagrams of alternative wavelength-dependent beam combination apparatus.

In an exemplary system a perfect shuffle equivalent network, defined herein and having a plurality of
node stages successively imterconnected by link stages, is advantageously combined with expansion before
the node stages and/or concentration after the node stages in a manner allowing the design of a system
with arbitrarily low or zero blocking probability. An illustrative photonic system implementation a (FIG, 1)
uses free space optical apparatus to effect a low loss, crossover interconnection of two-dimensional arrays
of switching nodes comprising, for example, the symmetric self electro-optic effect devices (S-SEEDs)
disclosed in U.S. Patent 4,754,132 issued to H.S.Hinton et al, on June 28, 1988. Several low loss beam
combination techniques are used to direct multiple arrays of beams to an S-SEED array, and to redirect a
reflected output beam array to a subsequent node stage.

A systern embodying the invention has N inlets and M outlets and includes stages of nodes and stages
of links coliectively comprising a perfect shuffle equivalent network. Each node has one or more inputs and
one or more outputs, where the sum of the number of inputs and the number of outputs is greater than two.
The number of node stages is at least four. In addition,to the perfect shuffle equivalent network, the system
includes means for expanding the N inlets to more than N inputs of the first node stage and means for
concentrating more than M outputs of the last node stage to the M outlets. The system has at least two
paths between each of the N inlets and each output of the last node stage.

In the illustrative photonic system {FIG 1), both the perfect shuffte equivalent network and the expansion
and concentration are implemented using free-space optics. Each of the N =16 system inlets is connected
to F=4 inputs of the first node stage of the perfact shuffle equivalent network in a perfect shuffle sustaining
pattern defined hersin. Each of the node stages of the perfect shuffle equivalent network has 32 nodes each
having two inputs and two outputs (the three-dimensional network topology for the systermn is shown in
FIGS.55-57). The expansion portion of the system comprises log:F =2 stages of nodes each having one
input and two outputs. The concentration portion of the system, comprising logzF =2 stages of nodes each
having two inputs and one output, connected F=4 outputs of the last node stage of the perfect shuffle
equivalent network to each of the M =16 system outlets, also in a perfect shuffle sustaining pattern.

In the illustrative system, the nodes are reduced-functionality switching nodes referred to herein as 2-
modules. A 2-module has no input selectivity and no output selectivity but instead is responsive to a control
signal for broadcasting an output signal to two nodes of the succeeding node stage, where the output signal
is a logical combination of signals receivable from two of the nodes of the preceding node stage. The
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functionality of a switching network is achieved by controlling which nodes are enabled rather than by
specifying connections of particular node inputs and outputs to be effected by the nodes. The nodes of the
system are controlled such that a given 2-module receives at most one active signat from the preceding
stage at any time. A 2-module is implemented using an S-SEED.

A plurality of beam arrays are incident on each S-SEED array. An array of control beams, aiso referred
to herein as disable beams, is used to control the optical connectivity of corresponding S-SEEDs. The
disable beam array is generated from a uniform array of beams using a spatial light modutator which is
responsive to electrical control signals for selectively transmitting those beams of the uniform array that
correspond to S-SEEDs to be disabled. The electrical control signals are generated in response to requests
for connections through the system. An array of preset beams is used to establish the optical state of
corresponding S-SEEDs prior to the communication of optical information therethrough. Each S-SEED
raceives information for communication through the system from one of two S-SEEDs of the preceding
stage; accordingly, two arrays of information beams are received by an S-SEED array. An S-SEED changes
its optical state in response to the logic value of an incident information beam. An array of power beams is
then used to read the optical state of corresponding S-SEEDs. $-SEEDs reflect or absorb the power beams
depending on their optical state. The reflected power beams are directed as output beams to the next
stage. A beam spiitter splits each output beam into two beams each for transmission to one S-SEED of the
next node stage. The low loss combination and redirection of the plurality of beam arrays are effected by a
beam combination unit (FIG. 83) using polarization-dependent, spatial-position-dependent, and wavelength-
dependent optical elements. In the illustrative photonic system, the information, power and output beam
arrays are at one wavelength (850-nanometers) while the disable and preset beam arrays are at another
wavelength (780-nanometers).

The topology of the invention has much broader application than the specific example of the illustrative
photonic system. Part or all of the expansion, perfect shuffle equivalent network, and concentration of the
system may be implemented, for example, in the electrical domain. The perfect shuffle equivalent network
may include node stages having different numbers of nodes and different numbers of node inputs and node
outputs. The nodes themselves may be full capacity nodes that have the capability to simultansously and
selectively interconnect multiple node inputs and multiple node outputs, or capacity one nodes which carry
at most one information signal. Rather than implementing the expansion and concentration using additional
stages of nodes as in the illustrative photonic system, other fanout and fanin arrangements may be used.
Criteria are disclosed herein for designing a system with an arbitrary blocking probability, e.g., less than 0.5,
or a system that is a non-blocking network: for point-to-point connections. The design flexibility stem in great
measure from the fact that the non-blocking criteria are global rather than being dependent on relationships
between the number of nods inlets and the number of node outlets in specific node stages.

Alternatively, a system embodying the invention has N inlets and M outlets and includes stages of
nodes and stages of links. Each node has one or more inputs and one or more outputs, where the sum of
the number of inputs and outputs is greater than two. The number of node stages is at least four. Each fink
stage connects the outputs of one of the node stages to the inputs of the successive one of said node
stages in accordance with a crossover interconnection pattern having 2" partitions, where r is an integer
which varies with link stage. The system further includes means for expanding the N inlets to moare than N
inputs of the first node stage and means for concentrating more than M outputs of the last node stage to
the M outlets. The system has at least two paths betwsen each of the N inlets and each output of the last
node stage. o

One specific illustrative embodiment of the invention is used in the exemplary photonic system 10 (FIG.
1) which implements a 16 x 16 circuit-switched, space division switching network. Sixteen optical input
signals are received on the fibers of a 2 x 8 fiber cable array 21. Each optical input signal may be circuit-
switched by photonic system 10 for transmission on one fiber of a 2 x 8 fiber cable array 22 as an optical
output signal. Photonic system 10 includes a lens 80, a data input unit 40, eight optical hardware modules
50 through 57, and a lens 70. It is important to note that photonic system 10 processes arrays of beams in
parallel and that the optical transmissions represented by single beams in FIG. 1 are beam arrays of
rectangular cross-section. The optical connections effected by data input unit 40 and optical hardware
modules 58 and 57 are fixed. A network controller 60, which may be implemented using a single software-
controlled processor or using a hardware logic circuit arrangement, establishes and disconnects paths
through photonic system 10 via stage controllers 30 through 35 corresponding to optical hardware modules
50 through 55.

The network topology implemented by photonic system 10 comprises expansion, a perfect shuffle
equivalent network, and concentration. The topology is based on a three-dimensional crossover network
2110 (FIGS. 55-57) having nine node stages NO through N8 and eight link stages LO through L7. Each node
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stage, for example, stage N2, comprises 32 nodes numbered 0 through 31. In photonic system 10, a 4 x B
array 500 (FIGS. 1 and 58) of symmestric self electro-optic effect devices (S-SEEDs) corresponds to one
node stage of network 2110. The S-SEEDs, which selectively reflect light depending on their optical state,
are the switching nodes of photonic system 10. Each of the optical hardware modules 50 through 57
includes optical apparatus to effect interconnections corresponding to one of the link stages LO through L7
of network 2110 (FIGS. 55-57) and to effect combination of information (signal}, control (preset and disable),
and power beam arrays to be focused onto one of the S-SEED arrays 500. For example, optical hardware
module 51, shown in more detail in FIG. 93, includes an optical crossover intérconnect 100 corresponding
to link stage L1 of network 2110, and a beam combination unit 200 which, in addition to combining beam
arrays for transmission to S-SEED array 500, redirects an output beam array, reflected from S-SEED array
500, for transmission to the next optical hardware module 52. Communication paths are established through
photonic systemn 10 using spatial light modutators, e.g., 409, which control the generation of arrays of
disable beams corresponding to individual S-SEEDs to be disabled.

Note that link stages L0, L1, L5, and L6 of network 2110 (FIGS. 55-57) effect horizontal connections and
that link stages L2, L3, L4, and L7 effect vertical connections. Also note that the number of partitions or
crosses varies from stage to stage. These variations are implemented in photonic system 10 by variations
among the optical hardware modules 50 through 57 as described herein.

Detalled Description

The description which follows is arranged in four parts. First, a reduced blocking network topology upon
which photonic system 10 is based is described. Second, network control arrangements are described for
rapidly finding paths and establishing communications through such reduced blocking networks, Third,
photonic system 10, including the underlying three-dimensional crossover network 2110 and a reduced-
functionality switching node, referred to herein as a 2-module, s described in detail. Finally, the free-space
optical arrangements used to implement photonic system 10, including an optical apparatus for combining
beams of different wavelengths, are described.

Network Topolology

FIG. 2 is a diagram of a system 1800 comprising an expansion (fanout) section 1610, a perfect shuffle
equivalent network 1620, and a concentration (fanin) section 1630. System 1600 has N=4 inlets and M =4
outlets. Perfect shuffle equivalent network 1620 has four node stages 1621-0, 1621-1, 1621-2 and 1821-3
comprising 2x2 nodes, and three link stages 1622-0, 1622-1 and 1622-2 each effecting the same perfect
shuffle interconnection of successive node stages. Expansion section 1810 expands the N=4 inlets to 16
(more than N) inputs of the first node stage 1621-0. Concentration section 1630 concentrates 16 (more than
M) outputs of the last node stage 1621-3 to the M=4 outlets. System 1800 has more than two paths
between each of the N inlets and each of the M outlets. Individual nodes of the node stages 1621-0, 1621-1,
1621-2 and 1621-3 are controlted by corresponding stage controllers 1640, 1641, 1642, 1643 in response 1o
instructions from a shuffle network controller 1650.

Three alternative implementations for the expansion section 1610 and concentration section 1630 are
shown in FIGS. 3, 4 and 5. In expansion section 1710 (FIG. 3}, each of the N=4 inlets is directly connected
to four of the inputs of node stage 1621-0. In concentration section 1730, four outputs of node stage 1621-3
are directly connected to each of the M =4 autlets. Expansion section 1810 (FIG. 4} has a single stage 1811
of 1x4 nodes and concentration seetion 1830 has a single stage 1831 of 4x1 nodes. Expansion section 1910
(FIG. 5) has two stages 1911 and 1812 of 1x2 nodes and concentration section 1930 has two stages 1931
and 1932 of 2x1 nodes. Each of the expansion sections 1710, 1810, 1910 connects each of the N inlets to
multiple inputs of node stage 1621-0 in a perfect shuffle sustaining pattern as defined herein. Each of the
concentration sections 1730, 1830, 1930 connects multiple outputs of node stage 1621-3 to each of the M
outlets in a perfect shuffle sustaining pattern as defined hersin.

Three alternative 2x2 switching nodes 1510, 1520, and 1530 for use in system 1600 are shown in FIGS.
8, 7 and 8. A node with n inputs and m outputs is said to be a full capacity node if it is able to convey
min{n,m} signals at the same time. A node is said to be a capacity one node if it is able to convey only
one signal at a time. A capacity one node may have selectivity of either inputs or outputs or may have no
selectivity.

Node 1510 (FIG. 8), a full capacity node, comprises two selectors 1511 and 1512. Selector 1511
connects either of the node inputs 11 and 12 to node output O1 in response fo a selection signal S1.
Selector 1512 connects either of the node inputs 11 and 12 to node output O2 in response to a selection




10

15

20

25

30

35

45

50

55

EP 0 397 372 B1

signal S2.

Node 1520 (FIG. 7}, a capacity one node with input selectivity, comprises two AND-gates 1521 and
1522, and an OR-gate 1523. AND-gate 1521 transmits a signal from input 11, via OR-gate 1523, to both
outputs O1 and 02 in response to a selection signal $1. AND-gate 1522 transmits a signal from input 12, via
OR-gate 1523, to both outputs 01 and 02 in response to a selection signal S2. Only one of the selection
signals S1 and 82 is a logic one at any time.

Node 1530 (FIG. 8), a capacity one node without selectivity, comprises an OR-gate 1531 and an AND-
gate 1532. When a control signal C is a logic one, AND-gate 1532 transmits the logic union of the signals at
the inputs 11 and 12, to both outputs O1 and 02. When the control signal C is a logic zero, AND-gate 1532
transmits a logic zero to both outputs O1 and 02. Only one of the inputs 11 and 12 receives an active signal
at any time.

Node 1530 represents a special cass of a more general switching node referred to herein as an nxm-
modula. An nxm-module, which has n inputs and m outputs, either routes the logical union of the signals at
the n inputs to all of the m outputs, or routes none of the signals at the n inputs to any of the m outputs. If a
network of nxm-modules is controlled such that at most one input of an nxm-module has an active signal,
the nxm-module functions to either route the signal to all of the m outputs or o leave the m outputs idle.
Node 1530 is a 2x2-module, also referred to herein as a 2-module.

When system 1600 (FIG. 5) is implemented using 2-modules, such as node 1530, as the switching
nodes of perfect shuffle equivalent network 1620 as well as in expansion section 1910 and concentration
section 1930, the 2-modules of perfect shuffle equivalent network 1620 are individually disabled or snabled
as necessary such that none of the 2-modules has more than one active input signal. The 2-modules of the
last expansion node stage 1912 are also individually disabled or enabled (not shown in FIG. 5} such that a
signal received at a given one of the N inlets Is transmitted to only two 2-moduies of node stage 1621-0. To
improve the tolerance of system 1600 to faults, such as a particular 2-module output becoming locked at
one logic valus, all the expansion and concentration 2-modules may be contrellable,

FIG. 9 is a diagram of a system 1601 having N =4 inlets and M= 16 outlets. System 1601 is identical to
system 1600 (FIG. 2} except that concentration section 1630 is not required.

FIG. 10 is a diagram of a system 1602 having N =16 inlets and M=4 ocutlets. System 1602 is identical
to systemn 1600 (FIG. 2) except that expansion section 1610 is not required.

Before describing the blocking characteristics of systems such as system 1800, the fundamenta)
principles of strictly nonblocking networks are discussed. The condition for a network to be strictly
nonblocking is that the minimum number of paths between any input-cutput pair must exceed the maximum
number of paths which can be blocked between that pair. However, a sufficient (but not necessary)
condition for a network to be strictly nonblocking is that the minimum number of paths between any input-
ouiput pair excesds the maximum number of paths which can be blocked between any input-output pair. In
equation form, this sufficient condition is expressed as:

PATHS & BLOCKED PATHS + 1,

A halpful network atiribute is that the number of paths and blocked paths varies only slightly (or not at all)
for any input-cutput pair selection.

A single stage strictly nonblocking network 1002 is shown in FIG. 11. In network 1002, the minimum
number of paths between any input-output pair is equal to one. There are no blocked paths because each
horizontal rail is uniquely associated with an input and each vertical rail is uniguely associated with an
output. Therefore, we have

PATHS = 1 2 BLOCKED PATHS + 1 =0 + 1.

Accordingly, network 1002 is a strictly nonblocking network. In network 1002, there are NxM crosspoints but
only min {N,M} are ever used at one time. To make a more efficient network, multiple stages are employed
s0 as to create more paths than possible blocked paths while simuitaneously decreasing the number of
crosspoints. '

A 24x24 strictly nonblocking three stage Clos network 1004 is shown in FIG. 12. There are five paths
between each iniet and outlet, one through each middle stage switch. Any inlet (outlet) may have two paths
blocked by the other two inlets (outlets) on its switch. If these two pairs of blocked paths are disjoint, a total
of four paths are blocked. Thus, applying the strictly nonblocking condition, we have 52 (2 + 2} + 1, The
number of crosspoints in network 1004 is 3x5x8 +8x8x6 + 5x3x8 = 560. For comparison, a 24x24
crossbar network has 576 crosspoints.
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A genaral strictly nonblocking three stage Clos network 10086 is shown in FIG. 13. (The inter-stage links
are omitted in FIG. 13.) Applying the strictly nonblocking condition to network 1008, the minimum number
of paths between any input-output pair is equal to r. The maximum number of blocked paths is equal to (n-
1) + (m-1) and therefore whenever r 2 n + m -1, network 1006 is strictly nonblocking. Note that a S+2
stage Clos network can be recursively produced from an S stage Clos network by simply replacing sach
switch in a given stage with a three stage Clos network. A strictly nonblocking five stage Clos network 1008
as shown in FIG. 14 with the number of links between stages indicated therson. Two problems in
implementing Clos networks in the photonic domain are: 1) non-square, non-smalt switching elements, and
2) different numbers of links between stages (increasing geometrically toward the center).

A multistage interconnection network (MIN) 1010 is shown in FIG. 15 and is defined by the following
five conditions.

(1) a MIN has some arbitrary number S stages of nodes,

(2) there are r; nodes in stage i, each having n; inputs and m; outputs,

{3) nodes in different stages may have different values of n, and m,,

{4) for 1 £ i & 81, the outputs of nodes in stage i are connected (via links) to the inputs of nodes in
stage i+1, and

{5) My =Ty Nyt for1sis S-1.

An extended generalized shuffle (EGS) network 1012 is shown in FIG. 16. An EGS network is a MiN
with a particular specified link interconnection pattern. In any stage i the nodes are numbered consacutively
from 0 to r-1 and the outputs on a particular node are numbered consecutively from 0 to my-1. The outputs
of the stage i nodes are then numbered consecutively from 0 to rm;-1; output o; on node x is numbered
xm; + 0. The EGS interconnection pattern is stated as follows: stage i output x;m + 0, is connected to node

(Ximi"lﬂl )ﬂ'l“ T

in stage i+1. This interconnection pattern assigns links consecutively to nodes in the next stage {the so
called perfect shuffle). An important implication of the EGS interconnection pattern is that the number of
paths between any two nodes in two given stages never differs by more than one. For i<j, the number of
paths between a node in stage i and a node in stage | is aither

i1 .
ﬁmk/rj = I'Llnk/r-t or
k=i

| k=it 1

where x| denotes the smallest integer 2 x and {x] denotes the largest integer S x. Consider an EGS network
with N=mr inlets and m=my, outlets. The minimum number of paths between any intet-outlet pair is
given by

5-1 5 3 S
I'Imklrs = |£ImklM = |-£Inglr1 = I-Eﬂk/N .
1 1 " 2 1

An example EGS network 1014 is shown in FIGS. 17 and 18. To determine the numbsr of paths
between input x and output y, we calculate

L]
Paths= |£Imk/M = [3x3x2x2x1 / 12} = {36/ 12] =3.
1

The channel graph L{x.y) of input x and output y is the union of all paths between x and y. To ascertain
an upperbound on the number of blocked paths, we must determine the number of calls which can intersect
any channel graph and aiso the number of paths that each cail can block. The channel graph Lix,y) is
shown by dark lines in FIG. 19,

10
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1r

The channel graph L{x,y) is shown by dashed lines in FIG. 20. A single intersecting call (shown by dark
lines in FIG. 20} blocks one of the three paths of L(x,y). Consider a call that intersects L(x,y) on j-i links from
node stage i to node stage j (j > i). Denote a link from node stage k to node stage k+1 as a stage k link.
The number of paths between input x and output y blocked by link i of the intersecting call C(i}} is given by
the product of the number of paths from x to the stage i node of G(ij) and the number of paths from the
stage i+ 1 node of C(ij} to y. The maximum number of paths from any input {or stage 1 node) to any stage
i node is

i i
f[ng/ n|=|[Im/N
k=2 k=1

and the maximum number of paths from any stage i+ 1 node to any output (or stage S node) is

5-1 ]
[1mx/rs| = | [1 m/M]|.
=i+l k=i+l

Thus, the maximum number of paths between x and y blocked by link i of C(ij} is
i 3
In/Nix | [T /M| .
=1 k=i+l
The additional number of paths blocked by link i + 1 is given by
1 S i s
ITo/Ni x | [T /M| = [TT/N| x | [T /M| .
k=1 Te=it2 k=1 k=i+2

The second term subtraction corrects for the fact that the first term includes some paths blocked by link i;
namely, all those paths reaching link i+ 1 via link i. Employing a similar correction for each remaining link of
C(ij) we have that the number of paths blocked by Cfjj} is given by

k " K .
g [ II% | | DT mp | FTInp § | [T mp
BLOCKED PATHS (i,j) s T | &= = SO I T peke?
=] N M =1 N M [

Referring to network 1012 (FIG. 21), consider the following. Since ny £ N and

IInp

11
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is nondecreasing in k, there must exist some stage t such thatfor 1 s kst

andfort + 1sksS,

3

- ‘
I
=1

N

=1

Similarly, there must exist a stage u such that foru £ ks S,

andfor1 sksu-1,

The relationship

implies that all inlets have at least one path to every stage t+1 node and therefore that intersecting call Cjj)

must have i £ t + 1 and similarly, because

must have j 2 u - 1. Using all of this information, we are able to establish that the expression for blocked

paths becomes

s
I1my
p=k

M

1

v

5

IT mp

peu—1

M

12

=1

>1,
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ce

s i1 k
Hlmp ﬁ"p 2 ITn

BLOCKED PATHS (i,j) s | F—| + | B |4 3 [EL |,
M N Ie=t+ 1 N

s s s
[Im m

e | AL _ T
M M M

where, conventionally, it is understood that the summation term

w2

)>

k=t+1

equals zeroif t + 1> u - 2 and the product term

equals one if t + 2 > S. Note that

is a function of the entry point i and that

p=1
N
is a function of the departure point j. In ~addition. -
k ' s 5 ]
o | TIne ||| TT m I m 11 m,
2: =1 i+l _ p=k+2 - p=t+2
eet| N M M M

is a constant for all intersecting calls. Therefore, the upperbound on paths blocked by a single intersecting
call is a separable function of the entry point, departure point, plus a constant.

Woe are now left with determining the maximum number of calis that can intersect a channel graph.
Since the number of paths blocked by a single intersecting call is a separable function of the entry point,
departure point, plus a constant, we need only determine the maximum number of calls which can enter

13
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and depart at each stage. We do not have to associate the entry and departure points of a given call. We
are now ready to consider an important property of EGS networks (called the forward-backward invariance
property) which holds for any set of consecutive stages of the network meeting a particular condition. If the
forward-backward invariance property holds for certain portions of the network, the maximum number of
entering and departing calls at each stage can be drastically reduced.

The forward-backward invariance property (FBIP) can be stated as follows: every stage j node which
can be reached by a given stage i node reaches exactly the same set of stage i nodes. The FBIP holds for
stages i and j in an EGS network if

i—1
T
ko

divides r. The paths between certain stage 3 and stage 5 nodes for network 1014 are shown by dark lines
in FIG. 22. Note that every stage 5 node which can be reached by a given stage 3 node reaches exactly
the same set of stage 3 nodes. The FBIP Is important because It drastically reduces intersecting cells and
produces multistage modularity.

With reference to network 1012 shown in FIG. 23, assume that FBIP holds for stages 1 through i, i.e.,

rr
divides r,. Thus, every stage | node which can be reached by some inlet x reaches exactly the same set of
first stage nodes or inlets. Since any stage i node can reach at most

i
ITny
p=l
intets (the product of the n, fanouts from stage i through stage 1), at most
i
ITnp-1
=1

calls can enter the channe! graph L{qy} from stage 1 through stage i (point A in FIG. 23). Similarly, if FEIP
holds for stages i +2 through S, then at most

s
IT mp-1
pi+d

calls can depart from stage i+2 through stage S (point B in FIG. 23). For worst case considerations, we
assume that all calls which enter at or before stage i depart at or before stage i+1 and all calls which
depart at or after stage i +2 enter at or after stage i+ 1. Thus, for a given i, 1 S i £ S-2, the number of calls
intersecting a channel graph is upperbounded by

i S
[Inp-1+ JT mp-i.

p=1 pi+l

Minimizing for i and considering that at most min{N-1,M-1} calls can intersect a channel graph, we have '
that the maximum number of calls « intersecting a channel graph is given by:

14
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0= + =2, N-1,M-1
15is S—~2 an n Tp )
The arguments which are used to obtain this result are valid FBIP holds for all stages 1 through i in which
i
[Inpso
pel
and also for all stages j through S in which
5
[Imp s .
P=i

We have thus far determined that there are:
(1) at Isast

s
Ll;lmk/M
]

paths between any input-output pair,

{2) at most
3 b | k
1= Ff.Ilnp o | Tt
P
™M + N ,+b§+‘ N x
- S ] 3
IT mp I my IT mp
pk+] p=k+2 _ [ 2
M M M

paths blocked by a call entering a channel graph at stage i and departing at stage j, and
(3) at most

o= nn,,+ nm,—z N-1,M-1)
p=1

1snss—

calls intersecting a channel graph if

i i S S
[1n, divides N for [[n, < @ and [ Jm, divides M for [Jm, S .
i pel pei i

So, all we have left to determine are the maximum numbers of calls which can enter and depart at each

15
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stage of the channel graph.
Recall that at most

i
[Inp-1
p=l

calls can enter L{x,y) in network 1012 (FIG. 23) at point A from stage 1 through stage i. But also, at most «
calls can enter from stage 1 through stage i. Also recall that at most
L]
I mp-1
p=i+2

calls can depart L{x,y) from point B of network 1012 from stage i+ 2 through stage S. But also, at most o
calls can depart from stage i+ 2 through stage S. Thus, as many as

min[[i]'_np- 1, w}
p=l

calls can enter from stage 1 through stage i, and as many as
. i-1
min{[Jo,- 1, @)
=1

calls can enter from stage 1 through stage i-1. Assuming a maximum number of calls entering through
stage i-1, we have at most

i -1
min{ [ny- 1, @} ~ min{fIny- 1, w)
p=i p=1
calls entering at stage i. And similarly, we have at most
.8 . S
min{[Jmp— 1, ®} —min{ [T my~ 1, o}
p=i p=i+l

calls departing at stage i. We are now able to state the fundamental conditicn for strictly nonblocking EGS
networks:

16
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s
S i i1 Hlm"
Y. | | min{[Tnp-1, ®) - min{[Tn,~ 1, 0} | x | Fo—| +
=1 =1 p=l M
i1 k
1 | I ITnp
min{[Tmp- 1, ®) —min{ [T my-1, @} { x | E +ox| Y |E
p=l peitl J N et | N
( S S 3 y
IT mp I1 mp I] m,
p=k+1 p=k+2 p=t+2 +1
M M M ’

where

o

is the mintmum number of paths between any input-output pair,
Lo =
min{ [Tnp~ 1, } - min{J]np- 1, @)
p=l pel

is the maximum number of entering calls at stage i,

' s

I1 m,
peitl

M

is the number of paths blocked by calls entering at stage i,

min{]_s]mp— 1, ®) - min{ ]§] mp— 1, @}
p=1 peivl

is the maximum number of departing calls at stage i,

i-1
I
=1

N

17
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is the number of paths blocked by the call departing at stage i, » is the maximum numbser of intersecting

calls, and
5 k 5 5 5
v | T IT mp LT mp I1 mp
p=1 p=k+1 _ p=k+2 - p=t+2
k=t+1 N M M M

10

is a constant component of blocked paths for all intersecting calls.
This can then be stated as a fundamental theorem for strictly nonblocking EGS networks: any EGS
network which has N=nyry inlets and M-myr, outlets and in which
15

i i s s
['1n, divides N for [Tnp < @ and [Jm, divides M for [[m, < w,
=l i j

p=1 =i =i
20
and in which
k s
. : o [ I |[[ L
[Iy/Ml2ox [ T [E -
Lk=1 d k=141 N M
8 N S
" ,,E,,m" IT ™
o
M - L—M +1+
L)
35 5 L i-1 qlmp
Y | [min{[Tnp— 1, @) - min{[Tnp- 1, @) | x {E=—1+
i1 p=l pl M
-1
40 nnP

[min[ﬁm,— 1, ®) - min{ 1§I my- 1, co]] x N R

45 where 1 is the largest value of i such that

[Tnp<N,
50 pei
u is the smallest value of i such that
3
56 HmpSNl,
o=l

18
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and

i s
W= min np + -2, N-1, M~
lsiss-zlﬂ P p_l;lzm’ =1, M-1)

is strictly nonblocking for point-to-point connections.

The previous development assumed full capacity nodes {capacity = min{n,m}). Similar developments
can be made for capacity one nodes with selectivity, and for capacity one nodes without selectivity.
Separate results are merged via the introduction of a variable «, where a =1 for full capacity nodes, « =0 for
capacity one nodes with selectivity, and «=-1 for capacity one nodes without selectivity. The fundamental
theorem for strictly nonblocking EGS networks is then stated as follows: any EGS network (where a =1 for
full capacity nodes, « =0 for capacity one nodes with selectivity, and a =-1 for capacity one nodes without
seloctivity} which has N =niry inlets and M =myr, inlets and in which

i $ s
[1n; divides N for [Tn, < @ and [Tm,, divides M for [Jm, < w,
p=l P=j P=i

=1
and in which
r k s
S . —1-a Snp p-l;lﬂmp
m /M| 20x -
M | N || M
- s = 8
v | e | R
S
i . 1=
2 | |min{]Jop—- 1, @} —min([n,- 1, @} | x +
-1 p=1 =l M
a
IInp
pul

5
min{[Im,- 1, @} — min{ ﬁm,-— 1, )| x N ,
r=1 peit+l

where t is the largest value of i such that

u is the smallest valus of i such that

19
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and

i > s
o= min ([[rp+ [] my—2, N-1,M-1)
ISISS-l-ap,lnp F‘i'l-lmmp

is strictly nonblocking for point-to-point connections.

The great design fiexibility of EGS networks stems primarily from the fact that the conditions for
nonblocking operation are giobal and are based solely on N, M, «, and various n; and m, products. Thus, in
general, nonblocking conditions do not depend on the relationship between a particular n; and my.

An example nonblocking EGS network 1016 is shown in FIG. 24. If the output links in each stage of this
network are assigned consecutively to the nodes in the next stage (perfect shuffle), then any idle input can
be connected to any idle output, regardless of the current connection state of the network, i.e., the network
is strictly nonblocking.

A muttistage interconnection network (MIN) G is said to be a perfect shuffle equivalent network if either
of the following two conditions holds.

Condition 1:

For every stage i of G there exists a one-to-one mapping ¢, from the r; stage i nodes of G onto the
integer set {0,1,~,r-1} such that nods « in stage i of G is connected to node 8 in stage i +1 of G If and only
if

o1 (B) € [¢i(a) X m; +0i]:md 0; € (0,1,,m~1} .

Thy

Condition 2:

For every stage i of G there exists a one-to-one mapping ¢i from the r; stage i nodes of G onto the
integer set {0,1,,r-1} such that node g8 in stage i+1 of G Is connected to node « in stage | of G iIf and only
if

yi(a) € [‘i’m(ﬂ)xnm*'im]m fieg € (0,1,0,n54y~1) 1.

n

Note that an EGS network is a perfect shuffle equivalent network in that Condition 1 holds when each ¢,
is simply the identity mapping. Let C1 = {&, : i ¢ {1,2,,8}} represent a set of 8 mappings ¢, satisfying
Condition 1 and et C2 = {y;:i¢ {1,2,~,5]}} represent a set of S mappings satisfying Condition 2.

An expanding means is said to connect each of the N inlets of G to multiple inputs of the first stage
nodes of G in a perfect shuffle sustaining pattern if either of the fellowing two conditions holds.

Condition 1e: -

Ci exists,

nr —F
=4

N

an integer, and there exists a one-to-one mapping ¢, from the N inlets of G onto the integer set {0,1,~,N-1}
such that inlet « is connected to node 8 in stage 1 of G if and only it
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B e { [fh(a)xF-l-o[]mdr__ :01(0,1,-,F-1} ¢, where §;  C;.

Condition 2e:

C2 exists,

mn
N

=F,

an integer, and there exists a one-to-one mapping ¥, from the N inlets of G onto the integer set {0,1,~,N-1}
such that node g in stage 1 of G is connected to inlet a of G if and only if

yi(x) e { [\p,(ﬁ) xn; + i,]mx ) e {0.1.-",n1—1]}, where y; € C,.

A concentrating means is said to connect multiple outputs of the last stages of nodes of G to each of
the M outlets of G in a perfect shuffle sustaining pattern if either of the following two conditions holds.

Condition 1c:

Ci exists,

an integer, and there exists a one-to-one mapping ¢, from the M outlets of G onto the integer set {0,1,~ M-
1} such that node a in stage S of G is connected to outlet 8 if and only if

¢ (B) € [%(a)xms +°s]modM 0g € {0,1,,mg—1} [, where ¢5 € C;.

Condition 2c:
Cz exists,

Nsry
N

=F,

an integer, and there exists a one-to-one mapping ¢, from the M outlets of G onto the integer set {0,1,~,M-
1} such that outlet 8 is connected to node « in stage S of G if and only if

vs@e 1 [Ve®xF+i]  doe @1 F-1), where vy € Gy

(]
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Network G with such expanding and concentrating means can be equivalently represented as an S+2
stage perfect shuffle equivalent network comprised of an expansion stage of N 1xF nodes, followed by the
S stages of G, followed by a concentration stage of M_F'x1 nodes. If Condition 1(2) holds, ¢ () is applied
to the N inlet nodes and inlet node « is connected to node g in stage 1 of G according to Condition 1e (2e)
and ¢,(¢o) is applied to the M outlet nodes and nodse « in stage S of G is connected to outlet node 8
according to Condition 1¢ (2¢). The above theorem on strictly non-blocking conditions applies to such
networks.

Crossover network 1020 shown in FIG. 25 is a perfect shuffle equivalent network. This can easily be
verified by examining the labeling of the nodes in each stage and the interconnection between stages. The
existonce of such regularized physical interconnection patterns of perfect shufflo equivalent networks is
important for implementation consideration.

In a crossover network with 2% 2 x 2 nodes per stage, each link stage i is comprised of a crossover
interconnection pattern having 2" partitions, whers r ¢ I(k) = {0,1,~k-1}. The values selected for the various
r, greatly affect the performance and connectivity of the network.

One very useful pattern of r, selection (that produces a perfect shuffle squivalent network) is to have
ri.rz2,~.f be given by any permutation of I(k) and for izk, r, = rywhera j = 1 + (i-1)}mea ki 1.6, Fee1 = My fis2
= 1z, fak = M, 6iC. Many other useful patterns exist that correspond to networks not in the perfect shuffie
equivalent network family.

EGS network 1022 shown in FIG. 26 represents an important special case of perfect shuffle equivalent
networks. In network 1022
S23, ni =1, m =F, rn=N,ng=F, Mg=1,rg=N, and for
2 Si€£S-1, m=my=n, and ri=F
LET:

P(B) = probability that a given idie inlet and outlet cannot be connected {blocked).

P(F} = probability that a given nxn node in stages 2 through S-1 is unusable duse to a failure.

0OCC = probability that a given inlet or outlet is busy.

a = 0 for capacity one nxn nodes (with selectivity).

a = 1 for full capacity nxn nodes.

THEN:
N,F,n,S,P(B),0CC, and a are approximately related by

Pn*-*

s-2-a] P

PB)= |1- l_p(F)..(Lla____ )OCC N
n“F

For 3£ S 5 2logh/N+1-a

LET:

P(B) = P(B) for a network with S stages
THEN:

Ps+1(B} and P¢(B) are approximately related by

Ps.1 (B) = Py (B)(-PP)-a-In"™ x OCC/R]

(n—1) OCC

—

n®*(1-PF) '
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then the exponent is greater than one and Pg(B) decreases double exponentially in S; i.e.,

1

log | log Ps(B)

plotied versus S is a straight line. To demonstrate this dramatic effect assume Pg(B) = 107" and Ps.¢ (B)
= [PS(B)F. Then Pgy1 = (107" = 1072, Pg,2(B) = {1072F = 1074, Pg.3(B) = [107*F = 1078, Pg.4(B)

10 = [1078R = 107'¢, etc. Thus, in such a network we have reduced the probability of blocking from 107 to
107'% by simply adding four stages.

The previous approximate expression for probability of blocking may be generalized for any perfect
shuffle equivalent network G with S stages of nodes, with stage i comprised of nxm, nodes and with
N=niry inlets and M = rym, outlets. Setting P(F)=0, OCC=1, and «a =1 we get the probability of blocking

15 in G, P(G), approximately given by

$-1 il [Tmy/M
” P@G) = |IT {1~ (1) [Tn; / [Tmy ]
=1 &l =
P(G) £ .5 is a conservative threshold for network G to be useful in applications where blocking probability is
at ali significant.
25

Network Control

Recall that network 1012, shown in FIG. 16, is an EGS network having an interconnection pattern that
simply assigns links consecutively to switches in the next stage--a perfect shuifle interconnection. The
30 number of paths P between any inlet x and, any outlet y in network 1012 is given by

s s 7
) = 1 - (-] T dmoa M
35 P=1+ oL = .
M

Lst I{k} denote the integer set {0,1....k-1}. Denote a given path from inlet x to outlet y by the triple (x,P"y),
40 where P* is an element of i(P). Path (x,P"y) will pass through stage i switch

S S
xnmj =P*M + (y—xnmj)md M
« Si(x,P*y) = |- T
Im;

i modr,

s5¢ for 1515 8. Denote a link between stages i and i +1 as a stage i link. Path (x,P"y) utilizes stage i link

S S
x[‘[mj +P*M + (y"xnmj)mod M
- =1
. Lix Py = [ -5 I

IT m

Fitl mod r;my

23
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for
15i88-1.

FIG. 27 is a path hunt processing flow chart used to effect the path hunt function in network 1012 where
the swilches are fall capacity, i.e., cap(S) = min{n,m}. Processing begins with block 1102 where a
previously unchecked path P* is selected. In block 1104 the busy/idle status of Li{x,P"y) is checked for all 1
5 i s S - 1. Indecision block 1106 a detsrmination: is made of whether all the Li{x,P"y) are idle. If all the L-
(x,P"y) are idle, processing proceeds from block 1106 to block 1108 where it is concluded that path P™ may
be used to connect inlet x to outlet y. i it is determined in block 1106 that all the Li{x,P"y} are not idle,
processing continues with decision block 1110. In biock 1110 it is determined whether there are other
unchecked paths. If there are, processing returns to block 1102 and the processing flow chart is repeatad
for a new unchecked path. However, if in decision block 1110 it is determined that there are no other
unchecked paths, processing branches to block 1112 where it is concluded that all paths are blocked
between inlet x and outlet y. The links L, are checked in the flow chart of FIG. C1 because the switches of
network 1012 were assumed to be full capacity.

FIG. 28 is a path hunt processing flow chart used to effect the path hunt function in network 1012 where
the switches are capacity one, i.e., cap(S) = 1. Processing begins with block 1122 where a previously
unchecked path P* is selected. In block 1124 the busy/idle status of Sy(x,P"y) is checked for all i, 1 21 £ S.
In decision block 1128 a determination is made of whether all the S(x.P*y) are idle. i all the S,(x,P"y) are
idle processing proceeds from block 1128 to block 1128 where it is concluded that path P* may be used to
connect intet x to outlet y. If it is determined in block 1128 that all the Si(x,P"y) are not idle, processing
continues with decision block 1130. In block 1130 it is determined whether there are other unchecked paths.
If there are, processing returns to block 1122 and the processing flow chart is repeated for a new
unchecked path. However, if in decision block 1130 it is determined that there are no other unchecked
paths, processing branches to block 1132 where it is concluded that all paths are blocked betwesen inlet x
and outlet y. The switches S, are checked in the flow chart of FIG. 28 because the switches of network 1012
were assumed to be of capacity one. o

it is significant to note that in performing the path hunt for network 1012, paraliel operations are
possible. All Si(x,P"y) or Li{x,P"y) busy/idle statuses for all i and P* may be read concurrently, and then all
P paths can be determined busy or idle concurrently. A specific path is then chosen from those found idle,
if any.

If the network under consideration is not an EGS network, but is an isomorphic version of an EGS
network, inlet x and outlet y must be mapped into their EGS equivalents before applying the routing
algorithm{s). A reverse mapping is required to operate switches.

Overlap operation can be performed on a multiplicity of connections to be made if all paths for each
inlet/outlet pair are disjoint from all paths for every other inlet/outlet pair.

For convenience, denote

S
I1m; =M;.
i
If M divides M,, the equations for P, S;(x,P"y), and Li{x,P"y} given previously become

M
Pz —-

M ’

s XM, +P*M +y
i(x!P‘iY) = , and
- M “modr,
M) +P*M +y

~ Miﬂ “mod rmy

Li(x,P*y)=

24
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Consider a network Ginwhich N = M = 2" ny = mg=1,m; = ng = 2= F,and, for25is5S-1,m =
m; = 2, where n and k are integers. Then

Ml =25-2 xF=25-2 x2k___23+k-;-2 and P = y_l_g_&:szk—n—z
M m )

Wealsohavers =rg = N =M = 2" and

n k
= 2"x2 =2n+k—l

2
for 2 S i s S-1. Additionally, M, = 25 Hfor2£i 5 8.

The term xM; + P'M + y thus becomes x2%*%2 + P2" + y, x and y range through integer values
01,21 and P* ranges through integer values 0,1,-25*%"24  Thus, P'2" has values
0,2"242" 342"~ 254200 and P2" + y ranges through all integer values from 0 to 2%t%-2.1. Also,
x=25*%"2 hag valugs 0.25%"2 - pStkin-2.95+k"2 and thyg x25*%"2 + P"2" + y ranges through all integer
values from 0 to 25+%+n-2-q,

We can thus represent xM; + P'M + y = x25*%2 4+ pP2" + y agan S + k + n - 2 bit binary number as
follows

n +k=n—~2
XMI +P*M + y IW s‘m* Ty .

Let us consider the expression

M; +P*M +y M; +P*M +y
Si(x,P*.y) = M, B 2
mﬂ mr‘-l

for 2 $ i 3 S-1. Dividing a binary number by 25~! and taking the floor function is equivalent to shifting the
binary number 8§-1 places to the right. Thus,

xM; +P*M +y
23—1

is equivalent to the binary number enclosed in the following rectangle:

I

A binary number modulo 2™ %' is given by the rightmost n + -1 bits of the binary number. Thus,

M, +P*M +y
zs-i

mod 2™}

25
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is equivalent to the binary number enclosed in the following rectangle:

BaUPC SN et

S(x,P.y) is thus given by a window of logz r bits displaced loga M, bits from the right of the binary
representation of xMy + P'M + y. Similarly, Li{x,P"y) is given by a window of logz(rm) bits displaced by
logz M.+ bits from the right of the binary representation of xM; + P'M + y.

The relationship of the switches and links of a shuffle network to the inlet/outlet and path numbers is
described hersin for the exemplary network 1140, shown in FIG. 29. FIG. 30 illustrates the concatenation of
binary representations of inlet 137, path 417, and outlet 291 to form a single binary number. FIG. 31
ittustrates that the determination of a particular switch in a given stage can be made simply by selecting a
certain number of consecutive bits of the binary number. The particular sleven-bit sequences used to
identify the stage 2 switch and the stage 16 switch are illustrated in FIG. 31. Similarly, the twelve-bit
sequences used to identify the particular links in stage 2 and stage 16 are also illustrated. The eleven-bit
strings identify one out of 2048 switches. The twelve-bit strings identify one out of 4088 links. Also
ilustrated in FIG. 31 is the method for identifying the particular inputs and outputs of the various stages,
based on the bit(s) adjacent to the bit sequences used to identity the switches and links. For example, the
stage 2 and stage 16 inputs are identified and the stage 1, stage 2 and stage 18 outputs are identified. Note
that for network 1140, output routing is "self-routing” -- independent of the input.

Recall that the crossover network and the shuffle network are isomorphic. The transformations betwsen
various stages of the two network types are illustrated schematically in FIG. 32. The particular transforma-
tions identified in FIG. 32 are listed herein in Tables 1-3. In FIG. 32 the switch and output of stage i of a
crossover hetwork identified in block 1150 and the switch and output of a shuffle network stage i identified
in block 1154 are related by transformations 1, 2, 3, and 4 of block 1152. Similarly, the switch and input for
stage i+1 of a crossover network represented in blosk 1180 and the switch and input for stage i+1 of a
shuffle network represented in block 1164 are related as defined by transformations 9, 10, 11, and 12 of
block 1162. The transformations between stage i switch and output number for a crossover network and
stage i+ 1 switch and input number for a crossover network are specified by transformations 13, 14, 15, and
16 of block 1156. The corresponding relationships between successive stages of a shuffle network are
given by transformations 5, 8, 7, and 8 of block 1158. The transformations 1 through 16 are listed in Tables
1-3. For each transformation, the number to be transformed is a n-bit binary number represented by
Bn-1"'B1 Bo.
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M

2)

(3)

(4)

(5

(6)

CSi - SSi:

n—i—1

ﬁl"l_\

1
‘B, ®By, B; ®B,, -+ -, B, ® By,

Bi-v-l @ Bi' Bi+2 @ §i+1| DR B'n--l @ Bﬂ.-Z’ Bn—-i,u

CO; = 8O;: By @B, @CO; if isn-2;

Bn-1 @ CO, if i=n-1

$S; — CS;:

’ n—i
B;, Biy) @ B, B, ® Byy D B;,

Fa i Y
@ Bp1,.i0, * ' @ Bper,ili-l

SO; - COi: B @ SO;

$Si, SO; — SS;,1: Bpz Bps, -

SSi, SO, - SIi.HZ Bn—l

e, @ Bn--l....i.

-, Bg, SO;

TABLE 1

27




10

15

20

26

30

35

40

45

a0

55

EP 0 397 372 B1

(7) SSH-I' Sliq.[ - SSi: SIH-I! Bn—l, Bn—Z, e Bl

(8) SSi41. 8L, = SO;: By

9 CSiy = SSi:

s n—i=-2 \ /—1 -\
Bisz @ By, Biys ©Bya, + ¢+, By @By, Bogs
’ i+l ~
B, ®Bg, B;®B; -, By @B,

(10) Cliyy — SLyy: By @B @CL,,; if i+121;

(lOa) CI, -3 SIi: Bi @ Bi—l @CL if i21;
Bp1 ©CIL; if i=0

(11) SSy; = CSyg:
Y, n~i-1 \
By1, Bia @ By, By @ B2 ®Byyy, -0, D Bpy i,
- i+l -
@Bo1,..i+1,0, " DBy _is10,i

TABLE 2
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(12) Sli+1 b J CIi-l-l: Bo @ SIi+l

(12a) SI{ - CIi: Bo @ Sli

Bl‘l—lv Bn—z: Ty BH-I,
’ i+l \
Bi @ COi. Bi—l @ COi, Yy Bo @ COi

(14) CSi, COI - CIH-I: CO,

(15) CSj4y, Clyy = CSi:
Bp-1, Ba2y -ty Biens

7 i+l \
B; @ Cl,y, Biy ® CLyy, ', Bo @ Clyy

(16) CSiy, Cliyy = CO;: Cliyy

TABLE 3

Arrangements for controlling a 512x512 crossover network 1200 (FIG. 38) are now described. To get a
better understanding of the size of such a network, first refer to the 16x16 crossover network 1170 (FIGS.
34-36) and note the pattern of crossover connections from stage to stage. FiG. 37 is a representation of the
relative sizes of the 16x16 network 1170 and the 512x512 network 1200. Also shown is an intermediate size
128x128 network. Crossover network 1200 (FIG. 38) includes 15 stages; howsever stages 1, 2, 3, 13, 14, and
15 do not perform a switching function but are used only to implement the fanoutfanin F=8. A crossover
network controllsr 1300 is used to effect path hunt, connect, and disconnect functions for network 1200 via
a plurality of stage controllers 1201 through 1209, individual to the stages 4 through t2. For the present
example, the nodes of the switching stages 4 through 12 are full capacity switching nodes such as the node
of FIG. 5. The nodes of the fanout stages 1, 2 and 3 and the nodes of the fanin stages 13, 14, and 15 are
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simple fanout elements and fanin elements, respectively. Crossover network controller 1300, which may be
implemented as a single processor operated under stored program control or as a hardware logic circuit
arrangement, implements the control processing shown, for example, in FIGS. 39 and 40 to effect
connections and disconnections respectively.

Connection procsssing (FIG. 39) begins when a network 1200 inlet/outiet pair for a given connection
request is stored in a queue in block 1402. When the stored inlet/outlet pair is to be processed, a
conversion of the inlet and outlet numbers is made in block 1404 to the corresponding inlet and outlet
numbers of the shuffle network topologically equivalent to network 1200. Then in block 1406 a disjoint path
check is made using procedures described further hersin to determine whether any of the possible paths
for this connection request intersect with any of the possible paths for other connection requests being
processed concurrently. If there is no conflict with other connection requests in progress, execution
proceads to block 1408 where the switches or links associated with all paths from the inlet to the outlet of
the equivalent shuffle network are determined. Since, in network 1200, the switches (or nodes) are full
capacity switches, it is sufficient to determine the links of a given path through the network. If the network
switches are capacity one switches, it is sufficient to determine the switches of a given path through the
network. Once the path components of all paths have been determined, an idle path is identified in block
1410 if such idle path exists. When an idle path is found, a path memory is updated in block 1412 to define
the idle path using the inlet, outlet, and path numbers for the equivalent shuffle network. Connection orders
are sent in block 1414 to the network stage controllers 1201 through 1209. Further, the path components
(switches or links) for the identified path are marked busy in block 1416 for all stages.

Returning to block 1406, if it is determined that the given connection request is in conflict with other
connection requests being processed, information concerning the given connection request in stored in a
queue in block 1420. Once an idle path is found in biock 1410 for one of the other connection requests, a
report is made to the queue of block 142Q. The disjoint path check of block 1406 is then repeated. If no idle
path is identified in block 1410 for a connection request, blocks 1422 and 1424 are executed., In block 1422,
a report is made to the queue of block 1420 that connection processing is completed. In block 1424, a
blocking failure report is made to the queue of block 1402 such that the unsuccessful connection request
can be processed again later.

Disconnection processing (FIG. 40) begins when a network 1200 inlet for a given disconnection request
is stored in a queue in block 1440. When the stored inlet is to be processed, a conversion of the inlet
number is made in block 1442 to the corresponding inlet number of the shuffle network topologically
equivalent to network 1200, In block 1444, the shuffle inlet number is used to index the path memory to
determine the shuffle outlet number and the path number for the connection. Disconnect orders are sent in
block 1448 to the network stage controliers 1201 through 1209. Further, the path components (switches or
links) for the path being disconnected are again marked idle for all stages.

A hardware embodiment of network controller 1300 is shown in FIGS. 42-44. Connection requests,
specifying a particular network 1200 inlet/outlet pair, are stored in a connect request queus 1302. The nine-
bit binary crossover inlet number and the nine-bit binary crossover outlet number are transmitted to a
crossover to shuffle mapping unit 1304 (FIG. 50) for conversion to the corresponding nine-bit shuffle inlet
number and the corresponding nine-bit shuffle outlet number. The shuffle inlet and outlet numbers are
stored in a connect/disconnect request queue 1305 and then transmitted to a disjoint path check unit 1306
{FIG. 46). Unit 1306 determines whether the present inlet/outlet number pair defines paths through network
1200 which are link disjoint from the paths asscciated with another inlet/outlet number pair. When two or
more connection requests define disjoint paths through network 1200, multiple connection requests and
path hunts can be processed at the same time in what is referred to herein as an overlap mode of
operation. The shuffle inlet/outlet numbers are then stored in a connect/disconnect request queue 1308.
When a path hunt is to be performed, connect request queus 1308 transmits a read request signal to a
plurality of memories 1312 that store the link busy/didle bits for a corresponding one of the link stages 4
through 11 of network 1200. (Link stage i is the stage of links between node stage i and node stage i+1.)
The nine-bit shuffle inlet and the nine-bit shuffle outlet signals are also transmitted in parallel from connect
request queus 1308 and predetermined ones of the iniet and outlet signals are used to address locations of
the memories 1312.

Note that in network 1200 there are eight paths associated with any specified inlet/outlet pair. Each
memory 1312 has 512 locations, each comprising eight bits. Each of the 512 locations of a given memory
1312 corresponds to a different value of the predetermined nine bits extracted from the binary number
formed by concatenating the inlet number, path number, and outlet number in the manner of FIG. 30.
However, none of the path number bits are extracted for any of the stages. As a result, a memory 1312
location defines the busy/idle status of a link stage for each of the eight paths associated with a given

30



10

18

20

25

30

35

40

45

50

55

EP 0 397 372 B1

inlet/outlet number pair. All eight bits of the addressed memory 1312 locations are read and concurrently
combined by a piurality of path busyfidle check units 1314, implemented, for example, as multi-input OR-
gates., One of the path check units 1314 transmits an idle signal when all of its input signals indicate an idle
status of links. An idle path select unit 1316 (FIG. 51) receives the busy/idle signals from sach of the units
1314 and selects in a predetermined fashion one of the defined idle paths. Idle path select unit 1316 then
transmits the binary number corresponding to the one of the eight paths selected. Unit 1316 also transmits
a blocked path indicator if, in fact, there is no path found. The blocked path indicator is fed back to the
connect request queus 1302 such that the connection request can be repeated at a later time. The inverse
of the blocked path indicator is used as a write request signal to write a busy bit into each of the memories
1312. The idle path number is transmitted to the memories 1312 to additionally identify the particular path
and therefore the particular bit of the location addressed by the inlet and outlet numbers. In addition, a path
memory 1318 is updated in response to the write request and stores, at an address defined by the shuffle
inlet, both the shuffle cutlet and the selected idle path number.

A disconnect request queue 1320 eHects disconnections by transmitting the crossover inlet to be
disconnected, to crossover to shuffle mapping unit 1304 for conversion to the corresponding shuffle inlet.
The shuffle inlet is then used to address path memory 1318. Disconnect request queue 1320 transmits a
read request signal to path memory 1318 and reads the shuffle outlet stored at the location of path memory
1318 defined by the shuffle inlet address. The read shuffle outlet is then transmitted along with the shuffle
inlet via queus 1305, disjoint path check unit 1306 and queue 1308 to address memories 1312. The
addressed path memory 1318 location also includes the path number of the path to be disconnect. The
read path number is transmitied in paraliel to each of the memories 1312 to additionally specify the
particular bit to be returned to an idle status. Thereafter, disconnect request queue 1320 transmits a write
request which effects the change to idle status in the memories 1312 and also deletes information
concerning that connection from path memory 1318. Each of the node stage controllers 1201 through 1209
includes a translator which effects a predetermined combination of the shuffle inlet, outlet, and path signals
to determine both the node and the node input to node cutput connection to be enabled as part of a new
path or to be disabled for a disconnection. The design of these translators is based on the following logic.
Following reasoning similar to that to determine S)(x.P",y) and Li{x,P*,y) from a binary representation of xM;
+ P'M + y, we may determine I,(x,P*y) (the input used on 5,(x,P"y)) and Oj(x,P*y} (the output used on Sy
(x.P"y).

xM; + P*M +y

Ii(xaPt’Y) = I"Mi
1

my

For2sis8-1,n=2"1T M =25"and n; = 2, Iy{x,P"y) is given by a window of one bit displaced
n +k-1+ S-i bits from the right of the binary representation of xM1 + P'M + vy,

XM, +P*M +y
M

Oi(x,Pt,y) =
mod m,

Oi(x,Py) is then given by a window of one bit displaced S-i-1 bits from the right of the binary
reprosentation of xMy + P'M + y.

To map Six,P~y), [i{(x,P"y), and Ci{x,P"y) from the shuffle domain to the crossover domain we employ
expressions (3) and (4) in Table 1 and expression (12a) in Table 3, respectively. The required exclusive-OR
functions are easily implemented in hardware ad the inputs to these actions are obtained directly from the
binary representation of xM: + P'M + y.

The crossover to shuffle mapping unit 1304 (FIG. 50) comprises a set of exclusive-OR gates combining
the appropriate inlet ad outlet signals. Since the network has fan-out and fan-in of eight, we may interpret
the entire network as being comprised of a total of fifteen stages--three stages for one to eight fan-out, nine
stages for switching, and three stages for one to eight fan-in. The fan-outfan-in is accomplished by
selactively equipping only one of each seight inlet/outlets {one inlet/outlet on one of four switches). The
selected 512 inlet and outlet switches are then mapped to the shuffle domain using expression {1}, of Table
1. The resulting logic is indicated in FIG. 50,
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The memories 1312 are each 512x8 random access memories storing the link busy/idle bits. The path
busy/idle check units 1314 are implemented as OR gates. The select unit 1318 (FIG. 51) is implemented
using an arrangement of AND, NAND, OR, and NOR gates to define, using three path signals, the selected
idle path, and to generate a single signal for use both as a blocked path indicator and as a write request
signal.

The disjoint path check unit 1306 is based on the logic arrangement shown in FIG. 46. The two
intet/outlet pairs checked are designated as (X8, XB, X7, X6, X5, X4, X3, X2, X1) - (Y9, Y8, Y7, Y8, Y5, Y4,
¥3, Y2, Y1) and (x8, x8, x7, x6, x5, x4, x3, x2, x1} - (y9, y8, y7, y6, y5, y4, y3, v2, y1). The logic
arrangement of unit 1306 is applicable for checking disjoint paths in network 1330, shown in FIG. 48,
independent of the fanout as indicated by the first stage of elements being 1x2" elements and independent
of the fanin as indicated by the last stage of elements being 2"x1 elements. The logic arrangement of unit
1306 generates a logic zero signal when all paths for the inlet/outlet pairs are not link disjoint and generates
a logic one signal when all pairs are link disjoint. The explanation of this logic is as follows. Consider the
binary representation of xMs + P"M + y for the two inlet/ouilet pairs being checked.

Yy
7XeXsXaX3X2X; ppp Yo Yg Y7 YsYsYs Y3 Yo Y
x'
e A ettty
XgXgX7XsX35X4X3X2X] PPP Yo Y8Y7Y6YSY4Y3Y2Y1

Li{x,P"y) is given by a window of logz (nm) = n+k = 9+3 = 12 bits displaced by logz M,y = 12-i bits
from the right of these binary vetues for 4 5 i 2 11, Since any stage 1, 2, or 3 link is accessible by only ons
inlet (the three stages of fan-ocut) and any stage 12, 13, or 14 link is accessible by only one outlet (the three
stages of fanin) we are concemed with L; only for 4 5§ 5 11,

Consider L {x,P"y) and Ls (x',P"y").

L (,PYY) = Xa X7 Xe Xs X X3 X2 Xa pppYs
La (x',P"y") = x8X7X6XsXe X3 X2X1 PPDY3 -
Since the ppp field can take on all possible eight values, these two sets of links wilt be disjoint only if the
remalining bits differ in at !east one position. Thus, these two link sets will be disjoint if

D: = Qs @xs) + PG @x7) + ~ + O ®x1) + (Yo ®ys) = 1. Similarly,

Ls (x,P",y} will be disjoint from Ls(x',P*y'} if

Ds = 7 @xz) +~ + Ok @xqi) + (Yo ®ys) + (Ys ®yg) = 1 and soon until we reach D1 = (X1 @ x1) +
(Ya ®yg) + = + (Y2 @ y2) = 1. The entire set of links will disjoint only if each D; = 1 or Dy = Dy xDs x
xDys = 1, The logic shown in FIG. 46 is a Boolean reduction of Dy.

When two infet/outlet pairs are determined to be link disjoint, then the path hunt function to establish
connections can be performed in an overlap mode of operation, as shown in the timing diagram of FIG. 47.
As shown, the times neaded to perform a read of the memories 1312, the subssquent operation of the logic
circuitry comprising OR gates 1314 and idle path select unit 1316, and then the subsequent time for writing
of path memory 1318, as well as writing busy bits into the memories 1312, are indicated in FIG. 47 by the
times Ry, L, Wi. The corresponding times for a second connection request are designated Ry, Lo, W2. As
shown, the second read occurs during the time that the results of the first reading are propagating through
the several levels of logic gates. As shown in FIG. 48, when duplicate copies of the network controtler
memories, etc., are used, as in FIG. 45, four reads can be effected before the corresponding four writes
occur.

Alternatively, instead of checking whether there are any conflicts among the paths between a first inlet
and first outlet, and a second inlet and second outlet, one can simply proceed as if the selected paths did
not conflict, and in case of a conflict, choose an alternate path between the second inlst and outiet. The
presence of a conflict is detected if any of the busy-idle indicators for the second selected path are marked
busy; in that case, the busy-idle indicators for that second path must be retained as idle, except for those
dstected o be already busy, and a hunt for an aiternate path between the second inlet and outlet is made.

In many EGS networks, the probability that two connection requests are disjoint is high. Consider an
EGS network with N inlets and M outlets, S stages, and with n; inlets on each switch in stage i and m,
outlets on each switch in stage i and where
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i
Na=a Omdﬁ,,, for [In; SN
M =l

S
and M # Oppoq[m, for [Jm; SM.
7 i

Define L{a,b) as the set of all links in all paths betwéen inlet a and outlet b, S(a,b} as the set of all switches
in all paths between inlet a and outlet b, and ¢ as the empty or null set. With these definitions, we state the
folowing theorems.

Link disjoint path theorem:

Losy) 0 Loy = ¢ ifand only if t 2 u,

Switch disjoint path thecrem:

S(x.y)yn S(x'y') = ¢ ifand ondy if t > u,

where
t is the smallest value of i for which

Iy
=l
and
u is the largest value of i for which
Yy || Y
S 1S
Mm| | Iy
i i
and where
MW dsnotes the largest integer S W
and

W denotes the smallest integer 2 W.
For x,y and x",y' chosen at random, we consider two cases:

Case 0:
x and x' are chosen with replacement from the set of N inlets, i.e., x and x' are allowed to be
the same inlet. Similarly, y and y' are chosen with replacement from the set of M outlets. For
this case we sot a variable § = 0.

Case 1:

x and x' and also y and y' are chosen without replacement from the sets of N inlets and M
outlets, respectively. Thus, x #* x', and x * y'. For this case we set 8 = 1.
Link disjoint path probability:
The probability that L(x,y) n L(x",y") = ¢ is given by
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(ny~P) x min li}m,- ~B, N-B)

1 -
: -2 *
- i - s
) [mn (I Tn; N} ~min ([inj, N]] [m ( 11 my—B, N—B}]
=2 =1 jal it
10 (N-B)*

Switch disjoint path probability:
The probability that S(x.y) n S{x'.¥'} = ¢ is given by

15

]
(n;—PB) x min {JTm; —B, N-B}
1

I - 2
N-P)
S i i1
% 3 [rmn {[In;, N} ~min {nn,-,Nl] [mn (ﬁmj—ﬁ. N—B]]
=2 =1 Fl =i
(N-BY?

26
For loge N 5 8 5 2 logz N: P (digjoinf) = P (all paths between a given inlet/outlet pair are switch and link
disjoint from all paths between another inlet/outlet pair) =

25(2 loga N~S+1)-2N+1
(N-1)2

30 -

There are

35

2
—I}- [23(2 1og,N—s+1>—2N+1]

40 ways to select two inlet/outlet pairs that have common switches for some paths. There are

N2 =12

2

45
ways to select two iniet/cutlet pairs. By way of example, for N=512, § =9, there are

2
50 _5_!52_. [512(18-9+1) - 1024+1] = 537,001,984

L

ways to select two inlet/outlet pairs with intersecting paths and

55

5122 x 5112

2 = 34,225,651,712
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ways to select two inlet/outlet pairs.

337,001,984
34,225,651,712

P (disjoint) = 1 - = 9843,

In addition, P (at least 2 of 3 pairs are disjoint) ~ .99999613, P (each of 4 pairs are disjoint from the other
thres) = .9094, and P (some 4 of 5 pairs are ail disjoint) ~ .996.

Photonic System 10

For the present description of photonic system 10 (FIG. 1), only N-input, N-output networks including a
fanout section (expansion), a switching section and a fanin section (concentration) (FIG. 2) are considered.
Every node stage In the switching section has NF/2 two-input two-output switching nodes. The fanout
section multiples each of the N inputs to F links at the input of the switching section. Accordingly there are
FN links entering the switching section. The switching section contains § node stages with each node stage
interconnected to the preceding node stage and the succeeding node stage with perfect shuifie equivalent
interconnections. The fanin section groups together sets of F links and connects each group of F links to a
different one of the N outputs.

Crossover interconnections are topologically equivalent to perfect shuffle interconnections. FIGS. 52 and
53 show two different two-dimensional implementations of a network with N=4, F=2, and S=4. Network
2101 (FIG. 52) uses crossover interconnactions and network 2102 (FIG. 53) uses shuffle interconnections.
Note that the nodes in the two-dimensional crossover network 2101 are renumbered such that network 2101
has the same node connectivity as the two-dimensional shuffle network 2102. Also note that the shuffie
interconnections are invariant from link-stage to link-stage, while the crossover interconnections vary from
link-stage to link-stage.

A three-dimensional crossover network 2110 (FIGS. 55-57) is topologically equivalent to the two-
dimensional crossover network 1170 of FIGS. 34-36. In network 1170, note that each nede of a given node
stage is labeled with a number from O through 31. Since network 1170 is a hal-crossover network, it
includes both crossover connections and straight connections. If the node numbers O through 31 are
represented as the binary addresses 00000 through™1111, the crossover connections are such that a node
in one stage is connacted to the node in the next stage having a binary address differing in each of the p
low order bit positions, whete p is a positive integer at most equal to five. Thus node 0 (00000) in stage 0 is
connected te node 1 (00001) in stage 1, node 0 (00000) in stage 1 is connected to node 3 {00011) in stage
2, node 0 (00000) in stage 2 is connected to node 7 {00111) in stage 3, node O (00000) in stage 3 is
connected to node 15 (01111) in stage 4, node 0 (00000) in stage 4 is connected to node 31 (11111} in
stage 5, node 0 (00000) in stage 5 is connected to node 1 (00001) in stage 6, node 0 (00000) in stage 6 is
connscted to node 3 (00011) in stage 7, and node 0 (00000} in stage 7 is connected to node 7 (00111} in
stage 8. For the straight connections, each node in one stage is connected to the node in the next stage
having the same binary address. Note that the three-dimensional crossover network 2110 (FIGS. 55-575
achieves the same node connectivity as two-dimensional crossover network 1170 (FIGS. 34-36) when the
node numbers 0 through 31 are associated with successive nodes of rows and in opposite direction across
successive rows in serpentine fashion. Also note that certain stages are interconnected with only horizontal
connections (only nodes in the same row are interconnected) and the other stages are interconnected with
only vertical connactions (only nodes in the same column are interconnected). More generally, if a network
is made up of two-dimensional arrays of nodes each array having C columns and R rows, the crossover
connections are defined as follows: when the binary addresses corresponding to the integers from zero
through RC-1 are respectively associated with successive nodes of rows and in opposite directions across
successive rows in serpentine fashion, each node in one array is connected to the nods in the successive
array having a binary address differing in each of the p low order bit positions, p being a positive intager at
most equal to logz{RC).

Photonic system 10 includes stages of two-input, two-output switching nodes within the fanout section
and fanin section as well as within the switching section. Network 2112 (FIG. 59) is a example of a
crossover network of this type. Unused nodes and links are indicated by dashed lines in FIG. 59. Since
sach stage in the fanout section results in a fanout of two, log2F stages are required to achieve a fanout of
F. Similarly, logzF stages are required for a fanin of F. Thus, the total number (T) of node-stages in a
network, with S stages in the switching section and having fanout and fanin dual fo F, is givenby: T = § +
2logzF. Since network 2112 has the parameters N=4, F=4, and $=2, the total number of node-stages is
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SIX.

Recall that a nxm-module is a node that broadcasts the logical union of its n inputs to all of its m
outputs. Photonic system 10 is implementsd using 2-modules as the switching nodes (unlike network 1170
of FIGS. 34-36 which was assumed to have full capacity nodes). System 10 is controlled such that any
given 2-module has only one active input at any time. Several electronic implementations of 2-modules are
described herein along with optical counterparts. '

One electronic 2-module implementation is based on a tri-state buffer 2120 (FIG. 60). The truth table of
FIG. 61 defines the operation of a tri-state buffer. if the tri-state control input is low (0), the output is a
regenerated version of the active input signal. If the tri-state control input is high (1), the output is tri-stated
and appears as a high impedance. Since the tri-state buffer accepts only one active input signal from the
signals that are connected in wire-OR fashion at the input, at least one of the input signals must be disabled
or tri-stated by the previous stage.

An optical device 2125 (FIG. 63) similar to a inverting tri-state buffer 2122 (FIG. 82) can be used to
implement an optical 2-module. The device is a three-diode M-SEED, also referred to as a enabled S-
SEED. M-SEEDs (M =3), which are described in U. S. Patent 4,800,262 issued to A. L. Lentine on January
24, 1989, have quantum-well diodes electrically connected in series (FIG. 63) and operate as defined by the
truth table of FIG. 64. Assume that & binary one is encoded as the presence of optical power and a binary
zero is encoded as the absence of optical power, i.e., less than a predefined threshold. In FIG. 83, the three
diodes are labelad S (set), R (reset), and E (enable). The truth table defines that the S and R diodes
operate as an S-R flip-flop when the E diode has optical power directed at it. When the E diode has no
optical power (less than the predsfined threshold) directed at it, no optical power is transmitted from the S
or R outputs when the clock or power signals are directed at the three diodes.

The operation of an M-SEED is similar to that of a tri-state buffer. Throughout the present description, it
is assumed that the top rail of the figures is the positive rail and the bottom ralls the negative rail. As a
result, a binary one is encoded as the presence of optical power on the top (positive) rail and the absence
of optical power on the bottom (negative) rail. The S-R flip-flop operates as an inverting buffer. Data streams
are transmitted through the S-R flip-flop using a two-phase approach where a bit is stored during the first
half of a bit period and transmitted to the next stage during the second half of the bit period. Each bit period
includes a write cycle followed by a read cycle. The clock or power signal is directed at all three diodes of
the M-SEED during the read cycle. The directed signals are modulated by the M-SEED and the resulting
output signals represent the complement of the bit that was stored during the previous cycle. Data is
complemented when it is transmitted through an M-SEED since the G output is associated with the R input
of the S-R flip-flop. A binary cne entering the S-R flip-flop resets the device and is transmitted {when the S-
R flip-flop is clocked) as a binary zero. M-SEED 2125 (FIG. 63) performs the function of inverting buffer
2122 (FIG. 62). Since data transmitted through muliiple stages of inverting buffers is successively
complemented, the complementation has no effect for an even number of stages. if there is an odd number
of stages, one additional complementation may be effected at the output.

A second electronic 2-module 2130 is shown in FIG. 85. The corresponding truth table is given in FIG.
66. in 2-module 2130, the two input signals are combined by a OR gate. The output of the OR gate is
transmitted to an AND gate where the enable control signal is combined with the data signal. If the enable
control signal is high (1), the data is transmitted to the two outputs. If the enable control signal is fow (0), the
2-module is disabled and the outputs are held at logic zero. One of the two inputs to the OR-gate must be
disabled by the 2-modules of the previous stage since the data would otherwise be combined and
corrupted at the output of the OR-gate. Electronic 2-module 2130 generates a logic zero at the disabled
output instead of the high impedance that is generated at the disabled output of the tri-state buffer, Thus,
the technique of wire-ORing the two inputs of the 2-module is not used; a logic OR-gate is required.

Some variations of OR/AND logic are used to implement 2-modules in the optical domain. In the
present embodiment of photonic system 10, two types of 2-moduies are used to implement a three-
dimensional network. Instead of using the OR/AND implementation of FIG. 65, NOR/OR implementation
2132 (FIG. 67) and NAND/AND implementation 2136 (FIG. 70) are used as the bases of the two types of 2-
modules.

NOR/OR implementation 2132 (FIG. 67) combines the two data inputs at a NOR gate, complementing
the sense of the incoming data as it is transmitted .through the NOR gate. The complemented data is
transmitted to an OR gate, wherse it is combined with the disable control signal. When the disable control
signaf is low (0), the complemented data is transmitted to the two outputs. When the disable control signal
is high (1), the 2-module is disabled and the outputs are held at logic one. One of the two NOR gate inputs
must be a disabled logic zero signal from the 2-module in the previous stage. Since the NOR/OR 2-module
implementation generates a logic one at its disabled output, a second type of 2-module is required that

36



ig

15

20

25

30

35

40

45

50

55

EP 0 397 372 B1

generates a logic zero at its disabled output.

NAND/AND implementation 2136 (FIG. 70) combines the two data inputs at a NAND gate, complement-
ing the sense of the incoming data as it is transmitted through the NAND gate. The complemented data is
transmitted to an AND gate, where it is combined with the complement of the disable control signal. When
the disable control signat is low (0}, the complemented data is transmitted to the two outputs. When the
disable control signal is high (1), the 2-module is disabled and the outputs are held at logic zero. One of the
two NAND gate inputs must be a disabled logic one signal from the 2-module in the previous stage.

If no complementing of data occurs within the interconnections, the NOR/OR 2-module may be used in
stages preceding stages with NAND/AND 2-modules and the NAND/AND 2-module may be used in stages
preceding those with NOR/OR 2-modules. A system including alternating stages of NOR/OR 2-modules and
NAND/AND 2-modules would satisfy the requirements on the disabled signals for both of the 2-module
implementations.

A symmetric self eleciro-optic effect device (S-SEED), described in U. S. Patent 4,754,132 issued to H.
S. Hinton et al., on June 28, 1988, is used to provide the functionality of both types of 2-modules. When a
bit stream is transmitted through an S-SEED logic gate, three functions are performed in time sequence
during each bit period. During a first, preset period, the S-SEED is forced into a known state such that its
output Q(t) is a known binary value. During a second, write period, the dual-rail input data is used to write
the new state of the S-SEED. Assume that the S-SEED windows are vertically oriented with the top window
refereed to as the R (reset) input and the bottom window as the S (set) input (FIGS. 68 and 71). The output
from the top window i referred to as the Q output and the output from the bottom window is referred to as
the Q output The S-SEED is a ratio device that changes state when the ratio of the power entering one
optical window to the power entering the other optical window exceeds a predefined threshold T. If the
power entering the S window is Pg and the power entering the R window is Pp, the S-SEED is set (Q[t+1])-
=1) if Pg/Py > T. The S-SEED is reset (Qft+1]=0} if Pa/Ps > T. During a third, read period, the new state
of the S-SEED is read out and transmitted to the next stage. By applying a high-powered clock or power
signal of egual intensity to both the R and S inputs, the clock signal is modulated and reflected from the
windows with two unequal intensities that represent the dual-rail information presently stored in the $-SEED.
The Q output power exceeds the Q output power when the S-SEED is set; the Q output power exceeds the
Q output power when the S-SEED is reset. An S-SEED array 500 shown in FIG. 58 is used to implement
each of the node stages of network 2110 (FIGS. 55-57) and photonic system 10 (FIG. 1). Although in the
present example and for purposes of illustration, array 500 is a 4 x 8 rectangular, S-SEED array, such
arrays are typically implemented such that the photodetector array is a square array.

The preset, write, and read period durations are determined by the pulse rate of the laser diodes that
generate the clock or power signal, the preset signal, and the disable signal (a continuous disable signal
may also be used). Timing contro! of the electronic clock signals which drive laser diodes 301, 401 and 451
is provided by the circuit of FIG. 73. The output pulse of a one-shot 452 of FIG. 73 has a duration Tsher,
which is typically less than one-fourth of a bit period, and is synchronized to the data bit stream. The circuit
of FIG. 74 may be used to drive the lasers in, for example, three stages of the system if appropriate delay
lines {not shown) are added to the electronic signal paths to account for the optical propagation delays
between stages. FIG. 75 is a typical timing diagram for the three stages. In FIG. 75, it is assumed that the
input data is formatted using a return-to-zero format and that the serial bits arriving at the input are labelsd
in alphabetical order A, B, C, D, and E. During the first half of each bit period, data is written into the odd-
numbered S-SEED arrays and read out from the even-numbered S-SEED arrays. During the second half of
each bit period, data is written into the even-numbered S-SEED arrays and read out from the odd-
numbered S-SEED arrays. Thus, the data is transmitted from stage to stage within the network in the
pipelined fashion of a shift register of master-slave flip-flops. The odd-numbered S-SEED arrays perform as
the master flip-flops and the even-numbered S-SEED arrays perform as the slave flip-flops.

Data is written into S-SEED array i during the interval when both the clock signal and the preset signal
directed at array i are low (off). Data from the previous stage (i-1) is transmitted to array i during this
interval. The clock in S-SEED array (i-1) is set high (on) when the clock in S-SEED array i is low (off). This
permits S-SEED array i t0 veceive data and preset signals at the same timse. The proset signals have
sufficient optical power to overcome any effects of the low optical power data signals. The duration of the
pulses generated by one-shot 452 defines the length of the write period. In particular, if the duration of the
incoming bit period is Ty and the one-shot period:is Tena, the read period for the S-SEED array is Tyy/2
and the write period is Ty/2)-Tehe. The differential power arriving as data at each S-SEED must be
sufficient to set the state of the S-SEED within the write period.

The function of 2-module 2132 (FIG. 67) is performed by an $-SEED 2134 having signals directed at it
as shown in FIG. 68. The truth table for the optical 2-module comprising S-SEED 2134 is given in FIG. 69. it
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is assumed that the state of the S-SEED is initially set to Q[t]=0 by pulsing the R input during the preset
period. The columns labseled P(S) ad P(R) indicate the powsr entering each of the S-SEED windows during
the write period. As indicated

P(S) = P(InD) + P(in1) + P(Disabls) and P(R)}=P{in0)+P(In1). For purposes of explanation, typical power
values arg assumed. An active signal on any of the data inputs In0O, In1, In0, In1, contributes 3.0 power
units, while the inactive signals each contribute 1.0 power unit. Thus, the contrast ratio of the S-SEED in the
previous stage is 3:1. When the disable signal is activated, it contributes 7.1 powsr units; when it is not
activated, it contributes 0.071 power units. Thus, the spatial light modulator that controls the disable signal
is assumed to have a contrast ratio of 100:1, The S-SEED ratio threshold T is assumed to be squal to 1.5.
Thus, if the ratio P(S)/P{R) is greater than 1.5, the output is set, Q[t+1]=1. If the ratio P(RYP(S) is greater
than 1.5, the output is reset, Qft + 1]=0. If the ratio P(S)/P(R) is between 0.667 and 1.5, the output does not
change; therefore Q[t+1]=Q[t}=0, the presst output state. The outputs read during the read period are
given in the last column of the truth table ot FIG. 69.

The function of 2-module 2136 (FIG. 70} is performed by S-SEED 2138 having signals directed at it as
shown in FIG. 71. The truth table for the optical 2-module comprising S-SEED 2138 is given in FIG. 72. The
implementation of FIG. 71 is very similar to the implementation of FIG. 68 except that the disable signal has
been moved from the S input to the R input, and the presset signal has been moved from the R input to the
S input. The state of the S-SEED is initially set to Q[t]=1 by pulsing the S input during the preset period.
With the same assumptions about power levels, the outputs read during the read period are given in the
last column of the truth table of FIG. 72.

Two basic approaches have been described for 2-module optical implementations--one using three-
diode M-SEEDs and the other using two-diode S-SEEDs. The M-SEED approach has an advantage in that it
only requires two lasers (one for the clock or power signats and one for the enable signals) whereas the S-
SEED approach uses three lasers (one for the clock or power signals, one for the disable signals and one
for the preset signals). However, the M-SEED approach requires three diodes rather than two; accordingly,
the system optics must image larger fields when the M-SEED approach is followed. The S-SEED approach
is used in photonic system 10 of FIG. 1.

The relationship between the orientation of the S-SEED and the orientation of the plane containing the
crossing links in a crossover connection has an impact on the design of the overall network. This
relationship determines the types of 2-modules (NOR/OR or NAND/AND) that are used in particular stages
of the network. Assume that the S-SEEDs are oriented vertically as shown in FIG. 58. The horizontal
crossover connaction is then defined to be a crossovet connection where the crossing links fob a plane that
is perpendicular to the line formed by the S-SEED diodes. The vertical crossover connection is defined to
be a crossover connection where the crossing links form a plane that is parallel to the line formed by the S-
SEED diodes.

Optical hardware module 51 of FIGS. 1 and 93 is used to provide the horizontal crossing connections
and the straight connections for horizontal crossover stages. The straight connections are provided by the
planar mirror 108 and the horizontal crossing connections are provided by a prismatic mirror 105 or, if more
than one cross Is required, by a prismatic mirror array 110 (FIG. 84). Prismatic mirror array 110 has its V-
grooves oriented in the vertical direction to provide horizontal shifts. The resulting horizontal crossover
connections between two consecutive S-SEED arrays are shown in FIG. 76.

A modification of optical hardware module 51 of FIG. 93 is used to provide the vertical crossover
stages. The prismatic mirror that provides the crossing connections is rotated by 90 degrees about the
optical axis. For vertical crossover stages requiring multiple crosses, the prismatic mirror array is rotated by
90 degrees. As a result, the V-grooves of the prismatic mirror array are oriented horizontally to provide
vertical shifts. The crossing connections within the vertical crossover stages also cross the data rails.
Crossing the rails within a dual-rail system is equivalent to complementing the data bits. If the straight
connections were implemented with a mirror as in FIG. 93, the data hits traveling along the siraight
connactions would not be complemented. Since some of the bits within a link stage would bs com-
plemented and others would not, equipment at the output of the system would be required to determine
which outgoing data streams have been complemented and which ones have not been complemented. This
would require information about every path routed through the network. To avoid this problem, the data bits
within the straight connections of the veriical crossover stages are also complemented by crossing the dual
rails. This is accomplished by replacing mirror 108 of FIG. 93 by a prismatic mirror array with very narrow
V-grooves. The width of these grooves matches the spacing betwsen the S-diode and the R-diode and thus
reverses the positions of the outputs of each S-SEED thereby inverting the dual-rail data. The resulting
vertical crossover connections between two consecutive S-SEED arrays are shown in FIG. 77.
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The 2-modules on either side of a horizontal crossover stage are designed differently than the 2-
modules on sither side of a vertical crossover stage. The sense of the disabled output data is controlled to
ensure that the disabled data entering a NOR/OR 2-module is a logic one, while the disabled data entering
a NAND/AND 2-module is a logic zero. In the previous description where only horizontal crossover stages
were being considered, a network alternating between NOR/OR 2-modules and NAND/AND 2-modules
provides the necessary disabled outputs. However, when vertical crossover stages are added to the
network, the dasign rules are modified. Since all of the dual-rail data passing through a vertical crossover
connection is complemented by the connection, the disabled output (logic one) of a NOR/OR 2-module is
complemented by the vertical crossover and passed as a logic one directly into the input of a NOR/OR 2-
module in the next stage. Similarly, the disabled output (logic zero) of a NAND/AND 2-module is
comptemented by the vertical crossover and passed as a logic zero directly into the input of a NAND/AND
2-module in the next stage. Thus, the 2-modules on either side of a vertical crossover stage should both be
of the same type (NOR/OR or NAND/AND). The following five design rules may be applied: 1} the first node
stage should use NOR/OR 2-modules so that there is no need to generate a set of logic one signals to
replace the disabled inputs normally received from a previous stage, 2) any node stage that follows
NOR/OR 2-modules in the previous node stage and a horizontal crossover in the previous link stage should
use NAND/AND 2-modules, 3) any node stage that follows NOR/OR 2-modules in the previous node stage
and & vertical crossover in the previous link stage should use NOR/OR 2-modules, 4) any node stage that
follows NAND/AND 2-modules in the previous node stage and a horizontal crossover connection in the
previous link stage shoufd use NOR/OR 2-modules, and 5) any node stage that follows NAND/AND 2-
modules in the previous node stage and a vertical crossover connection in the previous link stage should
use NOR/OR 2-modules. These rules are based on the assumption that the S-SEED windows are oriented
vertically. The rules require that 2-modules of different types are used on the two sides of a horizontal
crossover stage and that 2-modules of the same type are used on the two sides of a vertical crossover
stage. If the S-SEED windows were oriented horizontally, the design rules would change such that 2-
modules of differant types are used on the two sides of a vertical crossover stage and 2-modules of the
same type are used on the two sides of a horizontal crossover stage.

If the five design rules are used to design a photonic system network, the data streams passed through
the network are complemented many times as they are routed through the multi-stage network. Gom-
plementing occurs at every node stage due to the function of the NOR and NAND gates and complement-
ing also occurs in vertical crossover link stages. All of the complementing operations must be accounted for
in the overall network. If the data is complemented a odd number of times as it passes through the network,
one more complementing function is added to corréct the sense of the dab. This additional complementing
function may be provided, for example, by adding an extra stage of 2-modules, by adding an axtra stage of
connections that cross rails, by inverting the data in interface electronics at the nsiwork output or by
alignment of the output fiber matrix with the appropriate S-SEED diode. As an example, consider network
2200 {FIG. 78) comprising nine node stages. A single path through the network is identified by bold links in
FIG. 78. FIG. 79 shows a line of linked 2-modules comprising the 2-modules of the single path of FIG. 78
and the associated disabled 2-modules. The sonse of the data at various points through the network is
shown. The complementing in the vertical link stages is also shown. At the output of network 2200, the data
is complemented. Accordingly, the data must be complemented one additional time at the output of the
network to return to its initial form.

The routing techniques used for 2-module networks are different than those used, for example, for
networks of full capacity switching nodes. Every 2-module receives data from two 2-modules in the previous
node stage and sends data to two 2-modules in the next node stage as shown in FIG. 80. An active data
path affects four 2-modules in any pair of consecutive node stages. Referring to FIG. 80, if 2-module A in
node stage j is activated, the output data from 2-module A is directed to two 2-modules C and D in node
stage j+ 1. For point-to-point operation, only one of the two 2-modules receiving data in node stage j+1 is
enabled to route the data to node stage j+2. The cther 2-module in stage j+1 is disabled. Assume that 2-
module C is enabled and 2-module D is disabled. The other 2-module (B} in node stage j that is connected
to 2-module D cannot pass data through 2-module D, even though 2-module D is not carrying an active
data path. If 2-module D is enabled to carry data from 2-module B, the data arriving &t the input of 2-
module D from 2-module B is corrupted by the data also arriving at 2-module D from 2-module A, Thus 2-
module D is corrupted by the active data path that routes data from 2-module A to 2-module C.
Accordingly, 2-module B may not be used. In effect, a node within a 2-module based network exists in one
of three states: 1) it may be busy carrying an active call, 2) it may be idle with no calls passing through it
or 3) it may be idle but corrupted by the presence of a call passing through another 2-module of the same
stage. Thus, if a call is passed through a 2-module-based network with Y stages, it uses Y active 2-modules
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{one per stage) to carry the call and it corrupts (Y-1) idle 2-modules {one per stage in all but the first node
stage). There are also (Y-1) idle 2-modules that may not be used because they are only connected to an
active 2-module and a corrupted 2-module in the next node stage.

A 2-module network is controlled such that at most one of the signals receivable from the preceding
stage nodes is active at any time. Each node is associated with one other node of the same stage--the
node that is coupled to receive signals from the same two nodes of the preceding stage. Busy/idle
information is stored for each of the nodes of each of the stages. A given node of one of the stages is
selected for use as part of a connection through the network only when both the given node and the node
associated with the given node are marked idie. After the selection, the given node is marked busy.

Free Space Optics

The following description relates to a combination of optical techniques which together satisfy the
hardware requirements for the optical switching fabric of photonic system 10 (FIG. 1) using two-dimensional
arrays of switching devices--in the present embodiment, S-SEEDs. As in electronic systems, the intercon-
nection paths along which the data signals flow are only part of the total system. Each S-SEED array 500
within photonic system 10 requires the following: 1) relaying the data input images onto the S-SEEDs, 2)
relaying the power input images onto the S-SEEDs, 3) relaying the control input images onto the S-SEEDs,
4) data connections {crossover alignment network), 5) beam combination for data, power and control inputs,
and 6) data outputs to the next stage. These requirements are substantially the same for each S-SEED
array; accordingly the optical hardware modules used to meet the requirements for each stage have few
variations.

FIG. 81 is a functional block diagram of a portion of photonic system 10. The data signals on the input
fibers are conditioned and spatially aligned by the data input unit 40. The crossover interconnections
required for the various stages are provided by the optical crossover interconnection unit 100. Arrays of
spots which form the power and control inputs are generated by the power and control units 300 and 400.
All of the spot arrays (data or information signal, power or clock, and control) are combined into a single
spot array to be imaged onto the S-SEED arrays 500. This combination is performed by the beam
combination unit 200. The S-SEED array 500 selectively reflects the power signals and beam combination
unit 200 redirects the reflacted power signals as input data signals to the next stage. The functions are
repeated for each stage until the last, where the data signals are imaged onto output fibers by a lens 70
(FIG. 1). It should be noted that further signal conditioning, e.g., demultiplexing/multiplexing, clock extrac-
tion, bit and frame alignment, error checking, regeneration, etc., will typically be required to interface the
input and output fibers to transmission facilities.

The S-SEED arrays are interconnected in perfect shuffle equivalent fashion using optical crossover
interconnect unit 100 shown in FIG. 82. As shown in network 1170 (FIGS. 34-38) the size of the cross varies
from stage to stage, and in the three-dimensional crossover network 2110 (FIGS. 55-57), the direction of the
cross also varies.

FIG. 82 shows the optical arrangement used to implement optical crossover interconnect 100. The input
image (shown entering from the bottom in FIG. 82) is circularly polarized when it passes through lens 101
to polarization beam splitter (PBS) 102, where it is split into two copies. The copy passing through PBS 102
i linearly polarized (p-type) {parallel polarization) until it passes through quarter-wave plate (QWP) 108 and
becomes circularly polarized. Lens 107 focuses it to a spot array on plane mirror 108. Reflecting off mirror
108, the image returns through QWP 106. After this second pass through QWP 106, the image is linearly
polarized (s-type) (perpendicular polarization) and is reflected by PBS 102. The other image copy, initially
reflected by PBS 102, follows a similar path through QWP 103 and lens 104, except that it is imaged onto a
prismatic mirror (PM)} 105. PM 105 reversas the image about the axis of its corner, as well as reflecting the
image back toward lens 104. This reverted and reflected image is collected by lens 104 and passes again
through QWP 103. The polarization of the reflected image is rotated and the image passes through PBS
102 on its return trip. At the output, the fwo image copies are recombined into a single, overlapped image.
Thus the connection of FIG. 83 is formed, where the reversed image forms the crossed connections, and
the other image, the straight connections. Once the QWPs 103 and 108 are properly oriented with their fast
axes at 45 degrees to the plane of incidence of PBS 102, they may be cemented directly to PBS 102. The
use of polarization and highly reflective components allows this interconnection to be impilemented with very
little loss. v

As previously mentioned, the width of the cross is varied from stage to stage. One means of realizing
this is by replacing the prismatic mirror 108 with a prismatic mirror array (PMA) 110 as in FIG 84. In this
case, each prism facet reverses or crosses a portion of the image. Thus to vary the width of the cross, the

40



10

15

20

25

30

35

40

45

50

66

EP 0 397 372 B1

width of the facets is varied. Some systemn stages effect horizontal crossovers and the other stages effect
vertical crossovers. The verlical crossovers are achieved by rotating the PMAs by 90 degrees so that the
spot array images are reversed about horizontal, rather than vertical axes. The crossover connections which
are parallel to the line joining the S and R diodes of the S-SEEDs are referred to as vertical crossovers and
the connections perpendicular to this line are raferred to as horizontal crossovers. The vertical crossovers
not only interconnect the S-SEEDs but also invert the positions of the S and R diodes forming the S-
SEEDs. This causes a data inversion within the vertical cross connections and thus requires that a similar
data inversion be implemented for the companion straight connections. This is accomplished by replacing
plane mirror 108 with a PMA with very narrow V-grooves. The width of these grooves matches the S-R
diode spacing and thus reverses the positions of the § and R outputs of sach S-SEED, thereby inverting the
dual rail data. In all cases, the overall size, shape, and input/output interfaces of the optical crossover
tnterconnact unit 100 remains the same, which significantly eases system integration.

In photonic system 10 (FIG. 1), note prismatic mirror 105 and plane mitror 108 in optical hardware
module 51 which implements a horizomtal crossover having a single cross. In optical hardware modules 50
and 55, prismatic mirror 105 is replaced by a prismatic mirror array having two V-grooves to implement a
horizontal crossover having two crosses. In the optical hardware modules 52, 53, 54, and §7, which
implement vertical crossovers, plane mirror 108 is replaced with a prismatic mirror array having narrow V-
grooves to perform the data inversion necessary for vertical crossover stages. Also in optical hardware
modules 52, 53, 54, and 57, the prismatic mirrors or prismatic mirror arrays are rotated by 80 degrees as
required to effect vertical crossovers.

Since the S-SEEDs used in photonic system 10 form two-dimensional arrays, the data signals passed
from one stage to the next take the form of two-dimensional arrays of spots. The power inputs, which effact
the signal amplification, and the control inputs, which determine the mode of device operation and control
the establishment of network paths, atso have the form of two-dimensional spot arrays.

The optical arrangement shown in FIG. 85 is used to generate an array of uniform intensity spots of
good contrast. A single laser beam generated by laser diode 301 is collimated by lens 302 and is incident
upon gratings 303, which split the beam into many uniform intensity beams. These beams are focused by
lens 304 into an array of spots in the focal plane of lens 304. Generally, the uniform spots occupy a central
region of the plane and are surrounded by non-uniform, lower intensity spots. The unwanted, non-uniform
spots are blocked out by spatial filter 305. The spots in the central region pass through spatial filter 305 and
are recollimated by lens 306 to form an array of beams. This array is incident on the multiple-imaging
gratings 307 which split the array into many uniform copies. When these copies are ultimately focused into
spots on S-SEED array 500, many abutted copies g the criginal central region spot array are produced. A
large uniform spot array is achieved by abutting many uniform copies of a small uniform spot array.

To generate the preset and disable spot arrays, optical arrangements similar to that of FIG. 85 are used
but with the following differences. To allow low-loss combination of the signal, power, and control spot
arrays, the control {preset and disable) spot arrays are forms having a lower wavelength (780 nanometers)
than the nominal S-SEED operating wavelength (850 nanometers). The spots in the presst spot array are
imaged onto only one dicde of sach S-SEED in the S-SEED arrays, rather than onto both diodes as the
power spots are. Since fewer spots are formed per array, the spots may have more optical power than the
spots of the power spot array if laser diodes having the same power output are used; alternatively, lower
power laser diodes may be used for the preset beams.

The disable beams are incident only upon the disabled S-SEED 2-modules within each S-SEED array.
To generate this space-variant spot array, a space-invariant spot array identical to the preset spot array {but
shifted by one diode position) is generated and the spots are passed through an electricalty-controlled
spatial light modulator which blocks the spots corresponding to enabled devices. The remaining spots pass
through the spatial light modulator and are imaged onto the S-SEEDs to be disabed.

The optical arrangement used to generate the disable spot array is shown in FIG. 86. The portion of the
arrangement comprising taser diode 401, lens 402, gratings 403, lens 404, spatial filter 405, lens 406, and
gratings 407 is substantially identica! to the arrangsment of FIG. 85. Lens 408 is placed immediately after
gratings 407 to focus the beam array to a spot array on spatial light modutator 409. The spots which are
passed by spatial light modulator 409 are recollimated into a space-variant beam array by lens 410. These
beams are ultimatsly refocused onto S-SEED array 500. As the paths through the network are changed for
new or completed calls, the configuration of spatial light modulator 409 changes to disable or enable
different 2-modules.

Beam combination unit 200 (FIG. 81) combines two control beam arrays (preset and disable), a power
beam array, and two signal beam arrays onto S-SEED array 500. Beam combination unit 200 also provides
an output path for the output beam array that is reflected from S-SEED array 500. Power/speed tradeoffs for
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the S-SEEDs dictate that the combination be done with as little loss as possible. The size of the S-SEEDs
also affects their speed, so the S-SEEDs, and thus the spots, are quite small {1-10 microns). This dictates
the use of beam combination techniques which preserve space-bandwidth product, ruling out pupil division.
In the present embodiment, beam combination unit 200 comprises three sub-units 210, 240 and 270. Beam
combination sub-unit 210 {FIG. 87) combines the preset and disable beam arrays into a control beam set.
Bsam combination sub-unit 240 (FIG. 88) combines this control beam set with the power bearmn array. Beam
combination sub-unit 270 (FIG. 90) combines the powser/control beam set with the two (overlapped) signal
beam arrays, and provides a path for the output beam array. The relationship of the sub-units 210, 240, and
270 is shown in beam combination unit 200 of optical hardware module 51 in FIG. 83.

Beam combination sub-unit 210 (FIG. 87) uses a space-multiplexing technique to combine the presset
and disable beam arrays. The generation of the disable beams is done such that they are linearly polarized
{s-type) (perpendicular polarization) with respect to the plane of incidence of PBS 216. They are reflected
by PBS 218 and pass through QWP 211 with its fast axis oriented at 45 degrees to the s-polarization. QWP
211 retards the component of the light perpendicular to the fast axis by one-quarter wavelength, such that
resulting beams are circularly polarized. As they pass through lens 212, they are focused onto a patterned
mirror reflector (PMR) 213. PMR 213 is an array of small mirrors deposited on a transparent substrate. The
size of the mirrors matches the spot size and the mirrors are positioned such that the reflected spots are
imaged by the rest of the beam combination optics onto one diode of each $-SEED. After the spots reflect
offt PMR 213, they are recollimated by lens 212 and pass through QWP 211 a second time. This second
pass again retards the perpendicular component by another one-quarter wavelength, thus converting the
beams to p-type (parallel) linear polarization and the beams pass through PBS 216.

The preset beam array generation is oriented such that the beams enter sub-unit 210 with p-type linear
polarization. QWP 215 reads the polarization component perpendicular to its fast axis by one-quarter
wavelength and converts the beans to circular polarization. Lens 214 focuses the beams to spots on
transparent areas of PMR 213. These spots are positioned such that they are imaged onto the S-SEED
diodes that do not have disable spots. The preset spots pass through PMR 213 and are recollimated by
lens 212. QWP 211 is orlented with its fast axis at 80 degrees with respect to QWP 215. Thus QWP 211
retards the other polarization component (the one not retarded by QWP 215) by one-quarter wavelength
and returns the beam array to its original p-type linear polarization. The preset beams pass through PBS
216, At the output, the two beam arrays are combined into the same aperture and onto the same
polarization. Since the spots are imaged through a glass plate, spherical aberration can accumulate. If the
piate is thin (approximately 1 mm) and lenses with focal lengths more than 30 mm are used, the spherical
aberration is not significant. The depth of focus of the spot array image at PMR 213 is relatively large
{greater than 16 microns}, thus easing the alignment tolerances for PMR 213.

Beam combination sub-unit 240 (FIG. 88) combines the control beam array {preset and disable} with the
powser beam array. In sub-unit 240, a dichroic or wavelength-selective mirror {DM) 243 is used rather than a
spatially-selective (space-variant) mirror. DM 243 reflects 850-nanometer light and transmits 780-nanometer
light. Similar to the disable beams in sub-unit 210 (FIG. 87), the power beams enter sub-unit 240 (FIG. 88)
with linear polarization of s-type, reflect off PBS 241 (designed for 850-nanometer operation) and DM 243,
then pass through PBS 241 and exit having p-type linear polarization. The 780-nanometer control beams
{preset and disable) transmitted from sub-unit 210 enter having p-type linear polarization and pass through
QWP 244 designed for 850-nanomster operation. QWP 244 retards the polarization component perpendicu-
lar to its fast axis by greater than one-quarter wavelength, resulting in slliptical polarization. After passing
through DM 243, QWP 242 is encountered. QWP 242 is oriented with its fast axis at 90 degrees with
respect to QWP 244. QWP 242 causes an identical {(greater than one-quarter wavelength) retardation of the
other polarization, returning the beam array to p-type linear polarization such that it passes through PBS
241, At the output of sub-unit 240, the two beam sets of different wavelengths are combined into the same
aperture and onto the same polarization.

It is significant that the two beam sets are combined onto the same polarization. It is difficult to separate
the wavelength and polarization performance of optical elements, except near zero degrees incidence. In
the next subunit 270 (FIG. 90), an 850-naometer PBS 271 is used but it is necessary that the beams of the
780-nanometer control beam array pass through it, sither in reflection or transission. FIG. 89 is a plot of
typical transmission curves for a PBS designed for 850-nanometer operation. For the thin film components
used in polarization beam splitters, a variation in the angle of incidence corresponds to a variation in
wavelength. The beam arrays used in the present embodiment may have a substantial angular field, for
example, of plus or minus five degrees. To reflect linearly polarized light of s-type from PBS 271, the s-
shoulder to p-shoulder spacing (marked s-to-p in FIG. 83) must be very wide. This is very difficult to
achieve over the present wavelength range. To transmit linearly polarized light of s-type through PBS 271,
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the s-type transmission peak dimension (marked s-trans in FIG. 89) must be wide. This is also difficult to
achieve. Thus the solution effected in the present embodiment is to transmit both the 780-nanometer beams
and the 850-nanomaeter beams with p-type linear polarization. The optical apparatus of sub-unit 240 (FIG.
88) is used because DM 243 is relatively insensitive to polarization and angle of incidence when used at
approximately zero degrees.

Bearn combination sub-unit 270 (FIG. 90) combines the two signal (information) beam arrays with the
power/control beam array by again using space-multiplexing. Recall that optical crossover interconnect 100
generates two signal beam arrays, spatially overlapped, but on different polarizations. One signal beam
array, having s-type linear polarization, is reflected from PBS 271, passes through QWP 272, reflects off of
the mirrors of PMR 274 and passes through QWP 272, PBS 271, and QWP 279 onte S-SEED array 500.
The other signal beam array, having p-type linear polarization, is transmitted through PBS 271 and QWP
282, reflected off of the mirrors of PMR 278, again passes through QWP 282 and is reflected by PBS 271
onto S-SEED array 500 via QWP 279. Since the signal beam arrays produce overlapped spot arrays when
focused (FIG. 91), PMR 274 and PMR 278 are identically aligned. The two signal arrays are reflected off the
PMRs 274 and 278 as shown in FIG. 91. As shown, the mirrors of PMRs 274 and 278 are aligned with the
diode windows of the S-SEEDs. The diode windows are large enough to admit two spots side by side as
shown in FIG. 92. The power/control beam array is passed onto the S-SEEDs in the same manner as the
preset beams in FIG. 87. The pawsr/control beams are focused through the transparent arm of PMR 274
adjacent to the mirrors as shown in FIG. 91. Thus, they are incident on the S-SEED input windows adjacent
to the signal spots as in FIG, 82. The preset and disable spots are focused on different diodes of sach S-
SEED, and with the signal spots, set the state of the S-SEED. The power spots read out the dual-rail state
of each S-SEED. The reflected output beams are then imaged through the transparent areas of PMR 278
adjacent to the mirrors. Since the output beams emerge after being recoliimated still circularly polartzed
from QWP 282, the polarization is correct for the beams to be received by the optical crossover
interconnect 100 of the next stage. The polarization conversions of the 780-nanometer control beams
effected by QWPs 272 and 276 are the same as the conversions by QWPs 242 and 244 in beam
combination sub-unit 240 (FIG. 88). Lenses 273, 275, and 277 (FIG. 90) which relay the spot array images
on, off, and through PMRs 274 and 278 have focal lengths greater than 30 mm as in sub-unit 210. Lens 280
next to S-SEED array 500 produces very small spots, however, and has a focal length less than 10 mm,
Each of the lenses 273 and 277, inside PMRAs 274 and 278 respectively, combine with lens 280 to form a
minifying telescope. PMRs 274 and 278 can be scaled larger than the devices by the reciprocal of the
minification factor, which eases their production tolerances.

The various optical units described above are interconnected such that the required polarization
orientations are maintained, but beyond that, their relative orientations and spacings may be adjusted to
facilitate the image relaying or the overall physical layout. One possible arrangsment is shown for optical
hardware module 51 in FIG. 93. Two cascaded optical hardware modules 50 and 51 are shown in FIGS. 95-
96.

As mentioned previously, the data signals entering photonic system 10 have been first processed
electrically. Each electrical signal channel is used to drive a separate laser diode. The laser diodes are
connected to multi-mode fibers or single-mode fibers which are formed into a matrix with the necessary
aspect ratio, e.g., the 2 x 8 fiber cable array 21 of FIG. 1. In addition to spatially aligning the input channels
with the S-SEEDs of the S-SEED array 500, the single-rail signals are converted to dual-rail and normalized
or regenerated to the appropriate levels. This is accomplished using the optical arrangement of data input
unit 40 (FIG. 97). The single-rail input signal from each fiber in the cable array 21 is imaged onto only one
S-SEED diods of S-SEED array 500. The preset spots are imaged onto the other diode of sach device such
that if a logic zero bit {no light intensity) is received, the S-SEED is already switched into the logic zero
state.  a logic one bit is received, the S-SEED is reset into the logic one state. The fiber cable array 21
output is first collimated into an array of beams by lens 80 before passing through PBS 271. If the fibers
forming the cable array 21 are short iengths of multi-mode fiber, the beam array may be almost randomly
polarized. PBS 271 splits the cable array image into two copies. The copies are reflected by PMRs 274 and
278 and are imaged onto one of the diodes of each S-SEED. The preset beams are passed through beam
combination sub-unit 240 and through the transparent areas of PMR 274 to be imaged onto the S-SEED
diodes which are not being set by the signal spots. The power beams are also combined via beam
combination sub-unit 240 and are imaged onto all of the diode windows, adjacent to sither the preset or
signal spot locations, in a manner similar to that of FIG. 92. The reflected and modutated power spots then
form the regenerated dual-rail input signals to be routed through the rest of photonic system 10. At the
output of the last optical hardware module 57 {FIG" 1), a lens 70 images the output signals onto a 2 x 8
fiber cable array 22. The fibers of array 22 terminate on photodetectors (not shown) which convert the
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signals back to the electrical domain for the required transmission conditioning. Since the output fiber
matrix can be aligned with either of the 3-SEED diodes, a data inversion can also be performed as required
to compensate for an odd number of previous data inversions.

An alternative optical arrangement for performing wavelsngth-dependent beam combination is shown in
FIG. 98 as comprising PBS 8101, QWP 8102, DM 8103, and QWP 8104. PBS 8101, QWP 8102 and QWP
8104 are designed for 850-nanomseter operation. The combined power and control beams both have s-type
linear polarization.

A second alternative opfica! arrangement for performing wavelength-dependent beam combination is
shown in FIG. 99 as comprising PBS 8201, QWP 8202, DM 8203, and QWP 8204. FBS 8201, QWP 8202
and QWP 8204 are designed for 780-nanometer cperation. The combined power and control beams both
have s-type linear polarization.

A further alternative optical arrangement for perfarming wavslength-dependent beam combination in
shown in FIG. 100 as comprising PBS 8301, QWP 8302, DM 8303, QWP 8304, QWP 8305, DM 8306, and
QWP 8307, PBS 8301, QWP 8302, QWP 8304, QWP 8305, and QWP B307 are designed for 850-
nanometer operation. Two of the combined beams have s-type linear polarization and the other two of the
combined bsams have p-type linear polarization.

Claims

1. A system (10, FIG. 1; 2110, FIGS. 55-57) having N inlets and M outlets, said system comprising

a plurality of stages (N2-NB) of switching nodes, each node having at least one input and at least
one output and where the sum of the number of inputs and the number of outputs for a node is greater
than two, the number of said plurality of node stages being at least four,

a plurality of stages (L2-L5) of links, each link stage for connecting the outputs of one of said node
stages to the inputs of the successive one of said node stages, said plurality of node stages and said
plurality of link stages collectively comprising a perfect shuffle equivalent network,

CHARACTERISED IN THAT said system further comprises

means (NO, L0, N1, L1) for expanding said N inlets to at least (F x N) inputs of the first one (N2) of
said node stages, F being a positive integer greater than or equal to four, and

means (L6, N7, L7, N8) for concentrating at Ieast (F x M) outputs of the last one (N8) of said node
stages to said M outlets,

said system having at least two paths between each of said N inlets and each output of said last
node stage.

2. A system in accordance with claim 1 wherein each' of said node stages comprises
a plurality {500, FIG. 58) of optical switching nodes each having at least two optical states,
means for generating an array (DISABLE or PRESET, FIG. 93) of conirol beams each for
controlling the optical state of a corresponding one of said switching nodes and
free-space optical means (200, FIG. 93) for directing each of said control beams to the correspond-
ing one of said switching nodes.

3. A system in accordance with claim 2 wherein said array of control beams comprises an array
(DISABLE, FIG. 93) of disable beams each for disabling communication of optical information through a
corresponding one of said switching nodes.

4. A system in accordance with claim 2 wherein said generating means comprises
means (401-408, FIG. 86) for generating a uniform array of beams corresponding to said plurality of
switching nodes and
means (409, FIG. 86) responsive to electrical control signals for selectively transmitting ones of
said uniform array of beams to form said array of control beams.

5, A system in accordance with claim 4 further comprising
means (60, FIG. 1) responsive to requests for connections through said system for generating said
electrical control signals. .

6. A system in accordance with claim 2 wherein said each node stage further comprises

means for generating an array (PRESET, FIG.,93) of preset beams each for establishing the optical
state of a corresponding one of said switching nodes prior to the communication of optical information
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therethrough and
free-space optical means (200, FIG. 93) for directing each of said preset beams to the correspond-
ing one of said switching nodes.

A system in accordance with claim 1 where each of said plurality of switching nodes has at least two
optical states and wherein said each node stage further comprises

means for generating an array (POWER, FIG. 93) of power beams each for reading the optical state
of a corresponding one of said switching nodes and

free-space optical means (200, FIG. 93) for directing each of said power beams to the correspond-
ing one of said switching nades.

A system in accordance with claim 7 wherein said each node stage further comprises
free-space optical means (270, FIG. 93) for:directing ones of said power beams reflected from said
plurality of switching nodes to form an array of cutput bsams.

A system in accordance with claim 1 wherein said each node stage further comprises

a plurality (500, FIG. 58) of optical switching nodes each having at least two optical states, said
plurality of optical switching nodes for receiving first and second arrays of information beams
comprising information for communication through said network, said first and second arrays of
information beams each corresponding to said plurality of switching nodes and

freo-space optical means (100, 270, FIG. 93) for directing each information beam of said first and
second arrays to the corresponding one of said switching nodes.

A system in accordance with claim 9, said plurality of optical switching nodes sach having at least two
optical states, wherein said sach node stage further comprises

means for generating an array (POWER, FIG. 83) of power beams each for reading the optical state
of a corresponding one of said switching nodes and

free-space optical means (200, FIG. 93) for diracting each of said power beams to the correspond-
ing one of said switching nodes.

A systemn in accordance with claim 10 further comprising

means for generating an array (PRESET, FIG. 93) of preset beams sach for establishing the optical
state of a corresponding one of said switching nodes prior to the communication of optical information
therethrough and

free-space optical means (200, FIG. 93) for,directing each of said preset beams to the correspond-
ing one of said switching nodes. '

A system in accordance with ciaim 1 where each node of at least one (N4) of said node stages
comprises

optical means (2125, FIG. 63; 2134, FIG. 68; 2138, FIG. 71) responsive to a control signal for
broadcasting an output signal to at least two of the nodes of the succeeding one of said node stages,
said output signal comprising a logical combination of signals recsivable from at least two of the nodes
of the preceding one of said node stages.

A system in accordance with claim 12 wherein said output signal and said receivable signals are optical
signals.

A system in accordance with claim 13 wherain said output signal and said receivable signals have a
given wavelength and said control signal has a wavelength other than said given wavelength.

A system in accordance with claim 14 whersin a first one of said receivable signals comprises a first
data input signal and a first complementary data input signal, a second one of said raceivable signals
comprises a second data input signal and a second complementary data input signal, and said output
signal comprises a data output signal and a complementary data output signal, said broadcasting
means comprising

a symmetric self electro-optic effect device comprising a first photodetector (R-Q) including a
quantum well region and a second photodetector (S-Q) including a quantum well region,

said first photodetecior being optically coupled to both of said two preceding stage nodes for
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receiving said first and second data input signals, said first photodetector being optically coupled to
both of said two succeeding stage nodes for transmitting said data output signal,

said second photodetector being optically couplad to both of said two preceding stage nodes for
receiving said first and second complementary data input signals, said second photodsetector being
optically coupled to both of said two succeeding stage nodes for transmitting said complementary data
output signal.

A system in accordance with claim 1 wherein each of said link stages comprises means (100, FIG. 93)
for providing optical connectivity from the outputs of one of said node stages to the inputs of the
successive one of said node stages. "

A system in accordance with claim 1 wherein said expanding means comprises elactrical means.

13

A system in accordance with claim 1 wherein said expanding means comprises optical means.

A system in accordance with claims 17 or 18 wherein said expanding means connects each of said N
inlets to F inputs of said first node stage (N2).

A system in accordance with claim 19 wherein said expanding means connects each of said N inlets to
F inputs of said first node stage (N2) in a perfect shuffle sustaining pattern.

A system in accordance with claim 19 whersin said expanding means connects each of said N inlets to
# inputs of said first node stage (N2) in a perfect shuffle sustaining pattern, F being a power of two,
wherain sach of said plurality of node stages comprises the same number of nodes, and wherein each
of the nodes of said plurality of node stages has two inputs and iwo outputs.

A system in accordance with claim 21 wherein said expanding means comprises
log=F stages {NO, 1O, N1, L1) each comprising a plurality of nodes each having one input and two
outputs.

A system in accordance with claim 1 wherein said concentrating means comprises electrical means.
A system in accordance with claim 1 wherein said concentrating means comprises optical means.

A system in accordance with claims 23 or 24 wherein said concentrating means connects F outputs of
said last node stage {N6) to each of said M outlets.

A system in accordance with claim 25 wherein said concentrating means connects F outputs of said
last node stage (N8) to each of said M outlets in a perfect shuffle sustaining pattern.

A system in accordance with claim 25 wherein said concentrating means connects F ouipuis of said
last node stage (NB) to each of said M outlets in a perfect shuffle sustaining pattern, F being a power of
two, wherein sach of said plurality of node stages comprises the same number of nodes, and wherein
each of the nodes of said plurality of node stages has two inputs and two outputs.

A system in accordance with claim 27 wherein said concentrating means comprises
log2F stages (LB, N7, L7, N8) each comprising a plurality of nodes each having two inputs and one
output.

A system in accordance with ¢laim 1 wherein sach of said node stages comprises

a plurality (500, FIG. 8) of optical switching nodes each having at least two optical states,

means for receiving at feast one array of information beams comprising information for communica-
tion through said network, said at least one array corresponding to said plurality of switching nodes,

free-space optical means (100, 270, FIG. 93) for directing each information beam of said at least
one array to the corresponding one of said switching nodes,

means for generating a plurality (DISABLE or PRESET, FIG. 93) of control signals independent of
said information beams and each for controlling the optical state of a corresponding one of said
switching nodes. '
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A system in accordance with claim 29 wherein said optical switching nodes are capacity one nodes.

A system in accordance with claims 29 or 30, said system comprising bulk optical means and not
including microoptical means.

A system in accordance with claim 1 wherein each of said node stages comprises
a plurality (500, FIG. 58) of capacity one optical switching nodes each having at least two optical

states.

A system in accordance with claims 1 or 32, said system comprising bulk optical means and not
including microoptical means.

A system in accordance with claim 1 which is nonblocking.

A system in accordance claim 1, which has arbitrarily low blocking probability dependent on F and the
number of said node stages and link stages.

Patentanspruche

1.

System {10, Fig. 1; 2110, Fig. 55 bis 57) mit N-Eingéingen und M-Ausgingen sowie mit folgenden
Merkmalen:

eine Mehrzahl von Stufen (N2 bis N6) von Schaltknoten, die jeweils mindestens sinen Eingang und
mindestans einen Ausgang aufweisen, wobei die Summe der Anzahi der Eingénge und der Anzahl der
Ausginge eines Knotens grofier als zwei ist und die Anzahl der Mehrzahl der Knotenstufen mindestens
vier betriigt,

sine Mehrzahl von Stufen (L2 bis L5) von Zwischenteitungen, die jewsils zur Verbindung der Ausgénge
siner Knotenstufe mit den Eingéingen der darauf folgenden Knotenstufe dienen, wobei die Mehrzah! der
Knotenstufen und die Mehrzah! der Zwischenleitungsstufen gemeinsam ein Aquivalentes Netzwerk zum
perfekten Umordnen (perfect shuffle) darstellen,

gekennzeichnet durch folgende weitere Merkmale:

gine Einrichtung (NO,LO,N1,L1) zur Ausdehnung der N-Einldsse auf mindestens (F x N)Eingénge der
ersten Knotenstufe (N2), wobei F eine positive Zahl gréBer oder gleich 4 ist,

eine Einrichtung (L8 N7,L7NB} zur Konzentration von mindastens (F x N)Ausgéngen der letzten
Knotenstufe (N6) auf M Auslésse,

das System weist mindestens zwei Wege zwischen jedem der N Einléisse und jedem Ausgang der
Istzten Knotenstufe auf. v

System nach Anspruch 1, dadurch gekennzeichnet, daB die jewsiligen Knotenstufen folgendes umfas-
sen:

eine Mehrzahl (500, Fig. 58) von optischen Schaltknoten, die jeweils mindestens zwei optische
Zustdnde aufweisen,

eine Einrichtung zur Erzeugung einer Anordnung (Trennen oder Voreinstellung, Fig. 93) von Steuer-
strahlenbiindeln, die jeweils den optischen Zustand eines entsprechendes Schaltknotens steuern, und
eine optische Freiraumiibertragungs-Einrichtung (200, Fig. 93), um das jeweilige Steuerstrahlenbiindsl
zu dem entsprechenden Schaltknoten zu lenken.

System nach Anspruch 2, dadurch gekennzeichnet, daB die Anordnung der Steuerstrahlenbiindel ein
Feld (Trennen, Fig. 93) von Trennstrahlenblindeln aufweist, die jewsils zum Abschalten der Kommuni-
kation der optischen Information Uber sinen entsprechenden Schaltknoten dienen,

System nach Anspruch 2, dadurch gekennzeichnet, da die Erzeugungssinrichtung eine Einrichtung
(401 bis 408, Fig. 86} zur Erzeugung einer gleichf8rmigen Anordnung von Strahlen entsprechend der
Mehrzahl der Schaltknoten und

eine Einrichtung (409, Fig. 86) umfaBt, die auf die elektrischen Steuersignale anspricht und eine der
gleichférmigen Anordnungen der Strahlen selektiv Ubertrigt, um die Anordnung der Steuerstrahlen zu
bildsn.

47



10

15

20

25

30

35

40

45

§0

55

10.

1.

12.

13.

14,

15.

EP 0 397 372 B1

System nach Anspruch 4, dadurch gekennzeichnet, daB sine Einrichtung (60, Fig. 1) auf Anforderungen
fr Verbindungen Uber das System zur Erzeugung der elektrischen Steuersignale anspricht.

System nach Anspruch 2, dadurch gekennzeichnst, daB jede Knotenstufe

eine Einrichtung zur Erzeugung einer Anordnung (Voreinstellung, Fig. 93) von Voreinstellstrahlenblin-
deln umfaBt, die jeweils zur Errichtung des optischen Zustands eines entsprechenden Schaltknotens
vor der Hindurchleitung von optischen Informationen disnen, und

daB die optische Freiraum{bertragungs-Einrichtung (200, Fig. 93} zur Lenkung des jewsiligen Vorein-
stellstrahls zu dem entsprechenden Schaltknoten dient.

System nach Anspruch 1, dadurch gekennzeichnet, da8 jeder der Mehrzahl der Schaltknoten mindess-
tens zwei optische Zustinde aufweist und daB jeder Schaltknoten

eine Einrichtung zur Erzeugung einer Anordnung (Leistung, Fig. 93) von Leistungsstrahlen, die Jewsils
zur Auslesung des optischen Zustandes eines entsprechenden Schaltknotens dienen, und

eine optische Freiraumilbsrtragungs-Einrichtung (200, Fig. 83) zur Lenkung der jeweiligen Leistungs-
strahlen zu entsprechenden Schaltknoten umfaBt.

System nach Anspruch 7, dadurch gekennzeichnet, dal jede Knotenstufe eine optische Freiraumiber-
tragungs-Einrichtung (270, Fig. 93) zur Lenkung der jewsiligen, von der Mshrzahl der Schaltknoten
reflektisrten Leistungsstrahien aufwsist, um sine Anordnung von Ausgangsstrahien zu bilden.

System nach Anspruch 1, dadurch gekennzeichnet, daft jede Knotenstufe folgendes umfaBt:

eine Mehrzahl (500, Fig. 58) von optischen Schaltknoten, die jewseils mindestens zwei optische
Zustinde aufweisen, wobei die Mehrzahl der optischen Schaitknoten zum Empfang erster und zweiter
Ancrdnungen von Informationsstrahlen dienen, die Information zur Kommunikation durch das Netzwerk
enthalten, wobei ferner die erste und zweite Anordnungen der Informationsstrahlen jewsils der Mehrzahl
der Schaltknoten entsprechen, und

oine optische FreiraumUbertragungs-Einrichtung (100,270, Fig. 93) zur Lenkung des jewsiligen Informa-
tionsstrahls der ersten und zweiten Anordnung zu dem entsprechenden Schaltknoten.

System nach Anspruch 9, dadurch gekennzeichnet, da die Mehrzahl der optischen Schaltknoten
jeweils mindestens zwei optische Zustinde aufweist und daB jeder Schaltknoten ferner eine Einrichtung
zur Erzeugung seiner Anordnung (Leistung, Fig. 93) von Leistungsstrahlen umfaBt, dip jeweils zum
Auslesen des optischen Zustandes sines entsprechenden Schaltknotens dienen, und

eine optische Freiraumiibertragungs-Einrichtung (200, Fig. 93) zur Lenkung der jewsiligen Leistungs-
strahlen auf die entsprechenden Schaltknoten aufweist.

Systern nach Anspruch 10, dadurch gekennzeichnet, dall eine Einrichtung zur Erzeugung einer
Anordnung (Vorsinstellung, Fig. 93)von Voreinstellstrahlen vorgesehen ist, dis jeweils den optischen
Zustand eines entsprechenden Schaltknotens vor der Hindurchieitung von optischer Information errich-
tet, und daB eine optische Freiraumlibertragungs-Einrichtung (200, Fig. 83) zur Lenkung des jeweiligen
Voreinstellstrahls zu dem entsprechenden Schaltknoten vorgesshen ist.

System nach Anspruch 1, dadurch gekennzeichnet, daB jeder Knoten von mindestens einem (N4) der
Knotenstufen eine optische Einrichtung (2125, Fig) 63; 2134, Fig. 68; 2138, Fig. 71) umfaBt, die auf ein
Steuersignal anspricht, um ein Ausgangssignal an mindestens zwsi Knoten der nachfolgenden Knoten-
stufe zu senden, wobei das Ausgangssignal eine logische Kombination der Signale aufwsist, die von
mindestens zwei der Knoten der vorhergehenden Knotenstufe empfangen werden kénnen.

System nach Anspruch 12, dadurch gekennzeichnet, daB das Ausgangssignal und die empfangbaren
Signale optische Signale darstellen.

System nach Anspruch 13, dadurch gekennzeichnet, daB das Ausgangssignal und die empfangbaren
Signale eine gegebens Wellenlinge aufweisen und daB das Steuersignal eine andere Wellenlinge als
die gegebene Wellenlinge aufweist. X
System nach Anspruch 14, dadurch gekennzeichnet, daB ein ersies empfangbares Signal ein erstes
Datensingangssignal und ein erstes komplementdres Dateneingangssignal umfaBt, da ein zweites
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empfangbares Signal ein zwseites Dateneingangssignal und ein zweites komplementires Datensein-
gangssignal umfaft, und daB das Ausgangssignal ein Datenausgangssignal und ein kemplementéres
Datenausgangssignal umfaBt, wobei die Sendesinrichtung folgende Merkmale aufweist:

ein Bauteil mit symmetrischem selbst-elektrooptischermn Effekt (S-SEED) weist einen ersten Fotodetek-
tor (R-Q) mit siner Quantumquellenregion und einen zweiten Fotodetektor (S-Q) mit einer Quantumquel-
lenregion auf,

der erste Fotodetektor ist optisch mit beiden vorhergehenden Zustandsknoten zum Empfang der ersten
und zweiten Dateneingangssignate und auch mit beiden nachfolgenden Zustandsknoten zur Ubertra-
gung der Datenausgangssignale optisch gekoppelt,

der zweite Fotodetektor ist mit beiden vorhergehenden Zustandsknoten zum Empfang der ersten und
zweoiten komplementiren Datensingangssignale und auch mit beiden nachfolgenden Zustandsknoten
zur Ubertragung der komplementiren Datenausgangssignale optisch gekoppelt.

System nach Anspruch 1, dadurch gekennzeichnet, da3 die jeweiligen Zwischenleitungsstufen Einrich-
tungen (100, Fig. 93) umfasen, die zur optischen Verbindbarkeit von den Ausgéngen einer Knotenstufe
zu den Eingfingen der nachfolgenden Knotenstufe dienen.

System nach Anspruch 1, dadurch gekennzeichnet, daB die Ausdehnungseinrichtung elektrische
Bauteile umfaBt.

System nach Anspruch 1, dadurch gekennzeichnet, daB die Ausdehnungssinrichtung optische Bauteile
umfaft.

System nach Anspruch 17 oder 18, dadurch gekennzeichnet, daf die Ausdehnungseinrichtung die
jeweiligen N Einginge mit den F Eingdngen der ersten Knotenstufe (N2) verbindet.

System nach Anspruch 19, dadurch gekennzeichnet, daB die Ausdehnungseinrichtung die jeweiligen N
Eingdnge mit den F Eingdngen der ersten Knotenstufe (N2) in einem perfekten Umordnungserhaltungs-
muster verbindet.

Systemn nach Anspruch 19, dadurch gekennzeichnet, daB die Ausdehnungseinrichtung die jeweiligen N
Eingsinge mit den F Eingéngen der ersten Knotenstufe (N2} in einem perfekten Umordnungserhaltungs-
muster verbindet, wobei F eine Potenz von zwel darstellt, daB jede Knotenstufe der Mehrzahl die
gleiche Anzahl von Knoten umfaBt und daB jeder Knoten der Mehrzahi der Knotenstufen zwel Eingénge
und zwei Ausgéinge aufweist.

System nach Anspruch 21, dadurch gekennzeichnet, daB die Ausdshnungseinrichtung logzF-Stufen
(NO,LO,N1,L1) umfaBt, die jewsils eine Mehrzhal von Knoten mit jewseils einem Eingang und zwei
Ausglingen aufweist.

System nach Anspruch 1, dadurch gekennzeichnet, dall die Konzentrationseinrichtung elektrische
Bauteile aufweist.

Systemn nach Anspruch 1, dadurch gekennzeichnet, daf die Konzentrationseinrichtung optische Bauteile
aufwaeist.

System nach Anspruch 23 oder 24, dadurch gekennzeichnet, dal die Konzentrationseinrichtung F
Ausgénge der letzten Knotenstufe (N6) mit jedem der M Ausgénge verbindet.

System nach Anspruch 25, dadurch gekennzeichnet, da die Konzentrationseinrichtung F Ausgéinge
der letzten Knotenstufe {N&) mit den jeweiligen M Ausgéngen in einem perfekten Umordnungserhal-
tungsmuster verbindet.

System nach Anspruch 25, dadurch gekennzeichnet, daB die Konzentrationseinrichtung F Ausgéinge
der letzten Knotenstufe (N8) mit den jewsiligen M Ausgéngen in einem perfekten Umordnungserhal-
tungsmuster verbindet, wobei F eine Potenz von zwsi darstelit, daB jede Knotenstufe der Mehrzah! die
gisiche Anzahl von Knoten aufweist und dafl jeder Knoten der Mehrzahl der Knotenstufen zwei
Eingénge und zwei Ausgéinge besitzt.
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System nach Anspruch 27, dadurch gekennzeichnet, dal die Konzentrationssinrichtung logzF Stufen
{L6,N7,L7,N8) aufwsist, die jewsils eine Mehrzahl von Knoten mit jeweils zwei Eingéingen und einem
Ausgang aufweisen.

System nach Anspruch 1, dadurch gekennzeichnet, daB jede Knotenstufe eine Mehrzahl (500, Fig. 8)
optischer Schaltknoten mit jeweils mindestens zwei optischen Zustiindsn aufweist,

daB eine Einrichtung zum Empfang mindestens einer Anordnung von Informationsstrahlen mit Informa-
tion zur Kommunikation durch das Netzwerk vorgesshen ist, wobei mindestens eine Anordnung der
Mehrzahl der Schaltknoten entspricht,

daB eine optische Freiraumibertragungs-Finrichtung (100,270, Fig. 93) zur Lenkung des jewsiligen
Informationsstrahls der mindestens einen Anordnung zu dem sntsprechenden Schaltknoten vorgesshen
ist, und

dafl eine Einrichtung zur Erzeugung einer Mehrzahl (Trennen oder Voreinstellung, Fig. 93) von
Steuersignalen unabhlingig von den Informationsstrahlen vorgesehen ist, die jewsils zur Steuerung des
optischen Zustands eines entsprechendsen Schaltknotens dienen.

System nach Anspruch 29, dadurch gekennzeichnet, daB die optischen Schaltknoten das Kapazititsvo-
lumen eins besitzen.

System nach Anspruch 29 oder 30, dadurch gekennzeichnet, daB das System rdumliche optische
Bauteile umfaBt, nicht jedoch mikrooptische Bautsile.

System nach Anspruch 1, dadurch gekennzeichnet, daB jede Knotenstufe eine Mehrzahl (500, Fig. 58)
optische Schaltknoten mit Kapazititsvolumen eins umfast, die jeweils mindestens zwei optische

Zustande aufweisen.

System nach Anspruch 1 oder 32, dadurch gekennzeichnet, daB es rjumliche optische Bautsile umfast,
jedoch keine mikrooptischen Bautsile.

System nach Anspruch 1, dadurch gekennzeichnet, daB es nicht blockierend ist.

System nach Anspruch 1, dadurch gekennzeichnet, daf es eine willklirlich niedrige Blockierwahrschein-
lichkeit in Abh#ngigkeit von F und der Anzahl der Knotenstufen und Zwischenleltungsstufen aufwelst.

Revendications

Un systéme (10, figure 1 ; 2 110, figures 55-57)-ayant N accés d'entrée et M d'accds de sortie, ce
systéme comprenant

un ensemble d'étages (N2-N6) de noeuds de commutation, chaque noeud ayant au moins une
entrde et au moins une sortie, et la somme du nombre d'entrées et du nombre de sorties pour un
noeud €étant supérieure 3 deux, le nombre des étages de cet ensemble d'dtages de noeuds étant au
moins de quatre,

un ensemble d'étages (L2-L5) de mailles, chague étage de maille étant destiné 3 connecter les
sorties de I'un des étages de nosuds aux entrées de I'étage successif parmi les étages de noseuds,
l'ensemble d'étages de noeuds et I'ensemble d'étages de mailles constituant collectivement un réseau
équivalent & brassage parfait,

CARACTERISE EN CE QUE le systéme comprend en outre

des moyens (NO, LO, N1, L1) pour effecteur une expansion des N accés d'entrée vers au moins (F
x N) entrées du premisr (N2} des étages de noeuds, F étant un entier positif supérieur ou égal 2
quatre, ot

des moyens (L6 N7, L7, N8) pour concentrer au moins (F x M} sorties du dernier (N6) des étages
de noeuds vers M accés de sortie,

le systéme ayant au moins deux itinéraires entre chacun des N accés d'entrée et chaque sortie du
dernier étage de nosuds.

Un systéme selon la revendication 1, dans lequel chacun des étages de nosuds comprend

un ensemble (500, figure 58) de noeuds de commutation optiques ayant chacun au moins deux
états optiques,
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des moyens destinés & générer un réseau (DISABLE ou PRESET, figure 93) de faisceaux de
commande pour commander I'état optique de I'un correspondant des nosuds de commutation, et

des moyens optiques en espace libre (200, figure 93} pour diriger chacun des faisceaux de
commande vers le noeud correspondant parmi les noeuds de commutation.

Un systéme selon la revendication 2, dans lequel le réseau de faisceaux de commande comprend un
réseau (DISABLE, figure 93) de faisceaux de désactivation ayant chacun pour fonction de désactiver la
transmission d'information optique & travers I'un correspondant des noeuds de commutation.

Un systéme selon la revendication 2, dans lequel les moyens de génération comprennent

des moyens (401-408, figure 86) pour générer un réseau uniforme de faisceaux correspondant 3
I'ensemble de noeuds de commutation, et ,

des moyens (409, figure 86) qui réagissent A des signaux de commande électriques de fagon &
transmettre sélectivement certains des faisceaux du réseau uniforme de faisceaux, pour former le
réseau de faisceaux de commande.

Un systéme selon la revendication 4, comprenant en outre
des moyens (B0, figure 1) qui réagissent 3 des demandes de connexions par le systéme en
générant les sighaux de commande électriques.

Un systdme seion !a revendication 2, dans lequel chaque étage de nosuds comprend en outre

des moyens pour générer un réseau (PRESET, figure 93) de faisceaux de prépositionnement,
ayant chacun pour fonction d'établir Fétat optique de I'un correspondant des noeuds de commutation,
avant la transmission d'information optique 2 travers celui-ci, et

des moyens optiques en espace libre (200, figure 93) pour diriger chacun des faisceaux de
prépositicnnement vers le nosud correspondant parmi les nosuds de commutation.

Un systtme selon Ja revendication 1, dans lequei chaque noeud parmi |'ensemble de noeuds de
commutation comporte au moins deux états optigues, et dans lequel chague étage de noeuds
comprend en cutre

des moyens pour générer un réseau (POWER, figure 93) de faisceaux de puissance ayant chacun
pour fonction de lire I'état optique de Lun correspondant des noeuds de commutation, et

des moyens optiques en espace libre {200, figure 93) pour diriger chacun des faisceaux de
puisance vers le noeud correspondant parmi les nosuds de commutation. \
Un systdme selon la revendication 7, dans lequel chaque étage de noeuds comprend en outre

des moyens optiqgues en espace libre (270, figure 93) pour diriger certains des faisceaux de
puissance qui sont réfléchis A partir de 'ensemble de nosuds de commutation, pour former un réseau
de faisceaux de sortie.

Un systéme selon la revendication 1, dans lequel chaque étage de nosuds comprend en autre

un ensemble (500, figure 58) de nosuds de commutation optiques ayant chacun au moins deux
états optiques, cet ensemble de nosuds de commutation optiques étant destiné & recevoir des premier
ot second réseaux de faisceaux d'information constituant de l'information & transmetire & travers le
réseau, les premier et second réseaux de faisceaux d'information correspondant chacun 4 Fensembile
de nosuds de commutation, et

des moyens optiques en espace libre (100, 270, figure 83) pour diriger chaquse faisceau d'informa-
tion des premier et second réseaux vers le noeud correspondant parmi les noeuds de commutation.

Un systéme selon ia revendication 9, dans lequel chaque noeud de l'ensemble de noeuds de
commutation optiques comporte au moins deux états optiques, et dans lequel chaque étage de noeuds
comprend en oufre

des moyens pour générer un réseau (POWER, figure 93) de faisceaux de puissance, ayant chacun
pour fonction de lire I'état optique de I'un correspondant des noeuds de commutation, et

des moyens optliques en espace libre (200, figure 93) pour diriger chacun des faisceaux de
puissance vers I'un correspondant des noeuds de commutation.
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Un systdme sefon la revendication 10, comprenant en outre

des moyens pour générer un réseau (PRESET, figure 93) de faisceaux de prépositionnement ayant
chacun pour fonction d'établir I'état optique de 'un correspondant des noeuds de commutation, avant
la transmission d'information optique a travers celui-ci, et

des moyens optiques en espace libre (200, figure 93) pour diriger chacun des faisceaux de
prépositionnement vers e noeud correspondant parmi les nosuds de commutation.

Un systdme selon la revendication 1, dans lequel chague nosud de I'un au moins {N4) des étages de
nosuds comprend

des moyens optiques (2125, figure 63 ; 2234, figure 88 ; 2138, figure 71) réagissant & a signal de
commande en diffusant un signal de sortie vers deux au moins des nosuds de I'étage suivant parmi les
étages de noeuds, ce signal de sortis comprenant une combinaison logique de signaux pouvant étre
recus & partir de deux au moins des nosuds de I'étage précédent parmt les étages de nosuds.

Un systdme selon la revendication 12, dans lequel le signal de sortie et les signaux pouvant &tre regus
sont des signaux optiques. :

Un systéme selon la revendication 13, dans lequel le signal de sortie et les signaux pouvant étre regus
ont une longueur d'onde donnde et le signal de commande a une longusur d'onde autre que cette
longueur d'onde donnée.

Un systdme selon la revendication 14, dans lequel un premier des signaux pouvant étre regus
comprend un premier signal d'sntrée de donndes et un premier signal d'entrée de donndes complé-
mentaire, un second des signaux pouvant 8tre regus comprend un second signal d'entrée de données
et un second signal d'entrée de données complémentaire, et le signal de sortie comprend un signal de
sortie de données et un signal de sortie de données complémentairs, les moyens de diffusion
comprenant

un disposttif 3 effet auto-électrooptique symétrique, comprenant un premier photodétecteur (R-Q)
qui comporte une région de puits quantique et un second photodétecteur (S-Q) qui comporte une
région de puits quantiquse,

le premier photodétecteur étant en couplage optique avec les deux noeuds de I'étage précédent
pour recevoir les premier et second signaux d'entrée de données, ce premier photodétecteur étant en
couplage optique avec les deux nosuds de I'étage suivant pour émettre le signal de sortie de données,

le second photodétecteur étant en couplage optique avec les deux noeuds de I'étage précédent
pour recevoir la premier et second signaux d'enirée do données complémentaires, et le second
photodétecteur étant en couplage optique avec les deux noeuds de I'dtage suivant pour émettre le
signal de sortie de donndes compiémentaire.

Un systdme selon ta revendication 1, dans quuél chacun des étages de mailles comprend des moyens
{100, figure 93) pour procurer une possibilité de connexion optique & partir des sorties de I'un des
étages de noeuds vers les entrées de 'étage suivant parmi les étages de noeuds.

Un systdme selon la revendication 1, dans lequel les moyens d'expansion comprennent des moyens
électriques.

Un systéme selon la revendication 1, dans lequsl les moyens d'expansion comprennent des moyens
optiques.

Un systéme selon les revendications 17 ou 18, dans lequel les moyens d'expansion connectent chacun
des N acceés d'entrée 4 F entrées du premier étage de nosuds (N2).

Un systdme selon la revendication 19, dans lequel les moyens d'expansion connectent chacun des N
accés d'entrée & F entrées du premier étage de noeuds (N2) selon une configuration permettant un
brassage partait.

Un systdme selon la revendication 19, dans lequel les moyens d'expansion connsctent chacun des N

accés d'entrée & F entrées du premier étage de noeuds (N2) selon une configuration permettant un
brassage parfait, F étant une puissance de deux, dans lequel chaque étage de |'ensemble d'étages de
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nosuds comprend le mé&me nombre de nosuds, et dans lequel chacun des noeuds de l'ensemble
d'étages de nosuds a deux entrées et deux sorties.

Un systdme selon la revendication 21, dans lequel les moyens d'expansion comprennent
log:F étages (NO, LO, N1, L1) comprenant chacun un ensemble de noeuds ayant chacun une
entrée ot deux sorties.

Un systéme selon la revendication 1, dans lequel les moyens de concentration comprennent des
moyens électriques.

Un systéme selon la revendication 1, dans lequel les moyens de concentration comprennent des
moyens optiques.

Un systdéme selon les revendications 23 ou 24, dans lequel les moyens de concentration connectent F
sorties du dernier étage de nosuds {NB) & chacun des M accés de sortie.

Un systéme selon la revendication 25, dans lequsl los moyens de concentration connectent F sorties
du dernier étage de noeuds (N6) & chacun des M accés de sortie selon une configuration permettant
un brassage parfait.

Un systéme selon la revendication 25, dans lequel les moyens de concentration connectent F sorties
du dernier étage ds noeuds (N8) & chacun des M accés de sortie selon une configuration permettant
un brassage parfait, F étant une puissance de deux, dans lequel chaque étage de I'ensemble d'étages
de noeuds comprend le méme nombre de noeuds, et dans lequel chacun des nosuds de 'ensemble
d'étages de noeuds comporte deux entrées et doeux sorties.

Un systéme selon la revendication 27, dans lequel las moyens de concentration comprennent
logzF étages (L6, N7, L7, N8) comprenant chacun un énsemble de noesuds ayant chacun deux
antrées et une sortie.

Un systéme selon fa revendication 1, dans lequel chacun des élages de noeuds comprend

un ensembie (500, figure B) de noeuds de commutation optiques ayant chacun au moins deux
états optiques,

des moyens pour recevair a moins un réseau de faisceaux d'information comprenant de l'informa-
tion & transmettre & travers le réseau, le ou les réseaux de faisceaux d'information correspondant &
I'ensemble de noeuds de commutation,

des moyens optiques en aspace libre (100, 270, figure 93) pour diriger chaque faisceau d'informa-
tion du ou des réseaux de faisceaux vers le nosud correspondant parmi les noeuds de commutation,

des moyens pour génédrer un ensemble (DISABLE ou PRESET, figure 93) de signaux de
commande indépendants des faisceaux d'information, et ayant chacun pour fonction de commander
I'état optique de I'un correspondant des nosuds de commutation.

Un systdme selon ia revendication 29, dans lequel les nosuds de commutation optiques sont des
nosuds ayant une capacité égale a un.

Un systdme selon les revendications 29 ou 30, ce systéme comprenant des moyens optiques massifs
et ne comprenant pas de moyens micro-optiques.

Un systéme selon |a revendication 1, dans lequel chacun des étages de nosuds comprend
un ensemble (500, figure 58} de nosuds de commutation optiques de capacité égale & un, ayant
chacun au moins deux états optiques.

Un systéme selon les revendications 1 ou 32, ce systdme comprenant des moyens optiques massifs et
ne comprenant pas de moyens micro-optiques.

Un systéme selon la revendication 1, qui est du typs sans blocage.
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35. Un systéme selon la revendication 1, qui a une probabilité de blocage arbitrairement faible, dépendant
de F et du nombre d'étages de noeuds et d'étagas de mailles.
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