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a sing ong%t' nlof'e A su f%e nhm uts and the number of outputs is greater than two.

The number of node stages is at least four. In addltloq 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

45 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 shuffle 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 perfect shuffle equivalent network in a perfect shuffle sustaining
pattern defined herein. Each of the node stages of the perfect shuffle equivalent network has 32 nodes each

s0 having two inputs and two outputs (the thres-dimensional network topology for the system is shown in
FIGS.55-567). The expansion portion of the system comprises logzF =2 stages of nodes each having one
input and two outputs. The concentration portion of the system, comprising log2F =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.

55 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 fwo nodes of the succeeding node stage, where the oufput signal
is a logical combination of signals receivable from two of the nodes of the preceding node stage. The
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modules 56 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
55 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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bl ocki ngg éhtMVQr erf Q&H& vﬁ&%tﬂr‘%g t@&h&l Addloig eét p%;% 1008

described. g %P(ﬂﬂ 1G. R WHAT the GaMbdr s narsrama 8s fHdfat %Feb of ProbibAd ird

finding rﬂélbnh&tr?"dlo@ﬁétﬁ&*sl i fHe Hot6 A HBMAINCARS: 11 Phbh-skylike) W snial Shitchifgl bIMshtd) h.w:kl ng
net wor k sp) diftrerit AumiRtiiOds ks Getiviiont sRigbsLfhcrebsingl gdéthékitaly 16wadd W E EdniornN g

t hr eerndi MEASTHURBRYe BfoRBERNMRA nR@bQUII) 2d10Gs sden & FIadsCad-is défined binaé Flisvadg t Y
Swi t chi rige beditionst ef erred to herein as a 2-nodule, Is described in detail.
Final ly, the MINbaassmaaditayinunbdr Satagesngeotest s used to i npl ement photonic
syst em 10 (2)itracd anali; naglesiin stapd i, eazh havimg & isgutssanél ov owdmitsbi ni ng beans of different
wavel engt 1) nodes i difegent stageelmaNsveudifidcent ks of gy B0 FIG 2 is a diagramof a
syst et 1609 fardnPi & F-hdheagvtruiesfimedes fin §tégeri st Jonrasted (dmlinke 19) the dnputsrof gedes in
shufer e%b@b‘ﬁe?ﬂd network 1620, and a concentration (fanin) section 1630.

t em 1660 "R \=fN 1 SAESs and M = 4 outl et s. Perfect shuffle equr val ent
net rk %6&'0 92‘?&{59‘1 gg?%ﬁ%%’;ﬁ;@ g9 ':Eﬁgg%k? 12 T@Zi‘g‘_?t;; Fnod 'é‘f"‘%"m czm;f:;
cQUpri si
ef f ect nf th s '51 'g t(’3t°" f“He g’ﬁ‘?‘%‘éﬂ?ﬂ?ﬂ%" t"l" 'f‘ﬂ°§‘tr c1e§. %gg de
st ages.
|np8ts i t |rst no ’ﬁgi% °ét°t" éc‘t‘ t°

concentrates 16 (nore than M out put s of the | ast node stage 1621 3 to the
Me4 optlets. System 1600 has rrore(!‘i%rfot)wolrnat hs between each of the N
inlets and each of the Moutlets. Individual nodes of the node stages
1621- 0, id@lde iln1. ¥Re ImelconhtidtiohCratlors askigs kS lcbridbdufdiyl n6dds it e 98kl i skge fhelGE
contr ol |canes pbaddd shultfest Jan ichfohant ichfiidatioh 81 the EBSNMErcdnAechéh pditaratis that th® Asmbef oM a
shuf f | e paths \betwkiencany ttwohddes inlted Given Idtageenerbrt differscliyl e thap basrEortigjl the neambedf t he
expansi grths betiveenra nb6d i sapeli and a dedetin stagedis eitest i on 1630 are shown in FIGS. 3,
4 god 5. I n expansion section 1710 (FIG 3), each of the N= 4 inlets is

directly connected t four of et he inputs of nodg stage 1621-0. In
concentration secti u st 6 1-3 are directly
connected to each of)r Rfl fn?\ﬁg E@H@?FF ﬁ %fing10 (FIG 4) has

a sin¥fl e stage 1811 of 1x4 nodes and concentra |on s etron 1830 has a
single sta 1831 of fjf 3 tion 1910 t

tages 1088 it e 4 o 55 3o B o g . Kot S i
Sages 14 %*a'ﬁa e It o 835 S T PSS gwcr'ﬁf" AR

1810, 145" connects each of the Ninlets to nulti pI e inputs of node stage
1621-8in a perfect shuffle sustal ni ng pattern as defined herein. Each of

t he concentration sec g_Qns 1 31830 193¢ conpecitg nmul {iple ‘out put s of
node stage 1621-3 to 8h Imeﬁén dIee/Nect shuffle
sustaining pattern as efr n Ei n al t 1ve Px2 sw tching nodes
1510, 41520, and 1530 for use |n system 600 are shovvn in FIGS. 6, 7 and 8.
A node w t An RxdmpBUEGS asidork 1014 Bushewn B BIGS.d17t and K8, Jo idetbimireatha ourhtyer POE@hs f i t
I s abl e hebveeminmeé y and sufput nijwesrigriesd s at the sane tine. A node is said to be a
capacity one node if it is able to convey only one signal at a tine. A
capacity one node nay haye seI e t|V|ty of either inputs or outputs or nay
have #0 55 sel ect| 6 acjty node,
conprises two sel ec é‘é’é’&éa‘%étlgf L‘gﬁf@g ﬁiects ei ther of the
node i nputs. 11 and 12 to ode odtput 01 in response to a sel ecti on signal

S1. Selector rlff s e ither of the no and 1 0 node

out put 02 i %p f ’é rtd g}?utgy is the unlon otrI aﬂ patﬁs between xandy. To ascertam
upperbou on the num er of pat we must determine the number of calls which can intersect

any channel graph and also the number of paths that each call can block. The channel graph L(xy) is
shown by dark lines in FIG. 19.
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EP O 397 372 Bl signal S2. Node 1520 (FIG 7), a capacity one node with
i nput selectivity, conprises two AND-gates 1521 and 1522, and an OR-gate
1523. AND-gate 1521 transmits a m%ﬁnﬂgﬂ?@ﬁl nput 11, via OR-gate 1523, to
bot h out puts Ol and 02 |n response to a sel ect| on SI gnal Sl AND gate 1522

t t | 1 - 52 to

i g%&&%? gl ip ttztt’g&gt%ﬁ"i g;' ok °' i tktttzzf
signal s Slrfl stﬁ f Imk
capaci ty QG@n @%ﬁﬁﬁ&&iﬁﬂp G andf bityut %E%E' |%Pth gJ:§I ||)

AND- gaj B8 rmb& o pats. DR ésaae P 99t S8 tneﬁm

transmtssta&ﬁn%a&f Q8'y Ofthe aimim QBfibe? ofifatils ¥8maRPipit tota
out puts Olpgapeg 02. (\)/\hwea’rlt) t he contrrnol Si gngflgﬁac |smaan)r)og|((: zero A Dg'gte 1532

10 transmits a logic zero to both outputs OL and 02. Only one of the
inputs 11 and 12 receives an actirve 5| at a ti me. Node 1530
represamts a special case of a hing node referred to
herein as an nxm nodul e. An nx S n inputs and m out puts,
either routes the | ogical union the signal s a the n inputs to all- of
the moutputs, or routes none of the signals at the n inputs to any of the

m out put s and the maxirfum pumbanefloaths fronx anyrstade; | telsnode tocaon oyt fop slage fempdelisit at nost
one ingéit of an nxm nodul e has an active signal, the nxm nodul e functions

to either route the signal to |, of the utputg or to |l eave the m
outputs idle. Node 1530 is a 2 Y =4l u%? rred to herein as a
2-npdul e. When system 1600 (Fl S eq usi ng 2-nodul es, such as

nQde 1530 as the SWI tching nodes of perfect shuffle equival ent net wor k
1620 as N .58 t|on 19 neent tion 20 section
1930, th\geré" h@%ﬁ' é'g""c') 'Sj}"it')q’ert(?)f c?' S d ﬁﬂ'?‘;\;‘g fnﬁngtc\r,\@rk 1620 are

i ndividually disabled or enabled as necéssary such that none of the

2-modul es has nore than one actijve i nput |sisgnal . |The 2-nodul es of the |ast
expansi;pn node stage 1912 are alj{§@§ni/Njj xi|dPhindy/Mj sabl ed or enabl ed (not
shown in FIG 5) such that a sigkdl rekeilkde at given one of the Ninlets
s transmtted to only two 2-nodul es of node stage 1621-0. To inprove the

t ol er ance The addificdabriimbei0 péiths Bidtkdd by linlsi+alis gigendypar t i cul ar 2- nodul e out put
becom ng | ocked at 25 one |ogic value, aII t he expansi on and concentration

2-nodulses may be cont ol | ab e FIG 9 d| ag am f a sy tem 1601 havi ng
N4 inlets and M= 1 6~*de system 1600
(FIG 2) except that %Eﬂé i‘red. FIG 10 is
a di agram of a system 1602 aV| n ts nd 4 odtlets. System
1602 is |dent| cal to s stem 1600 (FI G 2 exce t that ex ansi on section

1610 i $n '°" correets 'Qsp'?i ocked by fink §i o5
by g die 141 Bt oL bRt Sparng A
o Sysw"ﬁé% EFE\? %k ea‘ess%hvg% %‘W N

nonbl ocki P®5n for a network to be
sted ctly nonbl ocking I's that the mini mum nunber of paths between any

- input-qytput pair nust exceed the i mum nunber of paths V\/m ch can be
bl ocked between that pair. However n,? f¥ig %?r
condition for _a network to be st 0 t i mum
number of pat BL-NKBPRATHS (.15 u L mum
nunber of paths which can be bl M d “De ut airff. In
equatiaen form this sufficient conditio S exprlesse ATHS [@arr]

BLOCKED PATHS + 1. 40 A helpful network attribute is that the nunber of
pat hs and blRsiskind tqeetvesk 1942 (FES 20ndopsider thg fiallbwing. Sinceypts Mandal | ) for any

i nput -out put pair selection. A single stage strictly nonbl ocki ng network
1002 is shown in FIG 11. In network 10Q2, the m ni num nunber of paths

~ betweer?any input-output pair is equal one. There are no bl ocked paths
~ because each horizontal rail is uniquel ,Jssom ated with an input and each
verticai rail is uniquely associated with an

66
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46 output. Therefore, we have PATHS = 1 [err] BLOCKED PATHS + 1 = 0 + 1.
Accordingly, network 1002 is a strictly nonbl ocking network. I'n network
1002, there are NxM crosspoints BBO3WF373Bly nin {N,M are ever used at one
time. To nmake a nore efficient network, rrultiple stages are enployed so as
to create nmpre path t}‘han ossi bl e bl oc aths whil e sinultaneously

decr easﬂ‘ﬁ%""f'??éeaﬁ Z’r A} m8§8§'§t58'f'?1ft§9° tR“%Af?PE@'%fl"l =dt 1y nonbl ocki ng three
stage Cos network 1004 is shown in FIG 12. There are five paths between
each inlet and outlet, one through ﬁ& i ddl e stage switch. Any inlet
(outlet) may have two paths 55 bl y the other two inlets (outlets)
on its switch. If these two pairs ofFhlo kqd paths are disjoint, a total of
four paths are bl ocked. Thus, applyind¥ the stri ctly nonbl ocking condition,
we have 5 [err] (2 + 2) + 1. The nunber pf crosspoints in network 1004 is
3x5x8 +8x8x5 + 5x3x8 = 560. For conparison, a 24x24 crossbar network has
576 CHoh@fkr OtStsPss, EP O 397 372 Bl A general strictly nonbl ocking three
stage G os network 1006 is shown in FIG 13. (The inter-stage links are

omtted in FIG 13.) Applying the Iy nonbl ocki ng condition to network
1006, the m ni mum nunber of paths n any input-output pair is equal to
r. The maxi mum nunber of bl ocked p t »Q,qual to (n- 1) + (m1) and

t her efsore whenever r [err] n + m -1, rk 1006 is strictly nonbl ocki ng.

Note that a S + 2 s stage Cl os network can be recursively produced from an
S gstage Clos network by sinply replacing each switch in a given stage with
a tTr ee Spilage terogushexsia sirge ysush F‘P‘é?flly"h%ﬁvbl ocking five stage Cl os network
7N08 as shown in FIG 14 with the nunber of |inks between stages indicated
there¥n. Two problens in inplenentijn &IP s networks in the photonic domain
are: 1) non-square, non-small swtdh | ements, and 2) different nunbers
of links between stages (increasin t=1cally toward the center). 10

A mul tistage interconnection networlk 1010 is shown in FIG 15 and is
defingd by the following five conditions: (1) a MN has sonme arbitrary
number $,§1R98%<Qf- nodes, (2) there are [err] nodes in stage i, each having
[err] inputs and [err] outputs, (3) nodes in different stages may have
different values of [err] and [err]. 15 (4) for 1 [err] i [err] S 1, the
outputs of nodes in stage i are co efl (via links) to the inputs of
nodessi N stage i + 1, and (5) [err [err] i [err] S-1. An extended
gekeral i zed shuffle (EGS) network >dhown in FIG 16. An EGS network
isaMNwth a particular specifigd Tink interconnection pattern. In any
stage i the nodes are nunbered condecutively 20 fromO to [err] and the
outputs on a particular node are nunbered consecutively fromO to [err] The
out pulss e relaensieage i nodes are then nunbered consecutively fromO to
[err] output of on node [err] is nunbered [err]. The EGS interconnection
pattern is stated as follows: stagepwioujput [err] is connected to node 25
[eer] in stage i + 1. This interconhEf®g pn pattern assigns |inks

consecutl vely to nodes in the next pPHge gtihe so called perfect shuffle).

An |nportant inmplication of the EG§Ji MNe connectlon pattern is that the
nunber of paths between any two nodes injftwo given stages never differs by
nore than one. For i<j, the nunmber of 30 paths between a node in stage i

and a nGggies MaSdii@ifs havé &t 16 dRE path @' dvdry WA 13 1[nde 448 HHleRPe M%te%aeiadg%aut U
i Nt eg@r nht Kale s BRA ahX bimfk@p Webdusd he | argest integer [err] x. Consid
EGS net wor k

S
T my
p=u-1

50 ' ™ >1,

must have j & u - 1. Using all of this information, we are able to establish that the expression for blocked
s5 paths becomes

12



with N=T[err] inlets and m= [err] outlets. The m ni mrum nunber of paths
between any inlet-outlet pair is given by 40 [err] 45 An exanple EGS
network 1014 is shown in FIGS. 17 EmRM@398B3721B1 det er mi ne t he nunber of paths

bet ween i nput x and output y, we cal culate 50 [err] The
channel graph L(xy) of input x and output y is the union of all paths
between x and y. To ascertain 55 an gmpper bqund the nunpar bl ocked
pat hs, we nust determ ne the nunber pf}]kBll|s ® Can ink Ffsefpt any

channel graph andpgpOEKED PATHPE ) of | XEths |t pbach, ceb | #ln _block. The
channel _graph L(xy) is shown byﬁf‘}?ﬁtrg | iMes i.pn | N 5 N X0 397 372

B1 The thannel graph L(x,y) is sho by dadhed] | i ne Fﬁ |G 2D. A single
intersecting call (shown by darf[l ihes iln Ii& 20 I ofle of the three
pat hs of L(x,y). Consider a calll}t M dtels 5@5 X, Mojl-i 1inks from
node stage i to node stage j a (e ¥ e Lr stage k to
node st,gage k + 1 as a stage k |1 k. Mhe [nufbeMof {pat hs Met een i nput x and
output y blocked by link i of t i nterdecting cal ij) id given by 5

t he product of the nunber of paths fromx to the stage i node of C(ij) and
t he nunbewh@$é, combitdndily, s dinaerswdceas thb simateatemof C(ij) to y. The maxi mum
nunber of paths fromany input (or stage 1 node) to any stage i node is and
t he maxé num nunber of paths fromany sta i + 1 node to any output (or
stage S node) is 15 [err] 20 Thus, the i mum nunber of paths between x
anq?¥ bl ocked by link i of C(ij) is The #fditional nunber of paths bl ocked
byY¥nk i + 1 is given by 30 [err] 35 The second term subtraction corrects
f\or, the fact that the first termincludes some paths bl ocked by link i;
namel y, 2 aPRUalSReed t a1 Ay -PaLHP RV i + 1 via link i. Enploying a sinilar
correction for each remaining link of C(ij) we have that the nunber of
pat hs bl ocked by C(ij) is given by [err] . SBLOCKED PATHS (ij) [err] Referring
to network 1012 (FIG 21), consider the—fbllomﬁng. Since [err] N and [err]
55 EP 0 397 372 Bl is nondecreasing P*2k, there nust exist some stage t
such that for 1 [err] k [err] t, [err]

equals one if t + 2 > S. Note that

S
o p=itl
M
35
is a function of the entry point i and that
N> !
[Inp
40 p=1
N
45 is a function of the departure point j. In 'addition. -
[ 3 y S S S
wz | I 1] TT mp IT my IT mp
E p=1 p=k+1 p=k+2 p=t+2
el N M M M

is a constant for all intersecting calls. Therefore, the upperbound on paths blocked by a single intersecting

s5 call is a separable function of the entry point, departure point, plus a constant.
We are now left with determining the maximum number of calls 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
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10 and fort + 1 SkSS, [err] Simlarly, there nust exist a stage u such
that for u [err] k [err] S, [err] 25 and for 1 [err] k [err] u - 1, [err]
35 The relationship [err] inplieEPOHR 332B1i nl ets have at | east one path to
every stage t + 1 node and therefore that intersecting call C(ij) 45 nust
have i [er

n&o L beC e a n
Lo n ﬁfgé;‘%ég it E'%@t tf'i"%a%a&eet. e 3"? %f"
b o

397 372" “@kﬁ\g‘é i i
holds f b

under g ﬂuiif’h’ﬂ aattt&g‘écinﬁaﬁg'l"ﬁtat o e@ A &g AR b

and t e pr anance pr erty (FBIP) can_be stated as follows: every stage.j node which

[err] e%ﬁb&re%iﬁdb ablvéh Dlcfios ofidtlly the biihd dot Fatah® | babs. Hd FEIB nélds b€

entry pcgla@gs,an@nq ngngtﬁ&ﬂf 45 I's a function of the departure point j. In
addition, [err] is a constant for all intersecting calls. Therefore, the

upperbound on pat hs bl ocked by a sing I ntersecting 55 call is a separable
function of the entry point, departurg)Paint, plus a constant. W are now
left with determning the maxi mum™nunidr of calls that can intersect a
channel graph. Since the nunber of paths bl ocked by a single intersecting
cal | i s divideepdfhelphtbs batwash icertrinoitagb 3ane stageys pietor neepatidie® shornrtiy, dagkllines a
const @ntin Fige 221dNste that|eyeryl stegar friade whisk cenabe neeahvechbynd givenoftage § rlode teadhed exaatly
e nter 13he samergtel 2Rye3 pades e fBiFds impartanbbaspusa tta'gveﬂcawe%eﬂaersmvecaﬂe and
% i atREPdueRs mufistage 'B‘??él'aﬁégarture oints of a %@ven call. W are now ready
onsi defithfpierarptiomaierk AV Gseevmyn B9 eessprae WeHEY holdafar glagesi hrough i, ie.,

f\o.r/vvard backward i nvari ance -
ITmy
p=l

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

i
IIn
p=1
k./ inlets (the product of the n, fanouts from stage i through stage 1), at most
i
TIng-1
35 p=l

: calls can enter the channel graph L{x,y) from stage 1 through stage i (point A in FIG. 23). Similarly, if FBIP
\_/ holds for stages i +2 through S, then at most

40

L]
I mp-1
p=it2

45 calls can depart from stage i+2 through stage S (point B in FIG. 23). For worst case considerations, we
assume that all cafls 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 -

50

TTop-1+ IT mpel.

=1 p=i+l

65 Minimizing for | 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:
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property) which holds for any set of consecutive stages of the network
neeting a particular condition. If the forward-backward invariance property
hol ds for certain portions of the ERR ¥ ¥2Bhe nmaxi num nunber of 5
entering and departing calls at each stage can be drastically reduced. The
f orwar d- backwar d-i nvari ance property (FBIP) can be stated as follows: every
stage j node which can be reached by a giyen stage i node reaches exactly
the same set of stage i nexkes.mihhe( R Qa5 ~2pN-$MeEE i and | in an EGS
network if 10 divides [err] This$R begsween certain stage 3 and stage 5
nodes for network 1014 are shown by dark lines 15 In FIG 22. Note that
every st agg argufafks wibh &b uscdo GfRair 18 FdGiblard Vaii@ FEIP\HBIBs RF AiGRages THRAREH IGPRIAGS
exactly the sane set of stage 3 nodes. The FBIP |Is inportant because It
drastically reduces intersecting calls, and produces nultistage nodularity.
Wth reference to network 1012 shown i Fk% 23, assune that FBIP holds for
stagesd through i, i.e., [err] divid nferr] Thus, every stage i node
whi ch can be reached by sone inlet x Feaches exactly the sane set of 25
first stage nodes or inlets. Since any stage i node can reach at nost 30
[ err] i nl endsalsptidrell gtrged iithtougit S inlwicher r |- f anouts from stage i through stage
1), at nost [err] calls can enter the channel graph L(xy) fromstage 1
throughsstage i (point Ain FIG 23). gSimlarly, if FBIP holds for stages i
+ 2 through S, then at nost 40 [err] FEmp&abls can depart from stage i+2
t hriough stage S (point B in FIG 23).pfor worst case considerations, we
a&; me that all calls which enter at or before stage | depart at or before
stage i+ 1 d al] cal i C epart at or after stage i + 2 enter at or
after §Yage?yl'ﬁzﬁ[l.h"‘rﬁh‘i"?""f’vﬁ?dtBatg]"@ “i, 1 [err] i [err] S-2, the nunber of
. 3 .
calI's interSk® I'ng a channel graph is upperbounded by 50
[err] 65 Mnimzing for i and considering that at nost mn{N-1, M1} calls
can intersect a channel graph, we.havd §hat tlhe nmaxi num nunber of calls
[err] ixptersecting a channel graph is |[Jeg/M{y: 14 EP O 397 372 Bl [err]
5 The argunents- which are used to obtdeay thig result are valid FBIP hol ds
for all stages 1 through i in which [err] and also for all stages j through
S in whi ch gathsB6ween any\bpltaviputiphit)s far determ ned that there are: (1) at
| east [err]@Epawost bet ween any i nput-output pair, (2) at nost 30

30
o 3 1 1 k
anml’ p-lnp w2 Bllp
+ -4 F— | X
i M N ,3:,, N
[ S ] $
IT mp I1 mp IImp
o pok+l = | kel - (P2
w M M M

paths blocked by a call entering a channel graph at stage i and departing at stage j, and
{3) at most
45

-+

i s
©= 1s'inslg-z(£11n" + P!;[gm, -2, N-1,M~-1}

50
calls intersecting a channel graph if

65

i i s s
f‘[n, divides N for [Tn, < @ and [Jm,, divides M for [Tm, S .
p=l ' p=l P=j i

So, all we have left 10 determine are the maximum numbsers of calls which can enter and depart at each
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[err] 45 50 calls intersecting a channel graph if i i

S S 55 [err] So, all we have left to
determ ne are the naxi mum nunber EP@3FI72B1whi ch can enter and depart at
each EP 0 397 372 Bl stage of the channel graph. Recall that at nost 5

i [err] calls can enter L(x,y) in network 1012 (FIG 23) at point A from
stage 1 t A H‘eéih%[@@'qraphBut also, at npst [err] 10 calls can enter from
stage 1 thPealhatA B8 i Also recall that at nmost S [err] 15 calls can
depart L(x,y) frompoint B of network 1012 fromstage i + 2 through stage
S. But also, at nost [err] calls can ¢depart fromstage 1+ 2 through stage
S. This, as many as [err] calls can cifromstage 1 through stage i, and
as many as [err] calls can enter fro age 1 through stage i-1. Assuming a
maxi mum number of calls entering through 30 stage i-1, we have at nost

[ err] CalalisScafi Bhis! UGk ifhetwdrdftfi2 (FIG. /é@)dat Dbiftl A il Magevﬁhrgéﬁﬁ%taﬁ& i. BRSHiso 2 most w

70 calls can enter from stage1 iRéugh stagd il Ascieifiival fAthostt Stage i. We are now able
to state the fundanmental condition for strictly nonbl ocki ng EGS 45

net wor ks: 50 55 EP 0 397 372 Bl [esr] is the maxi num nunber of entering
calls at stage i, 35 [err] is the nujfempot paths bl ocked by calls entering
at stage i, [err] is the maxi mum nunge®® of departing calls at stage i,
15 .
calls can depart L{x,y) from point B of network 1012 from stage i+2 through stage S. But also, at most

w calls can depart from stage i +2 through stage S. Thus, as many as
- i
~ min{ [Tnp- 1, ©)

psl

calls can enter from stage 1 through stage i, and as many as
25 , i1
min{ [Tn,~- 1, ©)
p=l

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

“
L . !
min{[Inp— 1, ®) — min{[In,- 1, @}
36 =l p=l
- calls entering at stage i. And similarly, we have at most
—
40 . o3 . S
min{[Jm,— 1, ©} —min{ J] my- 1, 0}
pei peitl
calls departing at stage i. We are now able to state the fundamentat condition for strictly nonblocking EGS
45 networks:
50
85
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A

50 55 [err]

departing at stage i, [err] is the maxi num nunber of
and [err] 10 is a constant conpon&Rrto 3g7 3rle®@iked paths for all
This can then be stated as a fundanental theoremfor strictly

calls.
nonbl ocki ng EGS net wor ks:

[err]

[err]

S [err] is strlictly nonblocking for point- to p né,g onnecti ons.
previ ods devsl pment: assuned ful | #aapacit

EP 0 397 372 Bl is the nunber of paths bl ocked by the call

intersecting calls,

any EGS network which has N = [err]

i ntersecting

inlets and

outletpsand i p which 15 [err] 20 and in which [err] 45 where t is the
| argest val ug[piy/M$Rch that r 50
uis-t smaldest value of i such that EP 0 397 372 Bl and i

The

pacity = mn[err].

Sinilar devedonmin{IInp—daw) remind JInjol, ©] a i dnodes with
sel ectivity,#F} for=lcapacity onepflodes w4 hqut Sel gctivity. Separate
results are ged via the introduction of a.griablie [err], wperg a =1
for fulj cap C|ty nodes, [err] —Ofor capac gtnﬁ nodeg w lfectivity,
and a = -1 f aC|ty ne nod out se fty. The-2 nt al
t heorem f or F‘y‘rb I'bm[nﬁ k™t dn ok 4t 2 1% ows:
any EGS net ereazlf@f‘*‘full ca acify nod¢s, a F®ffor cgpacity
one nodes w Sele ivirtys a afFslf capaci one nodes w tHout 15
sel ectisvity) [Emhbs F] [ inlEkspgddd M= [err] inlets and in which i
i Prk+l _ | p=k2 - erl afd in which [err] wheret is
t he | argest luMofji $ucMth rrjff u i[sF the snallest val ue of i such
that’ [err]
k,

20

where

' ]
25 [Emg/MJ
1

is the minimum number of paths between any input-output pair,

30 L =
min{ [ n,~ 1, ®) — min{]Inp- 1, w)
p=l, p=l
is the maximum number of entering calls at stage i,
35
ks
IT mp
p=itl
© M

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

45

is the maximum number of departing calls at stage i,
50

-1

IInp

=1
N

65

17
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19 EP 0 397 372 Bl and [err] is strictly nonbl ocking for point-to-point
connections. The great design flexibility of EGS networks stens primarily
fromthe fact that the conditi onEPPRI7I8ABlocki ng operation are gl obal and
are based sol er on NN M [err], and various [err] and [err] products

Thus, in e nonbl oc o it]jgns .do. not depe
‘el at i or\%ﬁ? B e SRR R S SPT oh ct Am RSB o o
EGS net WBFx®016 i s shovvn in FIG 24. |f the output links in each stage of
this network are assigned consecutively to the nodes in the next stage
(perfegct shuffle), then any idle |nput can he connected to any idle output,
regardl ess of the curre ﬁg ans at hig ndt rtgl’h i.e., the
network is strrctlyn@na VEE i ftELs ection network
(MN) Gis said to beZa t=— if either of the
following two condrtlr--thll |t onl 0 For”every stage i of G
t her eioexi sts a one-to-ome ma p g [err fromthel/[ernr] stage i nodes of G
onto the integer set [err] such that node a in stage i of Gls connected to
node [ eris 3 cdnBtat icagsonént of blockdd athk for anitkededtig ¢alls.[ err] 30 Condition 2: For
every St agenid cadfthdn behststed esa fundandentahthedrem don estrioypiminblocking IBGS retworkst dng €GSr 1 |
st age i matwddkavhich hés Mama itibte andN-egeoutistend iB which err ]} such that node [err] in
stagersi +1 of Gis connected to node a in stage i of Gif and only if 35
[err] 40 Note that an EGS netwqrk is a pgrfect shuffle_ equival ent network
nt hat Condltlo r ity mapping.
Let&'[ err] [err] [err?w&gﬁ"%f{ﬁaée asidzg?g%{& .ngdgn%ppi ngs [err]
sati sfyl ng Condltlon 1 and | et err] [err]{l 2,-,8}} represent a set of S
mappi # satr sfying Condition 2. An expandi ng rreans is said to connect each
of the Iﬁ" M8 of Gto mul tiple inputs of the first stage 45 nodes of Gin
a perfect shuffle sustaining pattern if either of the follow ng two
conditions holds. Condition 1 e; 58 [ery] 55 an integer, and

t her e, exi sts a one-|t - one rrappr Bk ®p N inlets of Gonto the
i nteger set {0,1, ,
stage 1 of Gif an 20 b%

led to node [err] in

72MB1 [ err]
w0 pgzm» ngmp
“ aan vt | Il Baaxvand | g 1+
S
% S i -1 IT mp
- i1

S S an
[min(l'[mp— 1, @} ~min{ [T my-1, w}] x F;q .

40

45 where t is the largest value of i such that

50 pel
u is the smallest value of i such that
S
55 [TmpsM,
=l

18
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Condition 2e: C2 exists, 10 N 15 an integer, and there exists a one-to-one
mapping [err] fromthe Ninlets of Gonto the integer set {0,1,-, N1} such
that node [err] in stage 1 of G i EPCD8IVIMREB to inlet a of Gif and only if
[err] A concentrating neans is said to connect nmultiple outputs of the | ast
stages of nodes of Gto each of the Moutlets of Gin a perfect shuffle
sust ai ni nﬂ‘dpattern if either of the followng two conditions holds. 25
Condition 1c: C, exists, 30 [err]
an integer, and there exists a one-jto-ong mapping [err] fromthe Moutlets
of Gonto the integer set@f0,hin, 1 12, (N, Mo ain stage S of G
i s connected to outl et [err]‘siiﬁsir‘g?grygz‘mﬁo T [err] Condition
2c. 45 C2 exists, [err] 50 an integer, and there exists a one-to-one

mappl ng [ﬁrs{ri]:ﬂyf%%ckihffo%dﬂiﬁ&d%h?coﬂﬁeeﬁén@.”t0 the integer set {0,1,-,M 1}
such that ouhd glvidus develobmert a553MEd Rl cépﬁciizs‘?ﬂé‘esf\‘cdpébitz 2R 8. stithdeRiiment ¥
if [ernd eah be mbdd for 3&bbcify/ehoEbadle it Sdfectivityd 4id ol RAE Gbdes selectivity.
concent r agdpagiteTBsaikSars MdrgB® vie b intaduBith loV/a VARBIES WRErE d =3 Sor Al capatitylno8dsdgL0 for
perfect stuphdity Oneapdbs/ aresdlociviy, \4Rd &= aGEAapstR ordf noddd ValAR BEéclvity SThaGehdsrhentdl 1X F
nodes, f othbawwe tbr ByictlylmntSockihgiB@S nétivorks is teh srtee ds llowa: £9 EGSWetwdiki (Blieresd apRr Of
M- x1 nodtes capaéity Godedi & + @ for t4padity voé oaies it sefeciivity, apié # @ dortcapacieontl noddsenithauode s
and i nhet saeotidy)avhich haommmotidels bl Moog, iplets mjd inwhish age 1 of G according to
Condition 1le (2e) 5 and [err] is applied to the Moutlet nodes and node a
instage S of Gis connected to putlet no@e [err] accorc;i ng to Condition 1c
(2¢Y. The above th Nfoirﬁ <19 Bnd’[ ok A GMdof [RS <3pP! i es to such
networ ks. Crossovep=gnet wor K 102ggshown i Npirl 25 is a Perfect shuffle

equi vaPent network. This can easily be verified by exan hing the |abeling
of the nodes in each stage and the interconnection between stages. The 10
exi st ence®" ¥%h regul ari zed physical interconnection patterns of perfect
shuffl e equival ent networks is inportant for inplenmentation consideration.
In a cpossover network with [errf 2 x E'g Er sflage, each |ink stage i
is conprised of a crjogsover{ inte I r

partitions, where [ rl'rI}Ilk/MJ{R)q)_’m, B 1= etected for the various
r, greatly affect t Iper f dr manc cB‘nn f the network. 15

One very useful patterngof [g{r] aselgecti hat praduces a perfect shuffle
equi vabent network) li s Jffo tag [prr[Ib ijven by any pernutation of | (k)
ansdLfor [err] k, r, [~pkelu&] er f pefal [e{r] = [err] [err] etc. Many
ot her useful patterrs exyst at j Cor MeES P d13F networks not in the perfect
shuffl e equival ent rfetwork faml¥y.

having [err]

8
%* S i -1 n Tp
_ 2, | |min{TInp— 1, ) —min{[Jn— 1, ®}] x pHa +
. -1 p=l p=1 M
AN
o
40 n“p

[min{ﬁm,— 1, ®} - min( [s'[ m,—1, o)}] x [&L ’
=1 peitl N

45
where t is the largest value of i such that

ITn,<N,
50 p=l
u is the smallest value of i such that
65 $
[TmpsM,
p=l
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EGS network 1022 shown in FIG 26 represents an inportant special case of
perfect shuffle equivalent 20 networks. In network 1022 [err] =1, m =F,
[err] =N, [err] and for 2 [err] FAO3PEBFABL [err] = n, and [err] LET: P(B)
= probability that a given idle inlet and outlet cannot be connected
(bl ockedéd 25 P(F) = probability that a given nxn node in stages 2
through®§ 1 is unusable due to a failure. OCC = probability that a given
inlet or outlet is busy. a = 0 for;capagigy one nxn nodes (W th
selectivity). a = 1 fao=ful minapatflny s xFInesps2, NHM-130 N, Fn, SP(B), OCC,
and a,are approxinately r‘é‘&ﬁeh‘%pgﬁ FE-FG M- P(B) = [err] For
3 [err] LET: 40 P,(B) = P(B) for a network with S stages THEN. [err] and
[err] aneaRBPhMBbaRH S Yohib-BliR Codd¥cub@l 11 | f [err] 55 22 EP 0 397 372 Bl
then t hanexgaan@Bdign Rexibii§abreEaS NRfkoRE Stetiddprnfiify ] it HeCRECMatdMb RdoRditions for
exponentbribloching dherdtion! areglobal sdrale tabed SoRR or N, MIE, ard bdtiods i brigdrh, Prddudtd. ThRus, hO
denonst igadetal, inBribfocklfighdtaditions @3 hat Bdperdsntidrelatidnéip Betwedh b barfidifdr fRhd dh,. (B) = [err]
Then [ err]Anexhmaplé honbloddihg EGS[netwoik 1016 i€ Bliovn i1 £1@r24] If the ofitput lidks ih dacH stdge bbthis[ er r ]
= [ err] netiverk arbhessignet! Romseiciiively to @ie\Wodds inibe hext etagecideraetckhiified, tenciby lliel inguy canf
bl ocki ndye fcormastddto bny idle[ostput] rebardiess wpthy carcbti sogneictivnrstatst ai ¢he NstwilkS.e the\netradk
appr oxi rsestristiesgnbleckingon f or probability of bl ocking may be generalized for
any peér f ech multisidge|intereanpdction network(MINMLGY ik s tgi bels p@rfect shulfle egifivalentchetworkiif ditherst age.
i conpr iottael foligwinadwe pondiienedoldsad with N = [err], inlets and M= [err]
ouQ/ets. Setting P(F) = 0, OCC =1, and a = 1 we get the probability of
bl ocki n§odionit"G P(G), approximately given by [err] P(G [err] .5 is a
@pservatie/e thresho,qu for network Gto be,usefful [n a chostiof' vvhﬁ’re
bl acidPng Y PR, § et SRl P;f@%hwﬁ:d%‘;e%? ® hat
net wor k 728 iR noderx Instege | R ORGP’ T BT SRRt i on
pattern that sinply assigns |inks consecutively to switches in the next
stage-a perfect shuffle interconnection. The 30 nunber of _paths P between
any iglet x and, any outle in netwopk 1012 is given b err

V18 'xm(%)é {[zi(a)xmi*'oi] 0; € (O?l."umi—ly} [ ]

(W]

s0 Condition 2:

N\

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 8 in stage i+ 1 of G is connected to node « in stage i of G if and only
if

35
v vi(@) e { [‘lfm(ﬂ) XDy + ikl]Mr‘ iy € {0.1.'",%1-11}-
40

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 ¢ {1.2,7,S}} represent a set of S mappings ¢, satisfying
Condition 1 and let C2 = {¢; : i ¢ {1,2,~,8}) 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

45 nodes of G in a perfect shuffle sustaining pattern if either of the foliowing two conditions holds.

Condition 1e:

C1 exists,
50
mn

—— =F,

N

56 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 a is connected to node 8 in stage 1 of G if and only if

20



Let 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 [err] is an el enent of
| (P) Path (x,P*,y) will pass throEBW3%2§@B1 switch [err] 50 for 1 [err] i
[err] S. Denote a link between stages i and i + 1 as a stage i link. Path
(x,P*,y) utilizes stage i link [err] 23 EP O 397 372 Bl for 1 [err] i
[err] S- 1. FIG 27 is pat h hu rocessmgflo chart used to effect
the path hunt fun & :[e t.ha_ fall
capacity, i.e., [g?(r ={ rr Proc g)gllns w;%hagpﬁs?éa%%2 where a 5
previ oysly unchecked path [err] is selected In block 1104 the busy/idle
status of [err] is checked for all 1 S J[err]i [err] S - 1. Indecision block
1106 ad tion is nade of whether all the [err] are idle. If all the
: e%ﬁgarge@il dl e, processing proceeds fromblock 1106 to bl ock 1108
V\here it isceeed uded that path [err] nmay be used to connect inlet x to
outletyy. If it is determned in block 1106 that all the [err] are not
idle, processing continues with decis bl ock 1110. In block 1110 it is
determ ned whet her there are other 0——é-r‘=elt-'ecked paths. If there are,
processing returns to block 1102 and tNe processing flow chart is repeated
for a new unchecked path. However, If in decision block 1110 it is

det er nisneah ibteget, ahdithere eziste a nms-iototmmamm Refdretie Pariéts of Ghonda the intager dot fxictiet) t o
bl ock 111sciwhetmedd 4 inistage b plch isdenectorhip inlgt i oph@ifland enlvef bl ocked bet ween inlet x
angdoutlet y. The links [err] are checked in the flow chart of FIG Cl1
becduse the switches of ,network 1012 were assuned toybe full capacity. is

Re, ?%n'fnangswt’tt{mzm AT N S S LT

= 1. Processi ng begins with bl ock 1122 where a previ ously unchecked path P
is sel ected q k 1124 t [id 8, Slatus 0 'al'% Jsofno&e@%?&%je rfaII
i, 1 [err clEncen ans i sa conn% mutlp %ﬁi O]p
oo ot ek er'ﬁ’?T pyuie 4 ol b d Slatns Tl

pr oceecfs égngggnb,lcock 1126 to bI ock 1128 where it is concl uded t hat path
[err] may bDe Used to 20 connect inlet x to outlet y. If it is determned in
bl ock 1126 thetists2l | the [err] are not Idle, processing continues with

deci sion block 1130. In block 1130 it is determ ned whether there are other .
unchecked paths. If there are, procesgiegig returns to block 1122 and the
priQcessing flow chart is repeated fo mel, unchecked path. However, if in
decision block 1130 It is determ ned at there are no other unchecked

pat hs, processing branches to block 1132 where it is concluded that all
pat hs ar eanlifitegek and thens wxists a jopg-tleonemanping el frerm thedd ouplets Th@ ontothediiegsr et Q1 Mr e
checke# |ﬂvahﬁhﬁﬂﬂ@hme%?qu'ls@“"%eq}ee!ébsle'f?m’éﬂg\}ﬁtches of network 1012
were assuned to be of capacity one. is significant to note that in

perform ng the path ggrt for netwo 1012 par al | el o;}eratl ons are
’ dl e

pessible. Al | esf r] may be
r ead cooncurrentq%”% u%u-ﬁéé ‘8 r hgheé&@% g‘i’ idle

: concurrently A specific path is then chosen fromthose found idle, 30 if
any. |If the network under consideration is not an EGS network, but is an

i sonor phi gnYiedndcon of an EGS network, inlet x and outlet y nust be mapped
into theiT—EGS ®'qui val ents before applying the routing algorithms). A
reversg mappl egstd, S required to operate switches. Overlap operation can be
performed on a multiplicity of connections to be made if all paths for each
35 inlet/outlet pair are disjoint fro,;g,gll paths for every other

inlet/outlet pair. For convenience, d-%et

50
an integer, and there exists a one-to-one mapping ¢, from the M outlets of G onto the integer set {0,1,".M-
13} such that outlet 8 is connected to node « in stage S of G if and only if

ys(o) € {[%(B)x!" +i°]modr do € (0.1.-".F'—l}}, where ys € C,.
]

21



[err] If Mdivides [err] the equations for [err] and [err] given
previously becone 45 50 [err] 24 EP 0 397 372 Bl Consider a network Gin
which N= M= [err] and, for 2 [EPO]397 3f2Bi1] S-1,[err] = [err] = 2, where
n and k are integers. Then [err] W also have [err] and 10 [err] is for 2
[err] i [err] S-1. Additionally, [err] The termf[err] + [err] + vy thus

becones [ &ietyork-Gwith sych expanding giro)c °f“&‘}*\' e G e ?‘-Ht"ﬁ ’Wﬁﬁm PEPOF2 and
[er r] ra?L?Q% erip t ?P”'V?'?ﬂ‘é prk \9%!1“!5'@%" éP’f "31‘1'?@?99 "°H%l% f°"‘0’%9f’ fedel er r ]
and rl " “P" 6%‘3"169 '01 °[dé'r4’f' 4’"}'3 %"8""“[ err]
has vaI d % 1;' "° °°"" 0

val ued ( tfooc ° °t f‘ﬂ‘tfé t:P% ?dés"’e 8r | °‘-1 t‘i("“—ﬁ'e "°d° b t
bi nary a°°° '" q"ovvs f’errﬁ & e%r BT %8 " F 13 ?"Snapglﬁs[%rs'f’

for 2 [ &N roéso\[e?h&lmrﬁ&zo bt H'FW;" 2 fgﬁ%% uu\mént[ %cénaé&@%et ne
eqﬁﬂﬁ

floor fuypghiBh et oVieRiY ht¥rcohi
the ool th:ggiarcke% i e or¥ &aaeweéﬁ o et he
fol | oW Rgpdnigst @ eignentifonRokdidealion, NUMber nodul o [err] is given

ri ght nost q aterdesdvelhdivortofithl 42 Ri2NRHAS Pak KRR each MkiEstage( id @anp}lsea5>f a croEBver
0397372 idtkcdnhechéhpattéth Rdving 20 pritidnd) whad i « WY EDEX1 -G THe S Bludsizelbdigd 15:10hd iibusQ
r ect anglragrealieiffelt theoperfbrmiatcetahdiConfectivitin oftiie setwdrindow of [err] bits di spl aced
[ err]s bi t @Gnef veiynusetabpattog vl rablediibve (tiet patyces e pedststutild iequivaht debvork) isto haver | +
y. Sim lreely, be[given by ey mprnmeaatiohyf k) audrictdzk, of= f ehard | bitt & (cilapk bead: Byrfer r]
bi t\s/ f r ofrabfre. ¥ ing bic. Meny tother Useiakpaliernscgyistbibetreouaspand to fietfvazisy rjot-in [tier pejfect suffle
equivalent network family.
' U EGS network 1022 shown in FIG. 26 represents an important special case of petfect shuffle equivalent
20 networks. In network 1022
823, =1, m=F, rn=N, ns=F, Mg=1, rg=N, and for
2 Si $S-1, yy=m;=n, and ri=,
LET:
P(B) = probability that a given idle inlet and outlet cannot be connected (blocked).
25 P(F) = probability that a given nxn node in stages 2 through S-1 is unusable due to a failure.
OCC = probability that a given inlet or outlet is busy.
= 0 for capacity one nxn nodes (with selectivity).
= 1 for full capacity nxn nodes.
THEN:
30 NF.nS,P(B),0CC, and « are approximately related by

P(B)= [l- [1—?@) @-nocc|*

poec] |5

35

Lo For 3£ S < 2log,N+1-a
LET:
40 P, B) = P(B) for a network with S stages
THEN:
Ps:1(B) and Pg(B) are approximately related by

Ps+1(B) = Py(B)(-FE-a-1x" 1 0CC/R)

If

50 ' BL‘;:D_QC_C_'
n~(1-P(F))

55



10 The relationship of the swtches and |links of a shuffle network to
the inlet/outlet and path nunbers is described herein for the exenplary
network 1140, shown in FIG 29. FIEBEO8% 3712BLtrates the concatenation of
bi nary representations of inlet 137, path 417, and outlet 291 to forma

single bipary nunber. FIG . 31 il] tes that the determmnation of a
parti oul Pl BT regt i cop st PoE deditesnn o PRl Ml fuct  ng.
certain nunber of consecutive bits of the binary nunber. The particul ar
el even-bit sequences used to 15 identilfy ttle tage 2 switch and the stage
16 switch are illustrated in FIG 3lbg|kgy jy, the twelve-bit sequences
used to identify the particular linkstin 2 and stage 16 are al so
illustrated. The eleven-bit strings identify one out of 2048 switches. The
t wel ve- bi plotiddverd@Ss istkestlaightin€ T8 dombnstdte thidHranhali€) bifect Aburid PtB) Us td-abrd, NEl! G
31 I's the=neb(pr The Pd.Aentio-hy =Nt Irg, E)r [10tHRas 101 PRY, §BYRAGH0OUR BU0SE, B, [B)e
vari ouse Sta@Esp Hased eMTHublan fich @ Mptword jwe havet reduded e pldbdbilitya] DIetking Srom et th O
i dentify #omes dirhphhadgling fullr $tageks. For exanpl e, the 20 stage 2 and stage 16
i nputs are [Tte ptevibuscapparichate fespredsing dor Jprobsbititg ef Blockingl iy dg qyeddialicad foriéry pwrfect
i dent i f i eshuffibicqeivaidntinetivark Cheith\Srstagésl di0nodes. twith tstage i commiseds of '@l nodes Land i - -
i ndependeN&Engf inletseand IV GtrsmsRetats. BottingzR(F)=8c0CE vt sod e F 1 we woidhaprohability lotblegking f | e
net wor K& aineS, PEDmapproximately gMen Byr ansf or nat i ons bet ween vari ous stages of the
two network types are illustrated schematically in FIG 32. The particul ar
transforma- tions identified igp FIG 32 are listed r&i)n in Tables 1-3. In
FI 32 the switch and out%t -1stage i P4 a 36 Eﬁ'&’ ver network
i\dﬁntifmi, ed in block 1150 B0 = H&\l;i-t(ml-rlhmjduﬂm,t]]of a shuffle network
stage i identified in block 115#tare rel aiéd kit transformations 1, 2, 3,
and 4 of block 1152. Simlarly, the switch and input for stage i + 1 of a
crossover . . o
tage | +R Tk B ARRARE B-ahd it A o il fopfcalifh hfpfe BGny PRUINAL
definedgs by transformations 9, 10, 11, and 12 of bl ock 1162. The
t ransf or nRbweRSCINgbieen stage i switch and out put nunber for a crossover
network and 30 ~Stage i + 1 switch and input nunber for a crossover network
are specifi edcan)tndt hétwork A01ZpsHodN $h AG. 1611 .an EGS nefwdrk havik)f aniht&ednndclibibpatidii @hat
COorr esponsinply assgnatinksncinsgeativilp to\VSvdthasLIB QRS Aexi/ Baget-a pedecD Shuflle Shtertdnhectiore tTher K
ar e - gi vennimpbet of patb$ B betabanany infet x 4hd, ahy ostlatly B netivork [1002Ks diddo®y The
tr'sasformations 1 through 16 are listed in Tables 1-3. For each
transformation, the nunber to bejtsansforned §s a n-bjt binary nunber
represented by [err] 35 40 45 50| fime 1 - (Ex[Qnghwa@7R Bl [err] 10 (2)
[err] 1.55 (3) [err] (4)p=q4ldair]l 35 (5) i1 [err] KO (6) [err] 45

M .

Let 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
. X[Tm; = P*M + (y-x[ T )moa M
45 Si(xgp*’Y) = Fl Fl
Im;

= modr,

so for 1 £is S. Denote a link between stages i and i+ 1 as a stage i link. Path (x,P"y) utilizes stage i fink

S
xf[m,- +P*M+ -x[TmImoa M
. Li(x,P*y) = |~ —
Il m

Fi+l mod nymy
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TABLE 1 50 55 27 EP0397372 Bl (7) [err] 5 (8) [err] 10 (9) [err]

[err] 20 25 (10) [err] 30 (10a) [err] 35 (11) [err] 40 45
[err] TABLE 2 50 55 28 EP O 38R O03923RABI12) [err] 5 (12a) [err] 10 (13)
[err] 20 25 (14) TJ[err] 30 (15) [J[err] 40 (16)

[err] 45 TABLE 3 Arrangenents for controlling a 512x512 crossover network
1200 (FI %?) are nOM/descrlbed To get a so better understanding of the
si ze of E r to x%% ﬁﬂ@@ qver net _@
(Fl oS ot °°53?% e s A o NS
cessing begins m block
st age5 us uncl’?ecf?ed esQu‘éél h:lo%t?ﬁ FY‘he busy/idie stafus of Ly(x,P*,y) is checked for all 1
s i < S - 1. Indecision block 1106 a determmatlon is made of whether all the Li(x,P"y) are idle. If all the L;-
(<,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. If it is determined in biock 1106 that all the Li(x,P"y) are not idle,
processing continues with decision block 1110. In block 1110 it is determined whether there are other
10 unchecked paths. If there are, processing returns to block 1102 and the processing flow chart is repsated
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 outiet 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.
15 FIG. 28 is a path hunt processing fiow 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/idie status of S(x,P*y} is checked for alti, 1 £ i< S.
~ In decision block 1126 a determination is made of whether all the Si(x,P*y) are idle. If all the S(x,P"y) are
'\/ idie processing proceeds from block 1126 to block 1128 where it is concluded that path P* may be used to
20 connect inlet x to outlet y. If it is determined in block 1126 that all the S«(x,P"y) are not idie, 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 between inlet x
25 and outiet 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.
It is significant to note that in performing the path hunt for network 1012, parallel operations are
possible. All S;(x,Py) or Li(x,P"y) busy/idie 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,
. 8o ifany.
(% If the network under consideration is not an EGS network, but is an isomorphic version of an EGS
* network, infet 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
35 inlet/outlet pair are disjoint from all paths for every other inlet/outlet pair.
For convenience, denote

S
40 " nm.i =M
: F
i M divides My, the equations for P, Si(x,P"y), and Li(x,P"y) given previously become

M;

M’

50

xM; +P*M +y
Si(x,P‘,y) = 3 4 and
L M‘ “mod 1,

xM; + P*M +y

L M

55

Li(x,P*,y) =
' “mod 1;my
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relative sizes of the 16x16 network 1170 and the 512x512 network 1200. Al so
shown is an internedi ate size 128x128 network. Crossover network 1200 (FI G
38) includes 15 stages; however stERJE39713728B1 3, 13, 14, and 15 do not
performa switching function but are used only to inplenment the

fanout/fanin F=8. A crossover ‘network controller 1300 i.s used tqQ effect
pat h_hunt ST JR\H BRI e it ime o6 L o "t ot B 908 47 o< B0 -

pl ural i t y™oF 2s¥neips ?f'g FOMPEY% ™M901 t hr ough 1209, individual to the stages
4 through 12. For the present exanple, the nodes of the switching stages 4
through 12 are full capacity switching fodes sygh agsise node of FIG 5.
The nodes of the Mar—sﬁt‘zxﬁ'&gﬁzx,?kﬁﬂ‘z&nﬂmﬁ medgs—-e#ﬁ*ﬁ‘é"‘?.ani n stages
13, 14, and 15 are 29 EP 0 397 372 B1 sinple anow¥ el enents and fanin
el enents, respectively. Crossover network controller 1300, which may be

i pl ement g a3 nave i D9 8@ WEQE @SBQRg Oper at ed under stored program control or
as a hggdware logic circuit arrangenent, inplenments the control processing
shown, for exanple, in FIGS. 39 and 39 t& ef fect connections and

di sconnections respectively. 5 g £Qrtot ocessing (FIG 39) begins
when a network 1200 inlet/outlet pair f2r a given connection request is
stored in a queue in block 1402. When the stored inlet/outlet pair is to be
pr oces sedfor 2s ¢9 SveAdditionallp M, =h2¥'iferl2eti <hd out | et nunbers is nmade in bl ock
1404 t o t he ThoteresMortd Py +inthes begerdeso@t St + RiRrer.oc asfl virange dhieioh inteoaicvalvey k

t ool ogi cBLIP-eqandy o erenget, Hwugtor Rtegepogalueph it 143" BT btk Thune PR" (ihag ovalves
patT checR2}&2pade A18T .Ffo%;?qmzg%"ﬂgé%@?’?‘ﬁ%(ﬂmﬁ@héf"%e?@? R PP detbriione
waet heré% afl 9%);{ O%aaé’a' SR e Pat he21h and dws ¢41'S™ doRRedt Y BRO9Sguabyall integer

i nt er s€ct t her ible s, £qr .ot her connectiQp,[equests

bei ng prooﬁo,fvg’éﬁu%gﬂﬁff‘tr tPW reY f Hgfné i+sL ot oHiSt "\Aﬁ'f‘ﬁzg’ftﬁg'?'g@ﬁ'ﬂﬂeéé?i on
requests rogress, execution proceeds to bl ock 1408 where the sw tches
or links associated with all paths fromthe inlet to the outlet of the

equi valent shuffle networ r ternm nad. SHeee? i m network 1200, the

SW tchclgsg (or nodes) are fM*’g%%gé'i*? X chppsypit Yysysufficient to

determ ne the links of a given path through the network. If the network 15
SW t ches gdt@s Echbidét itHeyexpoRionW tches, it is sufficient to determne the
switches of a given path through the network. Once the path conponents of

- all paths have been determned, jdl g path | q'_ iof in block 1410 if
suchr idle path ex'g.s(%g,.y*g 1 I Saf . menory i s updated
in block 1412 to OETTné&’thq idl eMpath using the inp¥t, Oud;l:ﬁtzﬂ'and pat h
nunbers for the equival ent shuffle net wBP¥" Connecti on or d&f¢ are sent in
bl ock 1414 to the network stage controllers 1201 through 1209. Further, the
pat h céfmpbnafti$ S Dividingq bisanesumber by #i'sand taking thedloprduwneliqntls equivalantiio sifinghe ked
busy in bbibgxnumbesS places)ie the fight ddus. Ret urning to bl ock 1406, if it is
determ ned that the given connection request is in conflict with other
capnection requests bei ng processedl\nfpepf ixqn concerning the given
connec'E“iJ on request in stored in a »ed&ﬂ—bbzak 1420. Once an idle path is
found i'n block 1410 for one of thelothe® connedtion requests, a report is
made to the queue of block 1420. The disjoint path check of block 1406 is
then repeglsgtivaieht to 8 bindly GurdBer oRtitistl th thelisiBithg fokigithie: N bl ock 1410 for a
connection request, blocks 1422 and 1424 are executed., In block 1422, a
report 4 s made to the queue of bl that connection processing is
conpleted. In block 1424, a bl ock|xxr 1 uPEYT'¥port is nmade to the queue of
bl ock 1402 such that the unsuccedskimtcémiecsri request can be processed
again later. Disconnection processing (FIG 40) begins when a network 1200
i nl et for Aaingiywamber medun2i'ct is giver lactheetightr®6t n + k-kbits bbthebinanmnnunbqu i, | n bl ock
1440. vwhen the stored inlet is to be processed, a conversion of the inlet
nunber is made in block 1442 to m ndi ng i nlet nunber of the
shuffle network topologically e network 1200. In bl ock 1444,
the shuffle inlet nunber Is usef to RFdex t menory to determne the
shuffl e outl et nunber and the path nunber for the connection. D sconnect
orders®re sent In block 1448 to the network stage controllers 1201 through
1209. Further, the path conponents (sw tches or
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35 links) for the path being disconnected are again marked idle for all
stages. A hardware enbodi nent of network controller 1300 is shown in FIGS.
42-44. Connection requests, specER93BG3@Bhlrticul ar network 1200
inlet/outlet pair, are stored in a connect request queue 1302. The nine-

bit bi nary et o i i nl i bit binary crossover outl et
nunber ar . ar'ez'a’?é%’t '"ag'{ug'kgegtg%gdsg l{owﬁig ﬁ@?qle mappi ng unit 1304 (FI G

50) for conversion to the correspond| ng nine-bit shuffle inlet 40 nunber _
and the correspondi ng ni ne- bi txxshuflgtyﬂunber The shuffle inlet and
outlef nunbers are stored in je-icbrfen t request queue 1305 and
then transmtted to a disjoint path check unit 1306 (FIG 46). Unit 1306

det er m BRSP-YIRURR! gifel DyPd GREM of 1BESH bRHbibgMced WP, biRAirdm 4R Aghe st R&bingry

t hr ough rdprisaRdtibn JiAMY WMPIVE B A rSBnilady] I 06k §) 19 bidn Byl ORMdolRer RBIIIH) B8 TRElaRHRY Wi th
anot her ioghimMgt bigliomethe wyhtidd &e bikdiylreprédbitioh BIMII+ A € yconnect i on requests
define di Siheirslitiofishiphus tholuwvitchgd articlinkeOdfla shidifld notwark tol the Mictamistand path ntretpreist S
and 45 dasatited hereinJorcisenexbraplpy otk ¢t#0ashowhie FCRRE AG. IR illustatek tib corateratidroted t O
her ei n hvargnemasenthtiops nioidiet 137, p@ke 48, i a0t outlbh @91stoutbiil @ single diinayuumbbr. FiGYiSer s

ar e t hefilusiiates ghat the deterginatirnf A gerticulan switch inreegjven stage)canhe mMa@e Simphy rselactipgia h

hunt i s certginbrumber éfotonsadutive bt elcthe bingty ewmbery Eorc par®olsr elevenrbitrisequionces usad to
request idsntihinte stage 2 ?J’!'%l'i‘ and tho stpge (16 rwitcheare filggtiated Hm FIGs 3k Eimilay, the fyelve-bit
busy/ i dSeaUPRIcPS; useg to éew'h%e Br vngs Bridegg 2 ang) stegq Hicare plge;dlustrated. -The glgrenbit of

r ksf' def\f ifyi one 'a' h;te-m str"i'Qﬁk'ge'%t%eéwf ﬁ'oﬂﬂ?ed'f‘ &isp and
gﬁg I dé“l l(tS;i therp rle : garl u ag%? Yféw‘ffi ag%rhu | e
| et ° i
1308ean gﬁ 1%9 8?.)0% en sesquge‘ , e%lam{:éjg gguﬁ r%lrdgm ot?UGUe
addr ess ’ N e,tz ifﬂ%tm;f& Apduighe are
ei ght p%rﬂ% arol dd d %& Lich %ﬁﬁ@ry
1312 ha%orél&anfgﬂ%&?ﬁ FBaNs ar@@&g%fn@éblwhg' 19 G, bihs swiehGRd Slitpdt R stagb of a

| 0catsh 0BRedRler Retbrk RnilBA Block 9150 bAd the GRiich RAP BUSLE of Dsnafiél ndtiérk etage MddntifRd Of

the pregediek 1153k Riafdd b rrRiofetiérdal £, dldQi6r blosk 1352 Biniiarik! 1B Witch QhdTRBut iRy
concat esage NG df laccrassdvert nebwbik@presepidd BIeHRTI860, and Wb SWHEH @id ifptTRe btage +11 W a
manner offufflel ietwodOreprbdamed év block AMet 06 rdiduel g3adetined Wiivenstdomationsos, @0,ext araict2ed f or
any of blek stéagie.irafgormatioas bdtveen atage ewitgh A1l Autdubountbieofor defdssves retwerk and

busy /e dbegssittd tswitchaind inpiitinuiebes fon g @rossover oetwbrk e spéviied bygtrenstpraatines 33 3406andd

W s a 36 ebhlogkQ1156. The @respandpg Jel@ipnships detveen successivendiages phia shuffisl netwerigere bit s
of the gueystandormatons §. 612 ppd B gthieck d#H8. Hredrapdormationy thipughute asnlisted it HablgP ned
by a pl daFer 9ack frapsiymation ctge pemier ¢9, Be rangformed is 3 arbit bisgyy dyveher gpreseptpd by
exanpl eB-a@ Byl ti-input OR- gates. One of the path check units 1314
tran?ﬁlts 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
busyidl e signals fromeach of the units 5 1314 and selects in a
pkedeternlned fashion one of the defined idle paths. Idle path select unit
1316 jhen transmts the binary nunber corresponding to the one of the eight
pat hs selected. Unit 1316 also transmts a blocked path indicator if, in
fact, there is no path found. The bl ocked path indicator is fed back to the
connect request queue 1302 such that the connection request can be repeated
at a later tinme. The inverse of the blocked path indicator is used as a
witesrequest signal to wite a busy bit into each of the nenories 10

1312. The idle path nunber is transmtted to the nenories 1312 to
additionally ldentify the particular path and therefore the particular bit
of the location addressed by the inlet and outlet nunmbers. In addition, a
path nenory 1318 is updated in response~sto the wite request and stores, at
an adf@lress defined by the shuffle inlet, both the shuffle outlet and the
selected idle path nunber. A disconnect request queue 1320 effects

di sconnections by transmtting the crossover inlet to be 15 disconnected,
to crossover to shuffle mapping unit 1304 for conversion to the
correspondlng shuffle inlet. The shuffle inlet is then used to address path
nenDry 1318. Disconnect request queue 1320 transmts a read request signal
to path nenory 1318 and reads the shuffle outlet stored at the |ocation of
pat h nenory
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1318 defined by the shuffle inlet address.

The read shuffle outl et

is then

transmtted along with the shuffle inlet via queue 1305, disjoint path

check unit 1306 and queue 1308 t oER®REFN2®Inories 1312. The 20 addressed
path nmenory 1318 | ocation al so includes the path nunber of the path to be
The read path nunber is transmtted in parallel

di sconnect.
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[err]

foll owi ng theorens.
only if t [err] u,
if and only if t > u,

Link disjoint path theorem [err] = [err]
15 Switch disjoint path theorem S(x,y) n S(x',y'
where ER0387 32 Bt t he snml | est val ue of

)

i f and

f or

which [err] and u is the largest value of | for which 30 35 [err] and where
40 [W denot'es the | argest integer [err] Wand [err] denotes the
smal l est integer [err] W For x,y and x y' chosen at random we consi der
two cases: fase 0: 45 (12) Sy =€ y @SE,,chosen wi th repl acengnt
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anot hersinl ¢t/outlet pair

Bp-1s B2y * 4 Buts
i+l “
k/: B @COl, B‘—l @CO" "'gBO@COi
20
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——— nie] ————
Bpe1s Bp-2, * ', Bins
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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 1370 and the 512x512 network 1200. Also shown is an intermediate size
128x128 network. Crossover network 1200 (FIG. 38) includes 15 stages; however stages 1, 2, 3, 13, 14, and
15 do not perform a switching function but are used only to implement the fanout/fanin F=8. A crossover
network controller 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 12. 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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40 ways to select two inlet/outlet pairs that have comobn sw tches for sone
paths. There are [err] 45 ways to select two inlet/outlet pairs. By way of
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t he nextoparétigeThe shuffle inlet/outiet numbers are then stored in a connect/disconnect request queue 1308.

When a path hunt is to be performed, connect request queue 1308 transmits a read request signal to a

plurality of memories 1312 that store the link busy/idle bits for a corresponding one of the link stages 4

through 11 of network 1200. (Link stage | is the stage of links between node stage i and node stage i+1.)

50 The nine-bit shuffle inlet and the nine-bit shuffle outlet signals are also transmitted in parallel from connect

request queue 1308 and predetermined ones of the inlet 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

65 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



40 having the sane binary address. Note that the three-dinensional
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The operation of an MSEED is simlar to that of a tri-state buffer.

Thr oughout the present description, it is assuned that the top rail of the
figures is the positive rail anER®89%3 2B rails the negative rail. As a
25 result, a binary one is encoded as the presence of optical pomer on the
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di sabl e control signal is high (1), the 2-nodule is disabled and the
outputs are held at logic zero. One of the two NAND gate inputs nmust be a
di sabl ed | ogi c one signal fromt h&POAITRATRBL n the previous stage. If no
conpl ementing of data occurs within the interconnections, the NOR OR
2-nmodul e may be used in stages preceding stages with NAND/ AND 2- nodul es and
t he NAND/ AND 2- nodul e may be used t age . ceding those with

NOR/ OR 2-nmodul es. A system i ncl udiﬂn%% ngg'. g %P‘gges of NOR/ OR 2- nodul es
and NAND/ AND 2- nodul es woul d satisfy the requrerrents on the disabl ed

signalg for both of the 2-nodahéM tfor [Jns <M. syrmetri ¢ sel f
el ectro-optic effect device (S-SEED), scrilRgd’ in U S. Patent 4,754,132
issued to H S. Hinton et al., on June 28, 1988, is used to provide the

functi onabdiihe/ L@b) d2Qhdsok MR Ink@in ali-paiRs! bétRSen i @Andloutit b, SRAIbY asSthé SR BY diiswitches
transmi t tig@n pdisiétReinicSs Satchiidt 60in6 ¢ iR, enphy & Bulf 461 Mlith @dSe dulifttioRs, wleQtateRifle | N
ti me sequeRwngtheblemmg each bit period. During a first, preset period, the

S- SEED i sLidkadisjotrtl patitheoremknown state such that Its output QQt) is a known

bi nary value. During a second, wite period, the dual-rail input data is
used to vy Lohe') Fewif sidanly ifdk u he S- SEED. Assune that the S-SEED wi ndows
are vertically oriented wwth the top window refereed to as the R (reset)

i nput #ndSvikdedibigintpatmthdorethow as the S (set) input (FIGS. 68 and 71). The
output 20 fromthe top windowis referred to as the Q output and the
output f r M3t e W 1% referred to as the [err] output The S-SEED
is aratiog device that changes state when the ratio of the power entering
Qne opti c¥1ei ndow t o ‘he QOV\E‘{ entering the other optical w ndow exceeds a
predef Fhed tRMeSTBIes e phIrich G ver entering the S windowis [err] and the
“power entering the Rwindowis [err] the SSSEED is set (Qt +1 - =1) if
[err] > T. The S SEED is reset (Qt + 1 ]Jp=9) if [err] > T. During. a
third, read period, the new state &5;’%1&8— SEED i s read out and
transmfted to the next stage. By applyi %ﬁ hi gh- power ed cl ock or power
signal of equal intensity to both the R a inputs, the clock signal is

- nmodul ated and reflected fromthe windows with two unequal intensities that -
representanihe dual -rail information presently stored in the S-SEED. The Q
out put powel iiie s valleeof j BF wijichout put power when the S-SEED is set; the
[err] eutput power exceeds the Q output power when the S-SEED is reset. An

S-SEED array 500 shown in FIG 58 is ugsed to ifmplenent 30 each of the node
- stages of network 2110 (FIGS. 55-p7) ahd fphotopic system 10 (FIG 1).
Al t hough in the present exanple d¥of _purWbsks of illustration, array 500

is a4 x 8 rectangul ar, S SEED ar , $uchsarrpys are typically inplenented
such tfat the phot odetector array ﬁmﬁ squlI®; hrray. The preset, wite, and
read period durations are determ hédl by thédpulse rate of the |aser diodes
that generate the clock or power signal, the preset signal, and the disable
s\gnal (aan ontinuous disable signal 35 may al so be used). Tinming control

of the el ZAMPR; j whi ch drive | aser diodes 301, 401 and 451
is proi'kal ded b?/'a'!t'%esq“(?ﬂ% ?Jsﬁ‘ @? IsIg—'l’(a 73. The output pul se of a one-shot 452

of FIG 7 hagesbddWetdnait ihBidrk wihi ch is typically |ess than one-fourth of

a bit pergddy afdfly! chosoi BCBRdBMI wchnbidbr dSasial @ bit stream The circuit of
FIG 74 nmcag@o;used to drive the lasers in, for exanple, three stages of

the systemif apprxaiag kadrechdsdnanith kdpResinentiim BiE 6oM) N iets, R Gtafld k' Qrel dfiéwed to be

el ectroni c signal tmodahne irlled SiniROy) ytand Prarel dhesed pith @pikcemontratdfid satiof dedusipts. FEO
bet ween st ages. Fluis casdwe seta variaple@a# 0t i m ng di agram for the three stages.
In FIG 75,Cepe1:is assuned that the input data is formatted using a
return-to-zero foread xaand ajsh ytand heare ehoseql withput sepiecenept fron the seth ef N jnjststand Mo

| abel e® i n al phabewutietsarespsctisly. Thus, B * XGandx * ynHorthis aeg vngpt 81el-fi rst hal f  of
each bit lekdisigint pelaprababiityiyr i tten into the odd- nunbered S-SEED arrays and
read out fr dhe erpteability dhat HuWEROEY) S-4SBRIYPHRY ays. During the second hal f of
each bit period, data is witten into the even-nunbered S-SEED arrays and
read out fromthe odd- 45 nunbered S-SEED arrays. Thus, the data is
transnftted fromstage to stage within the network in the pipelined fashion
of a shift register of master-slave flip-flops. The odd-nunbered S-SEED
arrays performas the master flip-flops and the even-nunbered S-SEED arrays
performas the slave flip-flops. Data is witten 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 fromthe pPevious stage (i-1) is transnmitted to
array i during this 50 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 permts

- S-SEED array i to receive data and preset signals at the sane tine. The
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sufficient optical power to overcone any effects of the |ow optical power
data signals. The duration of the pul ses generated by one-shot 452 defines
the length of the wite period. ERy B%Wﬁzc% ar, if the duration of the
incomng bit period is [err] and the one-shot period is [err] the read
period for the S-SEED array is [err] 55 and the wite period is [err] The

differential power arriying,as.d at e S- SEED nust be sufficient to
set the state of the S—@E@Wﬁﬁ%@mﬁé period. The function of

2-nodul e 2132 (FIG -67)—4—5—99;—%-@4-&&-& $EED 2134 having signals
direcged at it as shown in FIG M)°The truth table for the optical

2-nmodul e conprisin i SEED, 2134 is gi yen i'{nfl G @9 It 37 J EP 0 397 372

Bl is assuned thatg State. 8 (PTeaH 1Sminf 11 &d.L8, Regyfto A t]1=0 by
pul sing the R input Srr@n‘- P‘hgf,pr ese{ l|o?!ar|fio : Thegr-éol’u?r'nsﬁ?) beled P(S) ad
P(R) indicate the ' - ' uring the

witeeoperiod. As indicated P(S) = [er —f) [err] + P(Disable) and P(R) =
P(In0) + P(lInl). For purposes of explanation, typical power 5 values are
assumned Switkh dizivint peth olpbility: on any of the data inputs InQO Inl, [err]

cont ri but ekbe grobabilibitbat Sixiyd 0 $('.xRh+ léds given bynacti ve signals each contribute 1.0
power unit. Thus, the contrast ratio of the S-SEED in the previous stage is
3:1. "hen the disable signal is adivated, .it contributes 7.1 power units;
when it is not activat e(ﬂ,l"ﬁixé@n [imyrBeNoBd71 power units. Thus, the
spatjal light nodyl ator_that contFbls the disgble signal is assumed to have
a contrast ratio of 100:1. The @N-BED ratio threshold T is assuned to be

agual, to 1.5. 10 s{hus, if the ratizq P(j?/ P(R) §s greater}/\;han 1.5, the

L o

outpdf is set, Q34 min In;, N} -mis (T30 N) P(|Rri(Frm;—B, ¥-Baf er than 1.5, the
output Is reset,Qe2L+1] 3=10. If themati S)/BER) is betdween 0.667 and
1.5, the output does not change; thq ?lwe gt + 1] = Jt] = 0, the preset
out put state. The outputs read during e read period are given in the |ast
columm of the truth table of FIG 69. The function of 2-nodule 2136 (FI G
70) is panégRNE S DI i0fs FEERisHIGS= [Pl PedhsHoiMaer & gitér iMetlobubt pdir dré svah add Ikown
i n Fl G diggint fromcaltpattis betweab lagotifepinlet/dadet paif)i=cal 2- modul e conprising S-SEED 2138
is givenin FIG 72. The inplenentation of FIG 71 is very simlar to the

i npl enentation of FIG 68 except2}@dogiNS+)s2M+E si gnal has been noved
fromhe S input to the R ﬂputﬂmﬁwmi gnal has been noved from
thie-/Rinput to the S input. The state BFHhe S-SEED i s initially set to
Qt]=1 by pulsing the S input during the preset period. Wth the sane
assunpt TM&38bout power |evels, the outputs read during the read period are
given in the 20 l|ast colum of the truth table of FIG 72. Two basic

appr Saches have been descri be tor 2-nmodul e optical inplenentations-one
using three- diode M SEEDs [ Uy -di ode S-SEEDs. The

M SEED approach has an advantag fﬁ%%gsfﬁ%ﬁﬁ‘/ requires two | asers (one
f\ar’ the cl ock or power signals and one for the enable signals) whereas the
S- SEED g@&m, - wer signals, one
for F Eewﬁlggg | e sygﬁegfasﬂggpﬁgs *‘oﬁgg‘%?&ﬁgfsv{“%sg{?g%ﬁ &g‘ig'gﬁgrleg%. However, the
M SEED approach requires three di odesgatyaer than two; accordingly, the
system optics nust image |arger fi eNg t he M SEED approach is

foll owed. The S-SEED approach is used iff photonic system 10 of FIG 1. The
rel at onshi p between the orientation of the S-SEED and the orientation of

t he pl awayscosdiast wo intpt/ouliet pairs By waygoflexample, fonN a5t 8s8.dhesr areonnect i on has an

i npact on the design of the overall network. This 30 relationship

determ nes the types of 2-nodules (NOR/ OR or NAND/ AND) that are used in
particul ar stages of theipétwork. Assurr& that the S-SEEDs are oriented
verti®tal Iy as shown in F35 (98201419 Iho V24 153¢,004884er connection is then

defined to be a crossover connection where the crossing links fob a pl ane
that is perpendjicular to the |ine for by, the S-SEED di odes. The verti cal
crossové’gysé‘gﬁ%eéLW’Hﬁeﬂflg'etd’éﬁWk‘dm?rﬁecg'@rggg%?%dssover connection where the
cros%j;ng links forma plane that is parallel to the line forned by the S-

2 2
STy s 51712
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35 SEED di odes. Optical hardware nodule 51 of FIGS. 1 and 93 is used to
provi de the horizontal crossing connections and the strai ght connections
for horizontal crossover stages. ER® 3978728t connections are provided by
the planar mrror 108 and t he horizontal crossing connections are provided
by a prismatic mrro EPE) , If nore than one cross is required, by a

pri snatld”aﬁﬂprSB'Fct&T"r‘QVmi PRI G 84). Prismatic mirror array 110 has its V-
40 grooves oriented in the vertical direction to provide horizontal
shifts. The resulting hori &% losséﬁhmmect :?333 bet ween two
consecytive S-SEED arrays S g)wn |34I§Q§557€112A= fication of optical
har dware nodul e 51 of FIG 93 Is used to provide the vertical crossover

stages. i Gqdfoh BTRE lesst Bof § ‘BSImtJPé‘&is;&ﬁtPN |gdfap1aNP [goétpéf%' gafls SrQ RRBAE fdi e bifer

rotated hiedQ @g_raﬁ@p(g—b utofgﬁg,sggtal,,gg %! dve. FOr vertical crossover stages
requiring miltiple crosses, the prismatic mrror array is rotated by 45 90

degr eegn. mt@.wsygw.ﬁm the V-grooves of the prismatic mrror array are

oriented horizontally to provide vertical shifts. The crossing connections

Wi thin the Fe&nfie RéesentGlossiption o phdionig esteil FIO(FIG. O} 6niy R-hpataki-dutpi inbt@orkshekRTingag

t he rai | Sanout daction gexpanaiba)y @ svitcitiysdeetioniadd e dnin\sattion (cobmnteaton KRIGER) bleregnside@d.dat a

bits. |f Bvg mtie alaghin tbeswittbing cadionvbase NF/ATWvengput themoutput switthing nodes. Be fanout-| G,

93, the dmttan piuitiples eaglh el thely inpluts hayF fike atsthe inpyj ot the swritoking sectivs. Avoertiidghnthere lawe

conpl enerfihelitks @itaring:the gwitehing sectian. Hietswitghing [spatiomcaniaink S spdecRtagewithcbathenode) stages50

pl gment ednterpennentaddlp dheypirepdinghrode stagpang rfieucqepdingrode) slagauwithperiach ehulilo sauivelepiou| d

be requi r"éﬁfc‘i“@e‘ﬁ%"tsep}?lf?@ $RRtoR 19rayeR '@@ﬂ“??gs‘ﬂsa?faf lipks @aﬁenrn%ea%@@ﬁp Edzn'ﬂ*%ﬁént ed
and whi ctf §°"ﬁ£(/'€°H(S’t"P Ween co Ierre Th i S Wou d require

o Wy Jg% wmmg T S iﬁ«%
thr P

are al 5o 9 mﬁ'@b o ""°°1°ﬁs L m gtk
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narr OV\ésSSnter},/orﬁ ecfﬂ%ﬁea?e in grﬁe R— dl o olt ‘ﬁ b, GAIE the TS é:ﬁn rBénnetticHs! vBY from

bet ween tifestay e and thus reverses the positions of the
out puts of Rafe- ltéﬂ&l’s&w ndtWorR 121 101 grd s BsBiAdis tégiblobucéi@te%uwéféhe td Bl NY
vertical dihénSiomy Erossewn dedrk P170 oPEIGSERLB6] IMAet®6rd I €701 fidte/Bat Sadhiriolb o d' g6 nddeC
shown i n gdegéois BBeled3Rith a niwbibed M 70 TfoligB31. T8aize etWoat L 126 isOd hali-drddedvers hedeorifit a
hor i zost ahchaiso peth \cassséragencatiots Ges lsgamd cohinbdtienise ift they nbdeauniblre @ throagld 81 @® on
ei%Her sircmesefitodias/ibe binayy hddoessss 90000 rthrarigh(d €111, Tirccrassoverecoodectdne areisaahlihat d nodst put
data i s donte gigedsicannecteddeithe nbdecin thelmextcitage hiving achineey addrbssr diffegingsin NEIR/oDRe p

2- nodul e v order|bif psitions, ewhergiRiig @pasitive intpgen B rest ehwel do fivet s page 8 (QQAQQDIN/AMDS O is

2- modul e dosnegted tecfiode ¥ (0BP1) injstaghd npdec, (0BR99) inslaes 1 is cpaacteshia nedechPQPTHAR #teaent al

cr osso¥er? §pdeg@ )\Wei“@eb%ls nnegiad F°d‘?ﬂdé(? «"H'Hé’t‘ \ﬁéﬁek:’ M%Pd‘éﬂomg' paga s in
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t put c

s’ desi o;ﬁ %E ﬁif o e s <°8$3° T’h?%’ ?ﬁb@ jﬂa’r;f;ego% §2§§§?1 b

through dibds, sentelh eR&ém )

the di Saﬁﬂ sé zgéoﬁn 2d oQ!n M?ﬁe eﬂg‘?‘fﬁ&% t he
vertical &a&mxaro tﬁB hp.ﬁw sGEhted With ShctesRiREn laif &G4 sVan& i dppdsité diteBiti lacrdds
NOR/ OR 2-gudddssive TEWAUh Serpdhine ¥8shidR ¥isoSloR ARt cemaliistagéd afe .ntakeenrdus@hhmnmhia%u
(logic ZQfoﬁHect%fms nhIAdEYs ANIRe Baradw lafs ihtSrc6rRBENAE BRINAL 6D Wtafditurd/MioicbriiBited with

CI 0SS 0x%€onGNArntifal Ssaektionss (Gnly MPbLin 2R samél icoi@nr ary inkefdofnetted). MorP (gbneedily, af i AND
2- modul e is matidap bictwb-dirteagmal aflayssof nbdies edem@ciy lhavdngl) catinbriseand 8 roes, dfe ceossover
vertical onmestivoyere dsfigegcasdbiows: ovhbothe Hireryodddtebses serrspangipge to( hORteghts dnom zero
NAND/ AND)throlgiheRG-b bri wespertjvelyi aseociitediwith svagéssive nedgs bicrowgogmidiineoppositp dirgptionsjacross
node st achuceobrivelreivsuin gerdiDRteCiRShdNHeadh hasle insenetarvay istchrneeiod o theonode indhe: sycepssiver at e
a set #f dmeyhayingadinglyprdrpss difigrinpsn each of the e lowredey ik pasitiens. » bring aspasiyeripipgey at
recei ved Mesbeaudl thlegefdus st age, 2) any node stage that fol |l ows NOR/ OR

2- modul es i Rhotaqie _?‘%l’B%’"i’Rﬁ(ﬁ@ggﬁ‘a 'am “&°‘ 2‘@?‘?’?'%9 nqdes,within, the fapeyt pagtion
previ ous 3¢ rf?{‘"bf

»g? é}z & Sﬁba ;ﬁg@sﬁf fat
fol | ows Nga?lgg u no ire af oot
cr osso¥ferc™, ruggire fa n%% dTlﬁ% ﬁg ’gﬂa‘r‘ngdé é?f, L'%Fiy

node st agf |th S stages in the switching sectuon and having fanout and fanin dual to F, is given by: T = 8 +
2Iong SInce network 2112 has the parameters N=4, F=4, and $=2, the total number of node-stages is

nnectlons each ode Iﬂ one sta%e IS connect
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fol  ows NAND/ AND 2- nodul es in the previous node stage and a horizontal
crossover connection in the 20 previous |ink stage should use NOR/ OR
2-nmodul es, and 5) any node st ageER B387 B8R Bbws NAND/ AND 2- nodul es in the
previ ous node stage and a vertical crossover connection in the previous
i nk sta e should use NCR/CR 2- rrodul es. These rules are based on the
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stage). There are also (Y-1) idle 2-nodules that nmay not be used because
they are only connected to an active 2-nodule and a corrupted 2-nmodule in
t he next node stage. A 2-nodul e n&PW3R 372 Blontrol | ed such that at nost one
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the next subunit 270 (FIG. 90), an 850-nacmeter PBS 271 is used but it is necessary that the beams of the
780-nanometer control beam array pass through it, either 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
s5 wavelength. The beam arrays used in the present embodiment may have a substantial angular fieid, for
exampls, of plus or minus five degress. To reflect linearly polarized light of s-type from PBS 271, the s-
shoulder to p-shoulder spacing (marked s-to-p in FIG. 89) 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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wnth the S SEEDs of the S-SEED array 500, the smgle-ra|| sugnals are converted to dual-rail and normalized
or regenerated to the appropriate levels. This is accomplished using the optical arrangement of data inpuj
unit 40 (FIG. 97). The single-rail input signal from each fibei in the cable array 21 is imaged onto only one
45 S-SEED diode 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. If 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 lengths of muiti-mode fiber, the beam array may be almost randomly
s0 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 either the preset or
55 signal spot locations, in 2 manner similar to that of FIG. 92. The reflected and modulated 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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15 nanonet er operation. Two of the conbi ned beans have s-type |inear
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st agers  Banompter gperalien. dwe pirthey cambingdh heams\hiavens-ypealinasr Polafiration; and thetheptwophthd node
st ages €oMfieddeamshavg privae finegr podpetion| G 58) of optical switching nodes each
haking at | east two optical states, means for generating an array (DI SABLE
or PRESEfeimg) G 93) of control beams each for controlling the optical state

a corre din od a d free ace tlcal nmeans
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erein tﬁ%l ona? h;rg ‘p arra 93)
of disable Q%mlﬁ%? o9 o5 5@ s NQctC i rfatheoci?ﬁdufé%'r ode’Ut OdidRddb ON
t hrouygh a $téYed %Stné’ﬂ Qg' tﬁmﬁlo&gs&ﬁaad op Yid Adab QdiQ Riplurdlity of nod® styed &idshid
accor dancekaHal £ Gih 1Edtdgos e@'d&mﬁﬁsﬁrﬁ a%ﬁ&mﬁ;maeqmsm&aeﬁmrl Ses neans

(401- 408, F| GHARAGTERSBSEDIR TRARSHid stam ikhérQbiprdsd ay of beans corresponding to
sai d plural i imgardf(NGW,INIR LT) Gor BdREingtsaid NS To 414638, (F k INGSinp @6t therBR @RS {NZof t O
el ect ri cal sakioote sthges,iFdiing @ pbsitive Swlgerajreatee thyn driegques toiféur,jandg ones of 50 sai d
%mm ar r ayneafs (i MTEL7 N8)ff@Tconceatatingoet least (Dk M} outputdf tidestrene (B6) ohsald/addem i n
acCor dancestages to saitiM ontidts,f urt her conpri sing neans (60, FIG 1) responsive to
. request s f or s¥daysteot having at lhasb twglpraths betwespvachnaf fsaid Ngjelete ad ¢acly output df sdiddlestr i cal
control sinpdebtage.55 6. A systemin accordance with claim2 wherein said
each node stage further conprises neans for generating an array (PRESET,
FI G 98) 20fA pystoade a?f@'&ﬁ%’eé’ﬁ'bﬂa"f‘drw"é@'f‘é&fhl%m'% P Flages SOTRIEPS state of a
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corr e4§ pondmg one of said sw:tchlng 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.

45 :
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
§0 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 generatmg said
electrical control signals.
55
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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A system in accordance with claim 2 wherein said generating means comprises

means (401-408, FIG. 86) for generatmg a uniform array of beams corresponding to said plurality of
switching nodes and
means (409, FIG. 86) responsive to elsctrical control signals for selectively transmitting ones of
50 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.
85
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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conprising a first photodetector (R Q including a quantum "”mﬂ;"jﬂ and

a second photodetector (S-Q incl FMIP7TB7§RINt um wel | regio ”"I
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nodes for 4%8 tFEP 0 97 372 Bl receiving said first and second data |nput
signal s, sai T ot odet e opt.ical l
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wherein e 0 t
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conpri ses elingadns blCsaid switahing noddd. A system in accordance with claim 1l wherein
sai d cemcentrating neans conprises optical neans. 35 25. A systemin
actor dancH. Wi dysiem liradcomdddee with ciitn Whienthet eompeising concent r at i ng means connects F
out puts of sai wednaor gerewtingsanzarey (PRESET, HIGe8Y) lf rydsetheiatls dach (o psieblishingahe oftical
system i n actater d@rreuesppnding emﬁm@swmh‘em B9das piior B thosrmEmmicaiion Alertieahintprmation
connects F dwrgdeughand saj d | ast node stage (N6) to each of said Moutlets
in a pétfect s¥rsprcs oirakmeans Q0. Fig PRes.direryngrepch of saif pregshPPameAe 8 caRTeR i t h
cl ai m 25 whdt8ep oksaidFiading aedef-at i ng means connects F outputs of said |ast

d 1 N6) . t h. of t t
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45 13. A system in accordance with claim 12 wherein said output signal and said receivable signals are optical
signals.

14. A system in accordance with claim 13 wherein said output signal and said receivable signals have a
given wavelength and said control signal has a wavelength other than said given wavelength.
50
15. A system in accordance with claim 14 whersein 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 receivable 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
56 means comprising
a symmetric self slectro- -optic effect device comprising a first photodetector (R-Q) including a
quantum wel! region and a second photodetector (S-Q) including a quantum well region,
said first photodetector being optically coupled to both of said two preceding stage nodes for
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betragt a.ed Eﬁtehﬁﬁ‘&c’c@r‘almc& Qith Rl 128 Gndréir sl Skpanaithg Wiekhs@WhsRBEN! ei tungen, die
jeweils zur Mgsroidds N, ElﬁMAH?éh%ﬁ'G&nﬁbn ngmw&cm&,ngeﬁb imbulgRNgen der
dar auf f ol @& en Knot enst uf e di enen, di e Mehrzahl der Knotenstufen

und dbe Mehrzahl der Zw schenl ei tungsst uf en genei nsarn ei n 9qui val ent es
Net-Zwer R3.zAispspevif edcor@snchwit clavan whaeinfsaid tonséntriting eeardabmprisbs @éctricAGneans.
gekennzei chnet durch fol gende weitere Merkmal e: eine Einrichtung

( NOLO, N24-LA gystenwrin fecordwien wittyclaken wierBin istid sancendreting mearsesmpises ¢olicak mbgngi ngi nge
der ersten Knotenstufe (N2), wobel F eine positive Zahl grdfler oder gliech
4 | et &-nfesySionyin eprotdarpe (WitRlaims 23 B34 whereinsiscenrentiatingomeans ponnectrdfoeutiatesol (F x
N) Aus gange¥#iddet nqde £eMO)p g1 Rt oftRB) auf M Ausl asse, 35 das System

wei st m_ndest ens zvve| Wage zwi schen jedem der N Einlasse und J)edem Ausgang
GL/ | et Zf. th SW& i fh claim 25 wherein said concentrating means connects F outputs of said

last node stage to eac of said M outlets in a perfect shutfle sustaining pattern.
40
27. A system in accordance with claim 25 wherein said concentrating means connects F outputs of said
last node stage (N6) to each of said M outlets in a perfect shuffle sustaining pattern, F being a power of
two, wherein each 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.
45
28. A system in accordance with claim 27 wherein said concentrating means comprises
logz2F stages (L6, N7, L7, N8) sach comprusmg a plurality of nodes each having two inputs and one
output.

50 29. A system in accordance with claim 1 wherein each 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 least 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
55 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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3. System nach Anspruch 2, dadurch gekennzeichnet, daB die Anordnung der Steuerstrahlenbiindel ein
Feld (Trennen, Fig. 93) von Trennstrahlenblindein aufweist, die joweils zum Abschalten der Kommuni-
kation der optischen Information (iber einen entsprechenden Schaltknoten dienen.
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4. System nach Anspruch 2, dadurch gekennzeichnet, daB die Erzeugungseinrichtung eine Einrichtung
(401 bis 408, Fig. 86) zur Erzeugung einer gleichférmigen Anordnung von Strahlen entsprechend der
Mehrzahl der Schaltknoten und
eine Einrichtung (409, Fig. 88) umfaBt, die auf die elekirischen Steuersignale anspricht und eine der

85 gleichférmigen Anordnungen der Strahlen selektiv Ubertréigt, um die Anordnung der Steuerstrahlen zu
bilden.
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Knot enst uf e
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Signale optische Signale darstellen.
14. System nach Anspruch 13, dadurch gekennzeichnet, da. das Ausgangssignal und die empfangbaren
Signale eine gegebene Welleniéinge aufweisen und daB das Steuersignal eine andere Wellenldnge ais

55 die gegebene Wellenlinge aufweist.

15. System nach Anspruch 14, dadurch gekennzeichnet, daB ein erstes empfangbares Signal ein erstes
Dateneingangssignal und ein erstes komplemeq_t_ﬁres Dateneingangssignal umfaBt, daB ein zweites
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23. System nach Anspruch 1, dadurch gekennzeichnet, daB die Konzentrationssinrichtung elektrische
Bauteile aufweist.

24. System nach Anspruch 1, dadurch gekennzeichnet, daB dle Konzentrationseinrichtung optische Bauteile
45 aufweist.

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

50 26. System nach Anspruch 25, dadurch gekennzeichnet, daB die Konzentrationseinrichtung F Ausgénge
der letzten Knotenstufe (N6) mit den jeweiligen M Ausgéngen in einem pserfekten Umordnungserhal-
tungsmuster verbindet.

27. System nach Anspruch 25, dadurch gekennzeichnet, daB die Konzentrationseinrichtung F Ausgidnge

55 der letzten Knotenstufe (N8) mit den jeweiligen M Ausgéingen in einem perfekien Umordnungserhal-

tungsmuster verbindet, wobei F eine Potenz von zwsi darstellt, daB jede Knotenstufe der Mehrzahl die

gleiche Anzahl von Knoten aufweist und daB jeder Knoten der Mehrzahl der Knotenstufen zwei
Eing&nge und zwei Ausgénge besitzt.
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Abhangi %kelt von F und der Anzahl der Knotenstufen und

Zwh sc hedP-cPysigmgiech seichuth drouish oeksgnzmetneﬁﬂaaqugenlschwhmswebwav%vo-
figure 1 ,'“’29’1°l’l§b°f'ﬁz?jhres 55- 57) ayant N acces d'entree et Md' accbs de

t t t t N 6 d
L S 0 B WS
sortie, et #‘5 “?1 '°8pt 4¢%®t du nonbre de sorties pour un

noeud Lt BARSE| R Jahion NS Bk ARES 0 Sk B 2 800
d' 6t ages: dgleb ﬁa R m ‘kac'lébﬁ B%erﬂ\dﬂérﬁ\%:!y%eeﬁ%éi D olhaet oo 15)

de majl | eszl,sg bp0e de nmaille etant destine a connect er es sorties de
| " un des etages de noeuds aux entrees de |'tage successif parm |es stages

de noeuds, sytfem nach AnsBOSETEHeP 3L dRiRE GékoktRoiEHAGLIELD of HaumiidhB SatidEHeBalteikln@nE de
mai | | es copddch kdirdithikrodplischér Baw@igent un reseau equi val ent A brassage parfait,
CARACTERI SE EN CE QUE | e systene conprend en outre des noyens (NO LO, N1,
L1l) pouB4d.cSysteatnach Ansprechet gadosh gekenteeictiNetadaBles nidhtdlotkidsendvser S au noins (F x N)
entfees du premer (N2) des etages de noeuds, F dtant un entier positif
sup6ri edb. Systemguth Anspoch 1, dadyrchigekennzeichngtz dabras ping willklrigh Ngdrige BlocKigyahyrsohain-
concent r erlichigit frofahingiokeitwon/f uachder frezshidlar ikhetenatufen( yng Pwigehsnieitupgsstyteriaufwritbud's

vers M accbs de sortie, |le systbnme ayant au noins deux itineraires entre
chacyh &eendcalignds d' entree et chaque sortie du dernier et age de noeuds. 55

2. U sth | o ti 1, d I | ¢ch t d
hocuds ng»”esﬁée i, e ”1&8%ure??@ﬁze@v%§f« B Ao L oA D AT
QQI’I ques a un ensemé?‘T d" es”mz']&)% oeugg %e com t%t% n, t:%lhqué noeud ayant au moins une

40 eniréde et au moins une sortie, et la somme du nombre d'entrées et du nombre de sorties pour un
" noeud étant supérieure & deux, le nombre des étages de cet ensemble d'étages de noeuds étant au
moins de quatre,
un ensemble d'étages (L2-L5) de mailles, chaque étage de maille étant destiné & connecter les
sorties de I'un des étages de noeuds aux entrées de I'étage successif parmi les étages de nosuds,
45 'ensemble d'étages de nosuds et I'ensemble d'étages de mailles constituant collectivement un réseau
dquivalent & 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 premier (N2) des étages de noeuds, F étant un entier positif supérieur ou égal &
§0 quatre, et
des moyens (L8 N7, L7, N8) pour concentrer au moains (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 acoés d'entrée et chaque sortie du
dernier étage de nosuds.
55
2. Un systéme selon la revendication 1, dans lequel chacun des étages de noeuds comprend
un ensemble (500, figure 58) de nosuds de commutation optiques ayant chacun au moins deux
états optiques,
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d" i nf Ormag Bn rsJeﬁc}{ (2 Sa%Lquu?l:H té%g,gnoeud q\ i%n&'pry&ﬂé opti ques
en ospace '?’Ec%i%ﬁ%i hObs nre i) #A"t§¢ P ﬁgsﬁ;gesnaﬁ.em
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comut atloni,‘,;,,z“a bhhsmissibiod® S oplicie hsRIATeeRAL @n 1, dans | equel chaque
noeud garm |’ 48 skiybisCodh eueecya Uskpacd Qlibfe0 300) L1iglirb U3) BOUTIMgEEcHRbLINNRIs NEisdRbXde

M ats opti yrpesitohnemant yers RCHIGId coésfibiRark bar@tleslfoeiddaid@6mmltation. conprend en
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pui Ssancer. ayandystah@cslon [aorevendicatiot il Odansl deqliel rohadue Gib@id @il lghsemblie de, heuds de
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| i.bre §200, cémmenden®@¥e pour diriger chacun des fai sceaux de pui sance vers

| e~fiooud cor r edsp orouens ipoys gbnérer lup sserydBOWER digwre 98N defeiscesux dg Buigsanagreyany shabime
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50 10. Un systtme selon la revendication 9, dans quuel chaque noeud de l'ensemble de noeuds de
commutation optiques comporte au moins deux états optiques, et dans lequel chague étage de nosuds
comprend en outre
- 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

55 des moyens optiques 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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conprend dsstigiygens 40 (100, figure 93) pour procurer une poSSi bilite

de cagnexion optique A partir des sorties de |'un des 6tages de nosuds vers
| es ent n&eawn setdine biaga réushdicatidn 1) alars IeduélSeﬂhé’g@ﬁSd ebpariside ¢tiBprennent des moyens
optiques.

19. Un systéme selon les revendications 17 ou 18, dans lequel les moyens d'expansion connectent chacun
50 des N acceés d'enirée & F entrées du premier étage de noeuds (N2).

20. Un systéme selon la revendication 19, dans lequel les moyens d'expansion connectent chacun des N
accés d'entrée A F entrées du premier étage de noeuds (N2) selon une configuration permettant un
brassage parfait.
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21. Un systéme selon la revendication 19, dans lequel les moyens d'expansion connectent chacun des N
accés d'sntrée & F entrées du premier étage de nosuds (N2) selon une configuration permettant un
brassage parfait, F étant une puissance de deux, dans lequel chaque étage de I'ensemble d'étages de
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17. Un systene selon | a revendication 1, dans |equel |es nD ansi on
conprennent des noyens 6l ectriques. 45 18 Un systbne sel on @,@ Mﬂﬂl
revendi.cation 1, dans |equel |es EDQSAEIR Bxpansi on conprennen l”"l
optiques. 19. Un systene selon les revendications 17 ou 18, dans quuel % eg
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dans |wequel sortios durdomier Stage decupeudsr(N6) Atchanan desid pesdnidmtortides noyens el ectri ques.
10 24. Un systhnme selon | a rovendication 1, dans |equel |es noyens de
cqncent r 26 Ynsystdme rselom arrevegdicationndbe dans dgsuél desamoyerside dgncesiyatien-ensnestenion sdries
revendi cat i @nderet étage dal noeyds iG] & chacun dJes M prsddrssortie selom urengopfiguration repvatatt ent

s sofhrassagqparifini er et age de noeuds (N6) At chacun des M accbs de
sorti €° 26. U s st brre se on lLa revendl cat i on 25 dans Io | es gog}/ens de
concentrﬂl

es Macces er % ree i ’l xg‘
e e

D a2 %ﬁ i
(N6) a chacun i)s e sortle sol on une conflguratlon por mettant un

brassage zp.agf @y's{éme Eel&I 18 iverididgtioR B, Aaia el (R ntbiybhs de daHtantlafiiiBhprediBAlue 6t age
de |' ensenbl ey rd&tagaes(miwngﬁu@ﬁ corRNER taduft UARABMBRIHR RetlR @ Whkkun Bduxdans
| oquel chacenié uieaoiiels de | ' ensenbl e 25 d' et ages de noeuds conporte

doux emtrees et deux sortles 28. Un systbne solon |la revendication 27,
dans | oqeel Ul gskmpyensia teerdinaide nfdand lbquel chadp endaes dé mgals cohpges ( L6. N7,

U, NB) conprenamtsembadto, figure fsdamireadsdde cooenutitioragmiodes apant oiecareaik meing dess et
une sorti e.ét@9optiques, 29. Un systene solon la revendication 1, dans |equel
chacun des 6t defcmoxsas pave radevoir a meine e ragepucia Jaisehius diirb@dation Fgmf@aﬁ)ded'@fm uds

de corfirut at ¥oorp tARemelied trayashie réseas Imowlgs riseays deldaipeeagr glinformaiop geresspondant &
I'ensemble de nosuds de commutation,

des moyens optiques en espace libre (100, 270, figure 93) pour diriger chaque faisceau d'informa-
_ tion du ou des réseaux de faisceaux vers le noeud correspondant parmi les noeuds de commutation,
\— des moyens pour générer un ensemble (DISABLE ou PRESET, figure 93) de signaux de
40 commande indépendants des faisceaux d'information, et ayant chacun pour fonction de commander
I'état optiqus de I'un correspondant des noeuds de commutation.

30. Un systeme selon la revendication 29, dans lequel Ies nosuds de commutation optiques sont des
noeuds ayant une capacité égale 3 un.

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

32. Un systéme selon la revendication 1, dans lequel chacun des étages de nosuds comprend
50 : un ensemble (500, figure 58) de nosuds de commutation optiques de capacité égale & un, ayant
chacun au moins deux états optiques.

33. Un systéme selon les revendications 1 ou 32, ce systdme comprenant des moyens optiques massifs et
ne comprenant pas de moyens micro-optiques.
56
34. Un systéme selon ia revendication 1, qui est du type sans blocagse.
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des noyens pour recevoir a noins un rdseau de faisceaux d' |nfornat|on
conprenant de |'informa- 36 tion & transnettre a traver S,mmmﬂrﬂluju‘lﬁ”m
ou | ee réseaux de faisceaux d'ifPd} 3 I%@BLorrespondant b |

noeuds de connutatlon des noyens optiques en espace |ibre (100 270"
figure aj sceau .d y de seaux
et i sT g pfine oo Bl 1. & q@g&a‘mmwkﬁ 15 o6 BB oA aeY on
des noyens pour goé"néere d5F 92 Aey %ﬁ) t(afﬁ SRAPEES% PRESET, figure 93) de

si gnaux de 40 commande i nddpendants des faisceaux d'information, et
ayant, chacun pour fonction de comander |'dtat. optique de |'un
correspondant des noeuds de comutation. 30. Un systknme solon |la

revendi cati on 29, dans |equel |es noouds de conmutation optiques sont des
noeuds ayant une capacite 6gale A un. 45 31. Un systbne solon |les

revendi cations 29 ou 30, ce systbme conprenant des noyens optiques nmassifs
et na@ conprenant pas de noyens.m cro-optiques. 32. Un systbne solon |a
revendi cation 1, dans | equel chacun des etages de noeuds conprend 50

un ensenble (500, figure 58) de noeuds de commutation optiques de capacite
6gal e a un, ayant chacun au noins deux etats optiques. 33. Un systene sol on
| es revendications 1 ou 32, ce systene conprenant des nbyens optiques
massi¥ s et ne conpronant pas de noyens mcro-optiques. 55 34. Un syst Ane
solon la revendication 1. qui est du type sans bl ocage. 53 C L Hi
35,_Un systbne selon la revendication 1, qul a une probabilitM de bl ocage
arbitrairenent faible, dependant de F et du nonbre d' 6tages de nosuds et
q&;aggs de mailles. 5 70 15 20 25 30 35 40 45 50 55 54
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