WD 03/ 059004 PCT/ US02/ 41311 SI GNAL PERMUTI NG TECHNI CAL FI ELD Thi s
invention relates to signal pernuting. BACKGROUND 5 Signal pernuting is
used to cwengesbe routing paths of signals to connect twecrniserfisees whose
sets of signal lines have different orderings. For exanple, as shown in
Figure IA if an interface 10 to input circuitry 11 has lines Lo to L3 that
carry Control, Data 1, Data SIGNAIGPERNVFUIENE and a second interface
12 to output circuitry 13 has lines Lo to L3 that carry Datal, Data 2,

G ound, and Control signals, the input and output 10 interfaces are coupled
by a 4-by-4 permuting network 1413ﬂ§@NH%%%ITEBB LI, L2, L3] to [L3, Lo,

L1, L21 A pernuting network can be inplenmented using switches. In Fig. 1B,
the output of - aRhipinventiopir¢lates tpsigaglperaytingct any one of its n inputs. By
using a nunmber of n:1 switches which receive the same set of n signals at
their inputs, n signals can be pernuted to any 15 order at their out put
termnals. Fig. 1C shows a 2-by-2 BAUOKGROUNEet work i nplenmented using two
2:1 switches 20, 22 that pernutes the ordering of two signals So and Si. An

n: | swigch can &igndl e is@fedDichghgd theNtoutingPatht bPdie® to cdundcttwd random
access nenory that has its contents witten to reflect a single address

i nput, or apmdfdcEMiost QKHMRignhARe®hdvE deffdidn® bleRERIFRRIBRHIE S R}iRvARN ay t hat
is progranmed to reflect any one of its inputs 20 at its output. For each

type of tec ; i &G ically
inplenentedp%§§p%%1%%@?%&%%??t@é%ﬁ%%ﬁéﬁﬁﬁzl%%a%ﬁggyﬁggﬂgﬁégmﬁﬁgﬁgggre

schemati c db@ﬁrl‘?ﬁﬁta@: am%ﬁmﬁglﬁﬁgam T dd et O rté((?utput :l:ircuitry 13 has
lines Lo to Ls that carry Datal, Data 2, Ground, and Control signals, the input and output
10 interfaces are coupled by a 4-by-4 permuting network 14 that maps [Lo, L;, Lo, Ls] to [Ls,
Lo, L1, La].

A permuting network can be implemented using switches. In Fig. 1B, the output of
an r:1 switch 16 can reflect any one of its » inputs. By using a number of n:1 switches
which receive the same set of » signals at their inputs, 7 signals can be permuted to any

15 order at their output terminals. Fig. 1C shows a 2-by-2 permuting network implemented
using two 2:1 switches 20, 22 that permutes the ordering of two signals Sy and S;.

An n:1 switch can be implemented using an 7:1 multiplexer, a 2"x1 random access
memory that has its contents written to reflect a single address input, or an »n-input lookup-
table in a field programmable gate array that is programmed to reflect any one of its inputs

20  at its output. For each type of technology, the types of switches that can be most

economically implemented may be different.

DESCRIPTION OF DRAWINGS

FIGs 1A-1C are schematic diagrams of switches and permuting networks.
1



WO 03/ 059004 PCT/ US02/ 41311 FIGs 2-3A and 3B are schematic di agrans of
permuting networks. FIG 4A is a diagram of a mappi ng between input and

out put tewpinak®o4 FIG 4B is a di agram show ng transitionPefi/ysozit3iopn
coordi nates of signals. FIG5A is a schematic diagram of a conputer having
a pernmuting network. 5 FIG 5B is a diagram of a mappi ng between the input
and out put ter nm Rais2-0k artd BB arp echembiindjagrehswoff germiitingInGvotks. FI G 6 is a
schemati c di agram of a permnuting network. DETAILED DESCRI PTI ON The
invention is dirEct4edistaalieras ofomappingchetvasen dlpudarndeiubput tefg@inaet wor k using a
1o predeterm ned set of building blocks. The building bl ocks are
progranmabl e swi FICUTs isafdiaghdhe stvivindisitipp 6f piRioh cbirpRateeofngenall € to sel ect
one signal from anong several signals. The pernuting network is configured

as a mul tidi nensFIeA iseWeletthtia HlagdanixsTabainBhter RVIPRR) pekhidingGRiWopEr MUt € the
ordering of signals by progranmm ng the sw tches to sel ect  signals

according to a pﬂmg1sramm;lreg195fémfspn;lg50ekvoeeh*ﬂﬁelﬁwuﬁdﬂ&n lﬁ@é‘r&lrﬁﬁrmﬁeer has
input termnals at its left and output term nal's at %s right. Referring

to Fig. 2, ﬁermﬁhhggétm%f@[@mswtch array pernuter (MSAP) 200 that can

per mut e N: . XD signals is inplenented usi ng 2D-1 | ayers of

sw t ches, Iayer ..., WD are

i ntegers. Each I%ﬁ%lséggﬁﬁﬂghﬁ%gﬂOfgﬁgrmﬁg%@v()ﬁﬁl of switches of the same
type, but the types of switches may differ anong 20 different |ayers. For A
= 1to D layer LA includes wA: | switches, each of which can select one
signal from anong WA signals. PETASKERDESCRENHEON 1 contains wl:1 switches,
| ayer L2 contains w2:1 switches, and |layer LD contains wD: | swtches. For
2 = D+1 to 2D 1, Thedpeantion j direstechfioward eamsiyctibn ofie pernating fgworiwaimglae, | ayer
LD+1 contains wbD _1: | switches, and layer L2D+ | contains wl:1 swtches.

By appr dpr i preddtermgudrseicafibnigdingblodist Paet buildingibloeksare proguiincdbesswitches of
one or more type, each type being able to select one signal from among several signals.
The permuting network is configured as a multidimensional switch array permuter
(MSAP) that can permute the ordering of signals by programming the switches to select
signals according to a permuting algorithm.

15 In the figures, each permuter has input terminals at its left and output terminals at
its right. Referring to Fig. 2, a multidimensional switch array permuter (MSAP) 200 that
can permute N = wxwyx...xwp signals is implemented using 2D-1 layers of switches,
layers L; through Lyp.;. The numbers wi, wy, ..., wp are integers. Each layer contains the
same number () of switches of the same type, but the types of switches may differ among

20  different layers. For A =1 to D, layer L, includes w;:1 switches, each of which can select
one signal from among w; signals. For example, layer L; contains wy:1 switches, layer L,
contains w,:1 switches, and layer L contains wp:1 switches. For A = D+1 to 2D-1, layer
L, contains (2D-4):1 switches. For example, layer Lp.; contains wp.;:1 switches, and layer

L;p+ contains wy:1 switches. By appropriately connecting the output terminals of switches
2



2 WO 03/059004 PCT/US02/41311 in one layer to the input term nals of
swtches in the next |ayer, and appropriately programmng the switches to
sel ect i nwoto3ssgnal s, MSAP 200 can pernute the ordering offCTaiSer#13of
signals at its input into any arbitrary ordering of the signals at its
output. The input signals of the switches in |ayer L1 are the N input

si gnal s of inlee ldSaFto th&infiiderminals afiwivitcive & themnedh énybrayet applopartelyconf i gured to
forma nunber of wl-by-wl permuters 202, the nunber being N wl. Each

W - by-wW pepmpteemigdeiswithes tssekchinpdi signd$, MIAR 20Gwintpeinass the loederingrber bei ng
wl. Each wl-by-w pernuter 202 receives wl signals fromthe input

term nal s 2804kt ofisighatasdt jits irputin®ethy afbitraey ondekdngoat thelsignatpraaits owputt he out put
termnals 206. The output signals 206 of pernuters 202 are sent to the

i nput term nal s Tife ipmut vighas of theisvliCchbsipdayet Py ard the Nuapidt sipnblis obths MSAR.ayer L2
are configured to forma nunber of w2-by-w2 pernuters 208, the nunber

bei ng N »2. TEawN] yWitdhys W2hayenll; efe cA0Boui& ifot@ta Mintkt 8al-By-af perintigrd nput
termnals 210, and outputs a set of re-ordered W2 signals at its output
termnals 202the hi@berBeist N/5i. gaah ,-Bf-wp Bérikiter D62 AOBd&rusRE ofhA: 1t he i nput
termnals of permuters in layer L3, and so forth. 15 In general, the

swi t ches i ngdiayey, tHeAubtberbelngh . BAchah Soydh QéRRtel W0 QedtRveD¥ ¥ibhal PRSHHeET S,

each pernuter receiving WA signals fromthe previous | ayer and generating a

set of re-pheQE@EnM ), SREdSRS a dot ST 1RI6FRIT w, EMRaR bh ki RSpuk Rrh@¥Bho&2 (A =
D+1 to 2D-1) are grouped into w2D A-by-w2D A pernuters, each pernuter

receiving V?M%ﬁl; Iglgﬁglﬁ 204 FPetdiRers DL QT gcJ t@%’m uﬂ%i%?@f fhitgsd Set of

re-ordered w2D _ s at ‘its output. ch 20 outputs 1 n the | ast

layer, lr@ _?Hl]ayerafir% Sr l{eh%: p@’{)&lgﬂe{%s\?\g gaI e{ %ear%/ﬁﬁggyflr‘é@ 'tocf&rﬂl 3 nﬁmﬁ%toct)’ %—b&gﬁ ordered N

signal s.  The” connecti‘ons e | ermnal's of ¢ ayer and the
I(:(r;ﬁﬁéc:i ?g?sgegrlrr@telrrs%)@égg rr]u?rgl tr tl))lfll%g z\szafEaechfvbz)-(b%ng( ﬁae'n%mér %rrgé’é‘i\l’eg% 'sigr-lratfse at

its input terminals 210, and outputs a set of re-ordered w, signals at its output terminals

212. The output signals of permuters 208 are sent to the input terminals of permuters in

layer Ls, and so forth.

15 In general, the switches in layer L; (A =1 to D) are grouped into w;-by-w,
permuters, each permuter receiving w; signals from the previous layer and generating a set
of re-ordered w; signals at its output. The switches in layer L (1 = D+1 to 2D-1) are
grouped into wyp.1-by-wop., permuters, each permuter receiving wop.; signals from the
previous layer and generating a set of re-ordered wop.; signals at its output. The switch

20  outputs in the last layer, L,p.1, are the outputs of the MSAP, which is a set of re-ordered N
signals.

The connections between the output terminals of one layer and the input terminals

of the next layer are fixed (e.g., hardwired). The connections are represented by the

regions 214 enclosed in dashed lines. The connections between each layer are configured



regions 214 encl osed in dashed |ines. The connections between each | ayer
are configured 3 WO 03/059004 PCT/ US02/ 41311 so that each of the output
signal s ovoaspsrputer is sent to a different pernuter in Pog/usex#3il ayer.
Thus, each w2-by-w2 permnuter receives WA input signals fromwA different
pernmuters in the previous |ayer, pernmutes the order of the wA signals, and
sends t he rso-thatdashedf thetoutit gigadls oft appewautdr i kent e differentgeemastei in thehrexnext

| ayer. 5 An advantage of the invention is that the MSAP can be desi gned and
const r uct edayarsThg, aral wpbs-wh ppesiteofecsings etigmit sigegefrdinng differas pemuteypes ar e
avai l abl e. For exanple, to design an MSAP that can permute N signals, the
factors w; iofthdpravieuslayestpedettes the e of thiswadigmplst dnel sendshier reNrdeasd e f act or ed
in many ways, each of which corresponds to a different design. For

exanpl e, suygmadao hdiffeasnit parmuteys iatte rekiolagm. so that 1o N= wlxw2x. .. XWD, then
a MSAP having D dinensions, with w2 being the width of the 2- th di nension
can be desi gned.AnTidvamegauMige iafentioh dtthat tarviS AR carebsdesignedvndlcof@uap@ar ent
fromlater descriptions. For exanple, there are several MSAP configurations

that can peisiigwriés @p@lwlsﬁnches ﬂeﬁéﬁﬁm@bff&%ﬁmﬂ@k aM%BlébﬁanF&féxﬂﬂgleQBEd by
choosing N= 48, D=2, w1 15 6, and w2 8. The 48-by-48 MSAP can be

built by usiggnan MS’&F thhtadéﬁ'bet(ﬂ{ute R sﬂgnﬁWtﬁ@i‘ﬁ@cﬁns WAoBRaRsd R¥Ghined. 8: 1
switches, and a third |layer of 6:1 swtches. A three- di mensi onal MBAP can

be desi gned h{é%fn"tsgrzbd antfleSf e irtm edeh Yt h4 R 4. The
48- by- 48 NMSAP cgn be buil t by ﬁ%l ﬁgla ?%‘ﬁyszo lTa ermoOr Ei!Qmén\@tvwotches

second, t h'ckﬂ‘?rem %HWOE' Qxelng%{gﬁgokgge tﬂe ilatc):t%w %&eﬁmdﬁﬁgg tlgahof' Tt h layer of 3:1

SWi tches I ve-difnmensi on can sl osing N= 48, D =
5 wl 10 N=wixwax...xwp, then a MSAP having D dimensions, with w; being the width of the A-

th dimension can be designed. The meaning of “width” and “dimension” will be apparent
from later descriptions.
For example, there are several MSAP configurations that can permute 48 signals:
e A two-dimensional MSAP can be designed by choosing N=48, D =2, w;
15 - =6, and wy = 8. The 48-by-48 MSAP can be built by using a first layer of
6:1 switches, a second layer of 8:1 switches, and a third layer of 6:1
switches.
e A three-dimensional MSAP can be designed by choosing N =48, D =3, w,
=3, wp =4, and w3 = 4. The 48-by-48 MSAP can be built by using a first
20 layer of 3:1 switches, second, third, and fourth layers of 4:1 switches, and a
fifth layer of 3:1 switches.
¢ A five-dimensional MSAP can be designed by choosing N=48, D=15, w,

=2, wy=2, w3 =2, wg=2, and ws= 3. The 48-by-48 MSAP can be built



=2, W =2 w3 =2 w =2 and ws = 3. The 48-by-48 MSAP can be built 4
WO 03/ 059004 PCT/ US02/ 41311 wusing first through fourth |ayers of 2:1

swi t ches,wa oBiofdob4 | ayer of 3:1 swi tches, and sixth througlTnisnt/msliayers of
2:1 switches. The advantage is apparent when different environnents (e.g.,
different technologies for inplenenting the switches, or different brands
of products of the salmgﬁrtttéﬁwmblf@g‘gh)laxﬂrm/f?dbswitdwsea@ﬁhletyyp@‘sﬁ bf switches,
or allow different types of switches to be inplenented nost economcally.
For exanple, in one ewithesrandnixth thiraglhaisthdaysm ¢fdi: Isyitcidsock may be 2:1
switches, and all other n:1 switches are constructed fromthe 2:1

swi t ches. | n andtheexdvarageioappennt, wheneliffemait envitonients ¢¢.d) diffentmay | ncl ude
both 2:1 and 3:1 switches, and larger switches are built fromthese two
types of swictloloigies Ao idpleynehtidgthd/BhiRhan yr diffeearistndd of pdduss sfahdxaidedi ng

bl ocks that are the nobst econom cal for that particular environnent.

Fol | owi ng t teehnpicRy) muside difgpnetypésofR@itchst,&r 4Bovs HigRAINStypéstofiswitéles  ROSSI bl e
to select a configuration of MSAP in which Nis chosen to be larger than

48, so t hat infgérRenhddARost betRbihaly) GFopétafiples indhe ehwafonmete Basid hiiglingt I uct ur e
uses nore logic circuits, but may allow 15 certain MSAP conf i gurations to

be avai | abl BoclFiaky BXBNBivRehcDnE HOSBENGT MitchSdare tc&%tru&&i fr&ﬁ‘tlﬁ@ fhree
configurations can be used to construct a 64- by- 64 MSAP

N=64, D=2, Wlsvatc\ﬁ@s-ﬂl anoh'r%@énv@ﬁﬁm%—lﬂe W%rc"‘ou‘f@m?blocks may 1nclude both 2:1 and 3:1
N=64, D:6V\/l W22v\B 2, WA=2, W5=2, W6 n general, for apartlcular

envi ronment sw1tcﬁ164 elsé%& ngs%? ?lﬁl\&f%‘ hQs% txpi)JngEs Sfrs r%l!l}\led’g _§W tches,

then to perrrute t rre nu sl gha sional NMSAP

iufSI tn %es 1 WSA%%&YG&EC%HM"L‘IC ed YSifig Llﬂﬁﬁng RO ek £:6 et né/st econoﬁl 3§ fgr B4 exanpl e,

particular environment.

Following the previous example, to permute 48 signals, it is also possible to select
a configuration of MSAP in which N is chosen to be larger than 48, so that some MSAP
inputs and outputs are left unused. This structure uses more logic circuits, but may allow

15 certain MSAP configurations to be available. For example, by choosing N = 64, the
following three configurations can be used to construct a 64-by-64 MSAP:

o N=64,D=2,w;=8,w,=8.
o N=64,D=3, wi=4,w,=4 w3;=4.
o N=04,D=6,w; =2, Wy =2, w3=2, wg =2, ws =2, wg=2.

20 In general, for a particular environment, if larger switches have to be built from
smaller switches, then to permute the same number (V) of signals, a higher dimensional
MSAP using smaller switches will use less logic circuitry. In the above example, if the 8:1
and 4:1 switches have to be built from 2:1 switches, then among the three configurations,

the six-dimensional MSAP using 2:1 switches is more economical (i.e., will use the



and 4:1 switches have to be built from2:1 swtches, then anong the three
configurations, the six-dinensional MSAP using 2:1 switches is nore
econom cawo(03/082004 Wi | | use the 5 WO 03/ 059004 PCT/ US02/ 413CTI/Ussmed3lest
nunber of switches overall). Because the dinensional width VWK is
proportional to the sizes of switches, smaller switches and |l ess | ogic
circuitry camallst usggr bfswitthasivaglwBecausthe dimensivial asdth v Berdpog@mnbled i n
val ue as possi ble. For exanple, when N = nD, the nost econom cal

confi gur at i ¢ sizes bsvdlvbes enaller swittBesand less PR imuitdyin Bx@spbechdoking af,ger 5
swi tches have to be constructed from2:1 switches, then the nost efficient
desi gn for whBAPw) 8s tloseabgptre invatue2s aodibles BorZxidmple) Wishes=as, thdr@odasi c
bui | di ng bl ocks of the MSAP. See Table 1 below for a conparison of the
ef ficiency efonbBAR! sontigmatisilis techobsi |G wswi .t shes mFovabinglesiffirg®s. | n the
exanpl e showmn in Fig. 3A a 12-by-12 MSAP 300 is constructed fromtw 10
| ayers ot 3switches hoRkes batshs@ieed fRyne?: 1 Qlvitdred, thoM theMes «fARAPISHA fhincl udes

|l ayers L1 to L3. Layer L1 includes 3:1 switches that are configured to

form 3- by- 3MEAMUtEER0EI2+ 230d use 2308vitcBBiths Fbasie BN Rlind BlobIRGF Hd&gs Ap 1
switches that are configured to form4-by-4 pernuters 310, 312, and 314.

Layer L3 ingkdrfigse ﬁbéoﬁ%rta(ﬁaﬁ%%%%ﬁtofﬁk%ffﬁ%@%&f’i@ﬁﬂﬁs%oifxs@{ Eﬂe?ué?ﬁ{%?’

pernmuters 316, 318, 320, and Wthin each pernmuter, different swtches
sel ect 15 dif#8LebtvaridRWizesi gnals so that there is no overlap in their
selections, resulting in a re- ordering of the input signals appearing at

the output term {ﬂathéeﬁifmtpimo pﬁ Emg.%rﬁi, a":t?-golg’-%'l\qgi\? gg@fs%s?%cr:tja@fr!)ﬁ)ﬁ%g L1

receives 3 signals at S I nput térmna ermu ering of the 3
o e 00 BEDRS, ARCES TR e ) OB SRR LGRS, g
cpmect o0 2Baig1t Bkt oL o BB T PRl BT SR TSR i P
output of p%&%ﬁf £08:.)’ Egyeir iz Fn%ﬂlggscé{: ?(sjwitches that are configured to form 4-by-4 permuters
310, 312, and 314. Layer L; includes 3:1 switches that are configured to form 3-by-3
permuters 316, 318, 320, and 322. Within each permuter, different switches select
15 different input signals so that there is no overlap in their selections, resulting in a re-
ordering of the input signals appearing at the output terminals of the permuter.
Each 3-by-3 permuter in layer L; receives 3 signals at its input terminals, permutes
the ordering of the 3 signals, and sends the re-ordered 3 signals to three different
permuters in layer L,. For example, the first output terminal of permuter 302 is connected
20  to the first input terminal of permuter 310. The second output of permuter 302 is
connected to the first input of permuter 312. The third output of permuter 302 is connected
to the first input of permuter 314, and so forth. In this way, each of the three output signals

of a permuter in the layer L; will be re-ordered by a different permuter in the layer L.



to the first input of pernmuter 314, and so forth. In this way, each of the
three output signals of a permuter in the layer L1 will be re-ordered by a
di fferentwpesnstoesr in the |layer L2 6 WO 03/ 059004 PCT/ USOPCAABLA/413LLi kewi se,
each output of a permuter in the layer L2 is connected to an input of a
different permuter in layer L3. Thus, each of the four output signals of a
permuter in | aydsikewige, ga¢h ouppt pa perwinierid the/lagerdi isf conegsted pe aminpetrofan | ayer
L3. By properly re-ordering signals using each pernuters, the 12-by-12
MBAP can r ediffertet petduieniplayes LgTahs eachtod therfyurantpet figgds ofa pefmuttéren k@eout put
signals. As an illustration of how pernuters re-order signals, dashed |lines
are shown i hswilebe reacderquciymdi&eremteppmaserin layer I;o0By progerdyf resirdmiab sighalom i nput
termnals to output termnals. Twelve input signals with the ordering [S1,
S2, ..., Sl&dingegach penmmtaie tied 2ibyt 2 MEARcamig-dr&Ef,12 Siput sifidys i69,anPp8rdeidgs S10,
S2, S6, S12, S11, S4] at the output of MSAP 300. The following illustrates
10 how st gnafth&B owputaigaalder ed fromline #3 at the input termnal at the

| eft of the figure to line #6 at the output terminal at the right of the
figure. PernuterAS&illogratiog ef ifovspeiiatersTe ofdeO§ipnald) Pashe #Bnck @re@Hé W Insidd, Whi ch
is connected to input #1 of pernuter 310. Pernuter 310 re- orders signal S3

fromi nput sakhg@mﬁwrpeﬁredé&mg%mﬁ@ of SighAN Rt tePminBRY odtfut rmBRLMUt er
318. Pernmuter 318 then re-orders signal S3 frominput #4 to out put #6 The

i nputs and {pe|Qain ?Htts‘i?gngfs WiftehO &kt Ks Shg eﬁﬂhré Y& terBd R UEREL gﬁg %l

12 fromtop to bottomin the figure. ow ng describes t

connect | onssbel Wpa, 4e, ol Buls,{ a1 bRl oSHEAPHES Tl BRI AGEAN], e

i nput ter m na SW tC next a er ese connec ons are fixed

(e.g., E)@‘ 5 OI\MV{; QQQal S %rre gﬁi%f;edl fpotrrbf_?rgé AUl H’)%ﬁl?ﬁll’t tehJ ﬁlaFMI‘EFqQﬁ 3f t'h g@g Pol iy €' of

t he MSA ar e“sai ayer

La, are den#)é g[g%e aut S\.l;t %eln[mnal atxt%{ r sghit Plf thiétgtlre IWrmLpterl3O§ re- orders 31gnalkS3 ron%’I ng from

1 to D The er X represen

input #3 to output #1, which is connected to input #1 of permuter 310. Permuter 310 re-
orders signal S; from input #1 to output #2, which is connected to input #4 of permuter
318. Permuter 318 then re-orders signal S3 from input #4 to output #6. The inputs and

15 outputs of the permuters in each layer are numbered #1 to #12 from top to bottom in the
figure.

The following describes the connections between the output terminals of switches
in one layer and the input terminals of switches in the next layer. These connections are
fixed (e.g., hardwired). For description purposes, the switches in each layer of the MSAP

20  are said to form a D-dimensional array. The switches in layer L are denoted as S[A][x;, x2,
.., Xp], with 1 <x; <wy, k ranging from 1 to D. The number x; represents the 1
dimension coordinate of the switch, the number x, represents the 2" dimension

coordinate, and so forth. The inputs to these switches will be denoted by adding subscripts



di nensi on coordinate of the switch, the nunber x2 represents the 2nd

di mensi on coordinate, and so forth. The inputs to these swtches wll be
denot ed byoaddsggs subscripts 7 WO 03/ 059004 PCT/ US02/ 4131 PCTius0v/ks1ends of
switch names. For exanple, switch S§[1][2,3,4] has inputs S[1][2,3,4]1,
S[1][2,3,4]2, etc. The outputs wll be denoted by adding an asterisk (e.g
S[1][ 2, 3, 4] Wythe quls op givigatnagiegFar exagmle; preitabESAH 2741 hasenmmmﬂt[%léh,the Iast
layer L2D 1, i.e., the MSAP outlputs are S[2D 1] [xi, ..., xD * for the
various conbliliZth4nstecheutpytowill be denwmia’ﬁddlmmbheflgk (d%s%[ﬂ][%,ﬁl%’ﬁ of
notation for the switches, a fictional layer Lo is used so that the NMSAP
inputs are the Lﬂlmﬁmmignalﬂ'hﬁlbq MiSh& angShP oiippts bEthadast 8ydr@ho.[, e, the2, . . .,

xD] * for the wvarious conbinations of xi, x2, ..., xD. Although there is
no switch SMYAPIquiputs gre S[2D-1 ar e, i.s xpld fei thevedrioSs §ddbifatibns of.x;,xy,1..] x5, whi ch
is the MSAP input. For A=1, 2, ..., D the pernuters in |ayer L2

arbitrarél yTpemﬁphf}eddshqotmutopudﬁtstlanffoﬁﬂheswiiahesparﬁastibmaﬂ &yeﬁLohhﬁe@E@Mauhs | ayer
al ong dinension A only. This neans that the switches in a pernuter in

| ayer LA onMSAFcapity ere shegiaduspus: Thasste MSYESinpiits biReS[PIHE)\,0US xi]a Y& thdravi ng

| abels that are different in dinmension 1, and only pernute those signals.

Each of thevamdus dosbihdtinest i N, ayes. Amw(ughﬁia)e,ls d& BokBk S A.. [PﬂltheréZS
xD], has wx inputs, i.e., S[A[xI, x2, ..., xD1, S[A[x1, x2, ..., xD2,

-+ S[ A [ Xk sigkad S[O]fL, »...XIPt, (Mﬁahlsma%%m@uts map to all the outputs of 15
the previous layer with swtch coordinates differing only in dinension A

S[AI[x], X2, ...por4a&1,2;:..,:D, m]p@rmut%%ﬂ'a%]r[%hvblt?‘a%’ly permutejfhe outputs c?f@le
S[A [x1, x2. .... XX, = S[A 1

(SE_AL,[A\X!:SW X der{r;l;(lters if{4he preku%@eﬁ y@g d‘méhftiru %)—rg Tkﬁ(szmeani B_at S\i‘/%g}‘l‘g% u{gD] 20
arbitrarily ﬁ-."u{EP neﬁ}éetr'tiﬁa{ﬂ%ﬁ WHE of al%]ﬂgm sWxt‘éﬁ’es ?ﬁ‘&qe kf@ré%lhsn Pakr&'?ﬁw% IRaR! on

2D- X only. |s nmean e SW es’in

that are different in dimension 4, and only permute those signals. Each of the wy:1
switches in layer L, (1 < D), denoted S[A][x1, x2, ..., xp], has wy inputs, i.e., S[A][x1, x2, ...,
xpl, S[AI[x1, X2, ..., Xpl2, ..., S[A][x1, X2, ..., xp]wy). These inputs map to all the outputs of
15 the previous layer with switch coordinates differing only in dimension A:
S[AIx1, X2, «.-5 X0, .o Xphi = S[A-1][x1, X2, -y 1, ..., xp]*

S[/l][xb X2y eoeg Xhy oves xD]2 = S[/l-l][xl, X2y vuey 2, cery xD]*

S[AIx1, X2, «.op X0, «.op XDJWay = S[A-1][x1, X2, ..., W, ..., XD]*
20 (1 <A< D;anyx),x, ..., XD)
For A= D+1, D+2, ..., 2D-1, layer L, arbitrarily permutes the outputs of the
previous layer along dimension 2D-A only. This means that the switches in a permuter in
layer Ly only receive signals from switches in the previous layer having labels that are

different in dimension 2D-4, and only permute those signals. Each of the w;p.:1 switches



| ayer La, only receive signals fromsw tches in the previous |ayer having

| abel s that are different in dinension 2D-A and only pernute those

si gnal s. ®awob/osdot he w2D X: 1 switches 8 WO 03/ 059004 PCT/ BB@AIS44BB11 i n

| ayer L,, (a, > D), denoted S X][xi, x2, ..., xDl, has WD _?, inputs, i.e.,
Sla,][xI, x2, ..., XD]1, §2 E}EXL X2, ..., xD 2, S[A[xI, x2, ...,
xD] (V2D X) . inmmlgeas &a. (O i) sdenetpd SB[l b2, t hevpb lieputs. iarfuts, {.heS[pHavious xblayer with
switch coordinates differing only in dinension 2D-2 : S§[21][xl, x2, ...,

x2D-?,, ... S %.=..Sfsh, - LK, 522, ., xp]wapd, These inpirap tcaliBh@oytputh of x2, . . .,
x2D-a,, ..., XD|2 =92 -1][xl, x2, ..., 2, ..., xD* X [XI, x2, ...,

x2D-a,, ... hexBjviareiryer yitkswgich codidinates difRring only in@iRed§ion 2D-A: XD *  (D+1 < X
< 2D 1; any x1, x2, ..., XD) Referring to Fig. 3B, the switches in MSAP 300

have been | abel eS{Als:, &, X [xds . x2p]i = AB-1Tx1, anging. f,eph 1 to 3, x| ranging
froml to 3, and x2 ranging from1 to 4. For convenience of notation, the
MBAP i npat si gna$[ailar, &, desssi, bedphs S[hd]ytput, 3i.gngl*s of |ayer Lo, and are
| abel ed as S[O][i, j] *, i ranging from1l to 3, and j ranging from1 to 4.
Layer LI pernutes. the signals along the first dinension. This neans that
the switches in |layer Lo, whose outputs are connected to the inputs of a

switch in layer $iijxhaye. xahel.s Wb+ SHenpnte, 15, $99r di kakes in the first
di mensi on but sane coordinates in the second dinension. For exanple, the
three inputs of i1t<ch<3pli;[aRy B] x.ar.e xgpnnected to outputs of switches in

|l ayer Lo as follows: S[1][2,3]1 = S[0][1,3]* 9[1][2,3]2 = §[0][2,3]* 20

S[11[2,3]3 = S[ Oddfdudbto ERYHH, theZswRhd¥UA SR AR 0H GO 1ALRAYs S[blﬁxé%@ond

di mension. This neans that the swtches in L1, whose outputs are ‘onnect ed
to the ippuj, san@fng@rodiM 1) x| Rinkifg ABRAVE032BRISS ranging from 1 to 4. For convenience

of notation, the MSAP input signals are described as the output signals of layer Lo, and are
labeled as S[O][7, j]*, i ranging from 1 to 3, and j ranging from 1 to 4. Layer L; permutes
the signals along the first dimension. This means that the switches in layer Lo, whose
outputs are connected to the inputs of a switch in layer L;, have labels with different
16 coordinates in the first dimension but same coordinates in the second dimension. For
example, the three inputs of switch S[1][2,3] are connected to outputs of switches in layer
Lo as follows:
S[1][2,3], = S[0][1,3]*
S[1][2,3]> = S[0][2,3]*
20 S[11{2,3]5 = S[01[3,3]*
Layer L, permutes the signals along the second dimension. This means that the
switches in L;, whose outputs are connected to the inputs of a switch in L,, have labels
with different coordinates in the second dimension but same coordinates in the first

dimension. For example, switch S[2][2,3] has its four inputs connected as follows:



with different coordinates in the second di mension but same coordinates in
the first dinension. For exanple, switch §[2][2,3] has its four inputs
connect edwalsfsdobows: 9 WO 03/ 059004 PCT/ US02/ 41311 S[ 2] [pera]st2/#1311
S[1]1[2,1]* S[2][2,3]2 = S[1][2,2]* 9S[2][2,3]3 = 9[1][2,3]* 92][2,3]4 =
S[1][2,4]* 5 Layer L3 pernutes the signals along the first dinension. For
exanpl e, switch SIE2PL=H]IRaK its three inputs connected as foll ows:
S[3]1[2,3]1 =9[2][1,3]* 9[3][2,3]12 = 9[2][2,3]* 9[3][2,3]13 =92][3,3]*
10 The out put siYAHP.8.5fS[MEARI*300 are the 12 switch outputs fromlayer L3,
i.e., 9S[3][1,1]* through S[3][3,4]*. An MSAP switch topol ogy has a
recursive structPH2.3:=3[mE2.8]*rst and |l ast layers of switches (L1 and
L2D 1) are renoved froman MSAP of dinension D> 1, the remaining portion
is a nunber of sHaI[2ALMBAWR2.4]*of di mension D-1, the nunber being wi. In 15

general, in an MSAP with dinension D> 1, for each fixed coordinate c
bet ween 4 and wllayenLipeembtes the sighateslsngihe fitshdineutisre Fopéxagiple, ohieh { S P11
[c, x2, x3, ..., xD } (), ranging from2 to 2D 2 and each xk ranging from

1 to wk) foBBH23] hasitsMudPinphitsdomreosd asfollbwis:W t h  di nensi onal wi dt hs w2, w3,
..., WD. Each sub-MSAP has its own sub-MSAP's, and so forth, down to the
| evel of one-di nsBEonal S[MPAR|*s. This recursive structure of the 20 MSAP is
reflected in the MSAP swi tching al gorithm descri bed bel ow. The switches in
an MSAP are confdgysef =agjeps dj*ng to a switching al gorithmso
S[3112.3% = S[21[3,3]*
10 The output signals of MSAP 300 are the 12 switch outputs from layer Ls, i.e.,
S{3][1,17* through S[3][3,4]*.
An MSAP switch topology has a recursive structure. If the first and last layers of
switches (L; and L,p.;) are removed from an MSAP of dimension D > 1, the remaining
portion is a number of smaller MSAP’s of dimension D-1, the number being w;. In
15 general, in an MSAP with dimension D > 1, for each fixed coordinate ¢ between 1 and w;
in the first dimension, the subset of switches {S[A][c, x2, x3, ..., xp]} (A ranging from 2 to
2D-2 and each x; ranging from 1 to wy) forms a sub-MSAP of dimension D-1 with
dimensional widths w, ws, ..., wp. Each sub-MSAP has its own sub-MSAP’s, and so
forth, down to the level of one-dimensional MSAP’s. This recursive structure of the
20 MSAP is reflected in the MSAP switching algorithm described below.
The switches in an MSAP are configured according to a switching algorithm so
that the MSAP can permute signals in any chosen order. To facilitate description of the

algorithm, each input signal to the MSAP is described as having a starting position and a

target position. The position of a signal in a particular layer is written as [x1, x2, ..., xp],

10



that the MSAP can pernute signals in any chosen order. To facilitate
description of the algorithm each input signal to the MSAP is described
as havi ngwe ossgb4 ng position and a target position. ThePpodiSt/ozinf a
signal in a particular layer is witten as [XI, x2, ..., XD, 10 W

03/ 059004 PCT/ US02/41311 and corresponds to the |abel of the switch that
sel ect ed t handsdogaspondstodhg lpbal of the switstathpslselected the Figgal a8 BytputhEorskgmple, at
input line #3 has a starting position of [3,1] because the signal is

sel ect ed byinshigt38h tH8[sidnpBat Ipusilvet #3dfak e staettlg absifidrsofdBill phecausdshedéznal is bed
previously, layer Lo is a fictional l|layer and used just for conveni ence of
descri pti onsclafiedrbytshvitcls SR 1] pndpégatdes itS ottputl Ay descliled prévdowplysiayérdn ichanges
to [1,1] because the signal is selected by switch S[1][1,1]. Wen the

si gnal propafatiesal lagerlaay esedljt for csnveniehde o deschipiitge When tHe kigdhl hemguse t he
signal is selected by switch S§[2][1,2]. Then in layer L3, the position of
the signal ohaypges, its@ofilo@¢hanpsealIsy tehRssthgsighal isseREk@ 6 SWitdhyS[SIM I
S[3][3,2]. In a three dinensional (D=3) MSAP, suppose an input signal has a
starting 10Wpes ke stthabdropagates Bl lay@nll,,ats hadiGet chesek td Q2] 8écalik the ffnal &hi S
means that the MSAP switches mnust be set in a manner so that the input

si gnal S[ 0] feecrd3ly switch s%ql[qezq. THen ihRy Ul AH p&it@ARK theSgadlhadseblo[3,20S @

si gnal propagates throug t he MSAP, the si ghal's position is adjusted in
each swi t chpdayRihhe digfal ggglbagdgyﬁviﬁ‘ﬁnst[ﬂtggg.that the signal has propagated

t hrough. Because each layer only permites the signals in one dinension,
only one coordi S La I b Qs ' i.n.a layer. For
exanple, in theq%iaghlﬁ/gsgwgégggﬁa%)wn%?’% gﬁotg%/va?wgét S%(q}lét;}t?d% g(r;ltat)tgltgh: Lo:

[2,5,3] 10 leosﬁtﬁm%fﬁﬁﬁj'gdd a[tgt'ng p%]sitingo%‘ﬁgl,({].BT h7is 1?1]:ans that the MSAP switches

must be set in a manner so that the input signal S[0]]2,5,3]* is routed to the output signal

S[5][4,1,6]*. As a signal propagates through the MSAP, the signal’s position is adjusted in

each switch layer, reflecting the switches that the signal has propagated through. Because

each layer only permutes the signals in one dimension, only one coordinate of the signal’s
16  position is adjusted in a layer. For example, in the D=3 MSAP, a signal may follow the

position path:

Lo:  [2,5.3]
Li:  [8,5,3]
Ly [8,7.3]
20 Ly:  [8,7.6]
Ly [8,1,6]
Ls:  [4,1,6]

This position path determines how one switch in each layer must be set. In order
that the signal propagates from L position [2,5,3] to L, position [8,5,3], switch S[1][8,5,3]
25 must be set to position 2. In order that the signal propagates from L; position [8,5,3] to L,

position [8,7,3], switch S[2][8,7,3] must be set to position 5, and so forth. When all of the

11



L4: [8,1,6] L5: [4,1,6] This position path determ nes how one switch in
each | ayer nust be set. In order that the signal propagates from Lo
position W0,03/08J004 0 L1 position [8,5,3], switch S[1][8,5, BT/URB2/mist be set
to position 2. In order that the signal propagates fromL1l position [8,5, 3]
to L2 position [8,7,3], switch §[2][8,7,3] nust be set to position 5, and
so forth. WesiticalpathefforttheMSAP’ \iip10 3ig0d 9804 bEiTdetiBhed, 1aBlidt thepodichdsdm pat hs
for the MSAP s input signals have been determ ned, all of the switches in

t he MSAP catheDdSARtamse sehwtthailal] inpapsignats aabted a0 the poopteditpuo tdrmaRrodper
output termnals of the MSAP. Thus, a collection of N position paths (or
si gnal pat hehe M$@P. Thusised]lédion ef Bpositien @ils\brt sighab@itis) o beaiséd gur at i on f or
an MSAP. 5 The MSAP Switching Al gorithm The MSAP switching al gorithm
provi des a wWayrnfiie Lovifchgwtiing gordiguidBéffdran MSAPe | nput signals to achieve
every possible signal pernutation at the output termnals. However, the
configuration provided by the swwtching algorithmis not the only way that
10 an NMSAP ¢rOMSAPEitchiisrdebrithmper nute signals. It is possible to use a
"brute-force” nethod by [ ooking through all possible swtching

conbi nations in %QWSAP%@/ﬁtbﬁlﬂ@&lgor{tﬁmﬁbrowdeﬁ@%S/%fcy&l)ﬁgm{g{;h%rMSRP td Rdiea
solution. The MSAP switching algorithmincludes Algorithm 1, which calls

Al gori thm 2,y dgntaﬂ% JasGk] e%r%ﬂ@ssﬁ)fle ﬂrﬁpﬁérﬁl idn BEALRpilt e YBAP SWi t chi ng

procedures are escribed in 15 terns sl gha p05|t|on pat rather than

in terms of Hw@é\%r S[H\é Ecﬁ‘ltﬁ ﬁl%{l&ﬂ %ﬁ%dﬁ%&i&%ﬁ%&l %)'r‘ﬂ'[h?ls%ot ﬁ@%glg%a %HtCh has a

D-di nensi onal starting 03| ti di mensi target tion.

Al gorit kfgn 1aﬁjl@lt59\rl)rpaﬁ' &2 c&m‘:ém%a% f)érl%ﬂteg?gtngﬁ. It o po?skdle {oh.l%e gi‘ﬂ'ﬂél-fgrce’gl ving each

si gnal’

method by looking through all possible switching combinations in some intelligent (e.g.,
recursive) manner to find a solution.
The MSAP switching algorithm includes Algorithm 1, which calls Algorithm 2. In

the description of Algorithm 1 below, the MSAP switching procedures are described in

15  terms of signal position paths rather than in terms of MSAP switch settings. There are N
signals, each of which has a D-dimensional starting position and a D-dimensional target
position. Algorithm 1 determines the position paths for all the signals, giving each signal’s
position coordinates in each layer from Ly to Lyp.; in a manner that is allowed by the
MSAP topology. No two signals can occupy the same position in any layer. The Ly

20  position of each signal is its starting position. The L,p. position of each signal generated

by Algorithm 1 will match the signal’s target position.

Algorithm 1

Algorithm 1 calls itself recursively. Each time Algorithm 1 is called, a parameter

25  that represents a subset of the input signals is passed on to Algorithm 1. When Algorithm

12



position coordinates in each layer fromLo to L2D 1 in a manner that is

all owed by the MSAP topology. No two signals can occupy the sanme position
in any | ayero3/oFdees Lo 20 position of each signal is its sta&cCmiusg/position.
The L2D_ 1 position of each signal generated by Algorithm1 will match the
signal's target position. Algorithm1l Algorithm11 calls itself recursively.
Each ti ne Al gosallehmitially spacadterd; = fallzhe sigel ris fassedFo Ahgtitime priesestqieat subset
of the input signals is passed on to Algorithm1l. Wen Algorithm 12 WO
03/ 059004 PEELtsBO24M] Bdrimettr X wiltadntaddsucerstivedy bryallepautaerebesigals= {al | t he
signals} is passed to Algorithm 1. In subsequent recursive calls,

par amet er EAlgdrithne & kbeisrtraslucfiibs ddptedfiits ssvatsicarbypalsiet slewdl pageal 5. Wingor i t hm
1 keeps track of the depth of its recursion by passing a | evel paraneter X
When Al gor iAtigumithin il $s inftlatly adlleyl, pagdniegsl ). =plais @hieh & the akgorithinS Wihiel @Mgokighnk he

algorithm Wen Algorithm 5 1 calls itself again, paraneter a, = 2 is
passed, and1%@llsfiﬁélﬁ’hgaiﬁ%ra&i&$érgﬁm@pﬁse@andlﬁb,fmm, ..., and WD such that N=
w XW X ... XW, Algorithm 1 perforns the steps bel ow using the
paraneter 2 to I Ba89 8lVen WD, fvfswgr S'Qﬂv%%%l‘ﬂth@ﬂﬂ thmzfepwge&ﬂgomﬁa subset
of signals to operate on. ini aIy, set 2=1. 10 Ste : D, jurrpto
step 5. Ste Mol I i

posi tion. @g[g)rf%&g@gi %tgbilbgorl tsﬁ%% ta%g%r%g?&g{e%éﬁﬂﬁr%dgg?& (}eﬁth Anf 24 Si gnal S

|0 B Changl g onlit. o bRoffhaROSbAd AR o R IR oY cach signal, in such a

way that no e ‘sare position coor d| nat e have
identical (a, +I)Stto Dth target 15 coordinates. Step 4. For each c,

rangi ng 11;)rom I tOSt‘é‘ﬁiszﬁ%%,ﬁhr‘r{E'toystecﬂ.' Al gorithm 1, passing paraneters:

Step 2: Copy the Ly.; position of each signal in X to its Ly, position.

Step 3: Call Algorithm 2 to permute the L, positions of signals in X, changing only
the \™ position coordinate of each signal, in such a way that no two signals
in T with the same A™ position coordinate have identical (\+1)* to D" target

15 coordinates.

Step 4: For each ¢, ranging from 1to wy, recursively call Algorithm 1, passing
parameters:
% = the subset of signals in £ which have A™ position coordinates equal to ¢
in layer Ly; and
20 A=A+l

Step 5: Permute the signals in Z from their positions in Lpy.; to new positions in
L,pa, by changing the A" position coordinate of each signal to its A™ target
coordinate.
25 The permutations performed in Steps 3 and 5 of Algorithm 1 permutes signals only
along a particular dimension allowable for that layer. For example, the switches in layer Ly
permute signals only along dimension k. Algorithm 1 also follows the rule that no two

signals occupy the same position in a given layer. This rule can be ensured because
13



E = the subset of signals in E which have 2th position coordinates equal to
c in layer La,; and 20 2A +1. Step 5. Pernute the signals in E fromtheir
positi onswpDr3k®004a, | to new positions in L2D a,, by chamgirngoreie th
position coordinate of each signal to its 2th target coordinate. 25 The
pernutations perfornmed in Steps 3 and 5 of Algorithm 1l pernutes signals
only al ongAkgopthnt 2,caaldescribiédnbeitey, oroved dignabstilyswhioping peats of sigeais, tHemaby exanpl e,
the switches in layer Lk permute signals only along dinmension k. Al gorithm
1 al so f ol | pegentihg coliisienstdiaignaio(ittywowvo sipgitaietngaeletipy by the saagmviphki tion in a
given layer. This rule can be ensured because 13 WO 03/ 059004

PCT/ US02/ 41311 Al gorithm 2, as descri bed bel ow, noves signals by swappi ng
pai rs of sighelithm2hereby preventing collisions of signals (i.e., two
signals being selected by the sane switch). Algorithm2 5 The followng is

a description of T fgsw it m alesaiptialotbyigStiem Beatibd WY 9@p B bR AlgbrithAUE DifeO t he
recursive nature of Algorithm1, in layer La,, all the signals in E wll

have the samBhe f&irsive nithire it ARQSitinh O1n ¢6F Hi MBHESigndID @ X will fhv thelhRe POSi ti ON
coordinates, on the other hand, wll run t hrough all possible

conbi nati ongt o (¥ poaiﬁbh%tqmn@taé: rhéit PNl DSpdsl donfaa&diaaﬂe%htme%her GeQr, di nat es,
Eis effectively a (D-a, +1)-di nensional array of signals accordlng to

posi tions 1gij fan lﬂ%@h At pomﬁe BEbiRARhS.| 'T‘Bﬁs RRYugh eééh%lg%l s%ﬁ%QsB pnin E
determ nes the "slice" his array that signal Is 1n. St to Dth

posi tion CO&fo?jt?lﬁ'zﬁéseg lyéfgg%a&ég_ye glzﬁmb @iﬁ%ostsgﬂgﬂgragm?sgng%&em ﬁﬁf’ p&A?&oﬁ”ay

that the signal 1s’In nitions are given

LS B SRR e B SO B B 5 AT

are in the ésr?am%hé% 1gnzms in. 1l]fije (\+1)™ to D™ position coordinates of each signal determine the
“column” of the array that the signal is in. The definitions of “slice” and “column” are
given later. Two signals with the same A™ position coordinates are in the same slice, and
two signals with identical (\+1)™ to D™ position coordinates are in the same column. Thus,

15 the array of signals in X is divided into wy, different slices, numbered 1 through w,. The
array is also divided into wy xwiax...xwp different columns, not numbered. Step 3 of
Algorithm 1 only changes the A" position coordinate of each signal so that a signal only
moves within its column.

The following is a description of the terms “slice” and “column.” A slice is a

20  subset of the available position coordinates containing subsets of ¥ of signals that are
processed by Algorithm 2. For example, consider an MSAP with D=5, w; =6, w, =5, ws
=4, wy =3, and ws= 2. In this case, a total of 6x5x4x3x2=720 signals are permuted, each
of which has 5-dimensional starting position coordinates and 5-dimensional target position

coordinates. For example, the signal starting in one position [1,1,1,1,1] may have a target

25  position [6,5,4,3,2]. Suppose Algorithm 2 is called when A = 3, representing the 3" level of
14



15 the array of signals in Eis divided into wa, different slices, nunbered
1 through wa,. The array is also divided into wX+1xw?, +2x...XWD di f ferent
col utms, wotosfsasher ed. Step 3 of Algorithm 1 only change®Crhisoyitsiposition
coordi nate of each signal so that a signal only nobves within its col um.
The followng is a description of the terns "slice" and "colum." A slice
is a 20 subsatsioofin Algerithnai |lalHiecae i is b ewbsetadsighalavith casmblmosigios ubset s of
E of signals that are processed by Al gorithm 2. For exanple, consider an
MBAP wi t h Dcoor8ipatedlindiBensiwds afd 2.\W8r example, W the sRnalaindy Way ha.L,Ippsitibth s case,
a total of 6x5x4x3x2=720 signals are pernuted, each of which has

5- di nensi onadordihaed bfithe ORI[4,2,0n_COO| &b thatesontiith RadllyeBs1 onakighAs:get
position coordinates. For exanple, the signal starting in one position
[1,1,1,1, 1&Enpy1h§ve p,ia80gt 25 position [6,5,4,3,2]. Suppose Al gorithm 2
is called , representing the 3rd level of 14 WO 03/059004

PCT/ US02541311  peqel SbOMgbithAl 1I98HIT Iﬁmlﬁons of tHelRigRalS @S areEopisd & tﬁé’l\gﬁ et Of
signals with constant L2 position coordinates in di nensions

exanple al dlna s of the form
(a2, .1, b%%t‘f@ﬁ2%09".%@%%%5@Pﬁ%@i‘ea%ﬁs”@a%%aiﬁéd o e o 82 1 1),

1 [4 2, 4é:§%o%lhm§ dl§(§ %F}%cﬁ'raﬂé @g%’ Elg nJZ wﬁltﬁgl %]Bof%tAngr?t 1.%f the

signals in re copie Ions, so-t |ons of the

rear range « REved Bt iorbieR Cgf%dﬁ'ﬂa%%? Mlsflaasgnﬁgf’goﬁhgg% An 58 hanges the

E?gﬁéf'sti on SR e @gegv- i ceﬂnﬂla%%m%age 84?'%05@%@‘55%1 EPEnt Ze *
1 t

ESPLn%Qa%SS@eEa@Fﬁﬂmg st inraERBLE o urns FRGe Eefnal < wi th a g ven 3 d

since a, = 3) posjtion ordinate. There are 4 slices because ?, = 3
<(31nd w3 = 4. TheLﬁ}fq Lalises gaptaumipiscpianals il agsiven 37 Gsince 1. = 3) T position

coordinate. There are 4 slices because A =3 and w; = 4. The slices are called "slice 1"
through "slice 4." Slice k contains those signals in & whose 3" L position coordinate is .
For example, slice 3 contains 6 signals whose L; position coordinates are [4,2,3,1,1],

15 [4,2,3,1,2], [4,2,3,2,1], [4,2,3,2,2], [4,2,3,3,1], and [4,2,3,3,2]. During this call to
Algorithm 2, the signals in slice 3 have these six L3 positions, although the particular
signals occupying those positions may change.

When Algorithm 2 swaps two signals, those two signals will exchange slices,
meaning that they will swap their 3™ Ls-position coordinates. The 6 columns, meanwhile,

20  contain those signals with a given combination of 4™ and 5" L, position coordinates (the
coordinates above A = 3). Thus, there is a column whose signals have L3 position
coordinates [4,2,1,1,1], [4,2,2,1,1], [4,2,3,1,1] and [4,2,4,1,1]. There is another column
whose signals have Lj position coordinates [4,2,1,3,2], [4,2,2,3,2], [4,2,3,3,2] and

[4,2,4,3,2]. The term “column," as used in this example, describes a set of L3 position
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through "slice 4." Slice k contains those signals in E whose 3a L3 position
coordinate is k. For exanple, slice 3 contains 6 signals whose L3 position
coor di natwe oatsoop4, 2, 3, 1, 1], 15 [4,2,3,1,2], [4,2,3,2,1], PCA/UBIB4B1L] ,
[4,2,3,3,1], and [4,2,3,3,2]. During this call to Algorithm2, the signals
in slice 3 have these six L3 positions, although the particular signals
occupyi ng t basdingeswith thes 4ftayd Shéingasionverdititegdixed Mug skwalpsith i si gnal s,
those two signals will exchange slices, neaning that they will swap their
3" d L3- posi positivnaoordiiara43,2,3 I end[4024, BLlhare saidarbwtin tie,"san2lcot@diti’ai n t hose
signals with a given conbination of 4th and 5th L3 position coordinates
(the coor dbstateshabsVamd3"sodtinafth (B51] thdiel. & Algoithadl, urbluiieseyskgaad s have
L3 position coordinates [4,2,1,1,1], [4,2,2,1,1], [4,2,3,1,1] and

[4. 2,4, 1, 1] theTaE SotloBsigid dFRF pékMutafitn boBRs eheIn@PpthS adlidM OnlyIxERBEdsitRO
coordinates [4,2,1,3,2], [4,2,2,3,2], [4,2,3,3,2? and [4,2,4,3,2]. The
term " cop UnBignal9f thSQehelBlubddl S exanpl e, describes a set of L3 position 15
WO 03/ 059004 PCT/ USO02/ 41311 coordinates with their 4th and 5th di nension

coordi nates fi Xedayidd@Seriteh GiRalefinitoh B thd terBO8JIié M dCOQNEh P eI dwingis2, 3. 1]
and [4,2,4,3,1] are said to be in the "sane colum" because their 4th and

5th coordi néﬁ&%riﬁﬁbnﬂftﬁ@&éﬁgpe&&n@ﬁ9§-‘Mgtghﬂ?n?2: a colum always retains the
sanme set of signals after "pernutation because the swappi hg action only
exchanges two 5 signals in the sane columm. Having described the
definition of thegbgrsws; 16l] cepoand “colum,” the following is a
description of the stegs per f or med b{ Algorithm2: 1. FORS =1 TOw, -1
DO 10 29 WHI LE %I i ceVBIIEstiteal Geuteins atjicag 2 sigpelsyigfridantcal it h™ fode itBdal  ( X+1) st
to Dth target coordigatiRsed®d: 3. SET Xo = one of these signals

3. SET X, = one of these signals
4, FORKX=0,1,2,...DO:
5. Look for a signal Z in slices S+1 through w;, and in the same
15 ‘ column as Xy (selected in Step 3 or 6) with the following

property: Z’s (A+1)* to D™ target coordinates are not
identical to the (\+1)* to D™ target coordinates of any
signal in slice S. IF found THEN BREAK from the “FOR
K loop.
20 6. Select a pair of signals signal Y, and Xy with the following
properties:
Yy is in slices S+1 through wy and in the same column as
Xo, X1, ..., or X
X1 1s in slice S, and is different from X, X7, ..., and Xg;
25 Y1 and Xy have identical (\+1)™ to D™ target
coordinates.

There will always be such a pair of signals.

7. END FOR K
8. LOOP:
30 9. Swap signal Z with signal X
10. IF X =0 THEN BREAK from the LOOP

11. SETZ=Yx
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4. FORK =0, 1, 2, ... DO 5. Look for a signal Z in slices S+1 through wx
and in the sane 15 colum as XK (selected in Step 3 or 6) with the

fol | ow ngwopsBopm®nty: Z's (?+1)" to Dtl' target coordi nat ePCarSONoL311
identical to the (2,+1)S to D" target coordinates of any signal in slice
S. I F found THEN BREAK fromthe "FOR K" |loop. 20 6. Select a pair of
signal s signal YK+l andZiXKey inthe same prdurhrodsisend ASETF oplesLi es:  YK+1 is in
slices S+1 through W and gnp itdigp same col utm as Xo, X1, ..., or XK XK+1 is
inslice S, and is different from X0, X1, ..., and XK; 25 YK+l and XK+1
have i denti cal (% +l) ENIp YHEpE - ¢ t ar get coordinates. There will al ways be
such a pair of sigBEDFORS. END FOR K 8. LOOP: 30 9. Swap signal Z with
signal XK 10. IF K 0 THEN BREAK fromthe LOOP 11. SET Z = YK 16 WO

? g/ ? ﬁIQSO J Egﬂ ES ?%jgll} 'RiKs EKIDF W,DOVg slhcr:]e a%th%mealnee o%ge g slice 1s ﬁxe(an?s XX, SET K

signals are not changed in successive calls to the algorithm. The WHILE condition of step

2 checks the current slice for precisely the property that Algorithm 2 is trying to eliminate.

When this property is no longer found, that slice is fixed. A fairly small number of times
10  through Steps 3-13 always fixes a slice.

The goal of Steps 3-13 is to move a signal with “duplicate (A+1)* to D™ target
coordinates out of layer S, replacing it with some other signal from above layer S whose
(A+1)* to D™ target coordinates are missing from layer S. In the ideal case where these two
signals are in the same column, Algorithm 2 just swaps the two signals. However, such a

15 pair of signals may not be in the same column, so a chain of swaps are performed, each of
which operates within a different column. The first swap operation moves a signal with
missing (\+1)* to D™ target coordinates into layer S, and the last swap operation moves a
signal with duplicate (\+1)* to D™ target coordinates out of layer S.

Fig. 4A shows an example of a mapping between the input and output terminals of

20 MSAP 300. Fig. 4B shows an example of how the position coordinates of the input signals
of a 12-by-12 MSAP are changed from their starting position coordinates to their target
position coordinates. The changes in position coordinates were determined using
Algorithm 1 and Algorithm 2 above. Layer L; only changes the coordinates of the first
dimension, layer L, only changes the coordinates of the second dimension, and layer L3

25  only changes the coordinates of the first dimension.
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15. END FOR' S 5 Algorithm 2 works by "fixing" one slice at a tine, i.e.,
once a slice is fixed, its signals are not changed in successive calls to
t he al gorwohawsdbhe WHI LE condition of step 2 checks the eoamrisnri4sii ce for
precisely the property that Algorithm?2 is trying to elimnate. Wen this
property is no longer found, that slice is fixed. Afairly small nunber of
times 1o throughn stepkgdoil® MEM ysthitiikeEcientlyl uisesepre-Flectggomtitchds aSbegis 3- 13
is to nove a signal with "duplicate” (?+1)" to Dith target coordinates out
of layer S, buibjigpocly. The siinplbst sudmpogtekiiens MFART s ise ontyabloweitches/(@beiBgwhose
(X+1)" to Dth target coordlnates are mssing fromlayer S. In the idea
case where thiseer) wopersiugiats” sigaals.fin suck asawptheelacnaD)-1 Mygoy édchm 2 j ust
swaps the two signals. However, such a 15 pair of signals nay not be in the
sanme col umcorginiag Ghildhaf BeuaRsD a6y, Nehére iviedial a2 Mg, N inchswaRReat es
within a different colum. The first swap operation noves a signal with

m ssing gk +1‘herefo¥eotlgah10hﬁtr Fedgic Q%ﬂiyﬂ@«%@&d kd ¥ RAsthRY £ MSAPAR[gHResIRRY Swap
operation noves a signal mnt dupl i ca (?+1)st to Dth target coordinates

out of |aye§wx§heﬂvghf§éi @hﬂ:ﬂ@lz@é"ls%ﬁﬁmr@er@fN%g’pr' ng between the input and
output termnals of Fig. 4B shows an exanpl e of how the

posi tion coordi ngtcsﬁlgmsohlaﬁhk @ma;egw 98P Rl 1 AR S hanged

fromtheir starting osition coordi‘nates to their position

coor di nat es size g? %ﬁgg?&?‘ﬁ ’g ?'I—feré) nt i§ Qs?ﬁlﬁ dﬂ'tﬁétqgrggx\les(v?tcﬁie%t F béanl & gmUSI ng

Algorlthn11 an coordi nates of
et on, SHEFF Sy 41 R B e
eI A T T s oS 2 0P © o

the most efficient using eleven 6-dimensional layers of 2:1 switches. Using five 3-

dimensional layers of 4:1 switches requires 36% more logic circuitry. Using three 2-

dimensional layers of 8:1 switches requires 91% more logic circuitry. Using one one-

dimensional layer of 64:1 switches (effectively a set of parallel multiplexers) requires

15 473% more logic circuitry.

Table 1
2:1 switches Equivalent | Ratio
n:1 switches Total n:1 comprising each total 2:1 VS, Difference

n per layer Layers | switches | m:l switch (= r-1) switches =2 vs. =2
2 64 11 704 1 704 100% 0%

4 64 5 320 3 960 136% 36%

8 64 3 192 7 1344 191% 91%
64 64 1 64 63 4032 573% 473%

An application of an MSAP is to permute signals between a motherboard and a
20  daughter board in a computer. Referring to Fig. 5SA, a computer 500 includes a daughter
board 506 coupled to a motherboard 502 through an interface 504 that has signals lines #1

to #12. The daughter board 506 includes a memory 512 that can be accessed by
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bui | di ng bl ocks. The sinplest and nost efficient MSAP's use only n:1
swtches (n being an integer) to permute N = nD signals. In such a case,
t here ar ewPD3d5doed/ers, each containing N switches. Becau®eTise2kogl N,
there is a total of Nx(2 log"N--1) 17:1 switches. 5 Therefore, the anopunt
of logic circuitry required to construct an MSAP using pre-sel ected

swi t ches wi tietlferboer ¥)2i Dedghtsir bessd 566 and nidileeroradde§020dre Mahufectied By difieypat | son
of the efficiency of MSAP's constructed using switches of various sizes is
gi ven bel owcompahsise thht mbkheboardt502 sends sipgmadciornt thabighad tigesrof $neérfacb 864 mrag bui | t
from smaller switches. Table 1 shows that an MSAP using |larger switch

si zes requi pelsr thatrie dif@rdnofybia thd orderireqognizdeory meamaorplsél. i f 2: 1 switches are
avai l abl e, then building an N=64 MSAP is the nost efficient using el even
6- di nensi onal | aDeughtedboad 506 inicludésesperistingmetworie 5@ thaki Hae puoialindlayer s of
4:1 switches requires 36% nore logic circuitry. Using three 2- dinensiona
| ayers of 8tdnnssied phigRrh@(oi hed o@pontdrminld Bghdteditd Sitlinteifice 419] WHicRE one-
di rensional |ayer of 64:1 switches (effectively a set of parallel

mul ti pl exer ajn [se@bhdced td mehéBS1INPPEMOY etwdrk SUS Fdiés the AR irlthd sikngWi t Ches
Equi valent Ratio n: 1 switches Total n:1 conprising each total 2:1 vs.

Difference liflesRintérBde504- MBS SofMibdbe midHake $1 WEa ficw Gr'dgn)in%t%tti§hes n=2 vs.
n=2 2 64 11 704 1 704 100% 0% 4 64 5 320 3 960 136% 36% 8 64 3 192 7

1344 191% 4@l Rmimb) 93, AQHapb A% AL G0 PRRIJIHALHRD 50 wANMEAP 15 1O

pernute signals between a not herboar daughter board in a

ter. R [ b Q. P j Rel boar d
506" coupl ed 15 4" Rt ke Lo ar i Gy RPBOA Fe e PP I RPN Tona

lines #lg interface 504 is mapped to line #7 of interface 510, and signal s12 on line #12 of interface

504 is mapped to line #4 of interface 510. Similarly, the signals sent from memory 512 are
re-ordered by permuting network 508 and then passed on to motherboard 502.
Permuting network 508 is implemented using a field programmable logic array
(FPGA). The FPGA includes configurable logic components, each of which can be
15 programmed to receive a number of inputs and to pass any one of the inputs to its outputs,
just like an n:1 switch. When computer 500 is first booted, daughter board 506
communicates with motherboard 502 to determine the required permutation. A processor
(not shown) on daughter board 506 executes an MSAP switching algorithm to program the
configurable logic components to construct an MSAP that achieves the required
20  permutation.
In the example shown in Fig. 6, a 18-by-18 MSAP 600 is constructed from four
layers of 3:1 switches and one layer of 2:1 switches. In this example, N = 18 = 3x3x2,
D=3, w1=3, w,=3, and w3=3. MSAP 600 includes layers L; to Ls. Layers L;, L,, L4, and Ls

include 3:1 switches that are configured to form 3-by-3 permuters. Layer Ls includes 2:1

19



to #12. The daughter board 506 includes a nenory 512 that can be accessed
by 18 WD 03/059004 PCT/ US02/41311 not herboard 502. Daughter board 506 and
not her boawo 030084 e manuf actured by different conpani es ®OTiUSa2/41311

not her board 502 sends signals on the signal lines of interface 504 in an
order that is different fromthe order recogni zed by nmenory 512. Daughter
board 506 i switahdethatzarp eontighied do foeh Reyil EoButetsaWVithiscacnparnuteg diffmaits 5
connected to interface 504 and output term nals connected to an interface
510, whi ch switcheusetect diffenhiapiteignale soridatchgre K. ovEidapniu thergelrationsrkhis 08

routes the signals in the signal Ilines of interface 504 to the signal
| i nes of i ntesulfsdoe r&afdening &f the input stenale pppraritgda thel @itpuateemhiabl thet 0 nenory
512. The mappi ng between signal |lines of interface 504 and signal |ines of

i nterface S5g@mugershown in Fig. 5B. As an exanple, the signal sl on |line #1
of 1o interface 504 is mapped to line #7 of interface 510, and signal sl12
on line #12 of i|mtReg.feathe swiblabds srapiseh ihddd ihe perfithtedd. Thorthedef saehds 10a
Simlarly, the signals sent frommnmenory 512 are re-ordered by permnuting

net wor k 508péante BeNindass edhar thesapBbifend 98 cebrd@es i Wtdnd @ Nnet work 508 is
i npl enented using a field programmable logic array (FPG). The FPGA

i ncl udes copddraiHate TRd, Petrfute? GUPHRRMHeS the PBGHoPIooWMMAR of HPubEenhR iRERIr amred
to receive a nunber of Inputs and to pass any one of the inputs to its

outputs, | Hat dikdeb8oR N ibwhseS ¥ihbiGRrmMhe T GRIMYLRS pgr%té the ij)s'itﬁ)tn boot ed,
daught er board 506 comunicates wth notherboard 502 to determ ne the

required pe atd Ol 0 0
xceout o5 an AR e s REREFBSRL ek iRn i Y R AU pR B sP
conponent s 0 s Rrdt . | ev. ndl i rmyt ati on
componeihS R gat! HE Ll AR AR VR LRSS RY 130, RERHC ¢
ngrnpl le‘:iy ﬁr:(%(iéggeg%gt)%§xv"tp%scl 1§ co%P(fljna?erg%f %n%Xte srign%Is iI% i‘.h% sgcvc\)"n;[:i %fr]r(lae%'siorll.rlilgemis?e,

other permuters in layer L, also permute the position coordinates of input signals in the
second dimension.
In a similar manner, permuters in layer L3 permute the position coordinates of

15 input signals in the third dimension. Permuters in layer L4 permute the position
coordinates of input signals in the second dimension. Permuters in layer Ls permute the
position coordinates of input signals in the first dimension. Each of the output signals of a
permuter in layer L; is sent to a different permuter in layer L,, each of the output signals of
a permuter in layer L is sent to a different permuter in layer L, and so forth.

20 MSAP 600 is designed to allow any of the 18 input signals to be routed to any of
the 18 output terminals. In operation, the MSAP switching algorithm is performed to
determine the transition paths for the 18 input signals. The transition paths go through the
five layers of switches in a way such that each signal is routed to the desired output

terminal and that no two signals occupy the same switch. The switches are then
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D=3, wl=3, w2=3, and w3=3. MSAP 600 includes layers L1 to L5. Layers L1,
L2, L4, and L5 include 3:1 switches that are configured to form 3-by-3
per mut er swolbaysa004.3 i ncl udes 2:1 19 WO 03/ 059004 PCT/ US02/,¢18B02/480i t ches
that are configured to form2-by-2 permuters. Wthin each pernuter,
different switches select different input signals so that there is no
overl ap i n phgrammel teceledmsput Signads accading tethe pigeal pethoddemimg by fiha MEAPNnput
signals appearing at the output termnals of the permuter. 5 1n Fig. 6,

t he switch babdling dgeitkthown i nside the pernmuters. The three switches in a
pernmuter 602 in |ayer L1 have the sane 2d and 3rd coordi nates but different
1st  coordi nat esOthehemsbodieemdre withidZhpeopaidfaele follewing siaith0 Rocsamdienmtes of
input signals in the first dinmension. Likew se, other pernuters in |ayer
Lt al so per switchet ey pe fhpledentedasingdiviadseshed thah R BPGAI Oiedwsichdy thdyebef | 1 st

di rension. The three switches in a pernuter 604 in 10 |l ayer L2 have the

same 1st sangrograthrecsyci prateesor bhl thethdiieeb @R radBEthEOBY Qi)ﬂ@@ésé’c%-on-fﬁkl’cﬁuglﬂ@lf mut er
604 pernutes the position coordinates of input signals in the second

di mensi on.  bbdf@Whsonfi@iiiRh oPSWIBAEEE.S., Which 8R4I idR1c3led FoREESTHis 4dae PoOsi tion
coordi nates of input signals in the second dinension. In a simlar manner,

permuters i Rfleg¥@ht tl&@oﬂﬁ%ﬁhﬁ’éﬁbé DRaRRRIY bOPrafRRbRA Megﬁcﬁ?l;mm;tﬁe bitRYhd S gnal s

in the third dinmension. Pernuters in layer L4 pernut e position

coor di nat esyRf, ik shanal & 8 APRE: SEEPR LA bERRS in layer L5

pernute the pogﬁf#%ﬁ coo?é?hates o%E?ﬁpugbgkgna?hgﬂﬁmgﬁéqgﬁgé? di mensi on.

Each of the . j I I aver L1 is 0.a

di fferent pgﬁh&u rloégn&{)%f g‘fo(a réﬁc%%gﬁgg%n%{yﬁg%ghg %tu {8 %Sa@eelg@i’é: albger nmut er

e e e b e R

?gypg]; f o? Rggll}sog(e)suét%Hgthérelgcgtigﬂnsa' noh%l&@%%%a‘nr?er}.’ Tt}erﬁSA é&llzl)’l a gg l;[ecugé: 1% al gorithm
massively parallel or supercomputing applications to route signals among different

processors.
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determne the transition paths for the 18 input signals. The transition
paths go through the five layers of switches in a way such that each
signal i swpemawedoto the desired output term nal and that pPoo/uSap4signal s
occupy the sanme switch. The switches are then 20 WO 03/ 059004

PCT/ US02/ 41311 programmed to sel ect input signals according to the signal
pat hs det er WH&BRIHCLAIMINEN? switching al gorithm O her enbodi nents are
within the scope of the followi ng clainms. For exanple, the swtches may be
i npl ement ed usi ng devices other than an FPGA. The switches nmay be 5
programred by a pmethedsomnpiing he not herboard rather than by a processor on
t he daughter board. The configuration of swtches (i.e., which signal is
sel ected from i tsslectigaa eonfigerationebr kepereof apermhidngnetyark pasedpn beet@fnani cal | y
programmuabl e, or be programmable once and then fixed permanently. An NMSAP
t hat per f or imeghii factpesrofidit the inomberednighals odedemsuted, aiglio pienegjeditdippesofl an
encoder/ decoder that encrypts/decrypts nessages. The MSAP can be 10 used to
construct teliebesysmhi cati on networks to route signals fromnodes at one

| ocation to nodes at another |ocation in a non-blocking manner. The MSAP
can al so be usecdonstructimsthe paimutipgnetivbidd in tayers by @siag thewtré-sedecadpygesaf i ons to
route signals anong different processors. 21 WO 03/059004 PCT/ US02/ 41311
VWHAT | S CLAWERed Bisedlon the Badddiddonfigipationl ng: sel ecting a configuration for

| ayers of a pernmuting network based on a set of integer factors of N, the
nunber of signals to be pernmuted, and on pre-selected types of 5 swtches;

and 2. The method of claim 1 in which each of the types of switches is capable of

selecting one signal from among a number of signals, the number being different for

10 different types of switches.

3. The method of claim 2 in which each of the integer factors corresponds to the

number of signals that one type of switches can select from.

4. The method of claim 1, further comprising selecting the set of integer factors wi,

Wa, ..., wp (D being an integer) such that N = wixw,x...xwp.

15 5. The method of claim 4 in which the permuting network is configured to have 2D-1
layers of switches, the switches including w:1, wa:1, .., and wp:1 switches or are

constructed from wy:1, wo:1, .., and wp:1 switches.

6. A method comprising:

receiving N signals; and

22



constructing the permuting network in layers by using the pre-sel ected
types of switches based on the selected configuration. 2. The nethod of

cl ai m 1 iwowhiogtwoeach of the types of switches is capabl ePofi/ussepiset i ng one
signal fromanong a nunber of signals, the nunber being different for 10
different types of switches. 3. The nethod of claim2 in which each of the
i nteger factors toeerdeggdheld sigoals hiing aparbetingietworyatstructhdfromiayetsyde of
switches can select from 4. The method of claim1, further conprising

sel ecti ng t hwitghes hofing ntadignrafiaichasedsonm det of mRger.factors WOV Al brepragelasted nt eger)
such that N = WI xw2x ... xwD. 15 5. The nmethod of claim4 in which the
per muti ng nétpspokswishesonfi gured to have 2D-1 | ayers of switches, the
switches including wi: 1, w2:1, .., and wD:|l switches or are constructed
fromwl:1, w2:1, .., and wD:| switches. 6. A nethod conprising: receiving

N signals; gnd 22,34 pbcldifi ﬁ%iéﬂ%%?lé fidet behs Ms@It%eg%f{h@ Q#JS@R&' efdrgnal s

using a pernuting network constructed ayers of sw tches having a

configurati ' (G : -sel ect ed
Fypes-of Csuribsnog o BhyfleS hedihinddlnRRE o igh iRl o B LA BREREE N
switches of the same type, each 5 type of switch having a predefined
nunber of input termnals and one output ternminal. 8 The nethod of claim?7
in which eaéh | aybs method plclpay hintvhieh aseh lagenof redapmutingaetyorlsgrgwesitBe Nnt o
subsets of signals and pernutes the ordering of the subsets of signals, the
nunber of sisignalb ;i spbsdipolidnekstagd berimutes dpradering of the swhsei of sigifals, thout
termnals that each switch in the | ayer has.

number of signals in the subsets being equal to the number of input terminals that each

switch in the layer has.

10 9. The method of claim 7 in which the permuting network is constructed by assigning
multi-dimensional coordinates to the switches, each switch in a layer having a different
coordinate, and configuring the switches so that when a signal propagates from a first
switch in one layer to a second switch in the next layer, the coordinates of the two

switches differ in one dimension only.

15 10.  The method of claim 6 in which the integer factors are wy, wo, ..., wp (D being an
integer) such that N = wxw,x...xwp, and the pre-selected types of switches include wi:1,

wa:l, ..., and wp:1 switches.

11.  Apparatus comprising:
N input terminals, N being an integer;

20 N output terminals; and
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10 9. The nmethod of claim7 in which the pernuting network is constructed
by assigning nmulti-dinensional coordinates to the switches, each switch in
a |layer mhwoiongsmodi fferent coordinate, and configuring tReTaW0Y/¢t3es SO

t hat when a signal propagates froma first switch in one |layer to a second
switch in the next layer, the coordinates of the two switches differ in
one di nensi on oné yermugngd Getwiksonfiguneido dérmoioartledgingrsignhli rethsthne comedg er
factors are w, w2, ..., WD (D being an integer) such that N= W

XW2X. . . XV\D, tlerigput lkeempraks-ts the @otpetietnyipds ingih ashifrarg loekr, itheglevdetinghetwiork w2: 1,
..., and wD:1 switches. 11. Apparatus conprising: Ninput termnals, N

bei ng an i ntegencted 2am Myetstob avitthes of difbrsnt typed, cach Mf3r B3yi0d 86 Bdne number

PCT/ US02/ 41311 a permuting network configured to form non-bl ocking signal
pat hs that obswiebtsoftiesanepye, ¢aeh tpaal switoh chpublecaftsgledting @nersig@l fomn an
arbitrary order, the pernuting network constructed fromlayers of swtches
of di f f esenambiPepredefnetd nhiayelof kighdllg t he same number of switches of the
sanme type, each type of switch capabl e of selecting one signal fromb5 anong
a predefined nunber of signals. 12. The apparatus of claim 11l wherein each
swi tch has ut. termn of . Swi t ches

iLnput .and out put termnals. the .in I t he
T the firstol ay Bl SethBa bR MoVRrin st Spab Dt eh ARt TamsPaite ' The
output termnals of the switches jn.the |ast | r coupled .tq t N out put
Cor hinal o ofeherapps P SR o o Bt Hisaf PR i S o °t he
output termnals of lo the s_vvitcthis are con ect?d to t@ﬁ inp]Ll{]t term nal s of
the swi t che8PRARNs, theputput fergiagls of thesw Sléﬁ%alﬁ%{t%rwp 18 B PR whi ch the

nunber of | ayers and the connection between switches of successive |ayers
are based offraingistof §ie gpparalye angd fr ab layersrexeqphihe laghayandhe output terminals of

10 the switches are connected to the input terminals of the switches in the next layer.

13.  The apparatus of claim 12 in which the number of layers and the connection
between switches of successive layers are based on a set of integer factors of N and on the

types of switches used.

14.  The apparatus of claim 13 in which the integer factors are wy, wo, ..., wp (D being
15 an integer) such that N = wxw,X...xwp, and the types of switches used include w;:1, wa:1,

..., and wp:1 switches.

15.  The apparatus of claim 14 in which the permuting network is configured to have
2D-1 layers of switches, each layer permuting the order of different subsets of signal

paths.

20 16.  The apparatus of claim 15 wherein for each p-th layer of switches, p ranging from
1 to D, wp:1 switches are configured to form w,-by-w, permuters that are capable of
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types of switches used. 14. The apparatus of claim 13 in which the integer
factors are Wi, w2, ..., WD (D being 15 an integer) such that N=

W xw2x. . .wWop3/osg4 t he t ypes of switches used include wl: 1pPC®AIS0Z41311.., and
wD: 1 switches. 15. The apparatus of claim 14 in which the pernuting network
is configured to have 2D-1 |layers of switches, each |ayer pernuting the
order of di p§revuting the otsiseing oW, Bgnghpdths, pulfasecackpof the g-tirlgerpfsuitehetis of cl ai m
15 wherein for each p-th layer of swtches, ranging from 1 to D, wp:

swi tches ar @nghjgl‘fliogu@ébtq?d)-ﬂMM\ApWEiyhf’wpreﬁ@nggw@tQ forivew2narty-wapabl e of 24
WO 03/ 059004 PCT/ USO02/ 41311 permnuting the ordering of wp signal paths, and
for each of perhategs thht dreigeprble i manintidneghe onderingigi-ngsignadpatdn1 to 2D 1,

w2D g: 1 switches are configured to formw2D g-by-w2D q pernuters that are
capabl e of pernuting the ordering of WD q signal paths. 17. The apparatus

of claim161yn WiLhngatl 0Pl ih Adith &l S thAnPuiUrm BB biREH Pt Ritei @ 5 the
2nd layer to the (2D-1)th layer is connected to the output termnal of a

different eﬁrzma%&rrtamakmlwﬁyér%nﬁ&ye_@&othlls%ut PAiAL1WS 2 ARt S| Ng: A

first device configured to generate N signals having a first ordering; a

second dEViPSnﬁRPEYQQgEQkEQM,&9€pt the N signals arranged in a second
orderi ng; o and a pernuting network configured to receive the N signals

having the first ordering and re-order the N signals so that the N signals
have the second ordering acceptable by the second device, the pernuting
net wor k cond®r ucOBRAFHGGAMPESEES of switches of different types, each |ayer

havi ng the sane nunber of switches of the sanme type, each type of
a first device configured to generate N signals having a first ordering;

a second device configured to accept the N signals arranged in a second ordering;
10  and
a permuting network configured to receive the N signals having the first ordering
and re-order the N signals so that the N signals have the second ordering acceptable by the
second device, the permuting network constructed from layers of switches of different
types, each layer having the same number of switches of the same type, each type of

15 switch capable of selecting one signal from among a predefined number of signals.

19.  The apparatus of claim 18 in which the number of layers and the connection
between switches of successive layers are based on a set of integer factors of N and on the

types of switches used.
20.  The apparatus of claim 19 in which the second device is a memory.

20 21.  The apparatus of claim 20 in which the first device is a computer motherboard.
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15 switch capable of selecting one signal fromanong a predefined nunber of
signals. 19. The apparatus of claim18 in which the nunber of |ayers and
t he connewODiosn0s90bet ween switches of successive | ayers arePoagsd2z/onia set of
integer factors of N and on the types of switches used. 20. The apparatus
of claim19 in which the second device is a nenory. 20 21. The apparatus of
claim20 in which the first device is a conputer notherboard. 25 WO

03/ 059004 P&/ USH/ eﬂ)%g’rqa‘aus o2aimI Tein NN RS e fa@tbdiaf® W, dwi,N. W) @hbdihe

i nteger factors are , W2, WD (D being an |nteger) such that N =

W xw2x. S sw.tech ges Wed ido L1
and V\D:I SW télh@%gr)tsg% théliﬁ\g zvit)%tpugr at%JMsgD %?dtgég)?%é\dz}(z\s%{n \?\/m cﬁ tl‘r‘]dé%er%u ng

network is co%gg}urlesqw{c esnave 5 2D-1 layers of switches, each |ayer having
N swi tches of’ ype, each layer pernuting the order of different
subsets of the N signals. 24. A conputer programstored on a
conput er -readabl e nedi a for causing a conputer systemto performthe
functions of3. asEiepnragtus ofelpi Zﬂphﬂ?@i%@ﬁrm&;‘@éﬁ@ﬁt‘ﬁ%‘@ qopfiggehtodpva set of
N signals, N being an lo inte i n successive operations, changing the
coor di nabes2Bf leyess of siitghest each elahawmgtN ilches of dharamsits. ek laver each
operation, such that no two signals have the sane coordi nates after each
oper ati on, sentutiag thafordar of diffesnicubssts oféhegpsigaals.ons, the coordi nates of the
N signals match a set of target coordinates. 15 25. The conputer program
of claim 24, further causing the conputer systemto performthe function

of findi ng Q@t eg e otBEte LS gdth st o a compBRELrABLIE mbhig Wi Ratsiidta coputer

WLXW2X. el ng an |nteger
system to perform the functions of:

assigning a multi-dimensional coordinate to each of a set of N signals, N being an
10  integer;
in successive operations, changing the coordinates of the N signals for a particular
dimension during each operation, such that no two signals have the same coordinates after
each operation, so that after the successive operations, the coordinates of the N signals

match a set of target coordinates.

15 25.  The computer program of claim 24, further causing the computer system to

perform the function of finding integer factors wy, wa, ..., and wp of N such that

N =wixwax...xwp, D being an integer.

26.  The computer program of claim 25 in which the multi-dimensional coordinates are

[x1, X2, ..., Xp], X ranging from 1 to wy for each £, k ranging from 1 to D.
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26. The conmputer program of claim25 in which the nmulti-di nensional

coordi nates are [xi, x2, ..., xD, xk ranging from1l to wk for each k, k
rangi ng fworsaswos D.. 26 WO 03/ 059004 PCT/ US02/ 41311 27. PThAISon#3ut er
program of claim 26 in which the coordinates of the N signals are changed
by swapping the coordinates of a pair of signals. 28. Apparatus for
re-ordering N signals, conprising: (2D - 1) layers of switches, D being an
integer, the n-tikelcamliteAR8erbAldf clalil 26 i WiaMEhe cSordiadttd & thé Nlignilk argWi t ches,

n ranging froml1l to D, and W to WD being integer factors of N such that N

= wl X w2 Xchanged%y\é\wapﬁiﬁgeth_feicé&ainAtay@ffa@fr&gv'gﬁacmes re-ordering the order of
N signals to generate a first set of re-ordered signals, the i-th |ayer of

switches re-ordering the (i-1)-th set of re-ordered signals to generate an

i-th set of_re-ordered signals, i.ranging from2 to 2D 1, the (2D-1)-th
set of re-order &tPPRTAHAPY 'r?ﬁ“seélﬁgb( ‘gé’a]ga‘io 5i8¢'deri ng of N 1o signals. 29.

The apparatus of _claim28 in which each of the N signals.are assigned
D- di nensi onal cd%PdilPiQty%ré of §VHEehes, ﬁpewﬁﬂtﬁﬁf’éher’ﬁﬁ’d?% a?‘}@rla'l’sft@a&fr, , the
p-th layer —switches configured to svvaP sign&ls that .differ onl & t he
p-th coot di Haings iiyr: PHiEheseB snging froast oyt gt ‘8W§erlf%‘it?% °¥ e sane,
p ranging from1 to D, and the g-th layer 15 switches configured to swap
si gnal s t hatuckithaf ¥i= gmkyv2ixn . -theo. (g layen otwgicesigoederipg ths ofdseof Xoor di nat es
in other dinensions being the sane, q ranging fromD+1 to 2D 1. 27

signals to generate a first set of re-ordered signals, the i-th layer of switches re-ordering

the (i-1)-th set of re-ordered signals to generate an i-th set of re-ordered signals, i ranging
from 2 to 2D-1, the (2D-1)-th set of re-ordered signals matching a target ordering of N

10  signals.

29.  The apparatus of claim 28 in which each of the N signals are assigned
D-dimensional coordinates, the n-th coordinate ranging from 1 to w,, the p-th layer
switches configured to swap signals that differ only in the p-th coordinates with the
coordinates in other dimensions being the same, p ranging from 1 to D, and the q-th layer
15  switches configured to swap signals that differ only in the (2D-g)-th coordinates with the

coordinates in other dimensions being the same, ¢ ranging from D+1 to 2D-1.

27



