WO 03/059004 A1l

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization
International Bureau

(43) International Publication Date
17 July 2003 (17.07.2003)

PCT

(10) International Publication Number

WO 03/059004 Al

(51) International Patent Classification’: H04Q 11/04

(21) International Application Number: PCT/US02/41311

(22) International Filing Date:
19 December 2002 (19.12.2002)

(25) Filing Language: English

(26) Publication Language: English
(30) Priority Data:

10/034,340 27 December 2001 (27.12.2001) US

(71) Applicant: INTEL CORPORATION [US/US]; 2200
Mission College Boulevard, Santa Clara, CA 95052 (US).

(72) Inventor: RUEHLE, Mike; 12022 Verano Court, San
Diego, CA 92128 (US).

(74) Agents: HARRIS, Scott, C.; Fish & Richardson, P.C.,
Suite 500, 4350 La Jolla Village Drive, San Diego, CA
92122 et al. (US).

(81) Designated States (national): AE, AG, AL, AM, AT, AU,
AZ,BA, BB, BG, BR, BY, BZ, CA, CH, CN, CO, CR, CU,
CZ, DE, DK, DM, DZ, EC, EE, ES, FI, GB, GD, GE, GH,
GM, HR, HU, ID, IL,, IN, IS, JP, KE, KG, KP, KR, KZ, LC,
LK, LR, LS, LT, LU, LV, MA, MD, MG, MK, MN, MW,
MX, MZ, NO, NZ, OM, PH, PL, PT, RO, RU, SC, SD, SE,
SG, SK, SL, TJ, TM, TN, TR, TT, TZ, UA, UG, UZ, VC,
VN, YU, ZA, ZM, ZW.
(84) Designated States (regional): ARIPO patent (GH, GM,
KE, LS, MW, MZ, SD, SL, SZ, TZ, UG, ZM, ZW),
Burasian patent (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
Buropean patent (AT, BE, BG, CH, CY, CZ, DE, DK, EE,
ES, FL, FR, GB, GR, IE, IT, LU, MC, NL, PT, SE, SI, SK,
TR), OAPI patent (BE, BJ, CE CG, CL, CM, GA, GN, GQ,
GW, ML, MR, NE, SN, TD, TG).

Published:

with international search report

before the expiration of the time limit for amending the
claims and to be republished in the event of receipt of
amendments

For two-letter codes and other abbreviations, refer to the "Guid-
ance Notes on Codes and Abbreviations" appearing at the begin-
ning of each regular issue of the PCT Gazette.

(54) Title: SIGNAL PERMUTING

1 19 14 12 13
L, CONTROL | |L, DATA1
L, DATAI e L, DATA2
Input PN Output
circuitry | L, DATA?2 N B T GROUND | circuitry
Lq GROUND —_—""’Pemutiné\\ Lq CONTROL
network

(57) Abstract: A method of constructing a permuting network. A configuration for layers of a permuting network is selected based
on a set of integer factors of N, the number of signals to be permuted, and on pre-selected types of switches. The permuting network
is constructed in layers by using the pre-selected types of switches based on the selected configuration.



WO 03/059004 PCT/US02/41311

10

15

20

SIGNAL PERMUTING

TECHNICAL FIELD

This invention relates to signal permuting.

BACKGROUND

Signal permuting is used to change the routing paths of signals to connect two
interfaces whose sets of signal lines have different orderings. For example, as shown in
Figure 1A, if an interface 10 to input circuitry 11 has lines Lo to L that carry Control,
Data 1, Data 2, and Ground signals, and a second interface 12 to output circuitry 13 has
lines Lo to L3 that carry Datal, Data 2, Ground, and Control signals, the input and output
interfaces are coupled by a 4-by-4 permuting network 14 that maps [Lo, L;, L, Ls] to [Ls,
Lo, L1, Lo].

A permuting network can be implemented using switches. In Fig. 1B, the output of
an n: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
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 Sp and S;.

An n:1 switch can be implemented using an »:1 multiplexer, a 2"x1 random access
memory that has its contents written to reflect a single address input, or an »-input lookup-
table in a field programmable gate array that is programmed to reflect any one of its inputs
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
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FIGs 2-3A and 3B are schematic diagrams of permuting networks.
FIG 4A is a diagram of a mapping between input and output terminals.
FIG 4B is a diagram showing transition of position coordinates of signals.
FIG 5A is a schematic diagram of a computer having a permuting network.
5 FIG 5B is a diagram of a mapping between the input and output terminals of the
permuting network of FIG 5A.

- FIG 6 is a schematic diagram of a permuting network.

DETAILED DESCRIPTION
The invention is directed towards construction of a permuting network using a

10 predetermined set of building blocks. The building blocks are programmable switches 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 = wixw,x...Xwp signals is implemented using 2D-1 layers of switches,
layers L; through L;p.;. The numbers wi, wo, ..., wp are integers. Each layer contains the
same number (V) 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 w:1 switches, layer L,
contains wy:1 switches, and layer Lp contains wp:1 switches. For A = D+1 to 2D-1, layer
L, contains (2D-4):1 switches. For example, layer L+, contains wp.;:1 switches, and layer

L;p+1 contains wy:1 switches. By appropriately connecting the output terminals of switches
2
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in one layer to the input terminals of switches in the next layer, and appropriately
programming the switches to select input signals, MSAP 200 can permute the ordering of
a set of signals at its input into any arbitrary ordering of the signals at its output.

The input signals of the switches in layer L; are the N input signals of the MSAP.
The wi:1 switches in the layer L, are configured to form a number of w-by-w; permuters
202, thé number being N/w;. Each w;-by-w; permuter 202 includes a number of w:1
switches, the number being w;. Each wi-by-w; permuter 202 receives w; signals from the
input terminals 204, and outputs a set of re-ordered w; signals on the output terminals 206.
The output signals 206 of permuters 202 are sent to the input terminals of permuters in
layer L,. The wo:1 switches in layer L, are configured to form a number of wy-by-w,
permuters 208, the number being N/w,. Each wy-by-w, permuter 208 receives w, signals 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 L3, and so forth.

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; (A = D+1 to 2D-1) are
grouped into wop.1-by-wop.) permuters, each permuter receiving wyp.; signals from the
previous layer and generating a set of re-ordered wyp.; signals at its output. The switch
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
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so that each of the output signals of a permuter is sent to a different permuter in the next
layer. Thus, each w;-by-w; permuter receives w; input signals from w; different permuters
in the previous layer, permutes the order of the w; signals, and sends the re-ordered w;
signals to w; different permuters in the next layer.

An advantage of the invention is that the MSAP can be designed and constructed
using various types of switches, depending on which types are available. For example, to
design an MSAP that can permute N signals, the factors w; of N are first determined.
Usually the number N can be factored in many ways, each of which corresponds to a
different design. For example, suppose the factors w; are chosen so that
N = wixwyx...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:

* A two-dimensional MSAP can be designed by choosing N=48, D=2, w,
=6, and w, = 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, wy =4, and w3 = 4. The 48-by-48 MSAP can be built by using a first
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 =75, w,

=2, w,=2, w3 =2, wy=2, and ws= 3. The 48-by-48 MSAP can be built
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using first through fourth layers of 2:1 switches, a fifth layer of 3:1
switches, and sixth through ninth layers of 2:1switches.

The advantage is apparent when different environments (e.g., different
technologies for implementing the switches, or different brands of products of the same
technology) provide different types of switches, or allow different types of switches to be
implemented most economically. For example, in one environment, the basic building
block may be 2:1 switches, and all other n:1 switches are constructed from the 2:1
switches. In another environment, the basic building blocks may include both 2:1 and 3:1
switches, and larger switches are built from these two types of switches. An N-by-N
MSAP may be constructed using building blocks that are the most economical for that
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
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, wy=38.
o N=64,D=3, wi=4,wy=4,wy=4.
e N=64,D=6,w=2,Wy=2,W3=2, Wy =2, ws=2, wg=2,

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
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smallest number of switches overall). Because the dimensional width w;, is proportional to
the sizes of switches, smaller switches and less logic circuitry can be used by choosing w1,
W2, ..., wp as close together in value as possible. For example, when N = #”, the most
economical configuration is to choose w; =w, = ... = wp= n. For example, if larger
switches have to be constructed from 2:1 switches, then the most efficient design for
MSAP is to choose » =2 and use 2:1 switches as the basic building blocks of the MSAP.
See Table 1 below for a comparison of the efficiency of MSAP’s constructed using
switches of various sizes.

In the example shown in Fig. 3A, a 12-by-12 MSAP 300 is constructed from two
layers of 3:1 switches and one layer of 4:1 switches. MSAP 300 includes layers L; to Ls.
Layer L; includes 3:1 switches that are configured to form 3-by-3 permuters 302, 304,
306, and 308. Layer L, includes 4:1 switches 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
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
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.
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Likewise, each output of a permuter in the layer L, is connected to an input of a
different permuter in layer Ls. Thus, each of the four output signals of a permuter in layer
L, will be re-ordered by a different permuter in layer L. By properly re-ordering signals
using each permuters, the 12-by-12 MSAP can re-order 12 input signals into any orderings
of the 12 output signals.

As an illustration of how permuters re-order signals, dashed lines are shown inside
each permuter representing routing of signals from input terminals to output terminals.
Twelve input signals with the ordering [S;, Sy, ..., Si2] are re-ordered into ordering [S7, Ss,
S3, So, Sg, S1, S10, S2, Se, Si12, S11, S4] at the output of MSAP 300. The following illustrates
how signal S3 is re-ordered from line #3 at the input terminal at the left of the figure to line
#6 at the output terminal at the right of the figure. Permuter 302 re-orders signal S; from
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 S; from input #4 to output #6. The inputs and
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
are said to form a D-dimensional array. The switches in layer L, are denoted as S[A][x;, x2,
.oo» 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
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to the ends of switch names. For example, switch S[1][2,3,4] has inputs S[1][2,3,4]1,

S[1][2,3,4]>, etc. The outputs will be denoted by adding an asterisk (e.g. S[1][2,3,4]*).
The output signals of the MSAP are the outputs of the last layer Lyp.1, i.e., the

MSAP outputs are S[2D-1][x1, x3, ..., xp]* for the various combinations of x1, x, ..., Xp.

5  To simplify description of notation for the switches, a fictional layer Lo is used so that the
MSAP inputs are the Lo outputs. Thus, the MSAP inputs are S[0][x, x5, ..., xp]* for the
various combinations of i, x,, ..., xp. Although there is no switch S[0][1, ..., 1], there is
a signal S[0][1, ..., 1T*, which is the MSAP input.

Fori=1,2, ..., D, the permuters in layer L, arbitrarily permute the outputs of the
10 permuters in the previous layer along dimension A only. This means that the switches in a
permuter in layer L, only receive signals from switches in the previous layer having labels
that are different in dimension 4, and only permute those signals. Each of the wy:1
switches in layer L, (A < D), denoted S[A][x1, x2, ..., xp], has wy, inputs, i.e., S[A][x1, x2, ...,
xpl1, S[AI[X1, X2, ..., XDJ2s ...y S[A][X1, X2, ..., xp]wa). These inputs map to all the outputs of
15  the previous layer with switch coordinates differing only in dimension A:
S[AILx1, X2, <. es X2 -5 Xp)1 = S[A-1][x1, X2, ..oy 1, .., xp]*

S[/l][x1, X2y cevg Xhy eoey xD]2 = S[A-l][xl, X2y veey 2, . xD]*

S[AIx1, X2, <oy X, ooy XD)Way = S[A-1][x1, X2, ..., Wi, +.0, XD]*
20 (1<A<D;any x1,x2, ..., XD)
ForA=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 wp.:1 switches
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in layer Ly, (A > D), denoted S[A][x1, x2, ..., xp], has w,py, inputs, i.e., S[A][x1, X2, ..., Xp]1,
S[Al[x1, x2, ..., XDJ2, ..., S[A][*1, X2, ..., Xp]Wap). These inputs map to all the outputs of
the previous layer with switch coordinates differing only in dimension 2D-A:

SIAI[x1, X2, <.y ¥2ps - .op Xp]1 = S[A-1][X1, X2, ..., 1, ..., xp]*

5 S[X][xl, X2y eeey X2DAo + 1 o5 xD]2 = S[X-l][xl, X2 cees 25 unny xD]*

SIM[x1, X2, «voy X205 « .oy XD]Wapay = S[A-11[X1, X2, <..r Wapa, -..r XD]*
(D+1 <A <2D-1; any x1, X2, ..., Xp)
Referring to Fig. 3B, the switches in MSAP 300 have been labeled as S[\][x1, x2],
10 Aranging from 1 to 3, x; ranging from 1 to 3, and x, 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
15 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]s = S[0][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:
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S[2][2,3]; = S[1][2,1]*

S[2][2,3]> = S[1][2,2]*

S[2][2,3]s = S[1][2,3]*

S[2][2,3]4 = S[1][2,4]*

Layer L3 permutes the signals along the first dimension. For example, switch
S[3][2,3] has its three inputs connected as follows:

S[31[2,3]s = S[2][1,3]*

S[3][2,3]2 = S[2][2,3]*

S[3]12,3]s = S[2][3,3]*

The output signals of MSAP 300 are the 12 switch outputs from layer L, 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 Lp.;) 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 wy. In
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][¢, 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 wy, 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
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, x, ..., xp],

10
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and corresponds to the label of the switch that selected the signal as output. For example,
in Fig. 3B, the signal at input line #3 has a starting position of [3,1] because the signal is
selected by switch S[0][3,1] and reflected at its output. As described previously, layer Lo is
a fictional layer and used just for convenience of description. When the signal propagates
to layer L, its position changes to [1,1] because the signal is selected by switch S[1][1,1].
When the signal pr;apagates to layer Lo, its position changes to [1,2] because the signal is
selected by switch S[2][1,2]. Then in layer Ls, the position of the signal changes to [3,2]
because the signal is selected by switch S[3][3,2].

In a three dimensional (D=3) MSAP, suppose an input signal has a starting
position of [2,5,3] and a target position of [4,1,6]. This means 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
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]
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]
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
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position paths for the MSAP’s input signals have been determined, all of the switches in
the MSAP can be set so that all input signals are routed to the proper output terminals of
the MSAP. Thus, a collection of N position paths (or signal paths) can be used to

determine a switch-setting configuration for an MSAP.

The MSAP Switching Algorithm

The MSAP switching algorithm provides a way of configuring an MSAP to route
input signals to achieve every possible signal permutation at the output terminals.
However, the configuration provided by the switching algorithm is not the only way that
an MSAP can be configured to permute signals. It is possible to use a “brute-force”
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
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
position of each signal is its starting position. The Lop.; 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 £

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

12
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1 is called initially, parameter X = {all the signals} is passed to Algorithm 1. In subsequent
recursive calls, parameter X will contain successively smaller subsets of signals.
Algorithm 1 keeps track of the depth of its recursion by passing a level parameter . When
Algorithm 1 is initially called, parameter A = 1 is given to the algorithm. When Algorithm
1 calls itself again, parameter A = 2 is passed, and so forth.

For any given N, D, wi, wy, ..., and wp such that N=w; x wz x ... x wp, Algorithm
1 performs the steps below using the parameter 1 to represent the recursion depth and 2 to

represent the subset of signals to operate on. Initially, set A=1.

Step 1: If A = D, jump to step 5.
Step 2: Copy the Ly.; position of each signal in X to its L position.

Step 3: Call Algorithm 2 to permute the L positions of signals in X, changing only
the A" 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

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

A =A+1.
Step 5: Permute the signals in £ from their positions in L;p..1 to new positions in
Lapa, by changing the A™ position coordinate of each signal to its A™ target
coordinate.
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 &. 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
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Algorithm 2, as described below, moves signals by swapping pairs of signals, thereby

preventing collisions of signals (i.e., two signals being selected by the same switch).

Algorithm 2

The following is a descriptidn of Algorithm 2 called by Step 3 of Algorithm 1. Due
to the recursive nature of Algorithm 1, in layer L, all the signals in £ will have the same
1*to (\-1)™ position coordinates. Their A™ to D™ position coordinates, on the other hand,
will run through all possible combinations. Thus, although each signal still has D position
coordinates, X is effectively a (D-A+1)-dimensional array of signals according to positions
in layer Ly. The A™ position coordinate of each signal in ¥ determines the “slice” of this
array that signal is in. The (A+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 (A+1)™ to D™ position coordinates are in the same column. Thus,
the array of signals in X is divided into wy, different slices, numbered 1 through w;. The
array is also divided into wysixwyx...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
subset of the available position coordinates containing subsets of X 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

position [6,5,4,3,2]. Suppose Algorithm 2 is called when A = 3, representing the 3™ level of
14
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recursion in Algorithm 1. In this case, X is a subset of signals with constant L, position

coordinates in dimensions 1 and 2. For example, all the signals in X may have L, position

- coordinates of the form [4,2, , , ], so that X contains exactly 4x3x2 = 24 signals:

[4,2,1,1,1], ..., [4,2,4,3,2].

In Step 2 of Algorithm 1, the L, positions of the signals in X are copied to their L;
positions, so the L positions of the 24 signals are also of the form [4,2, , , ].
Algorithm 2 is called to rearrange the 24 signals in  within layer L, i.e., Algorithm 2
changes the Ls position coordinates of the 24 signals in . Algorithm 2 divides the 24
signals in Z into 4 "slices" and 6 "columns" based on their position coordinates. Each of
the 4 slices have 6 signals, and each of the 6 columns have 4 signals.

The 4 slices contain those signals with a given 3™ (since A = 3) L3 position
coordinate. There are 4 slices because A = 3 and w3 = 4. The slices are called "slice 1"
through "slice 4." Slice k contains those signals in X whose 3" L; position coordinate is k.
For example, slice 3 contains 6 signals whose L3 position coordinates are [4,2,3,1,1],
[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,
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 [4,2,1,1,11, [4,2,2,1,1], [4,2,3,1,1] and [4,2,4,1,1]. There is another column
whose signals have L 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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coordinates with their 4™ and 5" dimension coordinates fixed. Thus, signals with Ls

position coordinates [4,2,2,3,1] and [4,2,4,3,1] are said to be in the "same column”

because their 4™ and 5" coordinates [3,1] match. In Algorithm 2, a column always retains

the same set of signals after permutation because the swapping action only exchanges two

signals in the same column.

Having described the definition of the terms “slice” and “column,” the following is

a description of the steps performed by Algorithm 2:

1.FORS=1TOw,~1DO:

2,

10.
11.

WHILE slice S contains at least 2 signals with identical (\+1)* to D™ target

coordinates DO:

SET X, = one of these signals
FORKX=0,1,2,...DO:

Look for a signal Z in slices S+1 through w, and in the same
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 (A+1)™" to D" target coordinates of any
signal in slice S. IF found THEN BREAK from the “FOR
K loop.

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;
Xxr Is in slice S, and is different from X, X3, ..., and X;
Y1 and Xiy, have identical (\+1)™ to D™ target
coordinates.
There will always be such a pair of signals.
END FOR K
LOOP:

Swap signal Z with signal Xj

IF K =0 THEN BREAK from the LOOP

SETZ=7Yx
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12. Z is now in the same column as some X. SET X to this J.
13. END LOOP

14. END WHILE

15.END FOR S

Algorithm 2 works by “fixing” one slice at a time, i.e., once a slice is fixed, its
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
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
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 (A+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
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 Ls

only changes the coordinates of the first dimension.
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An advantage of an MSAP is that it efficiently uses pre-selected switches as basic
building blocks. The simplest and most efficient MSAP’s use only n:1 switches (n being
an integer) to permute N = »" signals. In such a case, there are 2D-1 layers, each
containing N switches. Because D = log,V, there is a total of Nx(2 log,N-1) n:1 switches.
Therefore, the amount of logic circuitry required to construct an MSAP using pre-selected
switches with fixed switch sizes is on the order of N log N.

A comparison of the efficiency of MSAP’s constructed using switches of various
sizes is given below in Table 1. Here, it is assumed that larger switches are built from
smaller switches. Table 1 shows that an MSAP using larger switch sizes requires more
logic circuitry. For example, if 2:1 switches are available, then building an N=64 MSAP is
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

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:1 switch (=n-1) switches 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% 91%
64 64 1 64 63 4032 573% 473%

An application of an MSAP is to permute signals between a motherboard and a
daughter board in a computer. Referring to Fig. 5A, 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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motherboard 502. Daughter board 506 and motherboard 502 are manufactured by different
companies so that motherboard 502 sends signals on the signal lines of interface 504 in an
order that is different from the order recognized by memory 512.

Daughter board 506 includes a permuting network 508 that has input terminals
connected to interface 504 and output terminals connected to an interface 510, which in
turn is connected to memory 512. Permuting network 508 routes the signals in the signal
lines of interface 504 to the signal lines of interface 510 with a new ordering that is
acceptable to memory 512. The mapping between signal lines of interface 504 and signal
lines of interface 510 is shown in Fig. 5B. As an example, the signal s1 on line #1 of
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
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
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, w=3, w,=3, and ws=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 L; includes 2:1
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switches that are configured to form 2-by-2 permuters. Within each permuter, different
switches select different input signals so that there is no overlap in their selections. This
results in a re-ordering of the input signals appearing at the output terminals of the
permuter.

In Fig. 6, the switch labels are shown inside the permuters. The three switches in a
permuter 602 in layer L; have the same 2™ and 3™ coordinates but different 1%
coordinates. Thus, permuter 602 permutes the position coordinates of input signals in the
first dimension. Likewise, other permuters in layer L; also permute the position
coordinates of input signals in the first dimension. The three switches in a permuter 604 in
layer L, have the same 1% and 3™ coordinates but different 2™ coordinates. Thus, permuter
604 permutes the position coordinates of input signals in the second dimension. Likewise,
other permuters in layer L, also permute the position coordinates of input signals in the
second dimension.

In a similar manner, permuters in layer L; permute the position coordinates of
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 Ls, and so forth.

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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programmed to select input signals according to the signal paths determined by the MSAP
switching algorithm.

Other embodiments are within the scope of the following claims. For example, the
switches may be implemented using devices other than an FPGA. The swiiches may be
programmed by a processor on the motherboard rather than by a processor on the daughter
board. The configuration of switches (i.e., which signal is selected from its inputs and
reflected at the output) may be dynamically programmable, or be programmable once and
then fixed permanently. An MSAP that performs bit permutations can be used as a
building block of an encoder/decoder that encrypts/decrypts messages. The MSAP can be
used to construct telecommunication networks to route signals from nodes at one location
to nodes at another location in a non-blocking manner. The MSAP can also be used in
massively parallel or supercomputing applications to route signals among different

Processors.
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WHAT IS CLAIMED IS:

l. A method comprising:

selecting a configuration for layers of a permuting network based on a set of
integer factors of N, the number of signals to be permuted, and on pre-selected types of
switches; and

constructing the permuting network in layers by using the pre-selected types of

switches based on the selected configuration.

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

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 w;,

Wa, ..., Wp (D being an integer) such that N = wixwyx...xwp.

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, wy:1, .., and wp:1 switches or are

constructed from wi:1, wa:1, .., and wp:1 switches.

6. A method comprising:

receiving N signals; and
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re-ordering the N signals using a permuting network constructed from layers of
switches having a configuration based on a set of integer factors of N and on pre-selected

types of switches.

7. The method of claim 6 in which each layer has N switches of the same type, each

type of switch having a predefined number of input terminals and one output terminal.

8. The method of claim 7 in which each layer of the permuting network groups the N
signals into subsets of signals and permutes the ordering of the subsets of signals, the
number of signals in the subsets being equal to the number of input terminals that each

switch in the layer has.

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.

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

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

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

N output terminals; and
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a permuting network configured to form non-blocking signal paths that connects
the input terminals to the output terminals in an arbitrary order, 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 switch capable of selecting one signal from

among a predefined number of signals.

12.  The apparatus of claim 11 wherein each switch has input and output terminals, the
input terminals of the switches in the first layer coupled to the N input terminals of the
apparatus, the output terminals of the switches in the last layer coupled to the N output
terminals of the apparatus, and for all layers except the last layer, the output terminals of

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, wy, ..., wp (D being
an integer) such that N = wxwax...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.

16.  The apparatus of claim 15 wherein for each p-th layer of switches, p ranging from
1 to D, w,:1 switches are configured to form w,-by-w, permuters that are capable of
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permuting the ordering of w,, signal paths, and for each of the g-th layer of switches, g
ranging from D+1 to 2D-1, wap.,:1 switches are configured to form wap.g-by-wap4

permuters that are capable of permuting the ordering of wp., signal paths.

17.  The apparatus of claim 16 in which each of the input terminals of each permuter in
the 2™ layer to the (2D-1)th layer is connected to the output terminal of a different

permuter in the previous layer.

18.  Apparatus comprising:

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;
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

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.

21.  The apparatus of claim 20 in which the first device is a computer motherboard.
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22.  The apparatus of claim 19 in which the integer factors are w1, wa, ..., wp (D being
an integer) such that N = wixwzx...xwp, and the types of switches used include wi:1, wa:1,

..., and wp:1 switches.

23.  The apparatus of claim 22 in which the permuting network is configured to have
2D-1 layers of switches, each layer having N switches of the same type, each layer

permuting the order of different subsets of the NV signals.

24. A computer program stored on a computer-readable media for causing a computer
system to perform the functions of:

assigning a multi-dimensional coordinate to each of a set of N signals, N being an
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 NV signals

match a set of target coordinates.

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 =wixwyx...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, k ranging from 1 to D.
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27.  The computer 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, comprisi.ng:

(2D - 1) layers of switches, D being an integer, the n-th layer and (2D - n)-th layer
having w,-by-w, switches, n ranging from I to D, and w; to wp being integer factors of N
such that N= w; x wy x ... x wp, the first layer of switches re-ordering the order of N
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

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 g-th layer
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.
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Input #1 :
Input #2 :

Input #3 :

Input #4 :
Input #5 :
Input #6 :

Input #7
Input #8 :
Input #9 :

Input #10 :

Input #11

Input #12 :

FIG.

4A

[2.3]

:[3,2]

[3,4]
[2.1]
[3.3]

[1,1]
[2,2]
[1,2]

5/9
MAPPING GOAL
[1,1] —» Output#l:
[21]  —» OQutput#2:
[3,11 —» Output #3
[1,2] —» Output#4:
[2,2] —» Output#5:
[3,2] —» Output #6
[1,3] —» Output #7:
[2,3] —» Output #8:
[3,3] —» Output#9:
[1,4] —» Output#10:[1,3]
:[2,4] —» Output #11:[2,4]
[3,4] —» Output#12:[1,4]
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SWITCH SEQUENCE

[1,1] — [3,1] —» [3,1] —» [3,1]
[2,1] —» [2,1] —» [23] —» [2,3]

[3.1] —» [1,1] —» [L2] —» [3.2]

[1,2] —» [1,2] —» [1,4] —» [3.4]
2,2] —» [2,2] —» [2,1] —» [2,1]

[3,2] —» [3,2] —» [3,3] —» [3.3]

—» [1,1] —» [l,i]
[2,3] —» [23] —» [2.2] —» [2,2]
b

[1,3] —» [1,3]

[1,4] —» [1,4] —» [1,3] —» [1,3]
[3.4] —» [34] —» [34] —» [14]

L,: Exchafige first coordinat L,: Exchange first coordinate

L,: Exchange second coordinate

FIG. 4B



WO 03/059004

7/9

502 \ /500

PCT/US02/41311

Motherboard

506

508

Permuting network
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Memory

FIG. 5A
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