HOPFHELQENEURAL NETWORKS The present invention relates to an

" i.npr pved 5 Hopfi el d neural network. Speci fically, although-not
exctusively, the inproved neural network nmay be used to : cont rol
'packét ‘'switching in a packet sw tching network. I n -a packet
swi.t ching network; information to be - transmitted is digitised and
then forned into small 10 addr essabl e packets which are then -
transmtted over a synchr%ﬁm‘%ect ed that the
broad band swi tching syst ke use of packet
switching [1], and although it is generally agreed that such
networks will rely on é‘C*}E?é‘Qé‘ﬁcTr anvbaEiMRde rhlates (ABV .an MBihy zroyed
chal l enges still exist 1n realisin necessary_hi gh speed et
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of authors [4] to In gaepa@hea;l swivochksgf cmeta@mlewngfmmmmmtb be
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t echni ques of neural networks fo sw I ng an routing
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network for contrgw1tc %ghls st:seFr)nese% atgl'h(eetfuture will make use of packet
switching [1], and although it is generally agreed that
such networks will rely on Asynchronous Transfer Mode
15 (ATM), many challenges still exist “in realising the
necessary high speed packet switching technologies [2,3].
In particular, one of the essential features of such a
system is the availability of fast packet switches to
route the individual packets reliably and rapidly to
20 their addressed destinations.

It has been proposed by a number of authors [4] to
use neural networks for achieving ATM network control.
More particularly, it has been proposed to apply the
techniques of neural networks to switching and routing
25 schemes; a general review of this field has been g:Lven

by Brown [5]. '
In a recent study, Ali and Nguyen explored the use
! ' of a Hopfield network for controlling a high speed packet-
switch [6]. Use of a Hopfield neural network for control
30 of a switch was first:- proposed by Marrakchi and Toudet
{7). Although Ali and Nguyen-demonstrated that the
Hopfield dynamical network could be used to obtain high
solution accuracy, long simulation times are still a
problem. This puts severe restrictions on the size of
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operation of the network to th desired result. Such an approach
has been used by Varignsywedtteqneg  haye ;) hesmat made kR oadMPTEIE]

for exanpkenbgrgence! speédp] oné techplguecobeingt tbaxdtd® the
certain of the niﬁlons t?. enforc%lio er at or%grecedence 15 lenlati
rel ati onshi ps. R§EER ot FIBF S ERBs e pprot heREWERBe 28 calgplations
~assi stancel@ n cerpabaeed;, cunst ahicest t bperdricm of theadtktewkthe the
central probl e r Pals) t {,08s m o Ng
extrenmely |engt %eg%ﬁﬁa e]\'Igg"tliﬁ'nwi e% §h and Hagg%lg ?IHSIW?Q orb %fggél ngfv\o%s
havi ng many 20 Homeywedlneltdhs. An alternative approach, used for
example by Foo et al [15], is to apply constant biases to
_certain of the neurons to enforce operation precedence
15 Yrelationships. Although both of these approaches may be
of assistance in certain circumstances, they do not
address the central ©problem of ©preventing the
calculations from becoming extremely lengthy and
unwieldy, and hence slow, for large networks having many

20 active neurons.
A common aim of researchers in the neural network

field is to design a robust network which does not easily
get trapped in local minima. Various approaéhes have
been used to improve network robustness, including the
25 use of a transfer function which changes with time in a
defined way. Ueda et al [16] discloses the use of a
time-varying transfer function which gradually becomes
sharper as the calculation proceeds. Neelakanta et al
[17] uses a rather similar approach, but based upon the
30 analogy of a gradually decreasing annealing temperature.
Cheung (18] and Gsosh [12] disclose other approaches for
changing the operation of individual neurons in a defined

way as the calculations proceeds.
In order to optimise the type of neural network now



A condon ai m of researchers in the neural network field is to design

a robyst network which does not easily get trapped in local mnina.
Var pous approaches have been used to i nprove network robustness,

i ncluding the 25 use of a transfer functi whi ch changes with tinme in
a defined way. Ueda et al [16] discloses the use of a -
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Such a nethod is described in, for, exa |e,-HOEer . . L.
information can be obtained to assist in optimising the

10 network.
Neural networks have been applied in a variety of
circumstances, and these include routing systems and
crossbar switches - see for example Fujitsu ([20] and

. Troudet et &1 [12].
15 It is an object of the present invention to provide

an improved neural network, based upon the Hopfield
model, and particularly for use in operating high speed
packet switches (although many other applications may be

envisaged) .
20 It is a further object to improve on the work of Ali

and Nguyen [6] and to provide a neural network which
converges more rapidly to a guaranteed, or virtually
guaranteed, valid solution.
it is a further object of the present invention to
25 provide an improved general purpose neural network, based
upon the Hopfield model, which will have applications in
many technical fields.
According to a first aspect of the present invention -
there is provided a method of operating a Hopfield
30 network to solve a problem, the solution to which is
partially known, the method comprising forcing at least
some of the neurons for which the correct values are
known - to take on the respective correct values, and
operating the network to complete the solution to the
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[13] and Chu [14]. The present applicants have found, surprisingly, that
usi ng ,an extension of this technique conS|derany nore i nformation can
be thalned to assist in optimsing the network. 10 Neur a

net wor ks have been applied in a variety of ci4cunstances, and t hese

I nclude routing systens and crossbar switches - see for exanple Fujitsu

[ 20] and Troudet et al [12]. It is an object of the present
i nvention to provPH@Déﬁmlnproved neur al net wor k, based upon the

Hopfiel d model, and pathieCyhdeh¥ibRMaliS6 éXrOR®S Ad r&ﬁamu@ foPessrianieet
Swi tches (although nanﬁ ot he appllﬁatlons may be envi sags

It is a further oBPEcERRoMPRBPEveaBA Lhe2GEPRIGRIAY| Xk §§u§€na[§PP§ﬁ&léo
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virtual |y garant egde yol g SRR cre moruprc Lhcfafhd ULiEL bgls

t he -present i nvent ¥ of e an |nprove S enera pPOSE
network, based upon fmqmpatell@arﬁide‘ﬁom@hmﬂ'u ahel mns fappiwhiah obei n

many techni cal figh@Sact values arﬁccﬁhéhﬁg 59 acékéstox@saaat Pésbéétlve

present invention there is EFOVI % FE erating a Hopfield
net wor k i ncor por &PFFERRUVE Eeﬁavﬁﬂfeﬂqq%ﬁs e8F oner H8E Seni ReE%PEK alied

respog;e thelnﬂ&fﬁbp@m@rt?engoleeﬁaﬁedbytgadpfbhgehhﬁ 25 neu;on out put s

according_to an updati ule. chara ised int t e transfer

function Flhs at | east %e%ﬁﬁ'f:aﬂgt &* \% %ﬁtcﬁgﬁlﬁe ugpns to their

pseudorandomy kndyet wemrrederelwes,. it has been ﬂwmndnwhmtlcmnvésgence

extends to appar ggis é"c&i&&iheg.oﬂgt fé‘ecéﬁé{@é’raﬁif Peeé&&"g B Wy ghso

extends to a Hopfiel etwork 1 ncorporating neurons t ransfer

function with a Herdark ggnarelly Héem%r'@’r’ﬁcﬁ;%ﬂb%@ nmeans for
updating the neuron O'Sﬁyﬂiﬂc.%.l OF QiHatrd O tHe UpdaloR® I ike, usbar agd ersSede by

e antt Yelii a;%pgf;ggﬁvgfg) 081 LA0S" Bhe MGLL0RuL 2 IR 0L o
the solution matrix will converge to either an upper
attractor {(which may be 1) or a lower attractor (which
may be 0). Where solutions are already known for the
individual elements of the solution matrix (for example

20 - because of some constraints on the problem to be solved,
or from other external sources) the relevant entries may
be forced to the corresponding attractor.

According to a second aspect of the present
invention there is provided a method of operating a

25 Hopfield network incorporating neurons having a transfer
function with a graded response, the method comprising
repeatedly updating the neuron outputs according to an
updating rule, characterised 1in that the transfer
function has at least one parameter which changes

30 randomly or pseudorandomly between iterations.

The invention also extends to apparatus for carrying
out the method, and accordingly also extends to a
Hopfield network incorporating neurons having a transfer
function with a graded response, the network including
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7 g bet ween iterations. Changi ng the updating rule from

i-teration to iteration introduces noise into the system and enabl es
the algorithmto avoid at |east sone of the ngn-global 5 mininma in which
it mght otherw se becone trapped. This may b® achi eved by random y or

pseudo randonl y changing the constant ([err]) of a signmoid function.

The preferred appLi,catéQn 8 d&ﬁggygw%uriﬂVSBEbQEs, ia%cdﬂiix% S‘ﬁe an

t el econmuni cations sw tch, prefera In a packet swtching_system
practi cal r eaHPdatiss ofulfie SHATIFHRTISER VI FERPSUEPE oiVamwing a

application, and pheahBckhm tefi o t Beanafegus feEPPDORYI eardvkiyedor
VLSI, optics, softwar al |l .be exploited.

g and .so,on couLg
The neural net wor REEBOPE2REBAEoEEE CEM HEPTRN A% dware or in software. It
could al so %e split beCheprgitbe the (lwpdatdmy e)rule from itémation to

tical enbodi : ' 1):l . des) [ d it h
pract ol oo e o;BRCHeL SULLEL ool ey g ATyl
prioritisation inflenaloeritm F@ ARk a6t WBARE FPMEn 9fhcehe nBoBagitebails

gxp_eri etncijng URaQﬁﬁﬁixﬁQLﬁnﬁﬁhﬂdh(_ﬂti z?iél?ﬁ ”@_tt:héﬂvi{séfbéeo&léceﬂhﬁg_efaacﬁﬁhiiss
esi gnated as havin i gh .prioyi e ‘gqueue manager nma i e
o mtr i Y Be B LAveb ) k2R IORL e S AR oo hand Log
sequenci ngo The 2fhe femestamt of 8) hef qaesbgmabdgfuncodilbd. be achi eved using
conventional, neural, genetic algorithm fuzzy algorithmor hybrid

t echni ques. In inplenentations in which the present invention
is used for problem Accerding tn ifethikghaspecs eforherprasenhsinvention

there is provided. a method of operating a Hopfield
. network using an updating rule

-

' n n
T Xy (E) = x;(e-1)+A C(-a"ij'AkZ Vix'B}: ykj+'§]
7 . ()

15 - - (23)
or an equation substantially mathematically equivalent
thereto, where: '

X;; is an input to the neuron referenced by ij,
Yi; is an output to the neuron referenced by ij,
20 A, B and C are optimisation values,
T and, further, where '
X;; and y,; are related by a monotonic activation

(transfer) function

'yij = f(xxj) -

(1)
25 and C is chosen to be very much smaller than the sum of
A and B. -
The .invention alsc extends to an apparatus for
carrying out the method, and according extends to a
Hopfield network adapted to operate using an updating
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switches, it may still be desirable to have an input manager
sitting in front of the neural network, and nodi fyi ng the i nput
maty i x according to known constraints. on the problemto be sol ved.
In particular, the input 5 manager wlk provide the neur al

net wor k W th prioritisation information where the network
S undertaki ng sonme sort of sequencing task. The
invention may be &8 ed into practice in a nunber of ways and one
specific enbodi ment will now be 10 descri bed, by way of exanple,

il lustrating the use of the present {i nventi e fiekyl of high
speed packet swit &y g, = ¥hd tdééd‘rﬂl rﬁéfmnﬁﬂ"}fﬂc'ﬁr B

enbodi nment will refer to the acconpanyi ng dfaw ng€*in ch
Figure 1 is a schematic diagramof a high speed 15 packet sw tch
Figure 2 is a graph showing the Signoid function for val ues of23)err]
of 0.08 and 0. 16; g S r

8 x 8 |npu? r.?q%?¥ﬁg%pFP§F§a??3%§& gﬁi&@%@é&%ﬁgéiy %hhif&&eﬂ?’
A=B=1250, C=700 aﬁGEFEFP} -whege: Figure 4 shows the values
of f(x) feor the x,; isl &ml ahp%s t@f t'ﬂé?llﬁe‘i‘m%n referenced kﬁ}' QEJ_'T e 5

shows the sinulation regults for an h trix &Mb
opti misation paranet er¥isséf 3P ﬂu§95555°2§ e n%%ﬁ?%}? renced by ij,

Figure 6 shows the AyaBuasd Of aré(aptimdsattibe values,3|nulat|ons of

Fi gure 5; 7 the sinmulation results for an 8 x 8
I nput matrix with a%ét €$€a§$€h %ggggnters set at A=B=1250 30 and C=100.
The flgure shows the 8wz i @ndony of %ra/vhéﬁlﬁﬁed by a monotonic activation
10 (t*ansrer) function
- yiJ = f(X;-J-)

(1)

and G is chosen to be very much smaller than the sum of

A and B.
It is not impossible that the network may still
15 converge to a correct solution if the above inequality is

not satisfied, but it has been found that the performance
will not be as good. A value of At as high as 0.1 or
0.2 or even greater may be used previded that A, B and C
are appropriately chosen. |

20 Preferably, C lies within the range 40 to 150, and
A and B (which will often be identical) are at least ten
times greater than C (e.g. 20 times or 30 times greater).

The preferred optimisation parameters are A=B=1250
and C=100. This allows use of At=0.2 or higher.

25 - Previous work has concentrated upon other ranges for
A, B and C. For example, Ali and Ngﬁyen [6] suggest
A=B=100 and C=40, which we consider to be sub-optimal.
We have found it is impracticable to determine the values
of A, B and C solely by numerical simulation, since for
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non- r%quested neurons are connect ed; Figure 8 is.a graph
eorresponding to that of Figure 7 but in which the non-requested

neuy ons are not connected and are consequently excluded from

t he _ cal cul ations; and 7 Figure 9 shows the
relationship of .the neural networ k and t he queue manager .-

The specific enbodinent relates particularly to a 5 neural network

for operating a hagg speskdspacksppiicathpn the numberthé pygeiblilisiest €d

in Figure 1.  Thig {;ngaeﬁg&mnosﬂm?dﬁﬁéﬁd fgeﬂgacsagbhﬁa éﬁﬁ Bgﬁbﬂeé"

and Nguyen [ 6] ose o to ensure t

addr essed - wedhwes sdweefﬁyﬁd e Ny Memhedd cadp ﬁarsyemoépﬁdd%ermer-ag
10 correct depdidatigBelyakang the Iparz%me;féz@/esﬁcﬁa@a&@d and e have

at hways At cal .switch has a_pluralit
LA Tty & out pHRRA; hEuFRpIELnBaTel vy et Rl Mauyenrs vallies weREed

and the outputs hesmng :ctmuﬂe.ct ed tBy sett:.ng hechear pamamwﬁmbwéthahh\/\aus
Thus, an incon n | 1 t n
bIEEhod Togy, pifetd e BLCSRE S | AR E L YRE

one of t he outpu
t.he other inputs afyBr eqaebiaveo ald@Or managed mylmprpus the stabilitwsof

w Il be seen fromHd gHe@rd1 hBewdWk.Churi tREs enableQreiﬁsenEoeGQQd'dm@éry

an nxn switch; I n other wor ds 20 there are n inputs and n outputs,
Each of th8 n infich larger lﬁé’-ﬂ\lsééﬁar(étte =i Apdt 2§uRPRSSe8nECAF Baklh 'oin
t he out puts. Ali AGdNHUEY . [6ln J ncom ng package on input 1 which

The preferred application of the present invention
is in a telecommunications switch, preferably a packet
) | switch for use in a p;cket switching system. The
15 practical realisation of the switch will depend very much
upon‘t:.he application, and the limitation— of the various
technologies involved. VLSI, optics, software and so on
- could all be exploited.
The neural network could be embodied either in
20 hardware or in software. It could also be split between
the two (hybridware).
In a practical embodiment, a packet switch will
desirably be associated with a separate queue manager,
-which  sits in front of the switch, " and provides
25 prioritisation- information to the neural network. If an
incoming packet is experiencing an unacceptable delay (or
alternatively if an incoming packet is designated as
having a high priority), the queue manager may modify the
input matrix to the neural network to take account of the
- 30 desired sequencing. The function of the queue manager
could be achieved using conventional, neural, genetic
algorithm, fuzzy algorithm or hybrid techniques.
In implementations in which the present invention is
used for problem solving other than in telecommunications

Th:sSheetHasBeen laccd



requésts to be routed to output 1 will be queued in the first queue

of input 1. O her packets on that input 25 requesting to-be routed to
out put 2 woul d be stored on t he second queue of input 1, and so on.
It 'will be evident that there are a tdtal of n2 | nput queues.

The switch is operated synchronously, and its task Is to transfer

t he packets from{he t qyeu a | S

requested out puts ‘D cé%g Ty gtg'q'rle l?fésﬁg S‘ rans e?’gbgre E‘Fguﬁ
nmore rapidly tharmanager, tmtxramu-y cﬁ*qrtte ofi tcm néerali tnﬁtwmc.t oand
choose the m&@fkfiﬁgfwén Ay e eQuSc Ia@%trd%%uea kRoWHCEoRs¥BY i A st O
maxi m se the throughpu I n_the present enbodi nent,

10 i s %nneﬁ?aprﬁ??tl\ﬁﬁ‘r kg nsokedes If’hlpéréﬁﬁ%%tlw input
problem s managd®| | o1y H‘;ﬁrdﬂﬁd@d o&né\ll welrduy eetBdrka with

Hopfield neural network is used. er al fleld 5 energy .
function is conpdeP kI3 Ral @'lﬂ ﬁrglba g where tPﬁnct’l‘%ﬁw’Pﬁgt WP
maxi m se the thr cuglgitakingiseme heort of seqesncimly didsler ent i aI equat i on
which is the solution e behi pota] i
equat i or?tl{é :.nvem:x&f]uéna?"'u %efégr%elgi congggnt ?If opt (A1 sath on

differenti al
paraneters) = 10 numbgy cpf AVaYSnanfig@pen sraekfidgeempodinent awidd. nows ke |

be descriped | at gesddiddd ewmalynasenékaﬂnméovmmsaratm thé%éaé'f'ﬁhéy
i nproved net hod for determ ni nglon lththe f:.eldo%té”h |on a&arreat et
shoul d be for st BEPSeRNd 1B¥eH n pac
switching. The description of the preferred embodiment
will refer to the accompanying drawings, in which:
Figure 1 is 'a schematic diagram of a high speed
15 Ppacket switch;
Fj_.gure 2 is a graph showing the Sigmoid function for
values of § of 0.08 and 0.16;
Figure 3 shows the simulation results for an 8 x 8
input matrix with optimisation parameters set at
20 A=B=1250, C=700 and ($=0.08;
Figure 4 shows the values of £f(x) for the
simulations of Figure 3; ,
Figure 5 shows the simulation results for an 8 x 8
input matrix with optimisation parameters set at A=B=1250
25 and C=100; _
Figure 6 shows the values of £f(x) for the
simulations of Figure 5;
Figure 7 shows the simulation results for an 8 x 8
input matrix with optimisation parameters set at A=B=1250
30 and C=100. The figure shows the variation of y when the
non-requested neurons are connected;
Figure 8 'is a graph corresponding to that of Figure
.7 but in which the non-requested neurons are not
connected and are consequently excluded from the



convet gence.

- W will start by considering the basic Hopfield

15
model ,. and then go on to consider how this can be used to deal with
t he,_particul ar sw tching probl em under consi derati on. 20
Fbpfield Neural Network - Basic Mbdel g The neural network used
in this present epbodi nent is the Hopfield nodel [8,9], this

consists of a large -

whi.ch

ar e

¢atentanhensedanfia neur al wei ghts. At any nmonment in 25

time, each neuron can bfggﬁécwb%&)ét\&éloﬁ@l&lt@éﬁshlp ofvathabl gsurhhe
neural activity |evel erré ﬁgﬁ t he neural output Y[err]. These

vari abl es are rel2fEP

queue MapAgeELr processing function f, as
The specific embodimment rélafesrparticlarly to a

fol |l ows:

(1) wher e f be so

i ncr easi ngS functnleoun Fai q%g"éﬂf uﬁ% %Briepal?g“]’%nfaﬁl %&Q&Cﬁéﬂe wisefon
(or transfer) fumeditbhe tYPHeh&&nﬁtﬁQQQﬁcﬁnfrlgur&-1 This_ flgure is

10

15

20

25

30

adapted from a similar drawing in Ali and Nguyen [6].
The purpose of a switch is to ensure that the addressed
packets within the system are rapidly routed to- their
correct destination, along their respective requested
pathways.. A typical switch has a plurality of inputs
and a plurality of outputs, the inputs receiving the
packets to be routed and the outputs being connected _to
the various available péiﬁways. Thus, an incoming packet
on input 1 may request to be routed via any one of the
switeh’s outputs. Similarly, packets arriving on any of
the other inputs may request to be routed to any output.
As will be seen from Figure 1, the switch of the
present embodiment is an nxn switch; in other words
there are n inputs and n outputs. Each of the n inputs
has N separate input queues, one for each of the outputs.

' Accordingly, an incoming package on input 1 which

requests to be routed to_output 1 will be queued in the

first queue of input 1. Other packets on that input
requesting to-be routed to output 2 would be stored on
the second queue of input 1, and so on. It will be

evident that there are a total of n? input queues.

nunber of processing elenents (the neural cells)

The switch is operated synchronously, and its task -

is to transfer the packets from the input queues as
rapidly as possible, to the requested outputs. Where
the requests for transfers are arriving more rapidly than
the capacity of the switch, the switch has to choose the
packets from the various input queues in such a way as to
maximise the throughput. In the present embodiment, it



i s not particularly inportant, and any appropriate non- | i near

monot oni cally increasing function could be used. 5 In the preferred

enbqdi ment, however, f is taken to be the signoid function

f(x) = [err] - 10 (2)

where [err] is the gain factor, which controls the steepness of the

signoid function, as illustrated in Figure 2. 10 The HOpr el d

equat i on describi ag t e nlgunéicsnefwerk which arsdalwfis/i ddiels neptdmiisatdioren
[err]

(3) wher e ?[errgls t he wei ght matrix which_described the

connection strength beFRESAWERT nelRoesRRRX&F bPlEi j §nd5 Nouyemy [(8d),) . a

Iferr] describes ﬁbsbsélar aéhrauasze(cwm |1|”§35.15ec1 T&éegéﬁdrm gepEheld

"external hjias current" i ed.to.each

Hont 1ol has ShonPREREY FomcEe s cPmastag pieh thE Caliilalsq eneray

Tlerr]=T[err] andfaneviohonhaal lwililnaneeinise 260he thmgémmg:d ugpite onhe,
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be described later, the present invention provides a
substantially improved method for determining what the
optimisation parameters should be for stable and rapid
convergence.

15 - We will start by considering the basic'Hopfield
model,-;nd then go on to consider how this can be used to
deal with the particular switching problem under

consideration.

20 Hopfield Neural Network - Basic Model

The neural network used in this present embodiment
is the.Hopfield model [8,9], this consists of a large
number of processing elements (the neural cells) which
are inte-rc'onnected via neural weights. At any moment in

25 ~ time, each neuron can be described by two continuous
variables, the neural activity level X;; and the neural
output yij- These variables are related by the non-

linear processing function £, as follows:

Y:3 = f(xz-j)

30
(1)

where f is taken to be some non-linear monotonically



-

12 = [err] where the [err] are positive constants, and

x'" 1s;:;the dumy vari abl e over which the integration is nade..

Thi-s equation is set out in Hopfield [8]. It is easily
established that with [err]=a for all ij, 81 the equation of notion (3)
can_be witten_as . : [err] -

(5) where the dot denotes differentiation wth_ respect to

time. From thisICFepsingn ZWRCCHeRive TReS phpefFatonr 1S gpifefenths -
equat i on activation| ¢dt] traddfer) function. The exact form of £
(6) The_inequal ity fol . f - t . _
processi ng funct i oh f‘%ﬁg f’?r%mﬁg 8%??:%&%%@5%?&3(5%%? J}Qféﬁﬁroprlaw%e anp

the integral tekimean menpronicaidyuingreasing functdgincganidnte ohsedi.s
sort)-the &inme defj vghi Ve RekP8d embodiment, however, f is taken to be

the sigmoid function - )
1
1+exp(-Bx)

f(x) =

_ (2)
- where B is Ehe gain factor, which controls the steepness
of the sigmoid function, as illustrated in Figure 2.
10 The Hopfield equation describing the dynémics of a
 an individual neuron is- given by ' -
n

dx.
| ge = "axy*t ) TyaYatl
- k,1=1

,1=
(3)
where T, , is the weight matrix which described the
connection strength between the neurons indexed by (ij)
15 and (kl). I;; describes the external bias (sometimes
referred to as the "external bias current") which is
supplied to each neuron. _

Hopfield has shown that for the case of symmetric
connections Ty .0=Tq,;;j and a monotonically inéreasing
20 processing function £, the dynamical system (3) possesses

a Lyapunov (energy) -function which continually decreases
with time. The existence of such a function guarantees
that the system converges towards equilibrium states.

These equilibrium states are often referred to as "point

25 attractors".
The Hopfield-Energy function is of the following

form: -
(4)



15 0'»energy function becones [err]

(7) : If we are to obtain convergence, the equation (4) nust
continually decrease, and hence the right hand side of equation 7
must be less than or equal to 0. |In general ;520 this woul d not be the

- case, because of the second termon '

. 13 the right hand side. But in the large gain limt (in
other words as the equatlon (2) tends towards a step function,
and 3 is large) thegderiv r}/ dxger egc A"&ﬁ -1¢3,°C a
function and therefGre Qd%;;r{fqdﬁgé?'f)xgg ?%y?éqggetd’ ero.f (Q%QP Thi s
establishes a result dlscussed by Fbpflel Accordingly,
provi ded that the value of [err] in equatlon ( IS approprlately

chosen, we can bevRerearhe thafrenpositive copgsaBRfeofBer Fesianbhendumay
equi | i bri um we hay@rﬂ@itale ove»- whiEROdKLd i AR gradaeur abs emalde .dr opprAg s

the integral term rome uatL H% # (8 There are ot her
approaches to mMﬁ?ﬁF%ﬁ?ﬁabﬁnﬁ?t BAteL8n 8l or exanpl e mmking the
decay a zero in the It is ea@w&ynesﬂabkmph&domhat with | )e =4 hferapploigh
has been g the equation of motion (3) can be written as
, oE
X5 = -
17 aYJj
B (s)
. where the dot denotes differentiation with respect to
time. From this relation we derive the partial

differential equation

n n 2
. . . of [ OE
E=- Vis* X; = -2 .s_ —— g £0
- i.j=1(ayij i axij 'j) i.j=1 axij(ayij)

10 (6)
The inequality follows from the fact that the
processing function (2) is monotonically increasing. If
we drop the integral term in (4) (as is usual in
calculations of this sort) the time derivative of the
15 energy function becomes

- [E Tis, Vi1 ¥ s )( xj ) 2 17, pqypq*Iij)

i,3=1 P =1
2 df (x,,) )[ 2 J
+ QX | ———e T, Vs +L; 5
;.Jzu ‘( dx; k.&l ok k_l Y

(7) .
If we are to obtain convergence, the equation (4) must
continually decrease, and hence the right hand side of
equation 7 must be less than or equal to 0. In general,
20 this would not be the case, because of the second term on



di scussed by Aiyer et al- [10], it is not the preferred 15 approach in

the present enbodi ment and accordingly wll not be di scussed
furgher. Formul ati on of the Switchang Problem for Neural "Network

Sol ution: 20 Referring back to Figure 1, it will be recalled that

we are concerned with solving an optim sation problemfor - a square

switch of size nohe. riénw t—»lapusesltdae meghed :.Qf ;_he 1arg8r@m.n alimit i (a.mzd
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14 t he
(9) Wher és appropriately chosen, we {anr[be certain- that the

system converges and that at equilibrium we have not
introduced any inaccuracies by dropping the lnt:egral term

10 from equation (4).
There are other approaches to making a Lyapunov
function, for example making the decay a zeroc in the
While this approcach has been

dynamical equation.
it is not the preferred

discussed by-Aiyer et al-[10],

15 approach in the present embodiment and "accordingly will

not be discussed further.

- Fém:lation cf the Switching Problem for Neural Network

Solution: -
20 Referring back to Figure 1, it will be recalled that

we are concerned with solving an optimisation problem for
a square switch of size n x n. We will use the method of
Brown, and Ali and Nguyen [5,6] to define the status of
_the switch at any time as an n x n binary matrix which
25 will be designated y. Let r,; be the number of -packet:s
at input i requesting a connection to the output j. The
status of each iriput queue 1is given as an initial
condition to a neuron; so, for an n x n switching fabric
a total of n° neurons are required.' The initial

- 30 conditions of the neurons (in other words the status of
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(10) =5 In other words, r[err] is unity i4 a particul ar input queue

Is busy, and is zero if it is idle. In this formulation, the rows of
thes;matrix y represent the input |ines, and t he col un€ms represent
the output |ineshe inpudr guewdsw are ;“qnurﬂdrgsenhﬁarh$ the onaerikon
channel . 10 During each time slot, only one packet can be
permtted per channel: in other words, dusing. 8aC tinme sl ot at nost
one packet may be sent to each of the - outp ts, and at nobst one
packet may be chosen fromeach . Yof [the-inpufs. The task of the
neural network is to 15 take the input\¥pat+s i¥%sly, and operate upon it,
repeat edl vy, to produce an output or configuration matrix which
actually sets up the channel connections, that is defines t

packets that are to be chosen to achi eve maxi num t hr oughput w t hin
the switching dda@reaints. 20 . Guven the switching constraints, it
Is clear that the output (configuration) matrix can have at nobst one
non-vani shing el ement in each row and o a)mmﬂ;vaﬁm hi ng el enent in
each col um. More than a single efentrit1ifF r each row, or a single
el ement in each colum, would nean 25 t hat tﬁe wi tching constraints
have been violated in that " the switch was-either trying to pass two

packets at once froma single |nput or to pass two packets {@gjonce
maf rix_contaips nore

to a ' singl e ut
t han one3non- 1§% ék%ﬁl@ﬂ?ﬂﬁ eFanéﬁtuﬁ*%%nﬁéw%ip?ﬁt*ﬁﬁtéfhéﬂpB e IHGHe
vani shing el endy busynamdlignzerda iEnithdseidle.noin this foemudatiohor

connecti ons th%%ér¥%§¥“éghtﬁgnmgégg£ey represent the input lines, and

” the columns represent the output lines. Every index
pair (ij) defines a connection channel.
10 During each time slot, only one packet can be

permitted per channel: in other words, during each time
slot at most one packet may be sent to each of the
outputs; and at most one packet may be chosen from each
of the inputs. The task of the neural network is to

15 take the input matrix y, and operate upon it, repeatedly,
to produce an output or configuration matrix which
actually sets up the channel connections, that is defines
the packets that are to be chosen to achieve maximum
throughput” wichin the switching constraints.

20 Given the switching constraints, it is clear that
the output (configuration) matrix can have at most one
non-vanishing element in each row and one non-vanishing
element in each column. = More than a single element in
each row, or a single element in each column, would mean

25 that the switching constraints have been violated in that
the switch was either trying to pass two packets at once
from a single input or to pass two packets at once to a
single output.

If the input matrix contains more than one ‘non-

30 vanishing element in any row, or more than one non-
vanishing element in any column, then there are more
requests for ccnnections than the switch can handle



durin% that tinme slot. Since only one input can be connected to

one output at any tine, the swtching mechanismw || have to choose
only one request and force the rest to wait. 5 To take an
exanple, if there are requests that each 15 of the inputs for packets
to be transmitted to all of the outputs, the input matriXx y will be
. For that input equation, the out put (configuration) 10 matrices that

maxi mi se the packdéurihgw thawughmehela + ch Since oply¥ ®ng ofinpus: can be -
[err] conneckadh 0& thgse oteblur bgrcahhpd cimedl | dhe sghut:ba&%g
because they both satisfy chln onstralnts and 15

maxi mi se the st?EﬂanﬁﬁWpoﬁgm¥ave tex RBpPOSe °n*¥oﬂF?gE?8P?§ﬁ ééGa?P

such as : the rest to wait. [err]
5 To take an example, if there are requests that each

- of the inputs for packets to be transmitted to all of the
outputs, the input matrix y will be

SIS
PR
R PR

For that input equation, the output (configuration)
10 matrices that maximise thé packet flow through the switch

are as follows:

100Yy(100\(010y(001)(O01}Y(0O 10
010400 1{{1 0 0}f,j1 0 0f,{j0 1 0{,{0 0 1
- oozy\010/001/\010/200/\12100

Each of these will be called "valid" solutions

because. they both satisfy the switching constraints and

15 they also maximise the sw1tcn throughput Other
- configuration equations such as

ooo\(110
o10{|100
001/\001

are not valid. The first of these satisfies the
switching constraints but does not maximise the
20 throughput because no packet is chosen from the first

input even through there is at least one packet waiting.
The second matrix violates the switching constraints in



are not valid. The first of these satisfies the swi t chi ng

constraints but does not nmaximse the 20 t hr oughput because no
packet is chosen fromthe first i nput -even through there is at | east
one packet waiting. The second matrix %Bol ates the swi tching
constraints in 16 that it
attenpts to sel ect- two packets at once fromthe first ingu , and_to
send two packets BB2BniE AGLERPTE to; select ty(p RAckets at once Lram: Fhes

of course, there fitstnbhpte, patkais serfd two\gadkey saateanieeotot bhei Afinss,

and the input natri€¥¥ will not be full. In that case, the nunber
of valid ST ohs will be fewer. To take an _exanple, if the
input matrix is as fol$omgtifesr] of couzge, thereghwildl impbubsutpavketses
are [err] g waiting at each of the inputs, and the input matrix y
will not be full. In that case, the number of wvalid
solutions will be fewer. To take an example, if the

- input matrix is as follows:

000
101
111
) 10 The.valid output matrices are
- 0o-0y{fOOOY(fOOOY(OOO
1004{]1 0 0}{0 0 1{,{0 01
010/001/\100/1\010

It should be noted that if a row or column of the
input matrix contains only zero entries, then in the
nomenclature we are using, the resultant output or

15 configuration matrix is valid only if that also contains
only zeros in the corresponding rows and/or columns.
Otherwise, connections would be made by the switch even
through there was no request for such a connection. The

following matrix:
20

QO
B O O
O O I

would not be a valid configuratibn matrix, even though it
maximises the throughput of the switch and does not
violate the switching constraints, because it sets up a
connection between the first input line and the third



It should be noted that if a row or columm of the - I nput matrix
contai,ns only zero entries, then in the nonmencl ature we are using,
the resul tant output or 15 configuration matrix is valid only if “that

al so contains only zeros in the corresagnding rows and/or col ums.

O herwi se, connections would be made by the sSwitch even t hf ough there
was no request- for such a connection. The followng matrix: 20

[err] WUk duRot; Pe a widldnd 4281 il atledmiedtied Xbye\liy t hadshing
maxi m ses the througggut of . the smmtchhang dges not . VIO|§%E t he
swi t chi ng const r dPAFESChec e WRY LBt WhiFN,this 1S .3GRAEYESN WBEGReAS: B
first input |ine eafidchbenbhreldfeactures of the present embodiment, willlbe

output Tine whichyyas,0oLe" 24U88EEYaB¥aRDY bERGRT NI

S
The Energy Function: - _ )

Frcm an analysis of the configuration matrices, one
can construct an energy (Lyapunov) function for the

switching problem. This function can then be compared

10 with the standard Hopfield en‘ergy function to find the
resulting weight connection matrix and the external
biases. From the description in the preceding section it
is easily established (6] that an energy function for the

switching problem is givén by

a2

n n
B C .
Ysz’i1+“2j iz;ﬂ Yii¥ei* 5 23 (r-y;4)

1;j=1

A .

LT E ==
245

J kei

.
=t
*

- 15 _ | (11)
This energy function takes on zero values only for
configuration mactrices that are solutions for a full
request matrix/input matrix y (that is, for an input
matrix which has at least one non-vanishing element in
20 each row and one non-vanishing element in each column.
- The last term on the right hand side of equation (11)
takes on positive values if the input matrix contains one
Or more zero rows or columns. A comparison with equation

(4) (neglecting the integral term) gives the following

25 expression for the weights and biases:
Tij,kl = -Aaik(l-ﬁjl) ‘Bajl(l-ﬁik)
- 2 _

- (12)
Where §.; is the kronecker delta. Substituting this
back into the dynamical equation (3) gives



packet. The way in which this i s achieved, which is one of the

"novel features of the present enbodinment, wll be di scussed in nore
detsai | bel ow. 5 The Energy Funct i on: From an anal ysi s
of fhe configuration matrices, one capgconstruct an energy
(Lyapunov) function for the switching problem This function can
then be conpared 10 with the standard Hopfield energy function to find
t he resul ting wei ght connection nmatri X and the ext er nal
bi ases. Fromthe description in fih'e- Rreg 551: is easily
established [6] that an energy fufction O‘I‘O%ﬁ & “§W|Z ching problemis
given by [err] 15 This energy function takes on zero val ues
only for configuration nmatrices that are solutions for a full
request matrix/input matrix y (that is, for an input matri x wétdh has

at | east one nonwiardishiig elHTe de sii o0 dif€agbnt@wlandqgQacibAn- F8Ai Sthag

clerent 11,520 SQUMhing osgeliR, - OraEE ERk A L R dRr e

one_ or nor e ingiorirdesl onegobnanwilld cdepaiesonowattseqextfiigurations)
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(12) A, B and C are known as optlmlsatlon parameters”, and in

previous work (6] these have been determined purely by

trial and error. If the optimisation parameters are not

chosen carefully, the equation (13) will either not

- 10 converge at all, or it will converge only slowly. A

further possibility is that the equation might converge

fo a solution which is not "valid" in the sense described

above, for example, because it does not maximise the

throughput of the switch.
1s In practice, equation (13) is used in its iterated

form as follows:

x;;(t) = x:-j(t:~1) +A£{-ax —AZ Vi~ BE y‘J+_2C.']

k»y

(13a)
where At is the step length.

20
Egtablishing the Optimisation Parameters:

An important feature of the present invention
relates to the determination of the optimisation
parameters. As was indicated above, optimisation has

25 previously been carried out by trial and error, but it is
now believed that significant further progress can be
made in this field by the use of a more methodical

approach.



‘Wher€ [err] is the kronecker delta. Subst'i tuting this back into the
dynam.,cal equation (3) gives

[enrr] : (13)
whith is the desired differential equation f&? the swi t chi ng
problem Under this dynam cal equation the i ndi vi dual neur-ons will

devel op towards configyrations 5 whi,ch i ninmse_the. ener functjon
(11).  The par amatersg'iJO gainy - $%Rd én&%é‘ag‘novﬁ“ggm bt P s%#b‘ru? the _
paraneters", and dptimisatioprparanstens kA[ 6B aidsE, hee ewblbkncoks tder nebe

purely by | d J an | he, opt i ' r el : Dot
chosen carefull y,d}{ié(arﬁ:’é%%gt?ﬁé%l% {/\H)I elt 1e?ﬁi%xp§ con%%%ég%&gfl ,
or it will converg@bons whemi v, A further possibility is that
t he equation m ght converge Eo a solution which- is not "valid" in
t he sense descri bed above, for exﬁ‘gﬁe, &decause it does not '
maxi m se the t hroughput of the swi dé¢éh. 15 _ In practice,
equation (13) is used inits iterated formas follows:
[err] 5 _ . (14)
: then from equation (13), and substituting in equation
(2), we find '
n n C
Xy,55 = “AY £(Xy ;) ~BY £(x, ;) *3
: Py ko1
T - (15)

where X,,,; is the value of x;; at equilibrium.

10 Po put some further restrictions on-the parameters,
we should recall that in the final solution to the
switching problem each neuron (that is, each entry in the
configuration matrixXx y) will either be 2zero or one.
Given that a valid solution has been found, this means

15 that the matrix will have at most one active unit per row
and one active unit per column. We can use this
additiocnal information to set further bounds on the

_optimisation parameters- in the region close to
equilibrium. If we assume, first of all, that (i,3j) is

20 a zero position, then it is straightforward to establish
that the equilibrium condition reads

' C
X, = =A~B+—
- 2
_ (16)
where x, denotes the first equilibrium solution. Because
we are at edquilibrium, we know that the associated y

25 value must be close to zero, and from equation (2) we
know that y only tends to 2zero as x tends to minus



(13aﬁ'- where [err]t is the step length. 20 Est abl i shing the
Opti m.sation Paraneters: An inportant feature of the present

I nvention relates to the detern1nat|gg of the optim sation
paraneters. As was indicated above, optini $ion has 25 previously been
carried out by trial and error, but it is now bel i eved t hat
significant further.pr ess | h e_of
2 nore met hodi ca?%f %1%%élppr%agﬁrgfngly, wgaggn '}eWﬁ:ef eet}zfgéq.\yoﬁ ?lélf ?8
~To gain -sone khet ifgllawing rnegialifitout the opti m sation
paraneters A, B and C, we will consider the dynam cal equation (13)
under conditions of equilibrium -pbat & scavpen [err] S
(14) then fromequation (13), and subsZ2ituting in equation
(2), we find [err]

' (17)

In general, there w:Lll be n?-n positions in the

- 5 network satisfying this condition. This solution may be
referred to as the "negative attractor" solution, as it

is the equilibrium solution obtained as x tends to minus

infinity.
- On the other hand, if we assume that the position
10 (i,j) represents a location which is tending towards the
- value 1, in equilibrium, then the equilibrium condition
becomes
- C
X, = -
22
(18)
where x, represents the second equilibrium solution.
15 Using equation (2), it is easily seen that y tends to 1

as x tends to infinity, and we can accordingly rewrite
equation (18) as the inequality

.2§'>>o
(19)
In general, this condition will have to be satisfied
20 at n positions in the network. _
The final equilibrium condition mean that n neurons
‘'in the network have converged to one of the two
attractors and n’-n neurons have converged to the other
attractor. From equations (19) and (17) we f£ind that the

25 parameters have to satisfy the following inequalities
(20)



mherEZX[err] Is the value of x[err] at equilibrium 10 To put sone

further restrictions on the paraneters, we should recall that in the
final solution to the swi t chi ng probl em each neuron (that is, ‘each
entiy in the configuration matrix y) wj4l either be zero or one.

G ven that a valid solution has been found, this neans 15 t hat t.he
mattix wil-l have at nobst one active unit per row and one active unit
per col um. We can use this ddi%l ?gst information to set
further bounds on the optim’satio(h< %éf € in the region

close to equilibrium If we assune, first of all, that (i,j) is 20
a zero position, then If i smegﬂtormﬂwmml mekrix istmequiked,

equi I'i brium condi {08 i %?idsbé eiédieved be set\“.’@ﬁ@eP)QBer rin dgRPLRSchBE fthreSt

equi | i brium sol ution. ecause we are at equilibrium we know t hat
the associated y oenditignud2fisteBEsScl ose to zero, and from equation (2)
we know that 'y only tends to zero as x _tends to minus
20 0 < C<K4a
_ - (21)
5 We have found, in fact, by extensive simulation,
that at the limit the magnitudes of x, and x, are equal.
Putting x, = -C/2 into equation (16) gives revised
versions of equations (20) and (21), namely
) ) 0 ¢<C < (A+B) )
- - (20a)
0 < CK 24
10 - (213)

In the simulations of the Hopfield model for the
switching problem we find that any values of A and C
which satisfy equation (2la) give the correct result
provided that f and At are correctly chosen. This has
15 been confirmed for a 1ar§;e number of input matrices and
different matrix sizes. -
A practical point is that A is always taken to be
very much larger than C. This is due to the fact that a
large proportion of the neurons have to approach the
20 negative attractor while only a small number of them will
approach the positive attractor. Taking A much greater
than C speeds convergence, and allows us to use a large
value of At.
We can assist converge further by selecting an
25 appropriate value for B. In practice, we find that g
should be greater than about 0.0Q, because the



infidity. Accordingly, we can rewite equation (16) as t he

follow ng inequality -A-Bt[err]<< 0

(12) In general, there will be_n[err]-n positions in the 5
network satisfying this condition. This sol @4 on may be referred
to as the "negative attractor"” solution, as it I's the equilibrium

sol uti on obt ai ned . 0.;m : L af L gt : o~y -
ot her hand, if V\Bag %%ﬁt%%}to ﬁg‘ gi(.)féi ?T%Jhc 1%°éﬂé{l|ﬁ ,r?{(sderle “Fhelscehntasl laO% b
| ocati on which i steengghgctohbedinEegral terﬂh&ﬂtﬂqutﬁqpei%ﬁ BisFes thadn

the equilibrium cgngdit keBsonably Ra¢gees

8 .
\[/\Erei]e x2 represents th&fsdofBRLHuVPLES RF sAFuSe §8 be ﬁé‘f?‘@é%‘iﬁt i70h
(2), it is =asilyegaapibhat(1palenthenothe term G integqustioni K2) ncap, bend
we can accordi nglr\/err.-';?\'\ﬁlﬁzt:'Se. To rr?aqééatt'h%n l(iqng)ti% %ﬁ.de%e%lfav &'¥?Tgyably

lerr] ]
In general, this cbpsetiton Qi &#ndhdveve cheose: | apprgxigatelyat K psreaceds

in"the network. than about 4he fih@akeedpkbibeluateendifiispn mean that n

neur ons i n the network have converged to one of the two
attractors and n2-n neurons have convergedptg tghe ot her
c
10 (21b)

Since f has to be greater than about 0.08, as
_discussed above, we can write a general equation for B as

K
. =0.08+2=
B c

_ (21c)
15 where K is an arbitrary constant, greater than or equal
to zero, and C lies between zero and 2A (see equation

(21a)) .~
If we require At to be _larger, we have to be careful

not to set B8 too large, or the model does not converge.
20 Empiricailly, we find that for At greater than about 0.01
we obtain convergence provided that K in equation (21c)
does not exceed about 10. A large value of At is of
course what we are interested in, as this provides more
rapid convergence than small At.
25
Discussion: _
| Having established these limitations of the values
on the optimisation parameters, we have been \able to
investigate areas that Ali and Nguyen [6] did not



attractor. From equations (19) and (17) we find that the 25 par anet ers
have to satisfy the following inequalities -

(20) 23 21

0 < C < 2(A+B If a symmetric configuration matrix is
required, . -this can be achieved be setting A=B, in which case the
condition (20) refsssider. Ali- and Nguyen used theOvalues [R£B1100 and
(21) 5 hav un Egy Xt ive | -
that at the Iim tSTh q'hdgge %(gﬁi x% rr }ee 3&%%3&8&’ The

Putting x[err] = Pl@iemm‘me‘qmi’r ﬁq@l-‘@}?%sthaeﬁ/l% values usegy byorbens
equations (20) anghfelin Ba3BE! Yery substantially sub-optimal.O f@rgérgfi

A+B 2
( ) this, we have checked one of the cases (n=4) which F gg?

0 < C< 2A5 10
' authors considered. For the case of n=4, there are 65536

possible request matrices, of which only 200 were checked

at random by Ali and Nguyen. They found their parameter
settings to be acceptable for the 200 particular cases

10 which were checked. Using their parameter settings for
A, B and C we have checked all 65536 of the possible

cases: it was found that 65392 outputs were correct but

144 outputs were incorrect (in other words, they provided

less than optimal throughput). Similar conclusions would

15 apply to larger matrices such as n=5 and n=6. Ali and
Nguyen did not specify a value of f, so we have used our

value of 0.08. When we repeated the simulations with g

- set at 1.00 we found that their values of A, B and C do
provide correct <convergence for all <cases, but

20 convergence is extremely slow. Because of the very large
number of possible input matrices for n=5 and n=6, it ié

quite out of the guestion to try all of them with our
values, but for the 100000 that we have tried (which were
randomly chosen) we have found that using parameter

25 settings A=B=1250 and C=100 convergence was achieved in
typically fewer than 30 time intervals, and in each case

the solution has ‘been wvalid. . We cannot absolutely
guarantee that with our methodical setting of the
parameters the system will never converge to a non-global

30 minimum, but it has never done so in the examples we have
investigated so far. Provided_ that A and C satisfy
equation (21a),'that At is correctly chosen, and that B
satisfies equation (21c) we expect that the network will

handle all types of input matrix. For rapid convergence,



In the sinulations of the Hopfi el d nodel for the swi tching probl em

we find that any values of A and C whi ch satisfy equation (21a) give
the correct result ' provided that [err], and At are correctly chosen.
This has 15 been confirmed for a |large n#foer of i nput matrices and
different matrix 5|zes A practical point is that Ais always
taken to be c T due to the fact that a
| arge proportion oF Z‘ %uroﬁ:? %gi\’/cé agg::o?g%dt he 20 negative

attractor while only aFsem | simyBeti QPSthé i |ve have gganxigsd owe., we
positive attraCtOEellzﬁﬁ'%ha%’“5%‘QEP@éebf (of shodﬂ&”t?%iﬁ&%i@ be in the

convergence, and allows us to use val ye. o

W can assist conv@Rge QA t4ert8y lé@l é’d%enbh%ﬁl vas) (Whlcé‘p[ﬁ‘ﬁfﬁ]rsat%) vEhguido,
[err]. [In%ractigevewa Wialdel et deridast one shdet dobemgyritadet Hpaatbaut
0.08, because the a - or, exam i C is thak to b
approxi mation in ?%%nb5§15 ﬁﬁ%flbld %DHGF W FER gﬁﬁdms eg oo o=
negl ect the integk@® tbem idn angfuB i smovld bhothnbe Gﬁ@@ter than [100Q. | sWe

reasonably |arge.pave found that'inapfggkic¥akﬂé Q&aferﬁkiuégrSEtﬂ bg angd
acceptable in 5 equation (13a); then the term|err|x.in equation ?

can be vt ATRRt cHBtiERe ‘E?lec‘PIPWFQ%C%aPE‘é‘él ¢ yth%tasmﬁyon
close to §oand 1 ymLhopsesaBRBEQEENELALY A [y Jo WeeaiRth greater tidn C
about 4. anceﬁffron1e9ggéégge(%o be rapid. As an illustration of the

con
évolution of the system with n=8 (that is, an 8x8 input
matrix), reference will now be made to Figures 3 to 6.
- Figures 3 and 4 show the results for simulation of

15 an 8x8 input matrix with optimisation parameters set at
A= B=1250 and c=700. ‘

Figure 3 shows how dx/dt varies with time, for each
of the n? neurons, and Figure 4 similarly shows how the
value of y varies with time. It will be seen that in

20 Figure 4 some neurons are stable, but there are a number
which are not and that there is no convergence to any
final solution. Here, since A is not very much greater
than C, one would expect convergence only for small At.
The value of At used (At=0.2) is too large.

25 In .contrast, Figures 5 and 6 are corresponding .
graphs but for simulations based upon the values A=B=1250
and C=100. It will be seen that the system attains
stability after only about 40 time intervals, and the
system rapidly converges to a valid solution, with some

30 of the neurons converging to one and others to zero.
Here, At has been set to 0.2, as before, but now because
A is very much gréater than C the system is not unstable
at larger values of At. Taking A very much greater
than C allows us to use large At and hence obtain more



(21b)

[err]: 10

Since {err] has to be greater than about 0.08, as di scussed above,
we.can wite a general equation for [err] as

[err] = 0.08+2[err] 25

(21c) 15 where K is an arbltrary constant greater t han or equal

to zero, and Cli eg %t %Qre‘?a’e%c %e porsAHIY in the pri 3_))
0" arger, ave Fosfer ]1 ]t o -

If we require At T
[err] too large, or th&!erroaea aeesurby @mr@nt Zthat whamping eemll}lhmum

find that for At gpRatesohhag QE?EEvQQOEh:.s is ofRefbUglen t%o'%%rlﬁ@:‘i:ethat

provided that K in equation (21c) does not exceed about
| arge val ue of At spgepime during, fh& §RiubECRr efi Hher SHSkPT rongsofhithe

provi des nuoge two éapaﬁ‘a&@nwﬁﬁ:@ﬁ&(tertshMl&”&hsa[ﬁéalﬁ., 25By choos:.n?
ues

Di scussi on: Iﬁ-g g g E’# shgd t hese L e $ g

on the optim satiBn- paranBt &F52 &% e“heh 3B§8 Eo Sxis RGES: P alté'c’
areas that Ali amlttNgalgeor‘f-Gq:hmulghmht the time evolution of the dynamical
23 equation. In.this way, we have found that oscillations

and unstable behaviour of the network is avoided.
10

Avoidance of Local Minima: _
In any system in which the equations of motion are

"determined by a continually reducing energy function,
there is a risk that the-system may become trapped at a
15 local minimum of the'energ'y function. ~ In the present
embo{iiment, that would be equivalent to convergence upon
a solution which satisfied the switching constraints but
was merely a local maximum for the switch throughput, and
not the global maximum. Where there is no foolproof
20 - method of avoiding convergence onto local minima, we
propose that in practice some "noise® should be
introduced into the system to avoid spurious convergences
as far as possible. ' We achieve this, as the neural
network is calculating its solution, by randomly varying
25 - the value of f in equation (2). In the first iteration,
the value of- B is set at 0.08, and in subsequent
iterations the value of 8 is randomly chosen to 1lie
somewhere within the range 0.08 to 0.16. B, of course,
is the gain factor which controls the steepness of the
30 sigmoid function, as illustrated in Figure 1. Where B
is taken at a value of greater than 0.08 (see equation
21(c)), the maximum amount of noise can be taken to be

equivalent to the value of 8.



consider. Ali and Nguyen used the val ues A=B=100 and C=40, which
they considered quite satisfactory. The present work has
establ i shed that the val ues used by them were in fact very
substantially sub-optimal. To verify 5 26hi s, we have checked one of
t he cases (n=4) which these aut hors consi dered. For the case of
n=4, there are 65536 possi bl e request matrices, of which only 200
wer e checked Impoged ALBEAcEOTAzi and Nguyen. They found their

paraneter set tAngetworke ©sCbpt alderi f Bort fse::l@ﬂn.pﬁg‘tﬂ:@ﬁﬂ:osecam&l

10  which were checked. eir ter n A_B
and C we have che%%ﬁai;f? ngg gﬁe? cﬁglsm r;EI%de Sﬁhé 93 ngll? F&8™ 68nd
t hat 65392 out putshewfirstoryeos duithe right hand sige 9ﬁ/v@m1a|tm a2 disn

th dg, th t o4 & Sy
concl usi ons WFM%P%M £ {E ol FuoRE ARt RROAEORRY Tnisogivegl,
and Nguy et Fldlhorf-'%?%ﬁfbﬁ-val dBeofseeend  termdiam\2auakly oBarny

val ue of 0.08. Mﬁhm&%@%éﬁ&ﬁm&ﬁspns'rmtboﬁﬁéehon matrgRl (2R)
1.20 we found that‘itheé r_va lne%ﬁ?&_ r]d Cdo . :ogo ?eﬂ%’(?);/‘r:gfbﬁ_

conver gence
Because of the ve:tmda;rregﬂe w1th thewmsEhamwi prsssilnl € nuplbér naf reorseébionss

and n=6, ' i's zh | al & th our
val ues, bu for t 15034(5%%% 4t rka\fligﬁ %its %%ﬁ]%#e\’ éh&g ;1%“\9% omy
chosen) we have foundll\t-":hal‘h‘iamm‘«;jeﬁi‘)%!sm!ﬁr%.‘(erbi{g1 mergenqnenbe A£B=the0 bmput
C=100 conver gencg,pas xaCRLRY¥EInEN a null T¥opCadd Vaf ener1t héi:!ltfnglt' E'E is

intervals, and i each ase he sol uti on has bee
cannot absol ut el fesirab egLH?aant%}ée PHEPULMAT T I, Sh ‘H’éfﬂo& &2l c°§’é:ta(’1‘hga
of the pecerespoadihg syuslknrowl lomnegolumanyvesgecs oogheawigleobehe 30

m ni mum toit haﬁrgfveﬁtggékgge 38&& E: eﬁreex"ig@r%%u\@?’%c{]aéégnnectlonﬁ where

i nvestigated so 5 and
(21a), that At isomerhavel peehorequesnadt hat’r'@'leruepergy furmncuh@sl) and

equation (21c) V\@héxesghefc*&%ﬂ RSO X2 Bb not gudPidt&edthikyReS ¥
i nput matri'x. For_ rapi convergence

the case. This follows from the fact that the energy

function (11) does not take on minima if one of the rows

20 or columns have only wvanishing entries. To avoid this

occurrence, we propose that the null rows and columns

should be decoupled from the Hopfield dynamics. We have

found in practice that this both improves the convergence

of the other neurons, and also permits considerable

25 increases in speed to be achieved.
The null rows and columns may be decoupled from the
Hopfield dynamics in a number of ways. One simple
mechanism would éimply be not to include the null rows
and columns at all in any of the calculations. An
30 alternative, and preferred, method is to force all of the
neurons in a null row or a null column onto the negative
attractor.  What we do in practice is to decouple the
input to the null rows and columns from all the other
neurons. However, their constant outputs are still



24 . - we take A very nuch greater than C. From
sinmul ati ons that we have carried out, we believe that the val ue of
C should typically be in the range of 40 to 150 and that A (which
equal s B) shoul d 5 have a value of at lLeast one order of magnitude
greater than that of C So, for example, if Cis taken to be

106 then A and B should both be greater than 1000. We have found
that in practice tBapgwdct VPdnes ofie AfoBcaddneurons r@nedin rwixsdiatcaluto

d _that 0 h
e much or cater thaee ot THE" bEharife prerasths. AU, e Hodthuls "ixd

illustration of theill fed Ewn¢uthennﬂ5qrnﬁs?b&emamqniatﬁbqakuandsw14ﬂ
8x8 input - - AFBLLEX) ¢ shEl CLOOEG Joh! JEW e M dhdd OHEGRoAS.O Bhe

Figures 3 and 4 i e results for sinulation of 15 I nput
matrix wittP opti neisat?r@ﬁlpé?rléﬁﬁser@ sadlatthe forcgdp-neuxepsdare7@et to

Figure 3 shows hoyegdy/dt varies with time, for each of the nferr]
neurons, and Figure 4 simlarly sh val ue of var
with time. It will b@%eﬁg efit Ofn °uPtllﬁggLﬁhe¢ P o, e S i,\“‘“ns
stabl e, but therevike benuhibhlstrated byl e feremms &nd Ri@iretmeVe arsi nd.
convergence to a | (o)

% show £ﬁ+ f@é&i&%”foﬁ'%ﬁnufé@f&nﬁ %?cﬂ an ﬁié’ ﬂiﬂ}t

great er t han one expec convergence on
The val ueléf [er m}atms:ed wmhooszglmssat@bomap@éam%ers sec atlh—%ahﬁ@sand

Figures 5 and 6 @lgy$Or resppidi fhput mat®idbds byt d4vn Sidagdeat haas hesed
upon the val ues A=B=1250
vanishing elements in the first and last rows, while all
other elements were zero. It is obvious that this type
of input will require only two connections.
15 Allowing all the neurons to change freely according
to the dynamical equation produced the output shown in
Figure 7. This shows that n=8 neurons are connected, in
other words that the network has artificially connected
calls which are not required by the initial input matrix.
20 However, if the zero request neurons are disconnected
from the dynamics of the system by an imposed attractor,
as previously described, then the network will converge
to a valid solution as shown in Figure 8.
If we call the imposed attractor x,, to distinguish
25 it from the positive and negative attractors x, and x, of
equations (16) and (18), we can use an equivalent to
equation (16) to érovide us with some idea of what the
imposed attractor should be to ensure that the respective -
neuron always converges on zero. Since A=B and A is
30 very much greater than C, wé have from equation (16) the

approximate equation -

X, = ~-24

{(22)



and *C=100. It wll be seen that the system attains stability

after, only about 40 tine intervals, and the systemrapidly converges
tq a.valid solution, with some 30 of the neurons converging to one and
others to zero. Here, [err]t has beereg&set to 0.2, as before, but now
because  Ais very much greater than C the systemis not unstable

at larger values of [err]t. Taking. A very nuch g,reatel{ than C
allows us to use |argdn daqn. aifl fiask&hasn dim RRAGE1ce the exact size of
25 r api-gheCORMBEGRACCaLBRACYBE PASESD ot N g i ldr By t matter,

We have found by experjnent that when no equilibriu ..condition is
achi eved this isPéPvéReduehas tite lfsag.[artqu%nougn anr%cﬂﬁﬂaf%v%u?rf‘%lbg}? he
evol ution of the syst am anceftehbéon,5it wotld beprossibhe ttaoise simpdsed
di sappear. By choosing A Ner C r C urg,fhe
at -act%rgttpatét oorns“? ¥JPCPy B LA Ianw.e l’?ﬂéf rﬁ]fe

exi stence df two hroughout the time evolution of
dynani cal codgmasi, obut] mlso sfamyeack hadividuad NRUXCHsdN RASRARL

and unstabl e behgyi ous @f H& i or Sréipdsiethas 1Been made .Avafdaerof
Local M ni ma: ) In any systemin which the eﬂgat I ons 9& notion
are det ei-Bi B IRNRETHHRR NTAERGSFed G AfSHer IO FOACR] gll never

there is a risk thaket he- epahewcioy hesowe tseppep,atamdl1it isl| poasible
m ni rum of t he ener function. n_t he present ' ' '3

woul d be ¥yui val %EfggﬁlgﬁﬁVeF§§ﬁ85°ﬁBoﬁ° decouplg ai} of g{r?% ECEE 51saJT% rsi?‘%eed
the switching copaitaabt sitput requestwamatwizly andotsl HuRI ribe f meuned
switch throughpuf,. 5ogd only upon the entries which are initially non-

zero. This further improves the speed of convergence.

Queue Manager: )
In a practical embodiment of the present invention

it may be necessary for particular arrangements to be

5 made to deal with incoming packets that are experiencing

unacceptable delays, are required to have a particularly

high priority, or other specific sequencing requirements.

In the preferred embodiment, therefore, there would be a

queue manager which would sit in front of the Neural

10 network and provide prioritisation labels or arrangements

for the incoming traffic. This is shown schematically in

Figure 9:

If an incoming packet is experiencing an

unacceptable delay (or alternatively if a critical packet

15 has been designated as having a high priority), the queue

manager will modify the input matrix (9) to take account

of the desired sequencing. When the queue manager

receives a packet from the input line, it will examine

the destination address to determine the appropriate

20 destination output line. It will also determine the
priority and/or delay of that particular packet. Based .



not the gl obal maxi mum Where there is no fool proof 20 met hod of
avoi di ng convergence onto local mnim, we propose that in practice

sorre "noi se" shoul d be introduced into the systemto avoid spurious
conver gences as far as possible. Wegachi eve this, as the neural
network is calculating its solution, by randomy varying 25 the val ue
of Terr] in equation (2). In the first iteration, t he val ue of

[err] is set at (RBRR afBei n Sifigmprdan it  hager #AGhs tife Wilbe ofhen _
[err] is random yaghesgPiheliy€update HUETEIRGGE Wathik 1419 ' as@ecRalgihe
0.16. [err], of course, . |s;._t,r1erb%a|§ factor whi chlcon rol s the
Inigiadyi PRGN, CHRT FAR (PRPERL | ASENRERe IS to

st eepness of the
VWhere [err] operatekeapont. a Izl usapl ajseat Emposan Attt dteors ,eqedther

21(c)), the maxi [ﬁﬁgﬂ%’é‘tm?f 20858 EvEAN o0 1 LRk ifys decouégé"é{g‘irgginto

the val ue of [er i
| nposed Attractomeurons . from the metwekkt Aeroxdinry f &0 sthechreguested

purposes Will — priorftofd@ldy Bife SHMSPLJuEPPEEkEEs. This is easily seen
as the fi'rst termon the right hand side of equation ,(12) is., 5
non-zero only if i=k aftf jFHRES MR R q{%euermnagqg%scould be achieved

n[err](n-1) conneglin@ns convent ivtxdnd heurallys ganatbly.nahgorithmh i ft%zzy
therefore

gg?i \rllggl gﬂé?% (1:;)2 é:?bﬁggﬂ%g?? . Eg%ﬁ%@%@’?%%n%t“ " (12)'corrpar éd with the
maxi mum possi bl e nunb@neofpamieglannfunt@ion thaxt wight woek paovilded by
Rgﬁifgﬁeg?nianﬁghFL u%uksmaﬁégar would be to fﬁj@@é Eﬁgviﬁy§é¥mgﬁﬁﬂx (9)
to take account of the fact that there may be more than

- one packet = which is ~waiting for the particular
15 connection. If a large number of packets start to build
up, all waiting for a particular connection, the gqueue
manager should have some mechanism for ~effectively
increasing the priority of those packets to ensure that

the gqueue does not become unacceptably long. An

20 alternative method of achieving the same result.might be
to make use of an input request matrix in which each
element is not merely 0 or 1, but is an integer
representing the number of packets that are awaiting that
particular connection. The higher the number waiting for
25 a particular connection, the greater would be the initial
value of y, according to equations (1) and (2), and
accordingly the greater likelihood there would be of that

particular neuron converging to the value 1.

. 30
Calculation Procedure: : -
Finally, we will turn to the computational procedure

to be- used in operating the neural network. The
procedure will effectively be the same, whether the



matrix contains a null row or a null colum, it is desirabl e that
t.-he out put matrix should al so contain a - corresponding null row or
colsumm, since otherw se the 15 neural network will have introduced
conmecti ons where none have been requ ed. The energy function
(11) and the connection matrix (12) do hot guarantee this to be
the case. This follows fromthe fact that the energy function (11)
does not take on QLR f-soré%ﬁadféae P Wardlvare S¥ GPld8BSawe only
vani shing entries. To _avoid ) occurrence, we propose that the
nul | rows and col unms The pProgegure g& @& iHQYS+omthe Hopfiel d

dynami cs. W have 1. fOlRIé%elJ.Nrepra&ﬁé ceihpat thequiudd) | fRELYRS t Miich
conver gence of t her neyr.ans, agg al soqﬂlﬁrrgts consi, d(éaabl € _25
i'ncreases in speeﬁcFSat’J@sac i BvBHS n the r 5A8E andREI LRI
may be decdupl ed ¥hbaht hennecczonﬁopteelraqmﬁmmcbsndw wiimnizere clotways.
One si npl & mechgni SmrgOUbeSLBhY Begiabe! fakbRaldids hCcBHvbrtOURe

and colums at all in any o e ca al't ernati ve, and
preferred, method®i8 €8 fEACE éFheoﬂeﬂ'ﬁélve attFagtexd «in a null row or a

null colum onto the nggatl\zgoucnamt UseClhe &Beae\A&aelagb& RIACh e Laayto

decoupl e t he ut .to the n%‘%ﬁ] r OWS and | ums from all the oth %
neurons. However, a?ﬂ’l’é Pridhe: AreRreRts &2 QI resultant matrix, for
27 10 coummplﬁetmeallm fiore ¢ ghmy priordwy onf cegdadh fbluests.

times at the neg%ié@?&?“ﬁ?’f&?ityb Uboh P8 T pUT RIS ey by replacing a
particular 1 entry with a higher number. At the same
time, the queue manager will set up any imposed negative
attractors that may be required by changing the

15 _corresponding entries to large negative numbers, (eg-23),
and at—the same time will arrange for those neurons to be
decoupled from the others (as explained above) before
calculations start. ‘

4. The modified input matrix is then replaced by

20 a neuron matrix using equation (2) (with the non-
requested or forced elements remaining at the negative
attractor, -2A). The elements of this neuron matrix are
the y;y. The paré.meter B is set randomly within the range
0.08 to 0.16. In the first iteration of step 4, it is

25 set at (=0.08. _

5. Iterate the differential equation (13a) (which
contains the parameters A, B and C) to calculate new
values of x.;. The step length At may be, for example,
0.2.

30 6. Go to step 4, unless the system has converged,

‘that is unless the Yi; have not changed by a given amount
since the last iteration. If all the neurons have

converged, Sstop.



stillffed into the rest of the calculations, and w | affect tine

evol ution of the unforced neurons. The 5 external biases of all the
forced neurons are set to zero. - The effect of -
decoupling the null rows and col ums 3Wm Il be illustrated by
reference to Figures 7 and 8. These show the results for- .
sirmulations with an 8x8 input 10 matrix; with optimsation paraneters
set at A=B=1250 aBEEEEAEél-—S—iaeéségﬂ—The input matrices in each case had
nOR- | vani shi ngTRée”ﬁQ&ﬁorltB) tde fiHet pare:bh dmitst ineeme ia | eo@dl'd be
ot her elenments were z ISOVIOStattISt e I_nput
will require only® mgﬁﬁﬂne@tﬁqrﬁﬁ TS ware RF o Sogltlwﬁrﬁé n@ﬁr%ﬁé fo

change freely acomomibimation of thettrodynBotentiajubardwapeotechdolbgies

out put shown in T 8 r
connect ed, \gln would %i%%&ﬁm%r@'sﬁ'h?tp%t#pnet @%LOEIas gﬁ% | ?%f'g%ﬁment in
connect ed whigh sthpi sptuesknds £eglier amheddad winkd | of ¢<htp:asenaa.ayx_

20 However, dfxbhe 2818 haquesd Be¢emS nAke o S6PNRME Sfledium. | EBR

t he dynam cs of the system py an i nposed attrac or, revi oysl
descri bed, then t%'?%]t%rk" 1?p‘c’:gavei"§e of & o SFSRRTSY sﬁut?%ﬁ 'ﬁ§¥e

shown in Figure &mnlementat*onl vouddc dppddne pm‘pcﬁeedb&bt r aiohor of] e¢srseo
distingui 3§ 25 ppJdd ngm%%gogﬁ(sfg) aé'c%e fggatiye a%ééé‘%%r% x%g,t.‘gJ,aggd

x[err] of équations can use an equi val
equation (16) toippdementationsh fomelavge svitkhest ould be éxqradingly

attractor - shoul d chiha BRANN .S HNBhethE1LEsRBA!FUL a hardwd R A AURYSaL)

converges on zero. - nce A=B very nuch greater than G,
we have from equé‘?—?&ﬁs(afe-)m'{ RE a HQPflﬁ{‘aﬁrB%‘-ﬁﬁ%en% mr*&as already been

x[err] =-2A published by Brown ([5].— The various parameters in {Ra)
15 Hopfield model can be related to values of the various
electrical ccmponent§ in the circuitry. —

It is expected that the present invention will have
application in very many different fields, and in
particular to any problem in which a Hopfield energy can

20 be calculated, and there is a requirement for an input
matrix having at most one non-vanishing element per row
and at most one non-vanishing element per column, in
other words where the _problem is equivalent to the
Travelling Salesman Problem. Potential application areas
25 include network and service management (including
switching of lines, channels, cards, circuits, networks
etc.); congestion control; distributed computer systems
(including load balancing in microprocessor systems, .
cards, circuits etc.) and decentralized computer systems;
30 work management systems; financial transaction systems
(in banking, stockmarkets, shops etc.); traffic
scheduiing (airlines, trains, underground, shipping
etc.) ; alternated production lines; reservation, storage
and cargo systems (including airline, stock etc.);



28 . - In fact, we find that in practice the exact size of

t-he i nposed attractor does not particularly matter, provi ded t hat

it sis |arge enough and negative enough. As an extension, it
wowl d be possible to use inposed 5 attrgctors not only for the nul
rows and the null colums, but al so for each individual neuron in
respect of which no connection request has been nade. If there

I's no connecti gn geneeal, aahéd&ali.ngdalﬁdi?)rrd&ddrwveﬂlocation C%ﬂ%&fl&ms:
connection to be set_up, angd it i.S POSSI { tiv ? .lher re.to
decoupl e all of tﬁsn%ég%siqﬁﬁﬁﬁgl aéﬁi%ﬁﬁ%#éh ?ﬁ%u éﬁ%QUeg XﬁétrF%ngﬁ
to run the neural systems néingludindy aidon ohe&.enthémicahi @fawls | genexialy

hon- Zer0-cghﬁ§oiur5?gﬁeh§prQYﬁélhB@n pegdc@baconvengsiCeairiines,
Queue Nhna%Fr: n a practical enbodi nent of the pr esent

i nvention FYaRepopE nEYESEMSy O5C Part i UFEI™ ar PARSRBANE t YSEems
nmade to deal wth(ineDadifggpagkeesitibal, ambHEXREr i efedi® etc.); robotic
b or i Ly, or of eV AEEEs etk g T h g ATy ATARANES | Lask pgsifpiént in
preferred enbodi rgeneraher ef orealt heime wodétabeaequisitiogueardnnangkysis
which would sit i .0 h I and provide
prioritisationIzﬁkgééﬁﬁ'a%?%nggﬁgﬁég défay pfggégﬁggﬁﬁconing traffic. This
is shown &8hematically in Figure 9; iIf an inconing
packet S ex@id Hudtthudils cage Unacceptable delay (or alternatively

|f acritical packet Iy - Dag Dol eeLdnaLed Aty 1 Al WoRLI QLY
t he queue pres inuou
case, where the inputs to the network can take on any
value within a given range, rather than being restricted
15 _to O and 1. One particular way of doing this, as
previously described, would be to allow the inputs to be
any  positive integer, = for example an integer
corresponding to the number of packets awaiting switching
in the respective queue. Alternatively, the inputs could

20 be truly continuous (not just stepped).

The inputs may be multiplied by a spread factor £,
prior to the network calculations being started, to vary
the range that the input wvalues span. Because the
network calculations are non-linear, altering the input

2S5 range may have profound effects on the operation and
speed of convergence of the net.

In the truly continuous case the addition of noise
is to be avbided. - Imposed attfactors may be used but,
30 in practice, it has been found that they do not add very
much speed to the speed of convergence of the net in many
cases.
The continuous case can be considered for performing
first order task assignment in a multi-service or



. convention

nanader will nodify the input matrix (9) to take account of the
desired sequenci ng. When t he queue manager recei ves a packet from

the input line, it will exam ne t he destination address to determ ne

t he appropriate 20 destination output |iBa. It will also determ ne

t he priority and/or delay of that particul ar packet. Based-

29 - upon -the _information it has read, it wll. then~
appropri atel y updzeeeregenapgt BBRVAFRDEORt sPYXhapRFIRESIng thenesum t iaf
conditions that tigsies¥atsnebpor ubgsbility of €REkat €fdRONthe | thtR%n
al so inpose attractors, either osi.trve o

5 r_,negative, L n_othe
ways decoupl e cerf&FqHrees. ngHFoﬁfé%9§ﬁn?ﬁ§ ﬁgfﬁg??eaéﬁﬁgéiﬁﬁrtblﬁhgr
request ed ofderritasis cdssiwnment vi dakingackets. account, amohfyet
function of the 8. Jranager Is usi ng . .

5T LR URERIEEon ggeest® 10 Applicarion
hybrid techni quegreas include(neanenIstul @ehexsctiBRtYazk napdt gervice

provi ded by mandd¥ndhicue gTaRaE o el eoiaguaera@@éerm,e isyEtlentPt EbX
(9) to take _ account of the fact, that ere nagsge por e "t han -

one packet whi cHAZE WARAMAEETIFIC 1 he PRATCIALr 15F30SaCHAAREL | ontraffig
| arge nunber of patieehdisigrt tresewviation, =~ supragel, wachirgg f chasdling,

parti cul connegti_on, _the r es chaplLsm
for effec ?vely gat%%a%%uné§§§€%}%tu?%ﬁ%@%é%% &%n%ﬂ%g%bpatkégggtg£%%%ﬁ%§
t hat t he sgheduliggshs comsirolheudmesonres cptbdtgtionnproblens . 20
alternative nethod of achieving the sanme result m ght be



to make use of an I nput request matrix in which each el enent is not

nerely- 0 or 1, but is an integer representing the nunber of packets
that are awaiting that particul ar connection. The higher the nunber
waiting for 25 a particular connection, tiftfe greater would be the
initial val ue of y, according to equations (1) and (2), and
accordingly.the greater |ikelihood therenﬁguk% @ggof t hat parti cul ar
neuron converging to the value 1. 30 == ctil ati on Procedure:
Finally, we will turn to the conputational procedure to be- used in

operating the neural anetyprkyi-:, Th@rcadradd OSGEHES: Ml Isyidatd) velyhe
the same, whether ‘The ° _ - o ~ 30
network i s enbodi ed i nCRIVHAFE Tt i n sofbFaRsan fransacridRFoceddfe

is as foll aws: TalecchmurRegek¥as,t el 2NpNb 1l egusst 1omatlrix,
whi ch contains 0's and 1's in the sinplest case, indicating 5
whi ch connections are requested and which are not. 2. To

centre the reques{2hmt¥i xLbsclnctonardt AheRoveri, OIstégraléds Sepeices

negative attractor). ¢ iead radmrice b OPL] s €, ue n [_to
make any appro%%?éf%ian%%an%ﬁ¥§'tpé%ﬁgg#%géffgégﬁﬂgggik,n?%rggﬁﬁa
exanple to allow for hTyamsaprionst pronTetecemmurigaeters., Vol 2, No 1,

10 p59, 1991.

13)] ccITT, Draft Recommendation I.150: B-ISDN ATM
Aspects, Gerneva, January 1990.

15 _[4] A Hiramatsu, "ATM Communications Network Control by
Neural Networks’, IEEE Transactions on  Neural
networks, Vol 1, No 1, pl22, March 1990.

[S]T T X Brown, ’'Neural Networks for Switching from E C
20 Posner, Ed’, ’‘Special Issue on Neural Networks in
Communications'} IEEE Communications Magazine, p72,
November 192989; see also A Maren, C Hartson and R
Rap, ‘Handbook of Neural Computing Applications‘,
Academic Press, London, 1990.

25 z

[6] MM Ali and H T Nguyen, ‘A Neural Network Controller
for a High- Speed Packet Switch’ Proc. Int.
Telecommunications Symposium 1990, pp. 493-497.

30 {7] A Marrakchi and T Troudet, ‘A Neural Network

Arbitratcr for Large Crossbar Packet Switches’, in
IEEE Transactions on Circuits and Systems, Vol 36,
No 7, 1038, 1289,



Hi‘gher priority woul d be achieved by replacing a particular 1 entry
;mnth a hi gher nunber. At the sane ~tinme, the queue manager wll set
‘up *any i nposed negative attractors that may be required by changi ng
the 15 correspondi ng entries to |large negative nunbers, (eg-2A),

and at the sane tinme will arrange for those neurons to be = decoupl ed
fromthe others (ds expl ai ned above) before cal cul ations start.

4. The nodified {Bnputs nait Hoe e idienveapbasedvinh 28radeda rewpdde MiiaveX _
usi ng equation (2) wi-th the Ton: iy que_g d.o f I nt
remai ni ng at the negat |£:ve"t;c"’e ATt TACT OF o " T%g erémgitlgceeofg?ﬁgg oF
neuron matrix are uﬂobﬁsnyﬁeﬁhprﬁnﬁe[iﬂqgnﬂ¥ﬁt{er$?-+sUﬁétVo&nabn1pb

wi thin the range -;ongg—-bQ 0=;@D..,g|1crshe Jalyr slagt eration of step 4, it
is 25 set at [err]=0.0 Iferate the differential

equation (18a) (which cont ai ns the pararreters A Band C to
cal cul ate new (9] VAI ue&aoazg&egglms ofhaostgalaeﬁethoi-ﬁérLharraﬁrEaer

for exanpl e, ,_ - g g ss *t he %;/ste?
has conver ged, Fﬁa? PECHAI s ?hé"‘"?[e‘ﬁ] hEGEC Aot en
anmount since thealast,itelatToduction| ftal |l thae ‘nhelo:ms bﬁveﬂeural
- converged, stop. c cation’. Addi W Red dleie
Practical Realisation: emputatzon”, é}‘ e sﬁrelt W(e)ﬂzeybf eﬂ"{go présght 1591.
invention’-ocoul d be . enbodi ed either in hardware or in software, or
In a (10] s.v. Aiyer, M. Niranjan and F. Fallside, A

Theoretical Investigation into the performance of
the Hopfield_Model. IEE Transactions on Neural
- Networks, Vol 1, No—2, June 1990.

5
[11]. Honeywell Inc, EP-A-0 340 742. -
-~ {12) Troudet et al, IEEE Transactions on Circuits and
Systems, vol. 38, no. 1, January 1991, New York, US,
20 pages 42 - 55.

{13] J J Hopfield, US-A-4 660 166

- [14] P P Chu, IJCNN-91: International Joint Conference on
25 Neural Networks, vol. 1, 8 July 1991, Seattle, USA,
pages 141 - 146.

[15] Y § Foo, IEEE International Conference on Neural -
Networks, vol. 2, 24 July 1988, San Diego, USA,

30 pages 275 - 282.

[16] Ueda et al, IJCNN International Joint Conference on
Neural Networks, <wvol. 4, 7 June 19292, Baltimore,
USA, pages 624 - 629.



conmbi nati on of the two. Potential hardware technol ogies 5 woul d
include VLSI, opti.cs and so on. The environnment in whi ch the
net*work is to be enbedded will of course play a key role in the

det ef mi nati on of the medi um For exanple, if -speed is of the
ess¢nce, a hardware ' i npl erent ati on wotl d appear preferable, but of
coyrse 10 that has to be offset against the fact that hardware

i mpl emrentations fepr, ; S¥LIche | d ke exg [ e -
cgnplicated. A spg{ci#?{ég"tgf?)#%bg %c%\g?dv\é’?%l%él‘%%gr'irtheﬁé)‘neLcs’ vel. &5,
réalisation of a Hopfi®Pd AeulSHCTEORST k- 3L, aFeddaybergn Germany,pupadgesed

by Brown [5]. The various.psggneters in the 15 ‘Hopfield nodel can be
related to values of the various el ectrical conponents in the
circuitry. - It is expected that the present invention wll
have s appl i 58 ) CChedke weral,mIcoNsdfensnt Anmldb, Ccafdrente of -

particular to any proh] in which.a,Hopfield energy.can_20 e -
cal cul ated, and there ‘T%% r@'%ﬁmsr“ené‘rh I Fcén“i"npﬁt Societyyyt Y?g' hatt ng6 at
nmost one non-vani shi nNasresment 1889 r Akriladelpmiwl dISAnspages TEM-vané3hi ng
el erent per columm, in ot her words where the problemis equivalent
to the Travel I ing Sal esman Problem Potential application areas 25
include network (18dd Chestyiee ahankBIehEEE {prerpardgnal Confegenst® mp of
lines, chagnels, cardgjeyrdICUiNetwd¥dOr kfol. 1, €4§.)MageRUCIbigAN san
control; distributed conputer sysiens égl ncluding load balancing in
i croprocessor systemg*a8ncisco, UShs PAFEHidY 6t 29%-and decentral i zed

conmput er systens;™ 30 ‘wor k managenent systens; financial transaction
syst ens (i banki.ng... St r k _,_%h etc.); traffic
schedul ing (airl i[ggg, %Pé’lr&%lsu,l .E‘r]fglg'lrégr%dur? : Ao p%% : etc.) alternated

production lines; reservation, storage and cargo systens (i ncluding
airline, gtock etc.); :



32 7 : general scheduling and resource allocation problens;
gener.al channel assignnent problens; fluid control systens

(i rrclauding oil, -gas, chemcal etc.); general control systens

(i nctuding nuclear, cars, airlines, 5 __ transport systens etc.);
system nmanagenent systens (inclading satellite, nobile, audio

etc.-); robotic- -+  systems dealing with task assil HastBeagiReplaced
~assignnent in ' gener al ; real time data acq

anal ysis . syst ens; "and-gqueui ng del ay procedures T
The continuous case : The pr e&akIMSwrk can be extend t he

~conti nuous case, where the inputs to the network can take on .any
value within a given range, rather than being restricted 15 to 0 and
1. ~-One particular way of doing this, as previously described, would be
~-to allow the inputs topbe ;i nechecd ¥F -POSAEiNG a IHEE®HEL1d nkllork co
- exanple -an I nt eger .. corresponding.to the nunber of packets
awai ting switchi mptve @ BPIEPHSPhe tr"ﬁs.péeh'f"gécﬁﬁe‘i%. YRGS ndFi RAREL13 e
i nputs coul d 2hown, lrhd malcfrociobeingoohataoteriseédshbepferying at least
The inputs may b tipligd b Spread factor, f ' e PL to th
net wor k cal cul at iesg% b%?ngj"%’t d‘_)r{?‘grdf"%o"\g/’gr y'%lén the ﬁ%%’?cacnggh?ﬁgf t eee'
i nput val ues sparfncwn tBeckiik® Ohe the respeqidMior ROrzkectl avabugs-ar end

non-lineang alteUgagalied NP4 nepork H@”B&nﬂﬁé(?é‘a\ﬁﬁeprégﬂwgoﬁf £8CLSHN

the operafion and- speed of convergence of the net.
In the truly conPrRrE¥dE®-case the addition of noise is to be
avoi ded. | nposed attractors nay be used but, '
2. A 9ethod-aé claimed in Claim 1 in which _the

- ' inputs to the fdrced neurons from the unforced neurons
1s are decoupled during cperation of the network.

3. A mechod as claimed in Claim 1 or Claim 2 in

. ' which the outputs frgm'the forced neurons remain coupled

to the unforced neurons during operation of the network.
20

' 4. A methed as claimed in any one of the preceding

claims in which the problem is mathematically equivalent

to the Travelling Salesman Problem.

25 5. A method as claimed in Claim 4 in which, when
the values of the neurcns are represented by a matrix,
the rows and columns which are known to be null in the
solution to the problem are forced to remain null.

30 6. A method as claimed in Claim 4 in which, when

| the values of the reurcns are represented by a matrix,

" the matrix entries which are known to be null in the
soluticn to the prcblem are forced to remain null.

[y llll[i L
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30 - in practice, it has been found that they do not add Ve&XBSh

much speed to the speed of convergence of the net in many
The* conti nuous case can be consi dered for performng I
task assignnment in a nulti-service or 1a

sum o

33 het er ogenous environnent by maxi mi“sing the s

I ndicators of suitability of tasks for the chosen resources
network can al so be used fon hlghe& - ger tARK B bgnaﬁgt %ggéagqg
into account, annngst “ot'hers, |dferfas nicat i on costs

;éﬂeés iFc| oS annﬁﬁ%t A Her SSOTRRGIr kKVakeeseraree all

Application
managenent , d|strtbuLed-gennggr:systgns,asxsgg rf BF che necWsik.
managenent , financial transactions, traff schedul i ng,
reservation, storage, cargo handllng, 10 database control,

automated production, g.andy gererd as clagsbgdibhi TLaitwn?r ah Whicsothee

. allocation probl ens. . ) :
network has exactly two attractors, an upper attractor

- ané a lower attractcr, =2ach of the unforced neurons being
arranged by an cperating algorithm of the network to

ccnverge on either the upper or the lower attractor.

9. A mechod as claimed in Claim 8 in which the

forced neurons are forced to remain at the lower

- attractor value.

is. - 10. A method as claimed in Claim 8 in which the
forced neurons are £forced to remain at the upper

atctractor value.

11. A method as claimed in any one of the preceding
20 claims in which the starting inputs to the neurons may
take any value within a continuous range of values.

12, A methed as claimed in Claim 11 in which the
starting input values are multiplied by a spread factor
25 f before the network is operated.

13. A method of operating a Hopfield network
incorporating neurcns having a transfer function with a
graded response, the method comprising repeatedly

30 updating the neuron outputs according to an updating
rule, characterised in that the transfer function has at
least one parameter which changes randomly or

pseudorandcmiy between iterations.

I
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10 where x is the neuron input, y is the neuron output, and

- 1
l+exp(-Px)

f{x) =
- - (2)~
B teing the said parameter.

15 16. A method as claimed in Claim 15 when dependenc
on Claim 16 in which B8 is chosen randomly within the
range between about 0.08 and 0.16.

17. A method of operating a Hopfield network using
20 an updating rule '

- - c

kni

(23)
25 or an equation substantially mathematically equivalent
thereto, where:
is an input o the neuron referenced by ij,

X4

.s+ 1s an output to the neuron referenced by ij,
Yis I
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i characterised in that C is chosen to be very much smaller

than the sum cf A and B.

18. A method as claimed in Claim 17 in which C lies

10 BDetween about 40 and 150.

19.. A method as claimed in Claim 17 or Claim 18 in
wnich A is at least ten times greater than C.

-

is 20. A method as claimed in any one of Claims 17 to
19 i which B is at least ten times greater than C.

21. A method as claimed in any one of Claims 17 to
20 in which the network is operated with A set equal to

20 B.

22. A method as claimed in any one of Claims 17 to
21 in which A, B and C are substantially as follows:

A=B8=1250; C=100.

25
23. A methed as claimed in any one of Claims 17 to
22 in which the activation function f£(x) is defined by
1
f(x) = -
() 1+exp (-fx)
(2)

30 24. A method as claimed in Claim 22 in which the

* [ L L H *
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ﬂ = 0.08*‘2%

—

where K is an arbitrary constant, greater than zero.

26. A method as claimed in Claim 25 in which K is

sless than abour 10.

10
] 27. A method as claimed in any one of Claims 17 to
24 further including setting an initidl condition for
thcse meurons for which the correct solutien is known, to
heoid the said neurons at their respective correct values.
. 15 | |
28. A mecthod as claimed in Claim 24 in which the
initial condition is
cC
X, = ~A-B+—
- 2 .
i ) (16)
20 ) i
29. A method as claimed in Claim 27 or Claim 28 in
which the said initial condition is
C
Xa = =
< 2
= (18)
25 34. " A mecthod as claimed in any one of the

preceding claims incliuding the step of amending the

* < L L] s *



een]R¥PI3cel EEE | nt er nat i onal Conference on 10 * Neur al

March 1993, San _ Fr anci sco, USA
[ 20] Fujitsui L|n1ggg EP- A- 475 233. 15
CLAl 1. A net hod of

operatlng a Hopfield network incorporating neurons havi ng a transfer
function with a gradedalesppansd.:iche na&hmd-camprb@bmgcdageammﬂ'ynbnfleld
updating the neurg o] ts. agg Lo.an. u J g

t hat the trang g%ﬁﬁcfroﬁ gégaggcTeés ‘6%%%%5$%ﬁé er %B%hggkgﬁéégqe
randomy or psaud@&an@on1y between iterations.

thmnrks
pages 359

s 31. A method as claimed in Claim 28 in which the
said step ccmprises mULt-DIYL »g the initial values of the
rneurons by a spread factor £, not equal to one.

32. A method as claimed in Claim 28 in which the
d out by a further neural network.

10 " amending step is carrie
= 33. A method of operating a telecommunications
switch using a method of operating a Hopfield network as
clazimed .in any one of the preceding claims.

15 _ |
' 3. A method of operating a telecommunications

switch as claimed in Claim 33 in which the switch is a

packet switch.

20 35. A neural network operated by a method as
claimed in any one of the preceding claims.

36. A telecommunications switch incorporating a
neural ‘network as claimed in Claim 35.
25 - |
37. A telecommunications switch as claimed in Claim

36 including a queue manager adapted to amend the initial

conditions, prior to operating the neural network, in
dependence upon the priorities of calls waiting to be

30 switched.

38. A telecommunications switch as claimed in Claim
315 or Claim 37 in which the switch is a packet switch.

A

n



2 . A meThisshe Replaicedr Claim 1 in which the paraneter is a non- 10

nbnotonlc f I teration nunber. - 3. A net hod as cl ai ned
in<Claim1l ich the transfer function i s defined by
y=f{x), unc Stantially mat hemati¥@al | y equi val ent thereto,

or Ion su
mhere X 1s the neuron input, y is the neuron out put, and 15 [err]
[err] being the said parameter . 20 A net hod of eratln qmg a

t el ecommuni cations swi PEh usi Ny LEHw karfﬁ:‘cnsongdpf
networ k as cl ai negwi8zangsore adtreidhénpaaye dineg ofl dlEms 36 cdS 38. A
met hod of operating a tel ecommunications switch as clained in Claim4 25

In which the swtch is a packet sw tch. 6. A Hopfiel d network
operated by a nethod as0c¢| aRmrseriid 2ddy ~ewwasfk giddnned to 1sebveg. a pgoblem

A tel econmyni cations gwitGh d-NcosPQRatkng & SRpEi g1 i NehWeik ashe! AbP%Erk

in daimbé6.”
teing characzerised by means adapted to force at least

some of the neurcns £for which the correct values are

Known to take on the respective correct values, and means

for cperacing the necwork to complete the soclution to the

10 prcblem. -

41. A Hopfield network incorporating neurons having
a transier functionm with a graded response, the network
including means for updating the neuron outputs according

15 to an updating rule, characterised by means for varying
a parameter of the transfer function randomly or

phseudorandomly between iterations.

42. A Hopfield—network adapted to operate using an
20 updating rule

Xij(c) = Xij(t-l) +At{—ax AZY;k BZ Yx1+—)

ko3 kn2

- | . (23)

or an equation substantially mathematically equivalent

thereto, where:
Xx;; is an input to the neuron referenced by ij,

25
yi; is an output to the neuron referenced by ij,
"A, B and C are optimisation values,
and, further, where -
X.; and Vv:; are related by a monotonic activation
30 funccion

(1)
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A tel econmuni cations switch as clained in aim?7 including a queue

8. -

manager adapted to anend the initial conditions, prior to operatlng the
neur al network, in dependence upon the priorities

be -swi t ched. 5 9. A tel ecommuni cat i ofi§ switch as cI

or Claim8 in which the switch Is a packet switch

t el ecommuni cti ons network incorporating a itch as cla

of. clainms 7 to 9. 10 11. A_HopfleLﬁJnetmbxg)lncorporatlng neurons
having a transfer function wth a graded response, the network
incl'udi ng means fgxaupdabingetines NEREOIT O Riticsen =cABeOVErPImbehadmaller
updating rule, characterlsed by _neans f r varying a paraneter of t he
transfer functiontFaRdbReySER %SeﬁdﬁPﬁn omy between iterations. 15

43. A mecthod of operating a Hopfield network
substantially as specifically herein described with or

wmn

without reference to any one or ccmpatible combination of
Figures 1, 2, 5, 6, 7, 8, 9.
44. A packet switch substantially as specifically
10 herein described with or without reference to any one or
ccmpatible combination of Figqures 1, 2, 5, 6, 7, 8, 9.

45. A method of optimising a "Hopfield neural

networX comprising: :
1s (a) determining an energy function for the problem to be

"solved;
(b) comparing the s3id energy function with the Hopfield

energy function
n n n

E=- Y T;':'.uyijykz'_z Iijyij+_z l;-,j;ﬂx”)f L (x;5) dxs;

i,F5,K,4=1 i,73=L 1,31

- ' ' (4)
20 to determine the weights and biases for the network;

characterised by:
(c¢) substituting the weights and biases into the

Hopfield dynamical equation

dx,; . 2
- = -axij+_z Tis kY1t Liz

(3)

25 . .
to give a differential equation describing the
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(e)

10

~e-develc;menc cf the network;

icn about any undetermined
optimizacicn constancts in the said differential
agquaticn by considering the equilibrium condition:

-(14)

deriving further information about the optimization
censtants by separately considering (i) equilibrium

for those neurons which have converged to an upper

attractor; and (ii) equilibrium for the neurons

which have converged to a lower attractor.

46. A method as claimed in Clainf 17 in which the

starcing inputs to the neurons may take any value within

a continuous range of values.
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