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50 G is the capacitance between the input of amplifier i and ground,
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(i.e., source) that is connected by the conductance to a specific voltage
line. For exanple, [err] identifies the conductance that connects the
positiveé output V2 of anplifier 1gp@2ideegipput of the first anplifier
(line 41)., Also connected to each anplifier input port is a resistor and a
capaci tor whose second lead is 40 grounded, and neans for injecting a
curr ent- (Brhemasivaient esistericel endsbamede) i nt o each i nput port. Applying
Kirchoff's current law to the input port of each anplifier i of PIG 1
yields the equation: [ERR] where 50 1 [ I s the capacitance between
the input of anplifier i and groun [ergrg'S 2 EP 0 242 098 Bl Is the
equival®nt resistance and it equal S fERR é where pi is the resistance
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st abl e. | btateSdupdt 80 amedWdtkpown that such a circuit is responds to applied
stinmuli, andvithesis hasvnsstabiliyg al yhingll thé @etadndif othenfuadtibrer may tehsudiedtwhith Seléte tnthe
time. At sitceindly FiSii1aand, injolye itle impud signads pfethe Lircuit,Ghe Wit stgtmiss ofkthe vircuis t antyor the y
in mnd, Ctiveithistesalperamefersot her functi ons may be studied which relate to the
ci rgrt"’mf Fﬂo@xgmdmfvmwesw&dthﬂpeathstognal s of the circuit, the output
signals of the circuit, and/or the circuit's internal _pararreters. 20

For exanple, a function was studi ed that as the form[ERR] It is observed
that the integral of the function_[err 1 agproaches 0 as the gain of
amplifier i ?ﬁnﬁat'zeg TmﬁVth_,y" Rl(3dRynde X5 nkV IS ivET W of the2Function
EIs ndgative, and thd8 it reached 0 whe® the tine derd vative 30 of

vol tages [err] reaches 0. SI nce equation (1) assures the condition of [err]

appr oachi HYs Qber%d ﬁlLtI thé intergmaof the function ¢! V) approaches 0 as the gain of amplifier i approaches
infinity. Also, the time derivative of the function E is negative, and that it reaches 0 when the time derivative
so of voltages V; reaches 0. Since equation (1) assures the condition of dVi/dt approaching 0 for ail i, the
function E of equation (2) is assured of reaching a stable state. The discovery of this function E led to the
use of the FIG.1 circuit in problem solving applications in associative memory applications, and in
decomposition problems.
The FIG. 1 circuit can solve the above classes of problems when those problems are structured so that
35 the minimization of a function having at most second order terms in some parameters of the problem
rasults in the desired solution. Other problems, however, may require the minimization of equations that
contain terms of order higher than two. Those may be problems that perhaps can otherwise be stated with
second order terms, but the statement with higher order terms is more meaningful, or they may be
problems that can only be described with the use of higher order terms.
40 The invention seeks to provide a parallel computation circuit for solving problems characterised by
higher order terms.
According to this invention there is provided a parallel circuit as claimed in claim 1.
An embodiment of the invention comprises an interconnected analog network that is constructed with
inter-neurons that account for terms of order greater than two. The network comprises analog ampilifiers that
45 are connected with a resistive interconnection matrix which, like the prior art network, connects each
amplifier output to the input of all other amplifiers. The connections embodied in the matrix are achieved
with conductances whose values are computed in accordance with the set of problem restrictions, while the
cost variables of the problem which are to be minimized are applied as input signals.
The invention may be more fully understood and appreciated when: applied to a specific problem and,
s0 1o that end, the following detailed description presents the best mode for constructing a highly parallel
computation circuit for solving a minimization problem characterised by an equation that has terms of order
greater than two.
For purposes of illustration, the problem selected is the classic routing problem, such as encountered in
the airline industry. In such a problem there may be N points where stops can be madse (e.g., cities), and
55 there is a cost associated with travelling from one point to the next. The object is to find a path in
conformance to the rules of the problem at hand which connects a given origin point with a specific
destination point at a minimum attendant overall cost.
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to the overall cost function of Equation (3).
The terms contributed by Equations (4) and (5) are similar to the first torm in Equation (2), in that the
45 variable V appears in the second degree, and so those terms present no problem in the realization of a
circuit to minimize the cost function resulting from combining Equations (3), (4), and (5). However,
preventing the "outgoing branch” and "incoming branch” conditions may not be sufficient.
A further condition of Equation (3) relates to the selection of some links and the non-selection of some
other possible links. When one visualizes the physical problem, it is readily apparont that having taken one
s0 link to reach a point A, some link emanating from point A must also be taken; otherwise the tour cannot
properly be completed. Stated in other words, having taken a certain link and having taken one of a number
of other links would not comport with a valid solution to the physical problem. Conversely, a solution where
a link is taken from a point A but no link is taken to reach point A also does not comport with a physically
realizable solution to the problem. This continuity requirement applied to all points of the tour, save for the
85 starting (origin) point, «, and the end (destination) point, . At those points we wish not fo discourage the
breaking of continuity, and in fact we wish to encourage it. Accordingly, an additional function is constructed
and added to the overall cost function of Equation (3), which considers each link AB and imposes penalties
for certain conditions at points A and B. That function (discussed in detail below) is
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10 where [err] represents a link frompoint (city) Ato point (city) B, and
[err] represents the direct cost associated with taking |ink AB. The
presence or absence of |ink AB ingplpe24pdggigion is indicated by [err] either
taking on the value 1 or 0, respectively, and thus, the terns [err] conbin
to represent the overall direct cost of taking a particular route. A .
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satisfy the equahty Employmg De Morgan s theorem offers the identity
30

1} Vey = 3 Vyy

Y

35 and in our application where the final state of an inter-neuron is sither 1 or 0,

23
. Y ky
g
is also equal to
1l - sv .
Y XY
45

Employing the above, an additional cost function to be included in the overall cost function can be created
which introduces the concept of a penailty for failure to satisfy the definitional requirement of inter-neurons.
Specifically, the term

gvac

in Equation (9) is rep|aced"with Vpou and the cost term
55

2
M1 ( VBoue * Ve - 1)



EP 0 242 098 Bl [ERR] Equation (9) represents a valid and useful statenent
of the overall cost function of the routing problem Unfortunately, the
terns having the product operator gperab opg 8tapproxi mately in the [err]
degree of, the variable 15 V. The overall cost function is therefore not of
the formdescribed in the aforenenti oned copending applications, and it
woul d* appeedded. [Similadyhithe teyper al | cost functi on cannot be nmapped onto the
circuit of FIG 1 as described by the prior art. W discovered a way to
restructure the problem and nmake it solvwable with a circuit akin to the
circuit of FIG 1. In solving the m nifemti on problemin accordance with
Equati én (2), the FIG 1 circuit devel 6pes an output voltage for each V
term and,, ep the circyit reaches steady state, these voltages assune
ei t her tH'é\é@‘é{']‘ﬁ'égis@P‘aﬁgwﬂég'l‘ﬁa?gﬁ‘ﬂcf’%gefmthe product terns (e.g., [err]) are
also restricted in the steady state to O or 1, we replace terns of the form
[err] with single variables th orm[gLr] and,.2he term [err] wth the
si nyl ewvari able [err]. This %b?d Jé%§'t§%c? irioﬁ- equation that has terns
with V variables only in the first or second degree. On first blush this
process qf adelIrefmeterAPPears to be nerely formover substance; but that
is 25 not the case, as shown below. W call the [err] and [err] terns
i nter-peurons which, in their steady sitate, are either 1 (turned on) or O
(turned off). Whatever state the inter$wgyrons assune, however, they nust
satisfy their definitional equality; ahdﬁ#his i nperative may be
i ncorporated in the overall cost function by assigning a penalty for
failing tipreplatadsfity t he equality. Enploying De Morgan's theoremoffers the
identiey 30 [ERR] 35 and in our application where the final state of an
interZneuron is either 1 or 0, is al %o » to [ ERR] 45 Enpl oying the
above, an additional cost function to be included in the overall cost
function cgnge created which introduces the concept of a penalty for
failure tBEMW Ty the definitional requirenment of inter-neurons.
Speciffcally, the term 50 —_— [ERR] in
Equation (9) is replaced with [err] anggége cost term55 [ERR] 6

_ B

s0 is replaced with
l = 3V.one.
g 4B
. 35 - Combining the above cost functions yields the final overall cost function:

E = 32 (CpnVan + 3V, .V + V.,V
22 ‘“anVas %1c aBVac %2c aBVcal

+ ig (N3VasVBout + NeVaBVinal
- §33VAnNhnut - ;AG“dBvind

45 .
+ 001 - iVAnJ + ;sgvuc

50 + .\7( 1 - qua) + )\ag ch

No2Vaa + 23V, v
MoVaa * M1o72VanVaa
&6 .
* M12( VBout *+ 2Vae - 1 )2+ Ma23l Vina + e - 1 y2+ o



EP 0 242 098 Bl - is added. Simlarly, the term[ERR] in Equation (9) is.
replaced with [err] and the cost term[ERR] is added. Finally, the term 15
[ERR] i5 replaced with 20 [ ERR] gpglodd\¢esigy m 25 [ERR] 30 is replaced with

[ ERR] 35 Conbining the above cost functions yields the final overall cost
function: [ERR] 45 7 EP 0 242 098 B1 * Equat| on (10) has the general.

f or m of- Edpogetiorofi0)(ha$ the rgetidnad form of BExustion €2) rirsthatrit Rds tarhs/in Of onlytud thbifirss degekleginée and
of the sfdirosedondaiggres It differsdiofnfEgmation (2henlyHq that thetern{son’bail appeanad dusimatidne oteer N5
don' t afobr ingigee dihatzren beremediody haivewar.dn a ipightidrmatil menner. Féraxanpdan thedermenedi ed,
however, in a straightforward manner. For exanple, the term6 [ERR] 10 can
be cohverted to [ERR] 15 (or rewitten in a sinpler formas [ERR|

233\;VanV
AEC asVac

10 can be converted to

§ \164 ViiVia
15
{or rewritten in a simpler form as

W | iy .veq)
iy k'151 xVijVi1) ¢

where & is a function whose value is 1 when k=i, and 0 otherwise. In addition to the infroduction of the &
25 function, the above makes a simple variable transformation to reduce confusion.

35

e

45

60



where [err] is a function whose value is 1 when k =i, and O otherwise. In
addition to the introduction of the'[err{ 25 function, the above nakes a
sinple variable transformati on t ogp ed4geggsnf usi on. 30 35 40 45 50 55 8
EP 0242 098 Bl The above procedure can be applied to each and every term
in Equation (10), yielding the table: TABLE [ERR] 40 45 60 55 9 EP 0 242
098 B1 ‘[ ERRJhesbeve rogediretnen bg anpliesiio eash piitRiRpry g ircEquUBYRRY(10} Bielding thedeblet  of
Equations (10) and (11) reveals that the terns corresponding to the [err]
coefficients contain the direct cost facrtABgE[err] of the problem and
[err] and [err erngs. The [ery] coefficgepnts,conprise only [err] and [err
Lerr] and | A]“BEAWB*‘B [ery] cgept $yComp y [err] [err]
[

B ' i3 13913
$ MVaaV -> S MELVisV
A'B'c)‘l asVac i,k 10k 13k
$ MVapVes - I M81Vigvia
\/. " 10 A,B,C ) i'j .k,l sjsoutv
3 MVapVcout - I OM0%%1 Yiivia
A'B i'j.kfl j ‘%out
2 (=) VauVupue = T (=N 8838 Vi3V
A i'j 'kll i i-n .
1 2 NVaBVina = £ Ned18x VisVia
b PR sledsiny, y
2(=N\g)VqnV -> “\g) ‘<
206! VaBVing > i,5k,1 NP1k ViV
.20 '\‘ =2 M :
N i"o\4)vm . =D 2 (-.\4)6‘;’\'”
v, -> 3 NS5V
?s uc , }i‘j 591V
->
25 7 7
2 (=M Van -> 3,00 §1%43
DsVeq -> i’,-'\ﬂsci(vii
. , - J
30 i.\gvhh -3 151'\98jvi oj
o Jgiy, .
3 MoVasVea 7 , i-,jfk_,l‘\msk 115Vk1
% 31| VBoue-D) * 3Vac

50

56
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EP 0 242 098 Bl terms.” The [err] and [err] terns define the ever-present
restrictions on valid solutions for ‘the type of problemdescribed, and
hence the mappi ng of those ter mepqds gogil err] el enents of Equation (2)

| eads to the advantageous result that a highly parallel conputation circuit
can be constructed wth feedback ternms Til being independent of t he
‘specifi-c routing problemto be solved. 5 FIG 2 depi cts rcuit that
attains a m ni nuiBN,qwel hevgeast funedi on of Equati or%lé},gis ? vkl tis
simlar to the FIBS" "1 circuit in that there are es[

(obt ai ned from ca@nadpdhleawe anpl i f%ers) and an i SPeORNRECt i'0R3 bl ock 30

t hat Sconnects t hdse out put_ yol tagesg tost he vari ouS i nput ports of the
amplifiers. It dighndrs, however i n"tfad additional anpllflerst 16, 17, 18
are provi ded that idewﬂ JeVecl nt er<»eur on out puts 215 pEBfﬂksgB undjvtkhose

t oo, are connect @G o i nterconnecti on bl ock 30. L nner the

in er, neurons af f&ct NJE)YBH put vol ages, and th tk‘l!ltl) X ages affect

t he=i'nt er - neur ons |n§ur‘e that ths inter-neuron$ {ol er xhel k
definitional equadcd'g‘ cng he overal |l cost #uhokdlo t6'be
mnimzed. FIG al so i ncI udeg“a network 40 which i npl errents t he

connecti ons 53@9 (\qur-h)thé"m fficient of the [err] termof Equation (11).
Eval wation of t [err] an(f:[e r] ternms of Equat}\ ngixifor 2 particul ar
routing probl em fa2¥snaYienmct ual %nduct ance 25"%& heié‘ ?'nitihé‘ eedback
matrices of FIG Ege aﬁove descrdyes a very spe;ci{ﬁ ij'mpl e of a system
where the energy &0 M’ imzed Is expressed in terms of "dut put signal
products of degre® *gbqgter >than t wotMBecause of the speC| fi c nature of the

il Qs/t rati ve exa g suI ting_ equatl ons (10 ]2& wginat her | ong
rgdi ¢ the1

and sonmewhat conpj qf?ot to overI ook the fioiﬂs.tl drdes it is
reiterated here t ug concept of Jnter-neurons |s a%l i cable 30 Wnenever
t he energy functi n%&é @Atermthat ‘contains a priogiuc)t cPt as [ERR] 35 The
first of these ter converts to [ery] and a penalty tgr the form[ERR

is adlied to the epdrdp2foateion. Simlarly, the ge o' fzihesje“t'errrs
converts to [ Qifitnatkly beewPLtdd g,of the form[ERR|] is added to the energy
function. Introduction of the [err] and [err] terns corresponds to the

i nclusion of an 50 i nput |nt er-neuron and an out? i nt er-neuron,
respggtivel y;E a‘ngithﬁg‘“ﬂr ans| es Tigref ¥dui ti%ondtthetive elenment in the
.system that inpl fent's the & Ydy m nim zation process. The feedback matri x
t hat connects the output of each anplifier to the input of all anplifiers,
expressed as Wher

®1gg e ] Chy- AT ST - MET
Neb3 *+ N85 - 22,83%¢ - 23y, - 21817 = 22 |
% Tijkl - [)\16‘ '\251 + \3635°“t - ,\36?‘6“"'6‘“ + \ssiﬁin
NSL6AnET & ) 6161+ ) 606169UF + 2 6,697 »
Mibi ¢ MoSinsded « 2y 8178 + M1

and

=\ L.
K '7"'%(}‘11"}‘:]

55

A perusal of Equations (10) and (11) reveals that the terms corresponding to the I coefficients contain
the direct cost factors (cy) of the problem, and \ and & terms. The Ty coefficients comprise only A and &

10
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[ERR]" EP 0 242 098 Bl is augnented for each input inter-neuron with a
termof the form[ERR] and is augnented for each output inter-neuron with a
termof the form[ERR] The matri xep bais2 pseBi des i nput currents to the
anplifiers is augnented in a simlar fashion as shown in 15 Equation (11).
O course other index patterns in the higher order product terns of the
ener gy -f (8% 760 596d I deris cletine Somexareresent festdqtienst onavalichealitionsi famthe dipaof prgbleme
[err] madpscdednend: kpnee, the|raapping 19k fhosey termps, pnte festy slasmeniatqf Giquatian £) deady iq o

wi t hi n t Rdvapiageous sepultithay 3 highlvparallel gorapitation circpil, pance-Gopgruetsi Wil ipedbpskdfme ey en
br oader P&PHEd é’f/@?%ﬁ‘i@@ﬂ@ﬂgﬁ’?ﬁﬁ 2Pg fvethas terms of order rea&_er, t han

yiaim walne, 10,

p A
. stich 9y ciyt fhat atiaing B {3y dhe, gogt fupstipn: d S W
:[awﬁewsi ﬁts'@{@ﬁ%aﬁ_s%ﬁgﬁa#% gg“’ﬁgn%ﬂpt’vmpa@ﬁn of t he?f orm[ERR] is added {n oI >

the energy function. Introduction of the Vmtranslates to an additional
active elenment in the systemthaf inplenentsythe energy mnimzation
procesg. The feedback matrix thatléon%écfé'tggzout put of each anplifier to
the~input of all anplifiers is augnented for each inter-neuron by the
coeffici ¢dbtame®firomhEon@sPendingOimpiierER] ank! &l MBrcafthedtion MldaR 38 tha® lcortnbéts Woke loGput
devel opi RgitadbsSb el vadds Mgt poks Bitke SN, & diNBisChbwEoR iinTingtSddition8sbiersf 18)62,1 ON
that is a3 pe®rsacd At dewlop tiRUhteihourdh @iftss | N-terns of products of different
ones ok said output signals, said parallel circuit conprising a plurality
of anplifiers and a feedback conductance matri x_connecti ng the output of
each of said anplifiers, [er\r']éz te > r\'pu't'!)fV gpvof said anplifiers,
with each of said 55 conn®ctlons éhzng ef f ecgd t hrough a conduct ance
[err]; where said feedback matrix conpri ses conductances [err] connecting
t he, o0LRPp@nd Hpseglap)|aref qopnecied tor intercenneqiian blegk 3P- Ip thismanner thednternayrpns affpat e output
condie areeya st oyl o i bimme 0 eI A L T et e
where [e 40 hi%l? imp! em'%ﬁtgghl?gmnecﬁondﬁ em@gﬁ{%&ﬂggﬁic@g\ﬂf the Iy term of Equation (11). Evaluation

of the Iy and Tyu terms of Equation (11) for a particular .routing problem yields the actual conductance

25 values in the feedback matrices of FIG. 2. :
. The above describes a very specific example of a system where the energy to be minimized is

expressed in terms of output signal products of degree greater than two. Bacause of the specific nature of

the illustrative example, the resulting equations (10 and 11) are rather long and somewhat complex. So as

not to overlook the forest for the trees, it is reiterated here that our concept of inter-neurons is applicable

30 whenever the energy function has a term that contains a product such as

VaplVea °F VaeVeo-
35 .
The first of these terms converts to VagVi,a and a penalty term of the form

: vy 2
~ MVina * 2casD)
is added to the energy function. Similarly, the second of these terms converts to VagVeom and the penalty
of the form
45

()2
MVcout + Vep-1)

is added to the energy function. Introduction of the Vi,a and Vg, terms corresponds to the inclusion of an

60 input inter-neuron and an output inter-neuron, respectively; and that translates to an additional active
element in the system that.implements the energy minimization process. The feedback matrix that connects
the output of each amplifier to the input of all amplifiers, expressed as

&6 . -s T Vi ;v ’
i,5,%,1 ijk1Vijvkl

1"
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-and [err] is a function whose value is one when y = z, and zero ot herwi se,
where y and z belong to the set 12 EP 0 242 098 Bl is augnented for each
i nput ihter-neuron with a term gpdd@dogmn [ ERR] and i s augnented for each
output inter-neuron with a termof the form[ERR] The matrix that provides
input currents to the anplifiers is augnented in a simlar fashion as shown
in 15 Eegaugmieptad {o1 gach ingfit interunpuren withiacterm afithexorpat t erns i n t he hi gher order
product terns of the energy function would yield sonewhat different
augnentation terns to the [err] matrix and to the [err] matrix; but those

variations are clearly vm‘ liglnt he @ifehgl at i ppe Pedus v'\ewtntion.
Expr &ssing the in\ie'ra'lts,iqu |tér1 dven Brohddf ternd hhehever e energy
function has ternms oOf order greater than two, such as [ERR] 25 such terns

are converted t ERR], 3 ere eac rr].is.a newinter-neuron term and
a penal ?"?? T8 ?‘nerg?(){f?rhegl'}%’?%y\"ﬁwm?gm"aégénéll’ftt%e f?rﬂ'e energy function.

| ntr Qgluction of the [err] tr.ansbat es-tq an addi tii qnal agt) ve elenent in the
system t hat i npl enent$ tht6%6%P y+nt\|ii6 Zatki @)\ cas®1he feedback matrix
that connects the bujpktledf 40 each anpli“fier to tthe input of all
anplifiers is augnented for each inter-neuron by the coefficients of the
equat i Othel it thell Fovies Hputlouréntd & @b laRbiifirs [i€ digmehtad ind£ Yimdia? Rashign 6 shown in

Si nulsé apgeson (it put signal s which mnimze an energy function that is

expr essed Obyousssi dihed iridpti patising iraths highertodderprotict Bufrogl biCthe enakgydurdclian wauld yelks of
sai d ousgmeivha idifie@hisaugsentalio darmas foethe Olyi cairik aod pthe 4 majrba bptl those| vatajionsf are

anpl i f i deesly aithin the Eantediplatida of owrdhwerttionce matri x connecting the out put of each
of sai d affiressing the, infeatian] in even braader tepns, whpnauercthe efergyafunbtiempsi tbimsraf ordgt t h
eac f grederdhagawo, such@ynnect i ons bei ng effected through a conductance [err];
wher® said feedback matri x conpri ges .,conductances [err] connecting the
output of anplifier [err] toVih¥ HQutVyo_Nzarxpl.i.f; er kIl with conductance

25 such terms are converted to

Vy Vo

30 _ :
where each V, is a new inter-neuron term, and a penalty term of the form

.
— gy

v 2
35 ,\lvm+(-1+v“+‘+vy+vz+...)]

is added to the energy function. Introduction of the V,, translates to an additional active element in the
. system that implements the energy minimization process. The feedback matrix that connects the output of
\% each amplifier to the input of all amplifiers is augmented for each inter-neuron by the coefficients of the .
' equation

45 VoVmtA Vg + (-1 + v, + V¢ VY; t Vg NPEE

Claims

1. A parallel circuit for developing N simultaneous output signals which minimize an energy function that
is expressed by said output signals in terms of products of different ones of said output signals, said
parallel circuit comprising a plurality of amplifiers and a feedback conductance matrix connecting the
output of each of said amplifiers, Vi, to the input of each of said amplifiers, with each of said

56 connections being effected through a conductance Ty where said feedback matrix comprises
conductances Tyqg connecting the output of amplifier i} to the input of amplifier ki with conductance
values which are linear combinations of )\, and &% terms, where )\, are predetermined penalty constants
and 3} is a function whose value is one when y =2z, and zero otherwise, where y and z belong to the set

12



vaI ues which are |inear conbinations of [err] and [err] terenﬂe——Wﬂer-e—[—err‘]—‘
are predeterm ned penalty constants and [err] is a functlo

one when y = z, and zero ot her weER®,242(09881y and z bel ong t m&m B“‘m
{i,j,k,1}, the values of said conductances being conputed

with the set of problemrestrictions, CHARACTERI SED I N THAT said terns of
producF§"Q5T°“tﬁdf'?'éF‘éHt‘p“6m?§“%'f°“§ﬁ‘?‘d“B’@t"b[’r‘?f‘§'i“gnal s conprise product terms of

degree greater than two, said pl urallty of anplifiers conprises M

anplifiers where Mis greater t han y. the nunbgr of ter in said energy
function whose ordersgis }& Br 4t '5‘63 + 12908 Pédis+ f éﬁng a set of N
anplifiers that prpj/ndel It and of M'N ?irrp ifierSt(16,17,18) where

each anplifier in said MN arrpllfler set corresponds to a termin said

ener gyarfa%EJghQRtea\’istfchQﬁtﬁﬂﬁm&r%e«%@@ﬁrﬁartemét%tfm wherein for each termin
sai d energy function whose degree is greater than two, said feedback matrix

is gepignented by the coeff Xpressi [err]iwhere [err] and
[err] are said anplif@i 'cézﬁ}%év'blt\ﬁgsgl Aci2 m} it w il-termof sai d
energy function té'JO adhose degree is greater than two, and [err] is the
anplifier output voltage of an additional anplifier included in said set of
M N anpite iatex hat Brovigescingut gintentesto dheapmplifiers ris guganented. inco RipWlarSashign am shawpue

mat 7§ xEquationi(h))ect i ng a predeterm ned current into each of said inputs of
sai d anpl9ffcpepes othergndex patternsy ip e higher erdas predict temas o the energycfprction weuidyyieldput
mat ri xSqmewhat differnh avgmentatign imestg| ‘B%f’mrd’“‘r"ﬁ’pﬂt‘d o Had @at"é?h&“‘at"?ﬁerf@ﬂ*‘ms are
conbi n%!??"éSr‘i’"BF“PéP’P’ mplatign fé%“f invenBonys  sai d presel ected input signal

uni quel l}&ﬂ@t‘ ¢ jrventipn, in’ gyep cﬂﬁ‘?"f’ef tefmss r’ﬂ’Bﬂ? e §'Bﬁ'9¥u‘i”t‘°*'°’[)8?3r tprmg of order
presel 8%?‘8’ PSS Fonst ant's, and [err] is a function in y and z whose

val ue |s one when y = z and gze¢Q ofheywsse, with y and z belonging to the
set (i,j,k,1}. 20 4. Acirculd Y%a yregzln'cl'aiml wherein for each term
in sald energy function of the form[ERR] said plurality of Manplifiers is
i ncneased wWis 9aQoREMddith i er devel opi ng an output voltage VinA and said

f eedback matrix is augnented with a termof the form [ERR] where X is a
presel ected penalty constant, and [err] is a function in the vari abl es
appearing as a subscript 35 and %uperscrl pt of [err], whose value is
one when subscript is equal to the s¥pemdcript and zero ot hervvr se. 5. A
cireuit as claimed in claim1l wherein for each .termin said energy function
of t hewhaye pach ¥Vm[iE¥Gw inter-neuron term, and a penalty term of the form

—_ —_— 5
35 | MVg ¢ (=1 + V4 x+vy+vz_+ ees)])

is added to the energy function. Introduction of the V, translates to an additional active element in the
system that implements the energy minimization process. The feedback matrix that connects the output of

40 each amplifier to the input of all amplifiers is augmented for each inter-neuron by the coefficients of the
equation

VoVt Vg + (=1 + v, + V ¢ Vy. +V, 4+ L 00)

Claims

50 S
1. A paralle! circuit for developing N simultaneous output signals which minimize an energy function that
is expressed by said output signals in terms of products of different ones of said output signals, said
parallel circuit comprising a plurality of amplifiers and a feedback conductance matrix connecting the
output of each of said amplifiers, V3 to the input of each of said amplifiers, with each of said

56 connections being effected through a conductance Ty where said feedback matrix comprises
conductances Ty connecting the output of amplifier ij to the input of ampilifier ki with conductance

values which are linear combinations of )\, and 5} terms, where A, are predetermined penalty constants

and &} is a function whose value is one when y =z, and zero otherwise, where y and z belong to the set

12



said plurality of Manplifiers is increased by one anplifier devel o |
out put vol tage VCout and said 45 f eedback matrix is auimulﬁﬂ"]ﬁﬂwﬂ”"'
termof "the form[ERR] 50 where [gpio]2abdegsir esel ected pen

and [err].is a function in the variables appearing as a subscrlpt and a
superscript of [err], whose value is one when subscript is equal to the
super scri pt {idlo thervalues hiesaid senduataedsabainat comppied il edverddnce Mith dhd edt eof Srdleint ung
far das Ent tastEiRtions CRABAGRERISERAN THAT srichigums of intpducts of idiferentronestyl saig) putpul sianalson

m ni - nmi er eOMAKE] E’H@JCHGWPf dpases/greats e $10g prid Rlurplity of paiifiers\cemprisps MiartPlfigrsy on
versc hl edené’h"'ﬂy‘r's A@ b;ﬂ_gne numigep offermgin gpisiengrgy function whose order is greater than

Sz~i Q15si gn&‘f°eth fN/\ﬂ"?R!“e'?/\BMWHP Qutpii and 3 gat ch’ﬂa'lal'lﬁ’ "sé?q'ﬂg 1@* "é!e?ahl
von Ver st ar R& r‘i‘"‘g P"" ‘U P‘E”lt?\ﬂé "E" £3iq qnergy fun

j edes Ver st [ than n ""h?ﬁe

e of rla& grQ? 1&[%??1

e el ?ﬂﬁ%@& gf«,%;"% ?}LL qua

Ausb’ang des o'MN ,mg{gm |ngang

Kondukt anzvverten ver e L| near komnbi natlonen von kx und By Ternen
sind, wobgi AXpcf &ecumdhﬁ%tai #@fanlf &hﬁdﬁﬁoumﬁmﬁg a PrdaBrofmiial toldht ikt -
deren Veert eéens,féaﬁmpuwga,yanzph andern aI l's nul wobei y und z zu

dem Safsz | | gkl gehoren, wobei di e Werte der Konduktanzen gemA8l dem Satz an
Probl enr esst nidréuital @Rintda e Qames whefdin saidiaifbiut fitrig Blecdombiaation bigjreselsctédinput sigehiB
die Ternme ausi £heehubdnbdination rof 6NandGE Fams, Asld gesdietad grpat Sgnas aoliglielyt eraractorss ter
Or dnung gr dBewit'stespdbsectatstiradlit Brare mieselottbdpanaltyl cosstanigcand tb5is la dunptiolliniearsitzawhizser
ent hal t, wolalde isbnerwheuly 8z Aovizatelottarvispewitrorand p belengingtrethgyset fiikikt i on, deren
Ordnung’ hoher als 2 ist, grdBer als Nist, wodurch ein Satz aus N
Ver sTT r ke n Agiseyit|ag elaimeag W(fa'"tlithﬁé?"hmA%Q&Hgﬁ'sslﬂ'ﬁﬁa?fgxi%?’t%f’@lf‘l"@n und ein
Satz aus M N Verstirkern (16, 17, 18), wobel jeder Verstarker des MN
Ver st ar ker sat zes ei nem Term in der Enygy, ktion entspricht, dessen 15
dnung5 h6her als 2 ist, wobei fU jeden¢ erm I n der Ener gi ef unkt i on,
dessen®0Or dnung hoher aI s zwel ist, die RUckkoppI ungsmatrix durch die

Koef fizi ent eQ ri‘lgrs |s |¥ easec} by one a‘n I?ﬁer devel%r?‘h an. omhuteléyggé Wﬁ‘%nd §a
wobei Vu, }%‘I( F E] §< pannun I esem
Term der Ener gl e un essen &dnung |her als 2 ist, enthalten sind,
und Vmydi e Verstar kerausgangssp n-;aung . des.zusltzl i c.h nin dem Satz aus
M N Ver st arkern enthal tenen \Br lalﬁqel' 5115]+@5h§1 ng nach Anspruch 1
mt einer Eingangsmatrix filidkdas I njizieren eines vorbesti nrten Stromes in
Jeden Ei ngang der Verstarker.

where \ is a preselected penalty constant, and 5 is a functlon in the variables appearing as a subscript

35 and a superscript of 5, whose value is one when subscript is equal to the superscript and zero
otherwise. :

"~ &. A circuit as claimed in claim 1 whersin for each term in said energy function of the form

© _ .
VAB HVCDs
D

said plurality of M amplifiers is increased by one amplifier developing an output voltage VCout and said

45 feedback matrix is augmented with a term of the form ,
Y | sLap+aisisi+2nsisl+as) |
ijkl

60

where ) is a preselected penalty constant, and § is a function in-the variables appearing as a subscript
and a superscript of 8, whose value is one when subscript is equal to the superscript and zero
other_wise.

85 Patentanspriiche

1. Parallele Schaltung flir das Entwickeln N simultaner Ausgangssignale, die eine Energiefunktion mini-
mieren, welche durch die Ausgangssignale in Termen von Predukten von verschiedenen der Ausgangs-
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3. Schal tung nach Anspruch 2, in welcher die Ei ngangsmatTiX W ne

Konbi nati on aus vorausgewdhl ten 25 El ngangssi gnal en ui ‘“\L“l\‘“\“\ '
‘Li near konbi nation aus )x und 6x greg gEoge1 wWobei die vor WML -
Ei ngangssi gnal e di e Schal tungsantwort auf Stinul ati onen i n+*el Adebt |'ber

Wi se beschreiben, X, voraus- gewahite Strafkonstanten sind und Sy eine .
Funkt i on \signaly auggedriickt wird, wobel alip Raliplsehalivag ieine Vielge ryory Verstiirkern dindiaide Rii¢kal | s
nul | ist, keepbspsioitwartpptic, dig derefysgang dedes Verstdrkers, (fp 8l dom, Eirgigng iades Jeerstikey nach
Anspr uch 1V°fbrﬂﬁetwerr"r§ﬂer'°bﬁr lPd %ﬂﬂé’ﬁrbme‘rwn furefepineiendyitans Tyvcpawisk wirdy wabsy die 35
die Vi ei zafickopply Jm eérhﬁ\&,-r?'wswaqakse °sé’Pﬁ@H'P's\M 'r'ade @Poaav ne

nggg%gsspﬁﬂﬁﬁfﬁi. g rr,rr@r el Mf@cg@% e g grerm
vor ausgev\(ﬁﬂzg, %t;g"rdé ’%%n ﬂ\a%ﬁ y ﬂ'ﬁjd e |%°rt|' (o w°é’|9'

o —

tiefgestel 'emr St" °T“°‘H‘ % on S auftretenden

Vari gpl en {;5lye kténl %cﬁ.&:‘ener%éb‘a El&laéﬁ’roduktter'rﬁ W5 Ol g%'ser E' Z€S
gl éYCE derp f?é}e% fz h@E’n Vé?ﬁérié?&w\r%?stéd@ ortHaR QbR oI RN ur? W %Anzaﬁian on tung
nach Anspriafiehnktion défdh ®Riing Kdhed SIL A1, HRBER AN T8 wolnEY & S BSIN Qdtstiiém FOT M
80 - gebildet wird, die ein Ausgangssignal bereitstellen und ein §atz MeMadi PordtirRérd 218 12US), M

Ver st ar kervbsinadel Vestirki 66d MINCRF stiieltahés aiviemdrerml RdeFErRRyieNIARIGA BYSTARA HasE3E
VCOutss ent voradiag hshenals diist, vabis il g TEr@SmrasrEndrgiiuhkiion, BéssenT@tOng @Shel-als BwddS X

| & 8, istAdis Btidkkdpplungsdtix didch dietKadfiSeitor] dbABleithuhg V.V,.FPA@, 2342 OB8+ Bl ..)P

lic 111 M !engattertiist, ovobeiW,r ¥, ungoVyedie Merstliherausgangsspanpwighn siad, Ster iafdlesens e der i St
und B el neEnBigiekunktiom dessen GednungtiGher alss? ist, ditiealter] sind st \Gedie Mérbtirkerausgangsspan-
hochgest el nupgdes|zugiitzichen in dBmBgiztapeMdhVergtiternenthaltanen Yarstdrkarsist. wenn di e
tlemvgstellten I ndi zes gl eich den hochgesteilten Indizes sind und ansonsten
nul 11 s Sehatiang,pagh ABSREUE h anit piner fnganpgsmatrix fly dasdnjipiergn °'b?§r"a'IbP§91“§‘t%fl§"’°'éSst'"
destin6 a ]31?85!“8?5\9@?’ Yerddrphaux de sort i e simul tanes qul m ni m sent une
sortl e a | 'w “de de

fonctio er I _est expr r ces S|

termes - %]a Ssi na egA:pr t?‘ near om ql’ ron dr:; Llé[n IHw or?rj:?jw hlten

CI rCUI t p | aE Si ape f gﬁl%l% UIE'IO)I;LQ‘ .W ﬁfé g faHJ] e
9

in emd
matrice d \;ng 'fdg yn des
anplifi catg,ugrﬁra“s Lt ist @olLF gdﬁﬁeranpl I f1cat eurs acune de
ces connexions etant ef ectu e par I.' | nt er nmedi aire d' une conduct ance Tj Kk,

| a b r isCesdiitu *‘ﬁd&:ﬁ’ﬁh‘d’p&u@mQ@W@Mﬂ&dﬁﬁﬁrnﬁﬁ@&%&@@ﬁﬁ&oﬁ@rk&mw connect ent
|la sortie d anplificateur ij a |’ entr~e d"anplificateur ki, avec des

val eurs de conduct an- ces qU| sont e\§ nai sons lineaires de ternes X,
et 8y , dans lesquels les X sont desAE® nt es
35 die Vielzahl von M Verstérkern um einen Verstirker erhBht wird, der eine Ausgangsspannung Vipa

entwickelt und die Rlckkopplungsmatrix um einen Term der Form

% T |& e +a6" & & +245" & +4 &
Liad

erweitert wird, wobei \ eine vorausgewiihlte Strafkonstante ist und & eine Funktion der als tiefgesteltter
Index und als hochgesteliter index von & auftretenden Variablen ist, deren Wert eins ist, wenn die
45 tiefgesteliten Indizes gleich den hochgesteliten Indizes ist und ansonsten null ist.

5. Schaltung nach Anspruch 1, in welcher flir jeden Term in der Energiefunktion der Form

& AR

die Vieizahl aus M Verstirkern um einen Verstéirker erh&ht wird, der eine Ausgangsspannung Vgow
entwickelt und die Riickkopplungsmatrix mit einem Term der Form

55 : '
Y | & 6 + A5 6 +248¢ 8 + 4 &

Likd
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't6 .de penal i t%priddterm' nees et By est une fonction dont |a val our est

egale a un Iorsque y =z, et & z6ro dans le cas contraire

appartenhant a |'ensenble (Ij K, | }eplo2a2998 BYr s de ces conmmﬁm”mluium,m

cal cul des. confornbrment a | ' ensenbl e de restrictions du probl efre

CARACTERI SE EN CE QUE les ternmes de produits de differents si gnaux parm .

| es si gnauxerdetesmirﬂ|ve>b0c)rap1eerua®|gew§u@3ttaamﬁasteda upd Oainsi Runidion dé Yiadablen f36 diee ur

a deux, |' esistefgssieliter undrpls hdchgestoliterrlnder vonpraufiretedidanem Weft isins st werm, dig\lefgesteiien? 0

sup~ri eur alnpizes\gleich gpn h@baesteﬂsgdndimsmmrassqaetenwms dans la fonction

d energie dont |'ordre est supbrieur a deux, ce qui force un ensenmble de N

anplif Fcaﬂ%’tﬂ‘%"#%‘lﬁ n| ssant un SI gnal de sortie, et un ensenble de MN

anplificateurs, | ue a i.fi cateur dans cot ensenbl e de M N

anpl i fi cat elfp £ r‘i’eegii‘é'hd'é é'e sf 8? a‘??ge'?p&“f ¥t esn ég"ﬁﬁ

» Ordre est rﬁgﬂ %{’g té sugg uxgrg ql%!%s auA t‘t:?ﬁﬁgauzﬂg rF%‘ tun eﬂ::;ble '

d' ener e d '

re t\r“oac ti Onarﬁ ilﬁ(féate giﬁ une m nceﬂtp‘ ances éa(it:. an ttn) Eg&% c%h ﬁn n c_|l_e 1

+Vy+Vj + &Pé‘d Lr%%ﬁfjcﬁnc STijua; mﬁﬁce io &ﬁ\p %Hﬁ% ﬁ;,‘aé 1:.

d arrpl ifica uﬁ%ﬁwc.%Ht 15560 d*eplifdsieis ucial'%ﬁtréeed' ﬁfﬁﬁe&@ﬂ%b rsl @ dol

d' energi e dedtqul &nf@BrBmEIRdisors MBLiteS US teﬂnéi%u%t 8 eEianVﬁQs&?ais 16, tsSrﬁ%b.@ébn&@ntes

SOrti es5d’ aIpé bénalié prédbierminge? o BiIYsi drio GaHeSOH o UDVACEI BN Bhlel Eurllbhsqui=z| 6tal 66

dans enserrbéne IPER CohtRirs] & dYizNppeitphant 3 PerbembleS{i,jAf) 168. valolirs @b ésidohdufahdd8 slamt

revendi cat i ediculées Cenfgrhéisan 'eidembiBlidé ires@ictibn® il IpebBI2Me,UCARACTERISE IENUCE QUB a3t

pr ~det er m n@rskande prhdutisinie difté®nis rsigh@s pachd Jesasigriaid dec adriucanprednentJdesC termntasi de

sel on | a r epoddi daddgensuériedradn deuxelpnemblead marlifidateers dtompronde apwiificatpgs, M étant
n‘Qa/nm sonsubériest yribavec3® écart égil ennondtwe de texméscdans Bnia@ored'énergie dashivirdraieston

| i nee re desupériayes dyux, es quBforconensambledexN amelificatayes feurmissent ap sigeah A sortie, et un

car act 6i rseﬁ"!se'ﬂb'e fdggMriN §1BB'@F4‘Q"EﬁJ@ 7, 18h cAhawe camplificpteyyi dang, cefoansarmblendp N X

sont des copfgRiipteues comespanqant ug tayp %Q@P@étﬂrcmvrf’ré@srgwéfm d'é§§‘ spRgeyr 3i5ievs 8in en

y et z dontP "écf)@l"%d?’mésﬂa" afP’é'?"%{‘ drEnergin ges 95t sy &Qf‘ﬁ@ﬁs’“ fige o
contraffre, E s °°f°ﬁ'8'ﬁ % ' x’ﬁ] iog "Z;"T 2 o 3% S e
selon |a re\% '§ P deé est sup e%?( héo\%%ﬁstgl te‘?\si ecfd:t%%n
d' ener gie dga |f| I| émentalre uu est |pclus dans I'e?semble précité de M-N
C I' ensenbl g, Ttica eurs t aug te d I cateur qu

pr odui §, une ten5|on de sortie V,, A et Ia ITB.tI’ICE de retroactlon est

augnent 6ep, dylneirk@l B8ordfa leRonkiR&tidR © QGomprenant une? matrice d’enr‘réeGBour mje“ctesl d?\"‘cour’ént
n | ] ai +préddtshmin®ldansehaturde des entrées des amplificateurs. K J1+2X 6' J.
,k,1 dans | equel X est une constants de p6nalitO presel ect | onnee et a est
une foncts. onndecuit\salboh flecsmdibdlion 2, dahf palichisSHiide Eetide bsh uhicDEdifbingisdnNdel sighawe
i nferiaur etretiiée NpréséBctivenés Lgd ame exinbitkisol lindaitorde thieney al, estiz} ebs Gigedue dentd
| oreque i' i néséletidmésecarastérisentde agad spécilidup ried répense Wp Bireuil Lir desctimalusz dx eontidess | e
cas contr ai censtantes de pénalité présélectionnées, et 5¥ est une fonction en y et z dont la valeur est égale & un
lorsque y =z et & zéro dans le cas Coniraire, y et z appartenant 2 I'ensemble {i.j,k.1}.

3

(7 40 4. Un circuit selon la revendication 1, dans lequel pour chaque terme dans ia fonction d'énergle de la
forme

Vasll Vea
45
H
'ensemble de M ampilificateurs -est augmenté d'un amplificateur qui produit une fension de sortie
Vinas8t la matrice de réfroaction est augmentée d'un terme de la forme
50 i ¢in in ¢oi 5i in i i
Z |616k+)\51 :S'ké'fz)\si é.l+ AGJ‘].

i,j.k,1

 dans lequel A est une constante de. pénalité présélectionnée et 5 est une fonction des variables
6 apparaissant sous la forme d'un indice inférieur et d'un indice supérieur de 5 , dont la valeur est égale
a un lorsque l'indice inférieur est égal & llindice supérieur, et & zéro dans le cas coniraire.
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EP O 242 098 B1 =~ ~C1iM1111 111111111111 l 11 . 6. Un
‘circuit selon la revendication 1, dans |equel pour chaqﬁlm"H"MHmH"ﬂmm .
fonction d energie de |la fornme @&P 0242098 B1 x g g eny TNCITIEE
VABIT VCD. D I"ensenble de Manplificateurs est augnent6 d' un anplificateur
qui produit une tension de sortie Vcut et |la matrice de retroacti on est
augment-¥e Y drepitt sslopya reuendigation 1 ngang (pagel lpour chaque Jexms 'danp]la- fonctior d’Bnergie jde la

11 kformek j 15 dans | equel X est une ‘constante de p~nalit4
pr~sdl ecti onn~e et 5 est une fonction des vari abl es apparai ssant sous |a
forme d' un indice inf~rieur et d ungin 'ge sup~rieur de 6, dont |a valeur
est Bgal-e a un |orsque |'indice inf gABQJurCQSt 6gal | I'"indice sup6rieur, et
“a zdro dans le cas contraire. 25 30 3645 50 55 16

'ensemble de M amplificateurs est augmenté d'un amplificateur qui produit une tension de sortie Vo,
et la matrice de rétroaction est augmentée d'un terme de la forme

o

SR PR IS L PSS I X Y
.5k TR AR OOy 2A0, durAd .

15 dans lequel A est une constante de pénalité présélectionnée et 5 est une fonction des variables
apparaissant sous la forme d'un indice inférieur et d'un indice supérieur de 3, dont la valeur est égale &
un lorsque l'indice inférieur est égal & I'indice supérieur, et & zéro dans le cas contraire.

, ?
—

25

30

36

N

45

" 50

56

16



