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Annealin g metho d for operatin g quantum-cellular-automato n systems
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(Receivel 25 Novembe 1996 acceptd for publication 1 Augug 1997

We propo® an annealirg methal as an effective way of operatirg quantum-cellular-automaton
(QCA) systems which are devices for computation that utilize the minimum enery stae of
electrors in aquantum cell system A QCA systen has an energ function with mary locd minima
ard therefoe canna be operate as desirel if placed unde the conditiors of a thermodynamically
open system Accordingly, for successfuoperatian of a QCA systen (i.e., making the QCA system
converg successfull to its minimum-energ state, we propo® amethal of operatia basel on the
concep of thermodynamnd annealingWe simulae the dynamic of various QCA logic-gak systems
operaté by this annealiig method ard show tha dat processig in QCA systens can be carried
out accuratef by mears of this annealigp method The applicabiliy of QCA systens to
non-Neuman parallel-processip computatio is also described © 1997 American Institute of

Physics [S0021-897807)01722-3

I. INTRODUCTION

The quantum cellular automata (QCA)!~2is a compu-
tation device tha utilizes the energy-minimizirg propery of
guantun cel systems It was proposé by Lent and
colleaguel and has been receivirg increasimy attentin be-
cau® it affords the possibility of producirg quantum large-
scak integrate circuits (LSIs) with large integration capa-
bility and low powea consumptionTo develg the QCA for
practica use we mug find away of operatia tha can make
the QCA systen compute successfully or sette down ex-
actly to its minimum-energ state This article proposes such
a methal of operation namely an annealirg methal for
operatirg QCA systems

The concep of the QCA is as follows. To perfom bi-
naty logic computationfirst a many-bog electra systen is
prepard tha consiss of a large numbe of simple identical
guantum-do elemens (cells), wher eat cel has bistable
states and changsiits stae throuch Coulontb interaction with
its neighborimg cells In computing sone of the cells are
usal as input cells and others as outpu ones The input bi-
naty dat are providel for the systen by fixing the states of
the input cells Unde a given input, ead cell adjuss its own
stake to thos of all the others After sone interaction time,
all the cells finally reach maximd consenssi abou ther in-
dividud states ard the whole systen then stabilizes in the
minimum-enery state By an ingeniols arrangemeinor lay-
out of the cells, the systen can be so constructd that when
its minimum-enery stak is achievel in respons to agiven
input, the states of the outpu cells will representhe resut of
the computation Thus the resut of the computatio can be
retrieved by sensig the states of the outpu cells.

To develgp QCAsinto practicd deviceswe hawe to deal
with the following two fundamentbhproblems The first is:
can sud a quantum-cél layou really exist of which the
minimum-eneryg stak represens the resut of the computa-
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tion? Study of this problen by Lent and colleagus has
shown tha sud a cell layou certainy can exig and that
severd elementh logic-gae circuits can probaby be con-
structel by using QCAs! =3

The secoml problen we mug ded with is the subje¢ of
this article It is: starting with a given initial state how can
we male the systen settke down to its minimum-energstate?
The initial stae (i.e, just after dag@ input) is nat the
minimum-energ stak for the given input and for computa-
tion, the QCA has to chang its stak to sette down to the
minimum-energ stae correspondig to the input Becaus a
many-bog electrm systen in gener& has mary states of
locally minimum energy we canna be certan tha the QCA
systen can achiewe the stake of globally minimum energy
without being stud in the locd minima The way of dealing
with this problem depend on whethe the electra systen in
the QCA is an adiabatic systen or an open system(The term
“adiabatic system’ mears tha the electrors in aQCA inter-
chang no energ with the crystd lattice tha forms the QCA
device ard the “open system’ mears tha the electrors do
interchang energy with the crystd lattice) Unde adiabatic
conditions the electran systen excited in energ by an input
signd will maintan its “hot’’ properties during the comput-
ing operation Consequentlythe electran systen will change
its configuration freely without being studk in the local
minima, and successfuQCA operatiom will result This has
been confirmel by Tougav and Lent2 They simulate signal
transmissia in a QCA unde adiabatt conditiors and
showael tha a signd can travd properly throudh the QCA in
the form of an energy-excitd pat (called a “kink” ) in the
electran system Thus we can expec¢ tha QCAs will operate
correctly unde adiabatt conditions.

The situatim is quite different if the electran systenin a
QCA is an open system Unde open-systm conditions the
electran systen excited by an input signd will lose its en-
ergy through interaction with the crysta lattice and transfer
to lower enery levels and consequengl will fall into the
locd minima Therefore as things stand the QCA canna be
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FIG. 1. Concep of the QCA circuit. (a) A unit cel consistimg of five quan-
tum dots with two electrons (b) Two polarization states0 ard 1. (¢) Signal
transmissia throuch acel array.

operaté as desired In mog quantum-do structures the
electran systen interact with the crystd lattice to inter-
chang energy with lattice vibration and so mug be consid-
erad an open system It is therefoe essentihto find a way of
operatia that can drive the system into the global-minimum
enery stake unde open-systm conditions.

In this article we will propog an effective methal for
operatiig QCAs tha can be applied to open-systa condi-
tions In the following sectionsfirst we calculae the poten-
tial enery of a QCA systen as afunction of the electron
states It will be shown that the QCA systen has an energy
function tha has mary locd minima and therefore under
open-systm conditions cannd perform dat processig as it
stana (Sec Il). After that to make the circuit operaé cor-
rectly or converg to the minimum-energ state we propose
an annealirg methal for operatirg QCA systemsWe will
illustrate the concep of this methal and then show by simu-
lation that it can be useal to operae QCAs (Sec IIl). We will
simulae dat processig in variows logic-gat circuits to
show the effectivenes of the proposé method The depen-
dene of the processig spe@ on the size of the circuits will
alo be estimated (Sec V). Finally we will concluce by
suggestig the applicabiliy of QCAs to non-Neumann
parallel-processip computation (Sec V).

Il. ENERGY FUNCTIONS AND LOCAL MINIMA IN THE
QCA

A. QCA structures

The QCA is acomputation systen composéd of many
identicd quantum cells For details see Refs 1-3. Ead cell
consiss of five dots locatal at the cornes and the cente of a
squae [Fig. 1(a)] and has two electrors tha can tunné be-
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tween ary neighborimg dots within the cell. (A fixed positive
chare is also assumd to exig on eadh dot, to maintain
charge neutraliy in the cell.) Becaus of Coulonb repulsion,
the two electrors tend to occupy diagonaly opposé sites in
the cell. Asthis gives the cel two states for polarizatia [Fig.
1(b)], we can encoe a binary signd by manipulatig the
polarization In an array of identicd cells [Fig. 1(c)], the
polarized stak of an input cel (the left-erd bold-edge cell
in the figure) will induce the sane polarizationin all the cells
in the array. From this it can be expecte that a binary signal
will be transferre through the array. By combinirg identical
cellsin appropria¢ layouts various logic circuits can be con-
structed.

The enery of a QCA systen depend on its electron
arrangemehn (tha is, which dots in the circuit are occupied
by electron$. Lent and colleagus hawe calculatel the value
of the energy by solving the Schralinger equatia for vari-
ous cel layouss to find the minimum-eneryg statesBasel on
the resuls of the calculation they designé appropriag cell
layouss for elementhlogic-gae circuits?2 For the following
discussionswe her give instancs of their resuls[Figs 2(a)
through 2(d)]. Each gate circuit has one or more input cells
(bold edgel in the figures and an outpu cell (doubk edged.
Its cel layou is sud that its enery will becone the mini-
mum for a specift electra arrangemenin which the binary
data of the input cells ard of the output one satisl the logic
function to be implementedFigures 2(a) ard 2(b) illustrate a
linear signal-transmissinarray and an anglal one for inputs
“0’ ard "1’ * with the correspondig minimum-eneryg elec-
tron arrangementgIn the figure ead electra isrepresented
as asingle particle Strictly speaking this is inaccura¢ be-
caug the electrsm wawve function can exterd over five dots
within a cell. But in practice the electray wave functiors for
globd and locd minimum-enery states for a given input are
localized mostly on two diagonaly oppose dots in the cell,
S0 we can represeththe electran arrangemetnas shown in the
figure) Figure 2(c) shows an AND/OR gat circuit. It can
switch betwee& AND and OR operatiors by mears of a con-
trol input i.e,, an AND operatiom when the contrd cel is
fixed to O, or an OR operatian when fixed to 1. In this figure
the electran arrangemenfor an AND operatio with inputs
A=1 ard B=0 is shown Figure 2(d) illustrates an inverter,
with the electran arrangemeinfor an input 0.

There are three parametes tha determire the circuit
characteristicsThey are the nearest-neighbodistan@ be-
tween two corne dots in the sane cel (denotel by a in the
figureg, the nearest-neighbodistane betwea two dots in
neighboriry cells (denotel by d), and the fixed positive
charge on ead dot.

B. Calculatin g the energy of a QCA system

To analyz the behavio of a QCA system we mug first
decick on a way to calculae the energy of the QCA system
as a function of the electran arrangement.

The usud methal for calculatigp QCA enery is the
intercellular Hartree approximatior® In this method the
stae of ead cel is determiné by solving the Schralinger
equatia for the cell, using a Hubbard-ty Hamiltonian with
a Coulonb interaction tetm and assumig the Hartree ap-
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FIG. 2. Elementé&logic-gae QCA circuits Ead has one or more input cells
(bold edged and an outpu cel (doubke edged. (a) Linear signal-
transmissia array. (b) Angled signal-transmissioarray. (c) AND/OR gate.
(d) Inverter Also illustrated is the minimum-energ electra arrangement
for a given input.

proximation which treas the charge in differing cells as the
generatoof aHartree mean field. The minimum-enery state
of the circuit as a whole is obtainel by repeatig self-
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FIG. 3. Coulonb energ vs electra arrangemeinfor a five-cel linear array
circuit.

consistencalculation until the resuls of the calculation con-
verge.

This method however canna be useal in our analysis.
The preseh purpo® is to study the proces of QCA systems
convergilg to a minimum-energ state Hence we hawe to
conside the dynamic or time-dependenbehavio of QCA
systens unde open-systm conditions As will be shown
later, we hawe to perfom mary iteratiors to simulae the
stak transitiors in a QCA system An enormos and imprac-
tical amount of computirg time is requiral to accomplish
sud dynamic simulatian by mears of Hartree-ty approxi-
mation.

In the presenanalysiswe assune asimplified modé for
QCA circuits In this modd a QCA systen can be regarded
as aclassicad electrostatt systen consistimg of electrors and
backgrounl positive charges and its energ/ can be given
simply as Coulonb potentid energy We also assune that
the electran charge is a point charge ard that the size of each
dat in cells is zerw and therefoe the backgroud positive
charge is apoint charge This simplification mears tha we
ignore the effed of exchang coupling betwee electrorsin a
cell. This is nat a problem however becaus the QCA sys-
tem is generaly designd for achievirg distina polarization
of ead cell, sud tha the exchang effed is smal enough
compard to the effeat of Coulormb energy? (No exchange
coupling exists betwea electrors in differing cells because
the electrors canna tunnd betwee differing cells) Using
this simplified mode| we calculat& in advane the electron
arrangementha gives the minimum enery for ead gate
circuit in Figs 2(a) throuch 2(d). The resuls agree with
thos in Fig. 2 predictal by the intercellula Hartree approxi-
mation This shows tha the simplified modd suffices for
graspirg the genera situatian of QCA systems.

C. Local minim a in QCA energy

The energy of a QCA systen is a function of the elec-
tron arrangement~or ead of the logic-gae circuits given in
Fig. 2, we hawe calculat@ the Coulonb potentid energ for
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FIG. 4. A sequene of stak transitian for dominolike signd transfe through
a five-cel linear array circuit, unde open-syste conditions The corre-
spondirg normalizel Coulonb enery E is shown for eadt state.

all possibé arrangemerstof electrons We found tha all the
circuits hawe mary loca minima in therr energ functions.

As an example we illustrate in Fig. 3 the calculated
energ function of a five-cel linear array circuit. We fixed
the polarizatio of the input cell to stae 1, and calculatel the
enery for ead possibé arrangemenof electrors in the
othe four cells The horizontd axis of the figure indicates
the numbe of the electran arrangementone numbe corre-
spond to one arrangemenof electrons 10* arrangements
are possibe becaus ten possibk arrangemeistexig for two
electrors in ead of the four cells In calculation we as-
sumed following Ref. 2, tha d=1.2 a (for a and d, see Sec.
I A) and the backgroud positive charge Qg on ead dot
was (2/5)e (e is the elementay charge. In the figure the
enery is normalizel to €2/ (4meye,a) (€, is the permittivity
in vacuum and ¢, arelative dielectrc constam of the QCA
circuit).

Asiillustrated in the figure, the energy of the circuit be-
comes minimum for a specift arrangemeinof electrors in
which every cel takes the sane polarization as tha of the
input cell—the desirabé electra arrangemetntha transmits
the input signd correctly. But it can also be sea tha many
locd minima exig tha hawe enery values close to tha of
the minimum-enery state It is therefoe not possibé to be
certah that unde open-systm conditions the circuit can
always achiewe the minimum-energ state startig with a
given initial state In mog case the circuit will get stud in
a locd minimum and therefoe will not be able to transmit
input signals.

This situatian is illustrated simply in Fig. 4. Figures 4(a)
throuch 4(e) depid the severé states of the linear array cir-
cuit with the correspondig normalizel enery values Fig-
ure 4(a) correspondto the initial stat in which theinput cell
is fixed to stat 1 ard the othe four cells are in stae 0. It
might be expectd tha the polarizal stae of the input cell
will induce the sane polarization in all the cells in the array
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FIG. 5. Concep of the annealig procedure.

circuit, as illustrated in Figs. 4(b) throuch 4(e). But this can-
not happe unde open-systm conditions Becaug stae b
has ahighe energy than that of the initial stat a, the circuit
canna make the transitin to state b. And if it could the
circuit might not transfe from stae b to stae ¢ becaus the
enery is the same for both states.

IlI. ANNEALIN G METHOD FOR OPERATING QCA
CIRCUITS

A. Concept of QCA annealing

Our objective in operatig a QCA circuit is to read a
minimum-energ stak without getting stud in locd minima.
One effective way to avoid (or escapg locd minima is to
accep in a limited way energy-p transitiors corresponding
to an increag in the value of the energy Tougav and Lent
reportal that in an adiabatc systemsud excitation can be
accomplishd by input chang (becaus the configuration
changs from grourd stae to excited statg, ard the excita-
tion enery is nat dissipate until the end of dominolike
signd transfer’ Sudh transition canna be guaranteé in an
open systemwhere a QCA circuit is put in a heda bath and
can interchan@ energy with it. Herg anothe way is needed.

We propo® here an effective way of operatig QCA
circuits of open systems It is the annealing operation
method The methal consiss of the following four steps
(Fig. 5).

(1) Provide an input signd to a QCA circuit by fixing the
polarization stae of the input cells.

(2) Increae the temperatue of the hed bah to a maxi-
mum value at which the QCA circuit changs its electron
arrangemenrandomly.

(3) Carefully decreas the temperatue of the hea bath
until the QCA circuit arrangs its electrors in the minimum-
energy arrangemen(or until the QCA circuit reachs con-
vergence

(4) Redl the resut of the computatia by detectirg the
polarization stae of the output cell.

If the lowering of the temperatue is dore slowly
enough the QCA circuit can read thermd equilibrium at
eat temperatureand therefoe can approat a minimum-
enery stae with decreas in temperature(Here the “tem-
perature” neel nat be thermd temperaturgpary facta that
can activae a QCA circuit, e.g, light and electromagnetic
waves can be used)
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Originally, the temm “annealing” was confinad mostly to
the metallurgicé proces for obtainirg a perfet¢ metd crystal
without deformatiors ard dislocations—heatip a body of
metd to nea its melting point and then cooling it slowly to
room temperatureln this study, we adoptel annealilg as an
effective methal for achievirg successfuQCA operation In
the following sectionswe will shav by compute simulation
tha a QCA circuit can carty out corred¢ dat processing
throudh settling down, or convergirg successfully to its
minimum-energ stae by mears of annealing.

B. Simulate d annealing

We simulatal the proces of QCA annealiig by means
of Monte Carlo techniquesin advane of the annealingthe
cooling schedulei.e., a decremenfunction for lowering the
temperature mud be determined Among severa cooling
schedule$;” we usa the naturd cooling given by T
=T, exp(—pt), whereT is the temperaturel is an initial
value of the temperaturep is a cooling-speed coefficient,
andt istime. The values of T, andp govern the convergence
of a QCA circuit during annealing To achiee the conver-
gene successfull within the shorte$ annealilg time, the

optimum sd of Ty andp has to be determined. This depends

on the structue of the QCA circuit to be operatedand can
be determiné only throudh simulation.
The algorithm for the simulatia is as follows.

1. Initial setup for the annealing

Given a QCA circuit to be operated provide input data
to the circuit by fixing the polarization of input cells through-
out the annealiig procedue (the othe cells are unrestrainefd
Choog appropria¢ values for the cooling-schedd param-

etess To andp. Choose the starting state of the QCA circuit,

ard se t=0. (In the following, a stake mears an arrangement
of electrors in the QCA circuit.)

2. Monte Carlo iteration of the annealing process

(a) Step 1. Compue the enery E, for the currert state
of the QCA circuit. Then enumerat all possibe subsequent
states and comput the energy E; for ead subsequetrstaeii.
(A subsequerstat mears astak into which the currert state
can be transformeé by one tunnelirg of an electron The
co-tunnelig phenomenn is ignored for simplicity.)

(b) Step 2. Comput the enery differene AE; (=E;
—Eg) for eat subsequenstate From the value of AE;,
calculae the waiting time for a tunnelirg proces corre-
spondiry to ead subsequenstate The waiting time 7(AE;)
is given as follows (see Appendix:

7 In(1r)  (if AE,<0)

TAB)=) L exp(AE, /kgT)In( 1)

(if AE;>0),

D
whete the constantrg is the mea waiting time for tunneling,
r isauniform randan numbe (0<r<1) generatd for each
tunnelirg event kg is the Boltzmam constantand T is the
temperature given by the cooling schedule T=T,
exp(—pt).

If AE;>0, the waiting time 74 In(1/r) is multiplied by a
factar of expAE;/kgT). This correspond to the fact tha a
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tunnelirg proces for AE;>0 need the assistane of thermal
energ or of a phonon (The facta expAE; /kgT) corresponds
to the reciprocé of acceptane probability exp(—AE; /kgT) in
the simulated-annealmproces proposé by Metropolis and
colleague$to simulae the evolution of a solid in ahed bath
to therma equilibrium)

The mean waiting time 7, depend on the distane tun-
neled by an electron Two kinds of tunnelirg can occur
within a QCA cell: the tunnelirg betwee a corne dot and
the cente dot (short-distane tunneling and the tunneling
betwea two corng dots (long-distane tunneling. We
namel the mean waiting time for the former the Monte Carlo
time unit. The latter tunnelirg is expectd to be less frequent
than the former, so we assumd the mean waiting time for
the latter to be ten times that of the former.

(c) Step 3. After calculatirg the waiting time 7 (AE;) for
all possibé tunnelings take the tunnd evert tha has the
shortes waiting time, ard accep the correspondig subse-
quert stae as the currert state Then put the time forward by
7 (AE;) ard retun to step 1 to reped the iterations.

3. Judgment of the convergence

Steps 1throuch 3 of the Monte Carlo iteration abowe are
repeatd until it appeas tha a convergene has been
achieved We neel suitabk criteria for decidirg to stgp the
procedureln the presem calculation we judge that the states
of the QCAs hawe convergé if the curren stae has not been
updatel for 50 000 Monte Carlo time units We then check
to see whethe the converge stae is the minimum-energy
state If it is, the annealilg has succeededf not, it has failed.
We cal the abowe annealig procedue atrial.

For a given QCA circuit, we repeatd 100 trials, using a
different series of randon numbes for r, ard then judged
the annealig to be successflif all the trials were successful.

4. Determination of the optimum values of T ,and p

We mug find the optimum sé& of cooling-schedud pa-
rametes (the initial temperatue T, and the cooling-speed

coefficientp) that achieves the successful convergence in the

shorte$ annealig time. The procedue for finding the opti-
mum T,— p set is as follows. We first select a large value of
To and reped the simulatel annealig for various values of r
to determire the p value that gives the shortest annealing
time for the given T, value Then we redue the T, value by
a slight decremehand repea the sane calculations By re-
peatirg this procedurewe can find the optimumn T,—p set
for that particula QCA circuit.

Many iteratiors or much computirg time is required to
determire the optimumn T,— p set for a given circuit. There-
fore we determiné the optimum se& only for the AND/OR
gae circuit [Fig. 2(c), the mog comple circuit amory the
elementd QCA circuits shownrl, and used that value of Ty,
6.69 K, for all othe circuits (the p value was optimized for
ead circuit).

C. The result for a linear array circuit

We first simulatel the annealilg proces for linear
signal-transmissio array circuits The resut of a trial for a
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five-cel linear array isshown in Fig. 6. The enery transition
resultirg in convergene is illustrated as afunction of time

normalizel to the Monte Carlo time unit. The polarization
stak of the input cel (the left-end bold-edge cell) was fixed

to 1 throughot the annealiy procedure and at the start
(time=0) the othe four cells were se to 0. The scheduling
parametes were T,=6.60K and p=5x10"* (1/Monte
Carlo time unit). The structue parametes were assumd to

be a=10nm, d=12 nm, ande,=10.

We calculate the energy of the circuit for evey tran-
siert state but for simplicity plotted in the figure the mean
values for evely 10 Monte Carlo time units As more than
2,500 tunnelirg evens or stae transitiors occurred it was
not possibeé to plot ead event.

It can be sea in the figure tha after mary stak transi-
tions the electran arrangemenin the QCA circuit finally
convergs to the energy-minimmn state Consequentlythe
QCA circuit was able to transmi the input signd correctly.
The mean convergene time for 100 annealig trials was
10 100 Monte Carlo time units (apat from the 50 000 Monte
Carlo time units expendd in judging the convergence

In this QCA circuit, the enery difference betwea the
minimum-energ state and the second-lowesenery state,
unde the given input, is 1.1 meV, correspondig to 13 K.
Therefore to prevert therma agitation the temperatug at
the final stage of the annealilg has to be much lower than 13
K. The maximunm value of final temperaturewhich varied
from trial to trial, for 100 trials, was 1.03 K.

It is possibé to convet the Monte Carlo time unit into
physica time, provided tha the value of the mean waiting
time for tunnelirg betwea a corne dot and the cente dat in
acel can be known Experimens for severaquantum struc-
tures hawe shown tha the tunnelirg interaction time between
two couplel dots can be 0.06—2 ps?~! so the unit of Monte
Carlo time in QCA circuits can be expecte to be similar in
value Assumirg the unit to be 1 ps the mean convergence
time can be estimatel at 10.1 ns.

J. Appl. Phys., Vol. 82, No. 10, 15 November 1997

-69.5

Initial state
-60.0 -
-60.5 1

o[l

Final state

Energy [meV]
@
o

615 ]
620 [ 1
(]i
-62.5 1 1 1 1 (1
0 1 2 3 4 V12 14

Time [10° Monte Carlo time units]

FIG. 7. Simulatel annealig for afive-cel anglel array circuit. Initial state:
the input cel is 1 and the othe cells are 0. Find state all the cells are 1.

IV. SIMULATED ANNEALIN G FOR ELEMENTAL
LOGIC-GATE CIRCUITS

This secti illustrates the resuls of simulatal annealing
for elementd logic-gae circuits (an anglel signal-
transmissia array, an inverter and an AND/OR gate to
shaw the effectivenes of annealig in QCA operationIn the
simulations the polarization of an input cel (or cells was
fixed to a given stae (1 or 0) throughot the annealilg pro-
cedure At the stat (time=0), the electrorsin the othe cells
were sd into the arrangementha would give the minimum
energ if the input cell were in an opposie state (The struc-
ture parametes were a=10 nm, d=12 nm, and ¢,= 10 for
all sampé circuits A backgroud positive charge Qg
=(2/5)e on eat daot was assumed.

A. Angled array circuit

The resut of a trial of the annealig for a five-cell
anglal array is illustrated in Fig. 7. Plotted are the mean
enery values for evely ten Monte Carlo time units The
annealiy parametes were T,=6.600K and p=3x10"*
(1/Monte Carlo time unit). After mary stae transitions the
circuit converge to the minimum-energ state and thereby
transmittel the input signd correctly The averag conver-
gene time for 100 trials was 12 500 Monte Carlo time units
(125 ns for a unit of 1 p9).

B. Inverte r circuit

The annealig proces for an inverta circuit (a NOT
gate is illustrated in Fig. 8. Again, successfuconvergence
was obtained and consequemnyl the circuit was able to per-
form the NOT operatia correctly. The annealig parameters
were T,=6.00K and p=5%x10"° (1/Monte Carlo time
unit). The mean convergene time for 100 trials was 56 500
Monte Carlo time units (565 ns for a unit of 1 ps).
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FIG. 8. Simulatel annealiig for an inverte circuit. The input cell is fixed to
1. Initial state the output is 1. Find state the output is 0.

C. AND/OR gate circuit

As describé in Sec Il A, the AND/OR gat circuit op-
erates as an AND gae if the contrd cel is fixed to 0 and as
an OR gat if the contrd cell is fixed to 1. We hawe simu-
lated and confirmed the logic operatia for both AND and
OR operatiors for all possibe input combinationsWe here
illustrate in Fig. 9 the resut for AND operatio with one
input se at 1 and the othe input se at 0. The annealing
parametes were To=6.00K and p=6.7x10"° (1/Monte
Carlo time unit). Throuch annealingthe circuit converge to
the minimum-energ stae at which the polarization of the
outpu cel was 0, ard therely performal the AND logic

-96.5
Initial state

[
0 1
5] 0

-97.0

Final state

1

-97.5

Energy [meV]

20
98.5 0 0
985 | .
-99.0 | | !

0 50 100 150 200

Time [10® Monte Carlo time units]

FIG. 9. Simulatel annealig for an AND circuit. The contrd cel is fixed to
0, and two inputs are fixed to 1 and 0. Initial state the outpu is 1. Final
state the outpu is 0.
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FIG. 10. Convergene time vs numbe of unrestraind cells for a linear
arrgy circuit. The convergene time resut is normalizel to that of the two-
cel circuit (one-unrestrained-detircuit).

operatia correctly The mean convergene time for 100 tri-
als was 186 000 Monte Carlo time units (186 ns for a unit of

1 ps).

D. Relatio n betwee n convergenc e time and circuit
size

In previows sections we confirmel that daf processing
or logic operatiom in QCA can be carried out successfull by
use of the annealiy method But if the convergene time
increass rapidly with increag in the numbe of cells; it will
be impossibé to operae large-sizel QCA circuits within a
practica span of time. An increag in the numbe of cells
leacs to an exponentih increag in the numbe of possible
electran arrangemenisso the convergene time may also
increag exponentialy with the numbe of cells.

To investigae this problem we carried out simulated
annealiig for a linear array circuit, changimg the numbe of
cells from 2 to 17. (In this calculation we assumd four
dots—ore at ead corner—n acell, insteal of a five-da cell.
This is becaue simulation for a large-sizd five-dot-cel ar-
ray requires enormow computirg time,) The resut is illus-
trated in Fig. 10, which shows the convergene time as a
function of the numbe of unrestraind cells Contray to our
expectationsthe convergene time showel hardly ary de-
pendene on the numbe of unrestraind cells Thoud ade-
finitive conclusian canna be drawn before otha QCA cir-
cuits hawe been investigatedit seens tha the convergence
time for the annealig does not increag rapidly with an in-
creae in the size of the QCA circuit.

V. APPLICATION TO NON-NEUMANN COMPUTATION

The proposé annealig methal for QCAs will open up
novd application fields of QCAs in addition to digital logic
computation An exampé is non-Neuman parallé process-
ing computatio for solving combinatorié problems For ex-
ample conside the following problem given awell-formed
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Boolean expressionis there a truth assignmenfor the se of

variables that satisfies the expressiofd (For instance given

the Boolean expressia (X1+X2+X3)(X1+X2+X3)(X1

+ X2+ X3), isthere acombinatia of the values of variables
X1 through X3 tha makes the logicd value of the expres-
sion be 1?) This problem the satisfiability problem belongs
to the class of NP complet (nondeterminist polynomial-
time completg, ard is intractabé for ordinay digital com-
puteis becaus the computationhsteps for problen solving
increag exponentialy with the increag in the size of the
problem But it can be expectd tha the QCA will provide
an ingeniots device tha can quickly solve this kind of prob-
lem. We first prepae aQCA circuit tha correspond to the
given Boolean expressionthen fix the output cell to astae 1

ard leawe the input cells unrestraind (the states of the input
cells correspod to the binaly values of variables. After that
we anne& the QCA circuit into an equilibrium stat with

global-minimun energy then chedk to se= whethe or not
the sd of the final states of the input cellsis asatisfyirg truth

assignmen for the given Boolean expression|f it is, the
Boolear expressia is satisfiabé ard the input cel states
indicake a truth assignmenfor the se of variables If it is

not, the given expressia is not satisfiable.

VI. CONCLUSION

The QCA is adevice tha perforns computatian by uti-
lizing the energy-minimizitg propery of quantum-ceélstruc-
tures A key requiremenh in operatirg a QCA systen suc-
cessfuly is to make the systen converg exacty to its
global-minimun energy stae without getting stud in local
minima For this purposewe proposeé an annealirg method
for operatig QCA systers undeg open-syste conditions
ard performal simulatel annealiig to shaw the effectiveness
of the proposé method We confirmed tha it is possibé to
successfull operae elementhQCA gat circuits suc as the
linea array, the anglal array, the inverter and AND/OR
gates We alw estimate the dependene of the processing
speel on the size of the circuits ard found tha it showel no
decreas in spee with increasd circuit size This indicates
the possibility of operatirg a large QCA within a practical
time span The proposé annealig methal for QCAs will
open up novd application fields for QCAs, in addition to
digital logic computation As an example a hon-Neumann
parallé processig computation for solving combinatorial
problens was described.

Finally, it shoul be also stressd tha the proposé an-
nealirg methal is alo usefd for othe QCA-type systems
that utilize many-bog interaction effects sud as the spin-
polarized antiferromagneti devices and the multistable
quantum-wdl matrix devices>
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APPENDIX

In the following, we conside the electra tunnelirg be-
tween two dots (one dat is occupi@ by an electron and the
othe empty) in the sane cel and calculag the waiting time
for electra tunnelirg from the occupiel dot to the empty
one.

The probability p tha tunnelirg will occu within a pe-
riod of time=t to t+ At is given by a produd of the prob-
ability that no tunnelirg will occu from time=0 to t ard the
probability tha tunneling will occu within the time duration
of At. It is expressd as

p={1-T(AE)At}YAT(AE)At
=[{1-T(AE)A}Y-TABAV-TABr (AE)AL, (A1)

wher I'(AE) isthe mean tunnelirg rate which is afunction
of the QCA-circuit enery differenee AE resultirg from the
tunneling Assumirg that At is sufficiently shot (and rewrit-
ing At as dt), we have

p=exp[—['(AE)t}I'(AE)dt. (A2)

Then the probability P; of tunnelirg occurrirg within a pe-
riod of time=0to t is given by

P= fotexp[—l“(AE)t}F(AE)dt

—1—exp{—T(AE)t} <1). (A3)

Determinirg whethe or nat tunnelirg will occu is dore by
using arandon number Tha is, auniform randan number¢
(0<¢<1) is selected, and i< P;, then tunnelirg will oc-
cur. This condition is given as

é<l-exp—T(AE)t}. (Ad)

The waiting time for tunneling7(AE) is the minimum value
of time t tha satisfies the inequality above Therefoe we
have

7(AE)=T(AE) ! In(1/r), (A5)

where r=1—-¢. We assume that the tunneling fare>0
need the assistane of a phona having Boltzmam distribu-
tion in energy spacewhile the tunnelirg for AE<0 need no
assistanceThen the tunnelirg rate is given as

1 (AE=<O0)
F(AE)oc’exp(—AE/kBT) (AE>0)’ (A6)
Therefoe we have
79 IN(1fr) (AE=<O)
T(AE):[TOexp(AE/kBT)In(llr) (AE>0), A7

where 7, is the mean waiting time for tunnelirg (an inverse
of the mean tunnelirg rate), which depend on the structure
and the materid of the QCA unit cell.
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