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application clains benefit, under 35 U S.C. 119(e), of U S. Provisional
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clainms benefit, under 35 U.S.C. 119(e) of U S. Provisional Patent

Appl i cation Nunber 60/705,503, filed August 3, 2005, which is also

i ncorporated herein, by reference, inits entirety. 1. FIELD OF THE

| NVENTI ON The present nethods, articles and systens relate to anal og
processi ng and quantum conputi ng devices. 2. BACKGROUND OF THE | NVENTI ON
2. 1Anal og conputi ng Anal og conputi ng uses physi cal phenonena (nmechanical,

electrical, elNALOG PROEESSORNGOVPIASINGIGUASTTUM IDEVIZNGSI cal quantities
(pressures, voltages, position, etc) to represent the variables in the

probl em where the problemis sone abstract nmathematical problemor sone

physi cs probl eminvol vi ng ggtherepNViggalatgoxgtities. At its very sinplest,
an anal og system{e.g., anal og conputer) solves a problem by taking one or

mor e i nput  vafiall &8aidh clalifs BnoR #ler S£BICS N Y, SME T BSviRbY! cal

quantities, and then evolving their states in accordance wth the | aws of
physi cs. Paréns Appbeasion NomperebO3SIsi08 e Dpreoderc 26&4, avhphyisi cal vari abl e t hat
can then; re . . adv ns. The first
ot hat BogpaRRd pEiln, /Rl € ik MR 1) A0SR DA SHSHET.

oper at i omsleadeUrbo€ nfal 19(c) gdUer. Rexyisiynal Patent ApplicafiopNysibers0/H0hEe03% i s not hi ng

| n the physlgs.0h RSt ANRLQL SYSHEMR S IRL, REQUERIS (oG ARgy ation in one
part of e anal (o]0] sys\?’em romoccurring a Yhe sane trme as anot her
operation in another part of the anal og system The second advantage is

t hat anal og systens do not involve tinme-domain conputations, and thus do
notrequire the use of cllocKEELREN)THHANYENTENns evolve in real tinme

whi ch, for nost physical applications, is faster than perform ng the sane
calculations on a digital conputer. Traditionally, analog systens use sone
physi cal quankhetpyeseet mpthodg,@irtichesand pyséassuelate to anabeg proepssng adc. ) to represent

a conti n&ﬁﬂﬁmv&ﬁﬂp%ﬁhfdev-i@%.s | eads to probl ens

2. BACKGROUND OF THE INVENTION

2.1 Analog computing

Analog computing uses physical phenomena (mechanical, electrical, ezc.) to
model problems of interest using physical quantities (pressures, voltages, position,
etc.) to represent the variables in the problem, where the problem is some abstract
mathematical problem or some physics problem involving other physical quantities.
At its very simplest, an analog system (e.g., analog computer) solves a problem by
taking one or more input variables of the problem, representing them as physical
quantities, and then evolving their states in accordance with the laws of physics. The
answer to the problem is produced as a physical variable that can then be read out.

There are two advantages to analog systems. The first is that operations
are performed in a truly parallel manner. Since operations are normally governed by
the laws of physics, there is nothing in the physics of most analog systems that
prohibits one operation in one part of the analog system from occurring at the same
time as another operation in another part of the analog system. The second advantage

is that analog systems do not involve time-domain computations, and thus do not



in accuracy, because the precision of the answer to the problemis limted
by the precision to which the continuous variable can be quantified. This
is the case b@msugs anal og systens nornal |y use physi calpcauanvistioesst o
represent the variables in a problem and physical quantities found in
nature are inherently continuous. Digital conputers, on the other hand,

i nvol ve discrimnating between the possible bit values "0" and "1", for
which there is an easy identification of the exact state. Anal og systens
are al so dPquis the yserobglocks. Maay pypessysems cutyedfacal HEy vdush EBmpet ~ For

exanpl e,  gnsUBMBhIiARchs3is FRIPAAR pAF G the Ll ARRLASK ANAligd conput ers.
However, théey can each only perform one operation, calculating the tine
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ar e usef ul prédggiorsol whittgtherasnying@nentigblpeantbe guantifibd eTigs &ribe sisé bdcasome pr obl ens
whose sol utilons cannot bl? conput ed eff.ci ent’Iﬁ% n(é)gla conventional digital
conmput er . PACESHETSFIE"Y PAENYTRETBUIS AU P Y SICufBn°Y B %t he pr obl em does
not scal e peblyMend physicaVduahtitic €ovdid Zenddhire ifd@niercdlll eBAtinubus Migitatases, it is
possible to parallelize the problem However, such par e\léll g,l»i %ati on is often
not pract i CHPUFL AR hebist hindy eylxe dyamippte deiweep s pestde B luest i nite state

nmachi ne appraaghy”, MiWhhtihge fsiaRich§ i8dmitigaidReNhBexRPRERAARMEr KS wel | for a
broad cl ass of conputational problens, it inposes a fundanmental limt on

the conpl eXpieips afe ANSTiSR BBitedid thhpescd Brablemedrayedn satne-sFIr *Bitadse t he
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i npl enented 1n current state of the art echnol ogy ve a maxi mum

cl ock rat ecagh pely perienyr) onsfoperbigen, ccutppng thatiraobpsedien the gihy pesHignoddsyst ens do
not requir : i lgegg‘ (o] LN a natural way

i n anal og %&g%aglﬁg%odf%gﬁig?ﬂg@g%géhﬁiglg{tﬁglrkggl}tésr, p%%h‘é\gggl%gen exponentially
great er, tdvarputen edn bediegragadmoeshioticnigtedotivihese probtems Bingithesshme onput er s have

shown uti | ie‘ﬁé’ri déleQ/icteo tng'l%. .rsyske%a%) ueﬁt%pl%m&in x} ﬁ!dﬁgitq. & pﬁfe?s. bi nary
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by the degree to which the circuits/devices can be duplicated.

Although digital computers are useful for solving many generic problems,

there are still some problems whose solutions cannot be computed efficiently on a

conventional digital computer. In other words, the time to find the solution to the

problem does not scale polynomially with the size of the problem. In some cases, it is

possible to parallelize the problem. However, such parallelization is often not

practical from a cost perspective. Digital computers use a finite state machine

approach. While the finite state machine approach works well for a broad class of

computational problems, it imposes a fundamental limit on the complexity of the

problems that can be solved. This is because the finite state machine approach uses a

clock or timer to operate. Clocks implemented in current state of the art CMOS

technology have a maximum clock rate (frequency) of about 5 GHz. In contrast,

many analog systems do not require a clock. Thus answers to problems can evolve in

a natural way in analog systems, often at a speed far greater, perhaps even

exponentially greater, than their digital computing counterparts.

Digital computers have shown utility due to their low-power consumption,



specific problenms in quantum simulation, optimzation, NP-hard and ot her
NPconpl ete problens remain intractable on a digital conputer. If the

di sadvantwgesoafseanal og systens, such as their limted PCcmidaoqecicsi on,
coul d be overcone, an anal og system could easily outperforma cl assi cal
digital conputer in solving inportant conputational problens. 2.2

Conpl exity classes Conputer scientists concerned with conplexity routinely
use the definitions of different conplexity classes. The numnber of

conpl exi tikeicdissete binay rawes thattaskgs pigte dissrimmationessy.ane thgefabiligdioand exi sting
ones ner I i.n. I i e conplexity
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probl ens. Deci Si 0 robl ens _h bi nary -out cone Problens in NP are
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problemto verify a,&otential sol _ut{'é)n.. It may .take npre than pol ynom al
tine to CYUEPEOYd BT RLIPEITOEL UesiAl G CORRHE Y SPY BBIBRRIAN: rmay t ake

| onger t @oM@hiafiynak pRBLe8Rt i al sol ution. Problems in NPC can be defined as
problens in NP that have been shown to be equivalent to, or harder to

sol ve, than a known problemin IHEC. E%i val ently, the problens in NPC are
problems in NP that are al so 4h RIPREXH{Ean be expressed as NPC = NP n
NPH. A problemis equivalent, or harder to solve, than a known problemin
NPC i f there &omputer scipnbibly nonvemed witheompldkitt foviinalouserke defistiant ofpr obl em from

the knownyptehl Sl s ot ol kB0 GaDnpehegRLaadeAs AugRpcral | zat fon of

mappi ng. ngs  can be one to one functions, nany t ne functions,
or make uew @fks ordefims andexgstinflveecmenge grarghfdcopphand mydegh asses and how

they define the intractability of certain [.on roblens is found
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Problems in NP are computational problems for which there exists polynomial
time verification. That is, it takes no more than polynomial time (class P) in the size
of the problem to verify a potential solution. It may take more than polynomial time
to create a potential solution. For NP-hard problems it may take longer to verify a
potential solution.

Problems in NPC can be defined as problems in NP that have been shown to
be equivalent to, or harder to solve, than a known problem in NPC. Equivalently, the
problems in NPC are problems in NP that are also in NPH. This can be expressed as
NPC =NP n NPH.

A problem is equivalent, or harder to solve, than a known problem in NPC if
there exists a polynomial time reduction to the instant problem from the known
problem in NPC. Reduction can be regarded as a generalization of mapping. The
mappings can be one to one functions, many to one functions, or make use of oracles,
etc. The concepts of complexity classes and how they define the intractability of
certain computational problems is found in, for example, Garey and Johnson, 1979,
Computers and Intractability: A Guide to the Theory of NP-Completeness, Freeman,
San Francisco, ISBN: 0716710455 (hereinafter “Garey and Johnson™). Also see,
Cormen, Leiserson, and Rivest, 1990, Introduction to Algorithms, MIT Press,
Cambridge, ISBN: 0262530910.



Canbri dge, |1SBN: 0262530910. Oten deci sion problens have a rel ated

optim zation problemthat is solved to determ ne the correct decision.

Ef fi ci encwoiznoeambaasng a deci si on- based NP-conpl et e pr oblpemaai2bis/doesmsd t o
efficiency in solving the correspondi ng optim zation-based problem This is
generally true of any problemin NP. Oten it is the optim zationbased
probl em for which a solution is sought. 2.3 Quantum devices Quantum

conputing is a relativel t hod, of conput t hat, uses ntum devi ces
to take advant %@“%C‘ﬂ%ﬁf’@ﬁﬁﬂé% &@trglategﬁﬁtﬁn'é%“cg‘dg%t?lﬁﬁél?afi‘sosﬂlvg‘r %asi s states
and the enfaRging MR Horeét decuﬁ&i URRfidRMECIASolving aPe¢ikion Bhea NFedompl@put at i ons

faster than a classical digital conmputer. In digital corrputgrs i nformation

i s stored Aeblgnpdll le\%F(belfﬁ%%yb'ésqlﬁnéFhlet‘f%’iresaond@)“g qimizatiogda®d  For exanpl e,

a bit may JeCRSERS itgehQgilFRe 'fQﬁlyW&aﬁnﬁn'NT*’VO‘f%nt@EQh@dlﬁnﬁ’zah&g' cal "1" with
a high vol'tage. In contrast to the bits of a digital conputer, a quantum
conput er dwreadasotler dermehi¢honsoliiogisionght a type of quantum device, in which
data can be in either a "0" or "1" state, or in any superposition of these
states, In accordance vvlth t he term nol of equation (1), the "0" state
of a di gital conputer is anal og&@“t”&”’f%wfﬁ) basis state of a qubit.

Li kewi se, the "1" state of a di qltal conputer is analogous to the |) basis
state of a qubiQuaniuf comptingn @&claively reyuRtthadPtcomPulngffigfi%espernits a

super posi tdu@x’i’tuﬁlfde%é@é b tzh@%u@ansatgabfe@mwﬂferfﬁct% @Kl Eelbassu@ SEBESAI N
probability of being in either the states. The term]~ is the

pr obabi | i tsjatesfang dierpgtanglemprt orayanéqrag%w%do P%@f’fﬂ’é}effﬁlfl/coﬂnpi‘téthnﬁe probability
of being 'fﬂst&ng rLa éas’%‘fcgl diMEESn utelr h éél?all comp]utergI i@ hMtionti{}Gor€@ R | NUOUS

vari ables a an contain a gr deal “nore information than the states of
bits in a Wisgvhigh candeputigher a Wi Qrﬁ‘l plates Forsixympls, obit Mgy repregeibpt ' s state can

be represqgglgﬂ BSR40 6BE ﬁlﬁi@agﬁa&h‘ﬁ Bt 84 htvoﬁ?% b chdiad t bRear

conbi nati super posi ates anon be read-out or
measur ed dstsloén digitakronipetef, @ qoanthm cemabte, st@sanfonmtdmmsclebltse& typbf quant um

behavi or such as, guantum { unnel i ‘,,g_uaa]nt i.S sStates,

super posi " Sﬁm%‘fde 1Cg’lmWh(“‘é'lt%ie'!sglC'MIQ met}]é(,a\rﬁaegt of @it%g%a%%herence, and the
denonst r atsuperpaditidindfhhasaseated,i ke and particle-1i ke properties. In a standard
nodel of quantum conmputation (also known as the circuit nodel of quantum
conput ati on) quantum gate operatio are perforned on qubits, .in a quantum
conputing device in C?MJ’%ﬁ)- ()

In accordance with the terminology of equation (1), the “0” state of a digital computer
is analogous to the ]0> basis state of a qubit. Likewise, the “1” state of a digital
computer is analogous to the |1> basis state of a qubit. In accordance with equation
(1), a qubit permits a superposition of qubit basis states, where the qubit has a certain

probability of being in either the ]O) or |1> states. The term ]afl2 is the probability of
being in the |0> state and the term | ﬂ|2 is the probability of being in the \1> state,

where Ioz|2 +| ,8|2 =1. Clearly, the continuous variables ¢ and [ contain a great deal

more information than the states of bits in a digital computer, which are simply Os or

1s. A qubit’s state can be represented as the vector,

3

Although the qubit can be in a linear combination (or superposition) of states, it can



the tine domain. In other words, individual gates operate on the state of
one or nore qubits in the quantum conputing device for a predeterm ned

peri od ofwoinms/detier der to effect a quantum conput at i on PCEAIA280580€965
represented by matrices that are matrix nultiplied with the state vector of
the operated on qubits. The nost elenmentary single-qubit gates are the
Pauli matrices: O1 0 -i 10 Xs Y=, Zs (3) 10i 00- 1 Gher single

qubit gates i cIu e the Hadapard gate, ,the phase gate, and the p/8 gat e.
See, for e?&l}‘rg?éea RIS RS B g g th e8¢, l%qﬁétﬁt ‘r‘ﬁ"@ﬁ‘f*’rﬂfi}‘t‘%’ﬁF iand Quant um

I nformati o |ver5|t p 174-177. Two qubits

coupl ed to@e@ﬁ%‘@ehﬁso o5y qsuﬁﬁtélp%tgg'?e?%ﬁetwgen %ISmgf?)b a3 88f%ql) + 101 q) + n

[11). (4) mperpsmameofdfas@sthmequabglemsms)fqmus E‘coh&@rﬁc@§ﬁﬂttﬁd by a four-el ement

vector and,.two- ublt E#’ atl ons Z?i esent ed by 4 x 4 matrl ces. An
B e el

n qubit syget“é?ﬂs giopyek epar%l?@m exfies., feq Prndgrd reesst pthuous

vari abl es. qtﬁnﬁiﬁb&ﬁﬁpu@ftloﬁk%ﬂdﬁb@ﬁﬂs e RGL Bt BtleLoORARAN QRPutaBUHh as those
shown in (3), and one or nore two-qubit gate operations forma set of gates

whi ch are EBHM FipepeAticpes Berfaraed gy a&*hlia i teHBlmaeqrapntingderifever sal set of
quant um Op@E @itieUdthalrS Iﬁ@Meﬁ%rd@fchH&HHl Yk QpEFad 6rpt'ﬂ§ staf3qF oSS Fs al' !l

possi bl e quantum conputations. 2.4 Requirenents for guantum computing
Gener al | y SYpEai the quantyy pempuiias ée\weel for ypeedatesninsidpstiedbl tine order & t hat (i)

has a pl ur@kdct ¥ q@hnyathimish aE8Ss alle'rég)resglﬁéq sl %@?sr tﬁﬁtalxélmﬁtﬁQ lated fromits

envi r onment and (rr1) permts quantum'tunn two or nore gquantum
st at es assoultiatiediwith tha Stat?e/ecfgmftthe Seegatédym CElbasrpre mM)oﬁemematal 1999,

Sci ence 283, (he "Nboji"), which is hereby incorporated by
reference gfqlﬁgll %aq?stageég Hé%‘ﬂ ElKbsurvey of the current physical systens

from whi ch qublts can be for rred |s found in Braunstein and Lo (eds.), 2001,
Scal abl e Quant um Conput é)rsl i nO herei nafter "Braunstein and
Lo"). In order for a p‘hy15|(§:a em bavq as a qubit a Rnber of
r equi rerrents nmust be satisfied. See \/ ncenzo-in Braunstein and Lo,
Chapt er O%@Fﬁﬁgle qubit gates include the Hadamard gate, the phase gate, and the /8 gate.

See, for example, Nielson and Chuang, 2000, Quantum Computation and Quantuin

Information, Cambridge Universit}; Press, Cambridge, pp. 174-177.

Two qubits coupled together also obey superposition:

0lgo| 00) + 01y | O1) + 5 10) + | 11). )

The state of a two-qubit system is represented by a four-element vector and two-qubit
gate operations are represented by 4 x 4 matrices. An n qubit system is therefore
represented by a 2" vector of continuous variables. A subset of elementary single gate
operations, such as those shown in (3), and one or more two-qubit gate operations
form a set of gates which are said to be universal for quantum computation. A
universal set of quantum operations is any set of quantum operations that permits all

possible quantum computations.

2.4 Requirements for quantuin computing

Generally speaking, a qubit is a well-defined physical structure that (i) has a
plurality of quantum states, (ii) can be coherently isolated from its environment and
(iii) permits quantum tunneling between two or more quantum states associated with

the qubit. See for example, Mooji et al., 1999, Science 285, p. 1036 (hereinafter



requi renents include the need for the physical system (qubit) to be
scalable. In other words, it nust be possible to conbine a reasonabl e
nunber ofwoheossbitss in a coherent fashion. Associ ated WCTlcARo@ @Dickity is
the need to elimnate qubit decoherence. Also required for a qubit to be
useful in quantum conputing, is the ability to perform operations that
initialize, control and couple the qubit. Control of a qubit includes

per form nngin | e qubit operations as well as operations on two or nore
qubi ts. ?fdgr“’]ﬂ‘ﬁh S5y tncgrpartadrhy defsrsiee heepin trifsengesty. ok sipr at i ons needs

to be a uptMecs@ént BYsicaMiB¥ms Ebm WiclBIRS AR I MEE Ridha iS€e, for exanple,
Barenco et al., 19 ? Physi cal ReviltcawaﬁA 5%, p 34657,E ?é: i s hereby

i ncor por aBEANHINAgH &p &slse 208FScalabls Quagtuar{tampateys, Wity-WeHt Betinr equi r ement

for quant WRSQIRHEEAG, s, L Hged to be able to neasure the state of the
qubit in order to perform conputing operations and retrieve information.

These requi r enrmrdenieraphyeical lsyterd tof hatetse a gilbic i htmbaradé keqofrenspuant um

conput ati gp ] b J f.or, ot her els. 2. erconducting qubits
Sever al qua%@&%a%%g'us?iglkﬁgg%\ﬁégg r%“r’”é%%’saéq? gohéklf"é’geﬁZeﬁH de. O these

har dwar e paopeseitsinciutethrost fectat alysicapdyytsi Calbis sheRBlafpPRAthdr0 be t hose

that are rcondycting.structures. Superconductjng material is materi al
t hat has ?},‘é{%% lgc ugti%(? ar SS?DéesfosCtog‘ﬁ?Elg atf%‘?s8\ﬁ%§rqufqb8%ﬁfttl‘ee8‘&”§ Ny cofigieplent |
magneti ¢ fasisbnl Apdbciardpathatdlitality J0me phEesclibinglkiqapie d@bRerSaMRl@s of such

structures. There are t rinci pal nmeans to realize superconducting
qubi t s. d?@mﬁ%d:é%a%?‘?t(gggﬂ%@él I Bgac“ﬂﬁn FoTpRUfIRE. dF thg@Pilityferie@a char ge (charge

qubi t) . TheraidnethaiBaRgzeS e6ntes RNdspletheldiBit! CHAtE 0P (W ihaiieli ned phase
(phase/ f uxgﬁubi t). Ph%se and charge are related variables that, according

to basi c BUHATUR SHIIGHIOH cRTations @s Walh aheremtiops o] gt erprodubiinelnanot her . The
di vi si on @fletbe hRteme8mBhtieMiCRBofl e s! | gt al, 2001,
Revi ews of K/bde?%p&ghcg}si CS. 7%19&3%(9 357-%8361?%%&?&@%#% g? Wﬁ%ﬁmfﬁ') , Which is
her eby i M¥8RY Shtneletticn areamiversyl. past for exrawnld, Bajeneo efrt.i 96y Pigwiper conduct i ng

qubi ts i nghiidesdeVv) ae . ' : h.as Josephson
junction %ubi ts. S%e_, ﬁ,g{ﬁ&g;iﬂﬁ};ﬁfﬁ%{;&gﬁ%ﬁ‘%&nﬁfe %’?8?‘%&“ @gg?,m%ﬁysi cs and
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Martini s gl aF the a0PPRr ordY S [ (s 89, 1179 ich is hereby
i ncor por at e% he?éli n y"rr"jg}liéegﬁ%:“é'g?’xrﬁ‘b.&!@%gﬁ%. ?nesta§/1$r%t1rrlle e%offlﬁf“@\li\{gﬁl , 2001,
Sci ence 29®se pquitekBents wiie déveiaped Bir dlimcircuit model of quantum computation

and may be relaxed for other models.

2.5 Superconducting qubits

Several quantum computing hardware proposals have been made. Of these
hardware proposals, the most scalable physical systems appear to be those that are
superconducting structures. Superconducting material is material that has no
electrical resistance below critical levels of current, magnetic field and temperature.
Josephson junctions are examples of such structures.

There are two principal means to realize superconducting qubits. One means
corresponds to the limits of well-defined charge (charge qubit). The other means
corresponds to the limits of well-defined phase (phase/flux qubit). Phase and charge
are related variables that, according to basic quantum principles, are canonical
conjugates of one another. The division of the two classes of devices is outlined in
Makhlin et al., 2001, Reviews of Modern Physics 73, pp. 357-400 (hereinafter

“Makhlin”), which is hereby incorporated herein by reference in its entirety.



incorporated herein by reference in its entirety. 2.5.1 Flux Qubits One
type of flux qubit is the persistent current qubit. See Mdoji and Ol ando
et al, 1980,20d6dnsi16al Revi ew B 60, 15398-15413 (herei nafPrcercA2@sioands") ,
which is hereby incorporated herein by reference inits entirety. The
superconducti ng phase qubit is well known and has denonstrated | ong
coherence tines. See, for exanple, Olando and Il"ichev et al, 2003,

Physi cal Review Letters 91, 097906 (hereinafter "Il'ichev"), which is

hereby i BagUrRRHIALEE IBREhOuRYdNRESHENEEWEINkddwah ifMd 4-£5)ch apOM® Ot her types
of phase qubits_conprise superconducting |oops having nore or |ess than

three JodERARORYnGHe qubls . Seseksr example, Barongpng Rasemet 1982, PlageandpPhysi cal
Revi ew By l%oatzé;?sﬂ?gq‘l;e Jo?%ﬁsﬁz@{ﬁﬁ%n% and 305, NYGL V€. mis3p (hereinafter
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|'i thogr apieh oF kwdSs hereby incorporated herein by reference in its entirety. For more

details on flux qubits, see US Patent Nos. 6,960,780 titled “Resonant controlled qubit
system”; 6,897,468 titled “Resonant controlled qubit system”; 6,784,451 titled
“Multi-junction phase qubit”; 6,885,325 titled “Sub-flux quantum generator”;
6,670,630 titled “Quantum phase-charge coupled device”; 6,822,255 titled “Finger
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system”; 2004-0119061 titled “Methods for single qubit gate teleportation’; 2004-
0016918 titled “System and method for controlling superconducting qubits; 2004-
0000666 titled “Encoding and error suppression for superconducting quantum
computers”; 2003-0173498 titled “Quantum phase-charge coupled device”; 2003-
0169041 titled “Quantum computing integrated development environment”; 2003-
0121028 titled “Quantum computing integrated development environment’”’; 2003-
0107033 titled “Trilayer heterostructure junctions”; and 2002-0121636 titled
“Quantum bit with a multi-terminal junction and loop with a phase shift” each of
which is  hereby incorporated herein by reference in its entirety.

"FIG. 1A illustrates a superconducting phase qubit 100. Phase qubit 100



See, e.g., Madou, 2002, Fundanentals of M crofabrication, Second Edition,
CRC Press; Van Zant, 2000, Mcrochip Fabrication, Fourth Edition,

MG aw HiwD,200das6dder k; LeVi nson, 2001, Principles of LiPhograzpisypoisshe
International Society for Optical Engineering, Bellingham Wshington; and
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from the other Josephson junctions in phase qubit 100. The difference between any

two Josephson junctions 101 in phase qubit 100 is characterized by a coefficient,

termed o, which typically ranges from about 0.5 to about 1.3, where a=1 represents

junctions with equivalent parameters. In some instances, the term o, for a pair of

Josephson junctions in the phase qubit is the ratio of the critical current of the

respective Josephson junctions. The critical current of a J osephson junction is the

current through the junction at which the junction is no longer superconducting. That

is, below the critical current, the junction is superconducting, and above the critical

current, the junction is not superconducting. Thus, for example, the term o for

junctions 101-1 and 101-2 is defined as the ratio between the critical current of

junction 101-1 and the critical current of junction 101-2.

Referring to FIG. 1A, a bias source 110 is inductively coupled to phase qubit
100. Bias source 110 is used to thread a magnetic flux @, through phase qubit 100 to
provide control of the state of the phase qubit. Phase qubit 100 typically operates

with a magnetic flux bias @y ranging between about 0.2-® to about 0.8-®p, where @q



Phase qubit 100 has a sinplified two-dinensional potential with respect to
the phase across Josephson junctions 101. Phase qubit 100 is typically
bi ased wiwb moemmgnetic flux Fx, such that the two-di mrenecor@2oponernsi al
profile includes regions of |ocal energy mnim, where the |ocal energy
mnima are separated fromeach other by small energy barriers and are
separated fromother regions by |large energy barriers. This potential is a
doubl e wel | potential 150 (FIG 1B) that includes a left well 160-0 and a
2: gEL wed dhiéng-féaqtﬁ@sloef_ti vely representing clockw se 102-0 and counter
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O T | RO R e e e BB Rl A QBB amd syst ems
pr ovi destofprocess the quantum information stored in the phase states according to the rules of

quantum computing. Since the quantum information stored and processed in the

phase qubit is in the phase basis, it is insensitive to noise in the charge basis. II’ichev

et al (I’ichev) used a three-Josephson junction flux qubit, coupled to a high-quality

tank circuit, to perform a continuous observation of Rabi oscillations.

There are many problems with the standard model of quantum computation
that make it a challenging feat of science and engineering. Quantum computing
involves coherently processing quantum information. This requires sufficiently long
decoherence times in the qubits, as well as immunity to noise and errors.
Decoherence makes time-domain gate-level standard model quantum computation
difficult. It is therefore desirable to harness quantum effects such as incoberent

tunneling to solve useful problems, thus overcoming the challenges of standard model

quantum computation.

3. SUMMARY OF THE INVENTION

@) One aspect of the present method, articles and systems provides a

computational system comprising an analog (quantum) processor. The quantum



conput ati onal system conprising an anal og (quantun) processor. The

quant unprocessor conprises a plurality of quantum devices form ng nodes of
a | atti cayoth&/goant um devi ces having first and second lpasica2sdsanessand
conprising | oops of superconducting material interrupted by Josephson
junction(s). The guantum processor also conprises a plurality of coupling
devi ces coupling the quantum devi ces together in nearest-nei ghbor and/or
next - near est nei ghbor configuration(s). (ii) Another aspect of the present

met hods,prametsm:ce@pﬁ@la a PUSAIRYISE quasmindRSices foriiig dodk ofl@1a81c8] thé NQ aI res:JIt off
a conputati onal propl em using a quantum processor conprising a plurality o
quant um HEPUELLVILRY %’Frlﬁrféflstiaflg S‘B’P“‘EB%FEI Stak aﬁ‘g?ﬁ%@%ﬂ?ﬂsioﬁg t he quantum

devi ces §u?ae&rttﬁaangT;h@teﬁmm@d]ﬂtmly%@e@hmijﬁd'cab{s(;)i. MGhelghghgant um processor to
an initia state of each quantum'device in the plurality

state by setting a C | [
of quantﬂﬁ?ed&iiabsegélaweaaeg\mw pirogplingrigtiRessrudlingtthe gi#piitng device in the
plural ity Rbs BB iR deH&Y hEERbor 3hd/OVeRDndatist &@B&%@g@&g&w to evolve to

a final state approximating a natural ground state o conput at i onal

probl em and feadi Q@ iRbhsplet bf BRlprabitntaRbs Qﬂﬁlegﬁn&rWS%rrELngé%deVi ces in
the plurality of quantum devices thereby determ nirg the result of the

conput at ingthed ofytesdsmenng 4 epuly ofjarrogipiiatiomshproblem vaiga@cuagfimphaeyspres ent

met hods, i Cl . . . .1 S .a_central

ot ocesel S E S Ay o Sl A, o B Re TR R S LN P IR LB U £
pr ovi dedthf grantien devieaitopgthar. Ts mlethod finciudesinjsiatizing tweajuapuolptosessorThe menor y

conpr i S€R aff ir#{ﬁa?lrst it ng esrettf%%% s&?ed&legchcoggtql}nscf-egige {nntﬁg E)i‘d(x;at]'itf o ugrgllimdef ining the
conput at ona proab‘T m - a~mapper rodtle conmprising-i rstr UHTOne for
gener at i deyicas amippeauglinf stichgh obegob taipliag adviqerio Hegiiyralig df esuplmpal og pr ocessor

interface nodul.e.. The anal o rocessor. interface nodul e conprises

i nstruct egﬁgs’fah?wfnlggk?fs‘}ﬁa&?V’aaég(ieﬁsé)r ?B]Vﬁbo?%“aiﬁtagr?ﬁpr(%m&“%ngssor and

i nst r uct naural grovnd seredMhd\@nsputistidl probleas padifhiag bex 4 el smp pf dﬁ@],c fromthe
anal og processor. The .anal rocessor conprise plurality of quantum
devi ces HEFR ARTIHRRRYSES gt e Gt 6! SBpRRaevissRibeRey SRFIHRE Thcl Udes

i nitializafli éhy/ednkiRsatibedl pRAtdm.quant um device in the plurality of quantum
devices and initialization values for each coupling device in the plurality

of coupling dayi cds stillaRiePspbitdg AQYiseR meaRuflatiddlenduanriim devi ces to
their nearest nei ghbor(s) and/or their next-nearest neighbor(s). (iv) Yet
anot her WEPEE Sycp ﬁ‘é“?fﬁé’@@ﬁ@n%tpﬁ?%%g}ngéﬁ’tt 284 2 EeBRE WyBiEd fpsthe

central processing unit is provided for determining a result of a computational
problem. The memory comprises a user interface module comprising instructions for
defining the computational problem, a mapper module comprising instructions for
generating a mapping of the computational problem, and an analog processor
interface module. The analog processor interface module comprises instructions for
transmitting the mapping to an analog processor and instructions for receiving a
result, responsive to the mapping, from the analog processor. The analog processor
comprises a plurality of quantum devices and a plurality of coupling devices and the
mapping includes initialization values for each quantum device in the plurality of
quantum devices and initialization values for each coupling device in the plurality of
coupling devices. The coupling devices couple the quantum devices to their nearest

neighbor(s) and/or their next-nearest neighbor(s).

(iv)  Yet another aspect of the present methods, articles and systems
provides a computer program product for use in conjunction with a digital computer
system. The computer program product comprises a computer readable storage

medium and a computer program mechanism embedded therein, with the computer
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provi des a computer program product for use in conjunction with a digital
conputer system The conputer program product conprises a conputer readable
st orage woi200wEpgdsa conput er program nmechani sm enbedde@ctrioanedsmoiosst h t he
conput er program nechani sm conpri sing a user interface nodul e conprising
instructions for defining a conputational problem a mapper nodul e
conprising instructions for generating a mappi ng of the conputational

probl em and an anal og processor interface nodule conpri sit?Pg i.nstructions
for transRiCEIThEeeBISHEAHPHYNE &UKAINTRFOGOBH SRR BHZIRYUF R ffcti ons for

recei Vi ng4&fifS ik dmputSRA BRIoYEN, hGndpp6r MARARI Rhprifih@ Mstri@iopdidt 0g pr ocessor .
The anal og processor conprises a plurality of quantum devices and a

pl ur al i t ygoleratiogpiniapgind el/the eempuythiéonaigsphleng 2R UGS PIRFCEPRINICHAS on val ues
for each H}%ﬁﬂltelémnﬂﬁééfgﬁsthﬂtigﬂefopﬁﬂs@tﬁﬁ tﬁ@ha@;gﬁ‘giotﬂﬁ‘ha%\% Ex%@es@(ﬂd

initializatron va or each couplin evi in the pfurality of coupling
devi ces, amblinsthetionsipt iengvidge resel, repapiie to He mapaimgufror éhe apelegt o t heir

near est nei ghbor ( and/or their n - near- i.ahb v) In still
anot her ag’ﬁ’gﬁ O eﬁgaﬂ(ﬁ%%rgceer? RS eri')%é? p@%ﬁi&e@%ﬁ% 02%?%‘%%% a quantum
processor piugaljty ofécdplthg dEhiees|tenhappingrimbeissinitiativationivaless far gichir al i ty of
guantum devi ces arranged in.a lattice, a first.pluralit f coupling

devi ces aﬁﬂa%“@gﬁﬂ?ﬁjmgll‘elﬂhg?]i“%?f S‘Fan(t,%B‘?Vfcﬁ@ar&izl{)’lugh?uoﬂv%l eusg 1Fierc?gh device in
the first cplghnaldbtive @fthecDurplityd@ colg¥ing siegupll @ cauplingsievicsantplen devi ce and
a second quantum devj ce that are n;s{)e t%ﬁr(lj?i ghbors in the.l %tti ce, and a
coupl i ng e leyiges te S gansplae ‘i@) X RN XGRS RO es a third

guantum devi ce and a fourth quantum device that are next nearest nei ghbors
inthe lattice(viy sl a%geréﬁﬁfh‘éf%%@ﬁéﬁttmﬁgoc{shaéugf“seaé‘ér?i’“%st’ Aods, articles

and syst eRBant@m PHRBIHM PFoVRIBE SPhe GRARM prdddgkofcdthptisad & phralify ofuant um devi ces
is provided, along with a first plurality of coupling devices, a second

pl ur al i t y g8entemdpyiFresgrranser iea lattice, whingt plyrality o Feuplipg Apisd2d? at | east one

quant um d%&ioﬁ@phﬁ’eﬂ% 8 dofSifly dBUiRSs. AEVpBnLRNRE @ik firdblur@@Béf ONe quant um
device. The plurality of quantum devices and the first plurality of

coupl i ng dewplingslevigrseouples aafirat ques@medeyior 2nd asepenyd Gyan e}éﬁ?ﬁihafg%m , and at
| east one n%%ﬁlnls{%gbggﬂn'tffﬁglafti@e,taﬂﬁ agblggﬁﬁ]g Blviteah ileYsendpRiRI SO devi ces
couples a 1irst quantum device an econd quantum device Wth a coupling
strengt h kavpling daviees caeplésrn thivd qrantiye dhédewed a fenri qvaptim dedigathriase coupl i ng

strength andtn%are xniegﬂg;}rg)%s[}lé{aytgcecoupl ing strength. At |east one coupling
devi ce in the aecon plurality of coupling

(vi)  Inyet another aspect of the present methods, articles and systems, a
quantum processor comprising a plurality of quantum devices is provided, along with
a first plurality of coupling devices, a second plurality of coupling devices, a read out
device coupled to at least one quantum device, and a local bias device coupled to at
least one quantum device. The plurality of quantum devices and the first plurality of
coupling devices form a planar rectangular array having a diagonal, and at least one
coupling device in the first plurality of coupling devices couples a first quantum
device and second quantum device with a coupling strength having a value in the
range between a minimum negative coupling strength and a maximum positive
coupling strength. At least one coupling device in the second plurality of coupling
devices couples a third quantum device and a fourth quantum device arranged along
the diagonal of the array with a coupling strength having a value in the range between

a minimum negative coupling strength and a zero coupling strength.

(vii) In still another aspect of the present methods, articles and systems, a

computational system comprising a quantum processor is provided. The quantum
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devi ces couples a third quantum device and a fourth quantum devi ce arranged
al ong the diagonal of the array with a coupling strength having a value in
t he rangewbebessemia nmi ni mum negati ve coupling strength aow/caza@roiwsupl i ng
strength. (vii) In still another aspect of the present nmethods, articles
and systens, a computational system conprising a quantum processor is

provi ded. The quant unprocessor conprises a plurality of qubit nmeans form ng
nodes of a lattice, and a plurality of coupling nmeans. A first coupling

means i nhrédd€soR bothtided ¥ pRfalifOdiRubi the ARADSi OIS St Alaftick Shagubi t means to a
second qubit nmeans, the first qubit nmeans and the second qubit means being

i n ei t hevralityod eeeling gicglib dr fiisy coaphirsameant irtbe pluppditgtiserrltent i gur at i on.
(Viil) |Refebodllifl ﬂﬁi?ﬁ%éns%ag%n@g‘.lﬁﬁ nd qubifehlaag and systens,
plurality of qubit

a quant um processor conprising a nmeans arranged in a

| atti ce,thasecpmdqubiimgans being infeithayapiermng)-neighy candext-rsaegmdightarr al i ty of

coupl i nQ:oHﬁElﬂ-ﬁticins ‘provided. A first coupling neans in the first plurality
of couplingneans$ couples a first qubit nmeans and a second qubit neans, the

first qubit S uhi bej. i d as nearest

nei ghbors i nrzt%ﬁg Ihg?e? F}éggﬁeré%?g&ft%@ % Je%%%ﬁfdﬁgﬁ%lgsn%gg%t%gs econd

pl ural i tquandimcrogesson gompraing agdupligsf quitihheas quitiged iealasicandirgt fourth qubit

nmeans, mean ubi t nmeans bdghngpconfl gured as
‘a

tII}e {.thi r.d 1ﬂ%tbit a and %h@ fl.9urfth q
next nedt €8t Y ferGHb O Lo PHE STRPE PEE Y TXPT SR LR STNE ect of the
present firetdoapisng raedns B tesfignsludyist efirsyupliag Rhiodupits slfttsequitni ng a result for

a conputationa rob] em usi ng a guantum processor i rovi ded. The quantum
o oconadheatb At SeSHLAB (hears £ TH GARETHAGR D e RPNy al ity o

coupl i NGhegpMioaBEurc@@GRAGAWRIghBEs deME BRicEAMAkITRG cauRk meais ifluant um devi ces.
The nethod conprises initializing the guantum processor tg an initial state
by set tiSgP Riyrahity obsougbmmenps PRI et arbifipeass aqd higurh ¢difpl i ng strength

of each OB thd'@hird Qubit Beardlah®We BSuritNRLR HRRM BB REESIQ asthexievol ve to a
final state approximating a natural ground state of the conputational

pr obl emnepEsaidictlibergin he fattitgl state of at | east one quantum devi ce thereby

determning the result for the conputational problem generating a carrier
wave embodyi i a daye 2aqthai apreerfshs RESSHE methodseatifles ¥ sy¥ane dnput at i onal

g;g ?L?rlrsn, méatﬁésd bl dingBNRLINGr ASRFSkatiBhat DRBINK BIENE qiiRkROdsS, articles and
processor is provided. The quantum processor comprises a plurality of quantum
devices and a plurality of coupling devices, each coupling device coupling a pair of
quantum devices. The method comprises initializing the quantum processor to an
initial state by setting a state of each quantum device and setting a coupling strength
of each coupling device, allowing the quantum processor to evolve to a final state
approximating a natural ground state of the computational problem, reading out a
final state of at least one quantum device thereby determining the result for the

computational problem, generating a carrier wave embodying a data signal

comprising the result of the computational problem.

(x)  Instill another aspect of the present methods, articles and systems, a
computer system is provided comprising means for inputting a P, NP, NP-Hard and
NP-Complete computational problem to be solved, means for mapping the
computational problem onto a quantum processor comprising qubit means and means
for coupling nearest-neighbor and next-nearest neighbor qubit means, means for
obtaining a solution to the computational problem using the quantum processor,
means for outputting the solution of the computational problem, and means for

transmitting the solution as a data signal embodied in a carrier wave.
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conputer systemis provided conprising neans for inputting a P, NP, NP-Hard
and NP- Conpl ete conputati onal problemto be solved, neans for mapping the
conput at iwoabogusellsem ont 0 a quant um processor conpri si RgTHAN20ES/00ewRS and
means for coupling nearest-nei ghbor and next-nearest nei ghbor qubit neans,
means for obtaining a solution to the conputational problemusing the
gquant um processor, neans for outputting the solution of the conputational
problem and neans for transmtting the solution as a data signal embodied

inacarrier ()‘e’i@veln(%l'lﬂanbtﬂersis%éc{ ofecH@;nlas%ht ASRSH! aditlel Aft HEgRGAt Met hods,
articles and systens i gnal enbodied on a carrier wave is

provi dedigiBhpeiad ﬁmgo@edr@sqo@@uqrv\@vwlmlqeéﬁor@aeﬁnm@répcheavameur ality of
nodes. th&.qBh HER lhtdégxgsmyéggﬁﬁno eeq,ﬁuréxﬁﬁéémhwar@aﬂ@st b Rabdht i ce of nodes

|naquantumproces inthe lattice of nodes Is aquantum
devi ce. adatlied ofenodts inta quaniign posessao déach rode e thgllattied ¢ftnpdesfis modes i ndi vi dual |y

or_col | gebl elat, LEPESSRDLE. A SALULLAN R ACRIRILAI ARl RROBE em Lhal has

been sol y evol ving € quantum processor gr aph

repr esembllenglvelheepremmhadﬂumab appmplhteinnhlggotjem nharhppiedn erted bt Ieast a
ortion of xii) In still anpther as t of resent

Pot hods el pikdhe Sl irptiiokhe o dnir p 4708 FpEer RO BpobliSa Cor T er wave
is prowpd@ﬂerﬁwpﬂsdeﬁmgpeamnmmgtatpmrtammmaumaté.onal probl em t hat was
determ ned by eval uating a value of each node in a plurality of nodes. The
plurality of (ﬂ()deiin Aillenathed Bpt oﬁfh@pﬂ@@d&ﬁeﬁlﬂdsaaﬂualeh aeksystmfiades in a

gquant um ess apd. each node in the ce of nodes is a quantum

devi ce. A@V‘gf‘% 81“}’%1 o] AL TS aHBEfé’“?Vhdefl%mBPﬂP%P‘? Y8t fodes i s

det er m reehpattiedal Bro8lew thel vidd Aetdth@RELbY eRhQS@HSOValdt of @adhindBe @dfd er a graph
representing the corqgut atignal probl em has been nmap ged onto at |east a
port i on Pyfralityof pades Lhe plpcpfifyjof “P‘il?s§fe|aﬂeaséﬁ‘6‘? Reges 4 platiice gk nqdes present

net hods,ip @lghhfth@ HrRBH oS YifE QBB nod il ii@ildidde Fn88Alis £qRAtIneEvRB. & carrier wave
IS provi deél1 nprising a graph of a conputational problemto be solved by a

quant um\’@h@@é%lé%st PR wd? #rhe wéraéf&a?ftne%ﬁ%@%@rd aétéwplvg@hea lattice of
quant um ey 63 oceéféa?atgartﬂipéﬂaf&i a bPEh COIRMEHAL HRNRpRfA0 £ flobRnidRs SOl ved

conprises a pIura Ity of nodes™and, "for each respective node in the

pl ur al i thgewmappedesto a keastaiportipin of Hledattideor t he respective node and a
correspondi ng coupling constant between the respective node and anot her
node in the @Kl aln i)l appthpirgeest offthe pigseapimetgpds, peicles prlavaiedmal probl emto

be sol VQﬁgﬁa? sigfhdl hBUE & oS Pedfi@twavk is provided comprising a graph of a

computational problem to be solved by a quantum processor in which the quantum
processor comprises a lattice of quantum devices. The graph of the computational
problem to be solved comprises a plurality of nodes and, for each respective node in
the plurality of nodes, an initial value for the respective node and a corresponding
coupling constant between the respective node and another node in the plurality of
nodes. The graph of the computational problem to be solved is configured so that it

can be mapped to the lattice of the quantum processor.

(xiv) In still another aspect of the present methods, articles and systems, a
digital signal embodied on a carrier wave is provided comprising a computational
problem to be solved by a quantum processor. The quantum processor comprises a
lattice of quantum devices. The computational problem to be solved is converted to a
graph comprising a plurality of nodes and, for each respective node in the plurality of
nodes, an initial value for the respective node and a corresponding coupling constant

between the respective node and another node in the plurality of nodes. The graph of
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can be mapped to the lattice of the quantum processor. (xiv) In stil

anot her aspect of the present nethods, articles and systens, a digital

si gnal emvodn@déesnisa carrier wave i s provided conpri si ngca/cao@onaics onal
problemto be solved by a quantum processor. The quantum processor
conprises a |lattiece of quantum devices. The conputational problemto be
solved is converted to a graph conprising a plurality of nodes and, for
each respective node in the plurality of nodes, an initial value for the

r espect ieeconeiond prbla th®s BONEH BeoFRuRk s that RBAT Bthaped wegs t he
respective node and another node in the plurality of nodes. The graph ofthe

conput at3tBerf e BBMEM AP sol ved is configured so that it can be napped
to the lattice of_ the quantum grocessor. (X%Q In still another aspect of
the present R holistillgpether|agrechefdhepresentypethedsgpriplas ¥ SYHERY: 2 nterface i s

provi de%_rap‘h[&@l GEARRHER is PRCIded, MhEEEARA] hdr fn@Hrfa@@is%{Eb!ﬂﬂni? golution to a
conput at'i onal problem and conprises a first display field and a second

di spl ay spivtiprito afeenppiatienal pioslsmegpdicompiipes i firse diseley fipldranda sficgnd al  si gnal
enbodi eg;; . CAlf : i:SJ | : r each node in a
pl urali ?l ;/S%%fy %r?gtge@eﬁ%s‘st\eﬁg@%%rgfg?{éélg%%%@mg% uﬁ'}ﬁéﬁ? ?/ﬁ{g(%d’bﬁc? %s are at | east

t wo nodestrienwavd @intprisieg e fespestizs vilne for eashnodminprrdwelts of nodanbiaseach node in

%0 nodearicnva . . o i)
the | at 6606 0958 ouFufh, HRALUI S8LASc Bakah T,fle §hokegpt one node in

t he pl ura?rlniy 0 S | Ctive represents the solution
to the coapuhgirscessat, apd @loh eodetihaiie lhtice deedessoh yexhtly dewel W ng t he quant um
processor, at ti af ter ra repr esent.i,ng the copputational problem
has beenvalr]r‘ﬁﬁf)gtde%gﬁ? nﬁ{!e ]Ine@es ug 'B’ocffflgcjfﬁ g vighyadly|og Fol e&@% The second di spl ay
field dirgptays tdwlusion tit thetorhgutdtioaal Gesbiumt aiat 1019 dkeroblel Byrevdixug) I n still

anot her aspect of the Fresent met hods, articles and s.ygaée terd gr aphi cal
user i nt/&F4URBRNY RIOGESIN plfeime pfRs a&traé’gﬁqpéeéf’mﬁgé]?e TIRRAERRR PTO'S D “obt ai ni ng a

ol ut i Omat Beedt rERPBLEAS 4108431 a PIrBB EThelagic€ OTRY Jeb& R daspldyiteid di splay field and
a second display field. The first dl&%%l ay field indicates when a digital

si gnal ShIpiP 818 seiytion odhs s UuRsioRa @RS si ng an answer to the conputati onal
probl em has been received. The answer to the conputatjonal problemis
det er mi ned bY@\ aftstiliapether aspactiel ths pragent mgtbedsopriiclsend ysfems: @ ural ity of

nodes. ThghRlatiset inteYra@f is PRARBI AhEg@phida@ash iddMach RdBSobtdiAg hat ti ce of nodes
in a quantum processor, and each node in the |attice of nodes is a quantum

devi ce. SPHEOY i aromppiagienal problenving cawprses A figyh display figldiapg 2 sgconddes i s
det er m ngdhiay field. The first display field indicates when a digital signal embodied on a

carrier wave comprising an answer to the computational problem has been received.

The answer to the computational problem is determined by evaluating a value of at

least one node in a plurality of nodes. The plurality of nodes are at least two nodes in

a lattice of nodes in a quantum processor, and each node in the lattice of nodes is a

quantum device. The value of at least one node in the plurality of nodes is determined

after evolving the quantum processor at a time after a graph representing the

computational problem has been mapped onto at least a portion of the lattice. The

second display field displays the solution to the computational problem.

(xvii) In yet another aspect of the present methods, articles and systems, a
graphical user interface is provided, the graphical user interface is for obtaining a
solution to a computational problem and comprises a first display field and a second
display field. The first display field indicates when a digital signal embodied on a
carrier wave comprising the computational problem to be solved by a quantum
processor has been generated. The quantum processor comprises a lattice of quantum

devices. The computational problem to be solved comprises a plurality of nodes and,
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after evolving the quantum processor at a tinme after a graph representing
t he conputational problem has been napped onto at | east a portion of the

| attice. wbeosawend di splay field displays the sol uti onPCo/aa?805/001965
conput ati onal problem (xvii) In yet another aspect of the present nethods,
articles and systens, a graphical user interface is provided, the graphical
user interface is for obtaining a solution to a conputational problem and
conprises a first display field and a second display field.. The first

di spl ay floebathireséatiaie raslewh B phrality pf nadess pgyHutial ¥ B & 'BWCL Ear ri er wave
COMPY | S1 g 16 § QAR Al 8RB AL RDIE b ROleYaBhoe aabiee pr ocessor
has been generat ed. e uarPtu processor conprises a lattice of quantum
devi ces. ke i thapliraity afitatesp o lcempytaidnel pehlemdo bospbrer deonfeyediral ity of
nodes and, for .each res IV de . it an initial
val ue foréc’ttﬁ%t e 53}21?1%@%?1{61 gatgér)\edp?éﬂec u%IthIg on ?gr?g %%&%?#ﬁgﬁgg%stant bet ween
t he respegéld uBpagtie siddioanetheeompaatenaiprotiempter ighastbperofecaindes. The -
conput ati onal problemto be solved is configured so that it can be napped
to the |atticexeii) tlinget guathdruspeast ofciesgesent Methodseartelds Aidspiteys.fi el d di spl ays
the solution to. the conputatiaon robl em af [ recei ved.
(xviii) I?P%Fat’z?ﬁats}‘?é?“ng@ﬁ%vé‘{ie%oﬁlh? E%mpﬁlrt%sc’g%ts&%rpﬁélg ﬁs%%?fu :%gll es and systens,
a conput atdRpadr, SxabRFomputpr, and 8ethoiciranmongroteator on@mnsygaton conpri ses a

| ocal computer, a renote cqopputer, and a renot.e ux}{ntﬁmopru%g&%sor in
comuni catitBhaiPmpte CHBPHENINE AUIHYPRFeS SRR E PN HrOCeesor tonpri ses a
pl ural ity Qficdd WAtk QNGRS deVideen Be PREANitF BB aum & viceeis kmoddwef 4l ural ity of
guantum devices is a node of a Jatti ere a first guaptum device in

ttice, agg
the pl ur alattiop. ¥ vt firsh @aypEalsvira@ the plpradpy é‘é‘?‘gu‘gtdgf‘%eszs‘%ﬁa “Second basi s

state. Thg, quant kM PLQHADIQE sthid! Thequah@APitb&BSor furbletiécrhprisys 0f coupl i ng
devi ces, m%ere a first coupling device in the plurality o{ coypl i ng devi ces

coupl es t hlardlity sftcopplingtdavieesevhese affifst EPPLBE (FVATS iP)u‘e&ﬁurﬁlEf?éﬁ thPHe%i ces to a
second qu?&i&@c&ﬁ)\fﬁc&ﬁe it c{ugﬁ'tuﬂll d4GRL {ntehe ﬁ’lﬁlraﬁ%ﬁcﬁ%t%\ﬂbﬁ@&,m where a _
configuratron of the first quantum device and the second quantum device in
the | atti seond qeatecdeittefir brptundityefompntemmisyises, whersm canfigsstios of nej ghbor

confi guration and a 3 4o GO ULk QNeledB@fbRCal conput er
is confi g&ﬁegﬁgtq(‘)la%uélﬂggégec%ﬁgﬁe%t?Jgﬁg g’?oﬁ emto be sol \e?eed.to the renote
conput er . tiEheouparontiging ofip utaeest-nsigtonéingignadon andserrd -aearetheadPot o t he
conput ati on roblemto the local € ' PoXShordipther aspect of
the pr eseﬁ?r%l?%‘F%ISH's, heogy! 8?%%‘1%&?1(:05“?}%%& Jegd Wb pucddbriFro

be solved to the remote computer. The remote computer is configured to send an

answer to the computational problem to the local computer.

(xix) In yet another aspect of the present methods, articles and systems, a
computer system for determining a result of a computational problem is provided.
The computer system comprises a local computer, a remote computer, and an analog
processor. The local computer comprises a central processing unit and a memory,
coupled to the central processing unit. The memory of the local computer stores a
user interface module comprising instructions for defining the computational problem,
a mapper module comprising instructions for generating a mapping of the
computational problem, and a transmit module comprising instructions for sending
the mapping to the remote computer. The remote computer comprises a central
processing unit and a memory, coupled to the central processing unit. The memory of
the remote computer stores a receive module comprising instructions for receiving the
mapping from the local computer, and an analog processor interface module

comprising instructions for transmitting the mapping to the analog processor. The
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conputer systemfor determning a result of a conputational problemis
provi ded. The conputer system conprises a |local conputer, a renote
conput er ,wandicaweanal og processor. The | ocal conputer ceaprises/miwentral
processing unit and a nmenory, coupled to the central processing unit. The
menory of the local conputer stores a user interface nodul e conprising
instructions for defining the conputational problem a napper nodul e
conprising instructions for generating a mappi ng of the conputati onal
probl em aralg pRodessdNEdiprisEOpHhi@li GUTRidn inh Ge vides bhdig plugilisy Jteougiandi ng t he
mapping to. the _renote conputer. The renote conputer conprises a central
pr ocessi ' G ThedH%PPH‘gm,‘m%ﬁbthéd’a &° ?"ﬁéﬂé P?%ftﬁr%égggi ng unit. The

Menory Ofievida® i BEPluRiSUTRUAREm It AER IndinitREi2AN6R VAREYIR a0 NY
instructions for receiving the mappi ng fromthe | ocal conputer, and an

anal og ptheeedive devices it he BlurliguPicoRRlingrdr ¥rely 4 ARPHIELTVERAT P8r transnitting
the mi_ppf)lﬁﬂtlﬁypoftct]@plﬁggé\g&sEB]%@sSﬁc%hespgﬂﬁf]@?clsﬁ&%i% %ﬁlﬁlﬁpcfevﬁgmjr Ises a

plurality of "quantum devices and a plurality of coupling devices. The
mappi ng ihaehudiy of quantiay deyiges tomt least oresoffagieargst rieighiser o e repbeatiye quant um

devi ces inhMEqRIAGAl L bt Al QUBBENT BEE 85 ANLaliel adjczat ] on. val ues T or

at | east "one o e coup ces int Ity of coupling devices.

A coupl i ng deyice i I j L g i lLes a
correspondi ng 5r(esryé ?tﬁe(gh%&géﬁ%tﬁ%e@l&gg%ﬁ%ﬁealg‘ﬁ\é% gﬁﬁ’%&g#} aquant um devi ces
to at | eastpuareystém for delamasing netsgh bba cafiputdimnalgsgdan ispeovgdednt um devi ce and
a next-nearest nei or of. the respectiv i In yet

anot her glzepceoél%p ugefr S)%Eee cporm sent” lr?%zﬁﬁg %téragfe%qgésowﬁ% ’&’}é? ljle?ﬁ(sa?fgga conput er
syst em f piocebadre Mt icalgompntestdnipriods azestwatpuicatsingnait apd oblemoy, s provi ded. The

conmput er syst conprises a |local. .conmputer .a.renpte conputer, and an

anal og pfBpedeine clial piggesting SRS, e mins of wEd0ea CuERFO M BE s o ng uni t

and a nefetyctiofOepleithidgahd Snedibhia brodleds @88 h bgnddii hoduldhe nenory of the
tions for defining. the conmputational

| ocal conmputer conprise ig‘isﬂtrutg

pr obl em SEAMRYSTECPEASH HroERe prRRuGtogal Rl (oD% sending t he
conput at kéHstierP TRORIBE Rnipir EQFIsEs LR RbcessiiPurliMBbencaRPUL €r conpri ses
a central processing unit and a nenory, cou&%ed to the central processing

unit. ThePupisdd? 9‘36?“%{%@0?@%3 anig o5 RO Oh e Lemote EUBAWRE SWFE® e conpri si ng

i nstruct jQ8%e fnBliulk BSBIIHRAndRSHGR FRUERNIARE cBhAR MM RA Aem ocal _
conputer, a mapper nodul e COTTE)I’I sing instructions for generating a mappi ng

of the cBeperebednaMiEr, ARPHPERPIBHEP TRSIRE ASHYC 6 E8 gesratingfer f ace nodul e

mapping of the computational problem, and an analog processor interface module
comprising instructions for transmitting the mapping to the analog processor. The
analog processor comprises a plurality of quantom devices and a plurality of coupling
devices. The mapping includes initialization values for at least one of the quantum
devices in the plurality of quantum devices and initialization values for at least one of
the coupling devices in the plurality of coupling devices, where a coupling device in
the plurality of coupling devices couples a corresponding respective quantum device
in the plurality of quantum devices to at least one of a nearest neighbor of the
respective quantum device and a next-nearest neighbor of the respective quantum

device.

4. BRIEF DESCRIPTION OF THE DRAWINGS

FIGs. 1A and 1B illustrate a flux qubit and a corresponding double well

potential profile in accordance with the prior art.
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conprising instructions for transmtting the mapping to the anal og
processor. The anal og processor conprises a plurality of gquantum devices
and a pl uwal2ndepéefiscoupl i ng devi ces. The mappi ng i ncl udesTiaN2065a0196at | on
val ues for at |east one of the quantumdevices in the plurality of quantum
devices and initialization values for at |east one of the coupling devices
in the plurality of coupling devices, where a coupling device in the
plurality of coupling devices couples a correspondi ng respective quantum
device in the plurality of quantum devices to at | east one of a nearest

nei ghbor of the reﬁgective guant um devi ce and a next-nearest nei ghbor of

the respecti v&Cqfaiiugfaigalpites with ofoepral spusbing beiwern t9eTIIEDRAW NGS FI Gs. | A

and | B idckaraddc8tvgih@n Ebddi MR Jf tHestntGRKRAS ReRdiNGddpubie wel | potential
profile in accordance with the prior art.FIG 2Aillustrates a lattice with

ort hogonal coupling between nodes in accordance with an enbodi nent of the

present net h%géa%%{gl%%gm%% lgt'ﬂ% \?{}fﬁg onal b{d c(ij;gg)dai Ao%@f(izx{ i Bveet | attice with

ort hogonal a coup g between nodes I n a ance with an

enbodi maredesift ap¢pedapeewishan erbddddent obthe prebens mgHwds pgickassnd FI G 2C
iIIustrq&g&ngnother | attice in accordance with an enbodi nent of the present
met hods, "articles and systens. FIG 2D illustrates the lattice of FIG 2B
rotated by 45 in accordance with an enbodi nent of the present nethods,
articles and S FlGs. 3 nd. 3B illustrate a nbodi.pent of the

met hods, artF§¥é§?§§8“$V§P@ﬁ%ﬁ?§?3Wﬁ%ﬁ?%@“%wgﬁﬁﬁngaﬁaﬁﬁOtﬁgfive nodes to

t he cor riespandéthgls] atidiecmdRasans. anal og. FI Gs. 4A and 4B illustrate an
enbodi ment of the methods, articles and systens for mapping a planar graph
of six nodes to the corresponding |attice-based anal og with next-nearest

nei ghbor coumIGNE ilkubttatesahd latties bf AIGESB antavaBpdsMRRtcRdanth@itied hods,
articles and, systens for nmaking nultiple coupling devices and nodes

equi val eftoodgnent of thigpreseabmpinpiyy agielss ¥ SYHP®RE. 6A and 6B illustrate an
enbodi nent of the nethods, articles and systens for mapping a planar graph
to the corresponding | attice-based analo%. )
1Gs. 3A and 3B illustrate an embodiment ot the methods, articles and
systems for mapping a planar graph of five nodes to the corresponding lattice-based

analog.
FIGs. 4A and 4B illustrate an embodiment of the methods, articles and
systems for mapping a planar graph of six nodes to the corresponding lattice-based

analog with next-nearest neighbor coupling.

FIG. 5 illustrates an embodiment of the methods, articles and systems for

making multiple coupling devices and nodes equivalent to a single coupling device.

FIGs. 6A and 6B illustrate an embodiment of the methods, articles and

systems for mapping a planaf graph to the corresponding lattice-based analog.

FIG. 7 illustrates the first five complete graphs, K; through Ks, in accordance

with the prior art.
FIG. 8 illustrates a K3 3 bipartite graph in accordance with the prior art.

FIGs. 9A and 9B illustrate an embodiment of the methods, articles and
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FIG 7 illustrates the first five conplete graphs, Kl through K5, in
accordance with the prior art. FIG 8 illustrates a K3>3 bipartite graph in
accor dancwownddnesdie prior art. FIGs. 9A and 9B il | ustrareTamzersmodiceent of
the nethods, articles andsystens for nmapping a non-planar graph to the
corresponding | attice-based anal og with next-nearest nei ghbor coupling.
FIGs. 10A and 10B illustrate an enbodi nent of the nethods, articles and
systens for mapping a non-planar %r aph to the corresponding lattice-based
anal og wisypeneiar nnpping 8 nomelagitmsiphde thelcprgspoming latite-phsed gralet es a system
that is d. > i th one enbodi nent of the present nethods,
articl es@ﬁgﬁ%@%ﬁ%ﬁ&@g@?gi&é’“ﬁd 12B illustrate an enbodi nent of the

nmet hods, articles and systens for mapping a | attice-based graph to an

| ntegrated cingul toaFhShon ARAA0G 3RS BT EaAI0LNEL gbodi ment of the
nmet hods, articles and sysl%ems or napping a lat cerBased graph to an

i nt egr at exystems atimappikg Gaon-plhdargmmaphld eicbtrespbnditelagivebised amltpdi nent of the
met hods, articles apd. stens..for mapping a |lattice-based graph to an

i nt egr at e§ILPFEDFYSS ﬁl%?ﬁorl%oqun% phot ograph of a set of four quantum

devi ces coupled to each other in accordance with an enbodi nent of the
present net hog:s ar,}i cles and systens. FIG 16 illustrates a | ayout of an
anal og proces3of lHlusratss g syem Wat § oRgTaet Buicordice SR present met hods,
articl es subdadht 61e predciBmethéds, dfifled /3 dykibmst r at e enbodi ments of the

met hods, articles and systens for controlling a double well potential. FIG
18 illustrates a persistent current qubit in accordance with the prior art.
I'n the figuresgl deRLHLE BB [IRELLERCENBYITRET Sr Id kY, oficis gy el ements or
acts. The sizes and relative positions of elenents in the figures are not
necessar i Jygteap Ermnapping & dtéce-tReed @adrip e integidedeizgyds of various el ements and
angles are not drawn to scale, and sone of these elenents are arbitrarily
enl arged and positioned to inprovelegibility. Further, the particular
shapes of the HBGeridAtEgd 43B dhatnrte arcthen emnbodimenidd thet raetivaneetyclesrapdi nf or mat i on
regardin . shape ' enents and have been solely
sel ect edgﬁy(g)trgﬁgg)gtéﬁg}f)m 3%@%??{%8%({1 ?ﬁr%q{)%}é?#%%%t?‘gé& urthernore, while the
figures may show specific layouts, one skilled in the art will appreciate

that variati OrﬁGS. 14A and 14B illustrate another embodiment of the methods, articles and

systems for mapping a lattice-based graph to an integrated circuit.

FIG. 15 is a photograph of a set of four quantum devices coupled to each other

in accordance with an embodiment of the present methods, articles and systems.

FIG. 16 illustrates a layout of an analog processor in accordance with an

embodiment of the present methods, articles and systems.

FIGs. 17A and 17B illustrate embodiments of the methods, articles and

systems for controlling a double well potential.
FIG. 18 illustrates a persistent current qubit in accordance with the prior art.
In the figures, identical reference numbers identify similar elements or acts.
The sizes and relative positions of elements in the figures are not necessarily drawn to

scale. For example, the shapes of various elements and angles are not drawn to scale,

and some of these elements are arbitrarily enlarged and positioned to improve
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in design, |layout, and fabrication are possible and the shown | ayouts are
not to be construed as limting the |ayout of the present nethods, articles
and syst ewne.20&/060EFAI LED DESCRI PTION I n the fol |l ow ng destrdAzbésmoisssert ai n
specific details are set forth in order to provide a thorough understanding
of various enbodi nents of the invention. However, one skilled in the art

w Il understand that the invention may be practiced w thout these details.
In other instances, well-known structures associated with anal og

pr ocessokegibil Byl CRurth8r, Glédattic it hab&as the@Rikithisg dBEM £€ ot ditéhde@Bt r ol  syst enms
i ncl udi ng m croprocessors andgﬂd?ri ve circuitry have not been shown or

descri be® VY YRtiBiormation s5e3rding thn aced Spr P thg ParigrlprRleerd&af Beeons of t he

enbodi Megdes sOblylsBRctbd 68 Bist 0N recbSHiRhsn B SighRB! BXkheHASH] WIRR &t her wi se,
t hr oughout the specification and clainms which follow, the word "conprise”

and var i BgdrevRax vhepepicificlaraytagne skillshpt the ag will aapredamiet wiiationsare to be
const 1 uef] deigfNaydREnd faBGladSh %8 pP&IbREand! i holid 18Ruts NGV gag, but not

limted to." Refeerénce throughout this specification to "one enbodi ment",
"an enbowfingEwadas limging the lngeut af the eresast methads artistas and syetemseans t hat a
particular feature, structure or characteristic described is included in at
| east one enbodi nent of the present invention. Thus, the appearances of
such phrases in various pl REFAILERDDHESCRIPTHON specification are not

necessarily |, refer.ri t.o.the sane eg i.ment. Furthernore, the
particul ar fgllgtﬂher%{sl?mgg ? %nglﬁt%oéls,cer%?n Sg?lcégcg‘%g%lgﬁet W&E’rt YOBE Rombi ned in any
sui t abl epmeida e thorsugh nedastarmtinrgeof entiad embodisientt bétha@adhtwys provi ded herein

are for gonveni ence only and do not interpret the scope or neaning of the
1 ai med TGS oR Sons ndhPufiCeren PR Peguit e ohareteedr 11 ol o5 and

syst emnrs, wah@lt Gsgde@ile S Bostherafistand@swell-Redvn dticapiiRsobhedivi@nt s, the anal og
processor conprises a BI urality of quantum devices arranged in a lattice

and a pl YRASHFEEScYGP AT Mpntalevises: cPRing dayirss aphecnyobiyfiss devi ces

t oget her incluBling B oHORRASH BT Eive LhGuiSPRVE nBObAR Vhd@Sor@8Rb&I thndi vi dual
guantum devices in the plurality of gquantum devices to their nearest

nei ghbor $taih@/aypid pprscessydly ebscarpgdescripsiophefdhe embedigiieofdbhodi nents, the

anal 0g PhO&GRRAOUnieSs tﬁ@@@@@@mr@sme%gm&ﬂgm}me %%m%%m ah@ Problems that

fall withinthe NP (nondetermnistic polynomal time) class of problens. The

NP cl assclaimsprhigh febew.dhewerdosemprisat andrvarigiigns thesasf. suehasa nondet er mi ni sti c
“comprises” and “comprising” are to be construed in an open, inclusive sense, that is
as “including, but not limited to.” Reference throughout this specification to “one
embodiment”, “an embodiment”, “one alternative” or “an alternative” means that a
particular feature, structure or characteristic described is included in at least one
embodiment of the present invention. Thus, the appearances of such phrases in
various places throughout this specification are not necessarily all referring to the
same embodiment. Furthermore, the particular features, structures, or characteristics
may be combined in any suitable manner in one or more embodiments. The headings
provided herein are for convenience only and do not interpret the scope or meaning of
the claimed invention.

In accordance with the present methods, articles and systems, analog
processors are described. In some embodiments, the analog processor comprises a
plurality of quantum devices arranged in a lattice and a plurality of coupling devices
that couple the quantum devices together. In some embodiments, the coupling
devices couple individual quantum devices in the plurality of quantum devices to their
nearest neighbors and/or their next-nearest neighbors. In some embodiments, the

analog processor is capable of approximating the solution to problems that fall within
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Turing machine in polynomal tinme. Exanples of NP class problens include,
but are not limted to, the Ising Spin G ass (I SG problem Maxinmm

| ndependew0 28@&t066dBx Cl i que, Max Cut, Vertex Cover, TraveriagoBaoesper son
(TSP) problem k-SAT, integer linear programrng, and finding the ground
state of an unbiased, nontunneling spin glass. These problens can all be
represented on a graph in that they are cast to consist of vertices and
edges that connect the vertices. In general, each of the vertices and edges
can have tidi NP groaddtermalistiepobynomiil ginesclamdf pioblsmsauses t he graph to have

different charactierjstics.in ter t he rel ationshi en vari ous

vertices. me&g%ﬁgﬁ{aﬁﬁf@ﬁoﬂe%sr%%@?ﬁ%"ﬁa S YeLiablg by (%I%\%a%?e\h&?’ﬁ]swgn anal og

pr ocessoTutifig iachindixipdlyrdhiatigpenBeniplsSet NProddsk proble@aiejudarioht dehnst on

oS! £ 1 ve PRGOSO BB MEH Cm g R OCIarBh: set of ‘sive

F or rTD{ @liqhe,%axv(tlﬁ, Wé}@&@o@aﬁ%’%&lng@%le‘sﬁqr%nféTS/P) pﬁbﬂlé]n,lk\/%AT,? K Sucgdt ga‘; no
wo vertices in V are joined by an edge in ere enphasis is added to

show di f fieépgssdinenr progRewing fad (adpEihsefovad seisrl At valipsed i8R em and anot her

probl em kpaus, & Gk ARese phidlentstatl B 6 icBREerRA] QW criphnaBft gy upon this

definition, consider an undirected edge-wei ghted graph having a set of
verti ces ammehsido sensisbef verigesandadgesshas senmeribe yetiesge it geneRheachof| ess t han or

equal to &ﬁmr%@rﬁf edBs MEhE .ec(ﬁi;fr"fer%?t vhid€s S ARhs ABnis BRREREASAbL Set  probl em

expressed as a conputationa obl em asks mﬁether there is a subset of
verti ces tohawidiferfit cleanadtertstiest ineyms wbthe eglatiopghipy hetwise veniys #ertigese connect ed

by an edge of {he ar . r i I exi st and

i ncl ude optinf%g ?%%%§?8§K%§§“§§E§§m§ﬁSQE%Q&@§%%G@%¥#Q§§ °gg3§ em An

exanpl e Maxdmuapihdeperdiant Senppbibl. émrésatdehisdentefihésaht iebtedof t he i ndependent
set of tge %ra h %%ét ields the maxi num value of K This is called Maxi num
| ndependeRTePERENt JhPRBIS S cal Iy, sol ving | ndependent Set permits the
solving of yet another problemknown as Cique. This problem seeks the

clique in a graph. A clique, is a set of vertjc that are all connected to
each other. Gﬂ§§ﬁA§CE¥§5W?Cﬁﬁgﬁémﬁﬁ§PY?W@¥Fh%§§irK, the question that is

asked i n Qi quREsTIORebB&r G EOREIS aRli@eperdent 850k Gi@SKal o Whi ch are
connected to each other (these vertices are also said to be "neighbors” to
each other). ie.,isthereasubsetof V,V'CV, with |V"| = K such that no two

vertices in V” are joined by an edge in E?

where emphasis is added to show differences between the Maximum Independent Set
problem and another problem, known as Clique, that is described below. Expanding
upon this definition, consider an undirected edge-weighted graph having a set of
vertices and a set of edges, and a positive integer K that is less than or equal to the
number of vertices of the graph. The Independent Set problem, expressed as a
computational problem, asks whether there is a subset of vertices of size K, such that
no two vertices in the subset are connected by an edge of the graph. Many other
permutations of the problem exist and include optimization problems based on this
computational problem. An example of an optimization problem is the identification
of the independent set of the graph that yields the maximum value of K. This is called
Maximum Independent Set.

Mathematically, solving Independent Set permits the solving of yet another
problem known as Clique. This problem seeks the clique in a graph. A clique is a set

of vertices that are all connected to each other. Given a graph, and a positive integer
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Li ke the Independent Set problem the Cdique problemcan be converted to an
optim zati on problem The conputation of cliques has roles in econom cs and
crypt ogr apbyooeBebasng an i ndependent set on graph G = @E¢I/@roésaoenysi val ent
to solving clique on G ' s conplement G= (V, (Vx V) - E), e.g., for all
vertices connected by edges in E, renove the edges, insert into G edges
connecting vertices not connected in GL. Garey and Johnston defines dique
as: INSTANCE: Graph G= (V, E), positive integer K\W. QUESTION. Does G
cont ai n &, tleiqqessionthasis askel i0CligIriewhdthe® theré sretiheirgenalbobsgth &k V, V V, with
V'\ >K such that every two vertices in.Y are joined by an edge in El Here,
larrphasi SC?{}{?C%%E’rFag*lﬁfé% (fthﬁses‘f‘?g\‘ﬁeﬂf‘r?fﬂé? é‘ﬂgfé’s %é‘lﬂﬁt@@ﬁs CEPieﬁ‘iﬁ‘é)“?fﬁg | ndependent
Set descLideatle mBEpeadent Set@adblcth, 3R ORyus PRMENOM el dofivgied & dnel ated to the
probl em Vertex Cover. Again, all problens in NP-conplete are reducible to

each ot hBPUIZRHARPIORN YN bbs camputatign ofshidrerghag edlpci scamermics@ash ef ficiently

sol ve oneryMRufpip! S AnPhORLIENB%L 87 bh 8labl 4S&buk) i QhuindlnY [ ot her

NP- conpl eﬁygf—g{raagg?ens gés) wel %&For a grgsfl%hdéa3 (@,1 E§mcor{15|tsti ng of a set of
verti ces savingghiqug oy’ soomptigeest & © OhnBetY hgEpaig, Joodl wegices ces, the Maxi num
| ndepend = i s the. | st. subset of. V. none of which are
connect eg&@§§§&rﬁ§é§ggg&nﬁ’ %{n@e I\t}ée)ﬁdﬁgs rﬁnls‘%é glg%zr%%i% > APy ’V%rgﬁesbe det er m ned
by m ni mbetcognected if Gt.| Guiepgndbjieabvi dfineECKque.as; XN) =- Xi + Xi Xj , (5) ieV
(iJ)eE In the above, Nis the nunber of vertices in V, i |abels vertices,
(i,j) labels an edge in E between vertex i andy, and x is either 0 or 1.

The i ndi cat or INSIWANCGE: &5rdfh 6 = ¥, ERpaitideanidedifkiode i is inM and is equal to
O otherwi se. The first termin_equation,(% favors large sets M and the
second ter m cHHESEIQELIPea & confisagliaye phyite & AF Bpeeke-tihdiednst rai nt t hat no

vertices in Ma@t&ofonpecyedid f1eae il iy s asn PNt factor | acts as

a Lagrange nultiplier and weights the penalty term arge enough |, we

can ensure t higined heagedgstim & nt is satisfied. In sone instances, the
Lagrange nultiplier | is equal to 2. The vertices in the graph G can be
represented by physical spins s,- with values of-1 and +1. However, to do
so, a nappiengmpifasiXhaschespadied so stownitifessas petwwar Clique and Independent

Set described above. It can also be shown how Clique is related to the problem
Vertex Cover. Again, all problems in NP-complete are reducible to each other within
polynomial time, making devices that can efficiently solve one NP-complete problem
potentially useful for solving other NP-complete problems as well.

For a graph G = (V, E) consisting of a set of vertices V, and a set of edges E
connecting pairs of vertices, the Maximum Independent Set M of G = (V, E) is the
largest subset of V, none of which are connected by an edge in E. A Maximum

Independent Set M <V can be determined by minimizing the following objective:

E(xu--wa):‘sz""’l inxj, (5)

ieV (irj)eE

In the above, N is the number of vertices in V, i labels vertices, (i, j) labels an edge in
E between vertex i and j, and x is either 0 or 1. The indicator variable x; is equal to 1
if node i is in M, and is equal to O otherwise. The first term in equation (5) favors
large sets M, and the second term can be seen as a penalty that enforces the constraint
that no vertices in M are connected to each other by an edge. The factor A acts as a
Lagrange multiplier and weights the penalty term. For large enough A, we can ensure
that the constraint is satisfied. In some instances, the Lagrange multiplier A is\ equal to
2.
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present in the graph G are defined to have spin + 1 and node vertices in G
that are not present in the maxi numindependent set solution M are defined
to have swonoeclocedine mappi ng i s defined by the foll owi ngCTEA20%0019651 ( 6)
Pl uggl ng equation (6) into (5) yields the follow ng energy function

(,"...,,") (7), where Nis the total nunber of vertices in G, Eis the
total nunber of edges in G and dj is the total nunber of edges connected
to vertex i. The solution to the Maxi mum I ndependent Set probl em can be

found by m nimezjeﬂ@eﬁqlﬂaatg'rm G én be%}ﬁéd&ﬁfed(by@hﬁuﬁl gp‘insa;nmevaihass problemis

thelslngf§ ggg?) &qISG nodel , ghls .defined as: {)I , SN )

i WELSK, tpdp SRAP@PEE L Ko ER}th5 & GFEsthe ?f&?“des of the
reSpectlerseﬂeﬁeﬁe Sraph @ afeRRIIASPDBhEv PR Madndeods v&asR kit Gghdreiewoen the , - and
Sj nodes, and h i represents the bias on the correspondi nq node tij. In

or der toprﬁeﬁamtth%m%mue.wpwefiwét wEBteRNh#e delpreria e sE8t-1pdBBl em  equati on

(8) is cggﬁlﬁgafsra%egqumoﬁ%gy ngs (J jj) have values of +I/4 if an edge
exi sts between nodes i and | a value of 0 if an edge does not exi st

bet ween nodes i and j , and the node bias L,- has a value of +a, where a is
det erni ned from equation (8)St®2helOne exarrpl e of an NP cl §3s probl em
represented by a graph is the traveling sal esperson (TSP) problem In the
TSP pr obPlepging equaters(6ginte €3 yeids thedpli®rieg temlgbinneteamt i ces, and roads bet ween
the cities are represented by edges. The solution to any particul ar
instance of the TSP is the hort est Tth t t passes through all of the

cities exactgy onc N Bf-o §e||ent | lustration of
the limtati (gnls ‘of" staQi P)_ l L gizaljc ér’s (t7§1e TSP probl em

a traveling sal esperson rrust Vi S|t Ncities once and onIy once, returning to

the star{hag Mot ko@ilnubdber SWriRks ke A i9 e nubltRr S&lussTh BakAPN that nust
be made is the optinmal route to take. Here, "o timl" depends on the

prioritiéss gievasd nupber of gdgesicaplerted toyvertopi. i Thel sobutian e Mekiatun he t ot al

Independent Set problem can be found by minimizing equation (7).
Another example of an NP class problem is the Ising Spin Glass (ISG) model,

which is defined as:

N
E(sppssy) == 1, ,+ZZJ,] S:S; | @)

i=1 i=l j>i

where s, through sy are the values of the respective nodes s, J;; represents the value of
coupling between the s; and s; nodes, and /#; represents the bias on the corresponding
node #;. In order to find the solution to the Maximum Independent Set problem,
equation (8) is constrained so the couplings (J;;) have values of +4/4 if an edge exists
between nodes i and j and a value of 0 if an edge does not exist between nodes i and j,

and the node bias k; has a value of +a, where a is determined from equation (8) to be

{40

One example of an NP class problem represented by a graph is the traveling
salesperson (TSP) problem. In the TSP problem, various cities are represented by
vertices, and roads between the cities are represented by edges. The solution to any
particular instance of the TSP is the shortest path that passes through all of the cities
exactly once.

The TSP problem provides an excellent illustration of the limitations of state

of the art digital computers. In the TSP problem, a traveling salesperson must visit N
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di stance traveled is mnimzed. Mre realistically, "optimal" m ght nmean
that sonme conbination of flight time and cost is mnimzed. |In physical
terns, wWwWO 22&/seught is the ground state solution or "mcmiasa@idoomss of a
conplicated system That is, the TSP probl em seeks the m ni mum energy
configuration (or in this case, the mninmumenergy itinerary). The nunber
of possible itineraries depends on the nunber of cities present. For N
cities, including the sal esperson's hone base, there are (N - 1)! possible
pat hs tha;itieviosdetanéamlh oo¢et,yetuming tothe startiNg poiht iicheew! dfdre jowracy. i rst city, N -
2 for th etc. ot > only 362, 880.
It woul derr?S etﬁgmfl tboné aus }?evné% ?s th v%ir%alg(lglﬁe Otfl&cglr%ut e&%gaal cul gt e the
cost of eRpdndobn thh@aeritidsigiven At &s singphidity, rmpnmdledaemmmmam«a mlmlone had t he

m ni mum cQst. Thi i

t.echni i.S kn 2 . brute-force or an "exhaustive
search. " %%U@?/g?"e?eldﬁ%mf“a\’@f 8& %?refﬁﬁgg?% 85”8&%1 (g mea g Ot h it s
ﬁr guggnt l\cl;UmbiZdAtl&i%ﬂﬂi%m fighefana text is&hlnirrﬂid’de&ﬁ pﬁ)llslioafiﬁeﬁﬁs 'Whﬁ:‘is magmnent ially. For
= ~ 2 X . For_a _massi yel arall e ital.c er running
at rate 10oEPRLYHIRutRSr viInHEMEAHns B éﬂ‘? lcﬁﬁpéy%‘?rge%%lﬂ @‘msﬁﬁj t akes
hours. FQfotrr sés thdinimuéh éheﬂé}%&ﬁg,‘u?at%ﬁ%ﬂn Q¢ cRe tROsHiRLE to solve the
probl em usi ng present day digital conputers using an exhaustive search

appr oach.engigy dingrasy. pheBwgkesof pessibleiidnesyyics dppendnn thy nepbey @hFitiE devi ces and

a plural ify of pspﬁeitfeygnﬂwﬁgﬁésmger% USSHEL bR Thdd: A 79 -tie above probl ens.
5.1 Mapping In some enbodi nents of the present nethods, articles and

syst ens, p@sullepathethitnest fawlpwmtémncar{\f NP dhpigssTopheBirg mity.df — exempl e, in
terms of @ graph PR RIER, (R 10norBoo¥h: Bty Y67 A4 ANEN 12850 O edges).

and then an interface conputér processes e | nput et erm ne the mappi ng
to a | at texbaustitemdaveen digitdl compwernsicslng thd cast efenchodf tpsarinararidevi ces and

COUpl I ngséngnléeﬁx %Eblfele Q‘v}hghlone éadsthéjguenclimgr%r ga’l‘hg téc%i h&% I\Jn§wf’i1a§§gm ar

peri odi c guantum devi ces. pi ng, the anal og
pr ocessor“bnﬁe-foacd’ ioahi Zatlauspes fearch® Hh@ex@nmfaabnlajmuncamdngQ vergsult is read

out and ret othe g&tg{ ? ri) egase@'gr ace copputer may be a
digital CYSW'B Séﬁ%mﬁ" E’I wforiel pS{rpess ﬁ LEEBU r e not
limted tworAB= wmkmm}f €For aanz(skluap paralid] digdapesngmer aonngat ek over a
conput er t wor k, adadesg uter T SG probl em defjned as the
m ni ni zat ‘O@ﬁer@@opéqs'g q%prf) zq %otﬁ%stﬁﬁai(es%ogrs. gor —48, Ztll =

8 x 10%, it would not be possible to solve the problem using present day digital

computers using an exhaustive search approach. An analog processor comprising a

plurality of quantum devices and a plurality of coupling devices may be used to

minimize the above problems.

5.1 Mapping

In some embodiments of the present methods, articles and systems, a user
defines a problem, an NP class problem for example, in terms of a graph description
(e.g. a set of vertices and a set of edges), and then an interface computer processes the
input to determine the mapping to a lattice. Here, a lattice consists of a set of
quantum devices and couplings and may be a grid. As used herein, a lattice is a
regular periodic arrangement of quantum devices. Based on the mapping, the analog
processor is initialized, performs the computation, and the result is read out and
returned to the interface computer. The interface computer may be a digital
computer. Examples of digital computers include, but are not limited to, a

supercomputer, a cluster of computers connected over a computer network, and a
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exanpl e of a problemthat can be defined on a graph and that falls into the
NP cl ass of problens. See, for exanple, Lidar, 2004, New Journal of Physics
6, p. 16Ayowhecnlsc41s her eby incorporated by reference hePermCcA2005/008965
entirety. It has been shown that other NP class problens can be mapped to
the 1SG probl emin. polynom al steps. See, for exanple, Wcjan et al, 2003,
"Treating the Independent Set Problemby 2D Ising Interactions with

Adi abati ¢ Quantum Conputing," arXiv.org: quant-ph/ 0302027 (hereinafter Wcj
an ), wheskop Sogit®by i ncorporated herein in its entirety. In accordance
with the present nethods, articles and syst , .an anal og processor having
quant um fgat dﬁ‘éésqgroag%r:l?%&“?Hﬁtm‘l“g“%?é‘é’f’ﬁﬁ%mf‘?ﬁ Shhdxihdt e the sol ution

to the I&ﬁnﬁr&% mbﬁsﬂﬂbhatQMn%éH@lﬂfeH@ﬁ'ag&?)h%ﬁd MRPRAPIE kit RPLASs &f NP class
probl ems. The IS t,%EObl emis cast on a di mensi onal lattice containing

verti cesioRlPmy e ivperamplre Sidari 2R NeywlJownabefiflnsiety@s167cwhisét the nodes.
For any &?%?Qndoﬂﬁ)rrﬁ&ﬁ?y @ferén@@h&&ﬁm i@sngntnp&y | ﬂ'h%s' l?éen ShAnGh fot}faeiiCh node, the

wei ght of each node, and the wei ght of each edge I n the attl ce can be
speci fi edP clEssqhobd¢ms dae ba srepehiashedAGi petdemin paiynostialstsps. THee, 108G pr obl em

i nvol ves, r h r t for any given
confi guragu%gE Wfo leaggze‘}lmgﬁ)(%h?g@gath tﬂ?e gggv?g%}&ﬁfg oty o%bq%}lﬁ%% p?gg of size Nx M
where N Iatwdacwbmse)pﬂetdmwaub Imtamumtiénnpmtmgmdé@vatgnqganaplslomﬁom‘ the lattice. In

SOme i ns ANGSRer a5 ag Wth é,tlbee grl%% ora ate r 1a ne sae Eegg% of about_0,
meani ng that there 48 "¢ T S OHSt R T A8 Fe8BEE Ve nodes. The edge
wei ght's mgrdi&eemth@rzmhm&hocanzgnﬂ@ afnﬁmmte]mi Qndna,logl}h&d’eeso'r he magnitude J c

is th | i I bJ f i ¢ coupling between
hodes. | SRATERBITIG HARtS FESTHE R e BreP e oS ea Bl & f or

ant i -fertn@mmblem a@ﬂ@dxfﬁﬂ&bﬁtdﬂ%ﬁﬂ)am&ﬁclasls@ df NP cddst ?ﬂbﬂ@fﬂsve J may be
| ess than zerﬁ]ﬁgﬁp\] IS greater than zero. In still| another alternative | /

| is greater roplem i R st Op 2ty o-dimsnpignal Jathiceonigining Vertizes, 3lse equal or

appr oxi netn@ddhoB8 dlinek Qildo tdrnled SRR, cohMct 8% HTBSE Folltyte®dn HstdngS ofPat ent
Application Serial Nos. 60/640,420 titled "Coupling Schenes for Information

Pr ocessi hgProbicen the jmstiny stevs pf eachingde, thegvight 6 cagh mRdsanciifiel Waigk et ect ur es f or
| nf or matd e eeos ts ﬁtﬁ& can EQ%CfPifed vwalcahe b Aaaésqm al ﬂ@&frﬁ%@étﬁ@' by reference
inits entirety. FIG 2Aillustrates an enbodi nent of resent nethods,
arti cl esThed§G problem involves determmmg the ground state of the system of nodes or

any given configuration of edge weights and node weights on a lattice of size N X M,

where N and M represent the number of nodes along a side of the lattice. In some

instances, any edge in the problem can have a weight of about 0, meaning that there is '

no connection between the respective nodes. The edge weights may be set to values

ranging from J 5 to J gF , where the magnitude J g is the maximum coupling value
possible for ferromagnetic coupling between nodes, and the magnitude J2© is the
maximum coupling value possible for anti-ferromagnetic coupling between nodes. In
the alternative, J; may be less than zero and J /¥ is greater than zero. In still another
alternative | J ;| is greater than [J/T|. In still another alternative | J£| is equal or

approximately equal to | J2]. See, for example, United States Patent Application

Serial Nos. 60/640,420 titled “Coupling Schemes for Information Processing” and
11/247,857 titled “Coupling Methods and Architectures for Information Processing”,
each of which is hereby incorporated by reference in its entirety.

FIG. 2A illustrates an embodiment of the present methods, articles and

systems for a four by four rectangular lattice 200, having nodes N1 through N16 as
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systens for a four by four rectangular lattice 200, having nodes N through
Nl 6 aswell as couplings J 1-2 through J 15- 16, for a total of 24

coupl i ngswoGoalés41g Ji -j connects node Ni to node N . FecTeaamseivssoupl i ng
J3-4 connects node N3 to N4. The nodes nay represent the vertices of a
graph probl em and-t he couplings may represent the edges of the graph
problem For clarity and to enphasi ze the nunbering convention, only a
subset of the total nodes and couplings present in lattice 200 are | abel ed

in FIG <& a@éﬁ?lﬂfgs 289 tirdugh 13508 8br Plotall 8L 24 €RpAYY. BalingNE] udes a set of

five nodes and four coupl |_ngs. The center node in subset 280 has four
near est - engtiowde Db ipada Y. Foufxarplpcopping JarenecuileN34? Niear est - nei ghbor

coupl i Ngg,Ofod8WiaPRPR sdnb the Ak AicEEor 3 GPhph PRSI IREhO BouphBeshifsyl Met er of lattice
200 have only two or three nearest néeighbors. Lattice 200 has connectivity

four si rrsprescat thesfiges hétha @rapp@rablas. dfor alsribisandd emplpgize feaw@beringei ghbor
coupl i ngcsonvérﬂiloﬁfgﬁl?ycie ?c{?gét%?ﬁlelﬂétglth&tag}a?%t liggseé}'%seﬂﬁhmﬂ 1208 ake! cles and

systens, the latt as connecti vi ee, ani ng that each of the
nonper i nisbged mUdGt An Sibset286 itvamibsehpidettine 20kt indidghbeet of upl i ngs. FIG 2B
il lustrates. an enbodinment. .of t t.h LC for a four
by four ?Oed;s?f rﬁigfg)\’rzfro P 15 i "(1:‘%: ?6‘%%%#?\8“%%&%@ B}%gi %gl\sllllegtggt“ﬁg% %)ﬁlerzugh N16, and
coupl i ngecadplingsewhidh is2hd largestglnmbdsf héaréspneighb@icahplings ef2ng ooge inngs. Each
guant um fi&e.vi ?@Oi n lattice 202 corresponds to a node Nin lattice 202. For
clarity Hige ‘enphasi ze the nunbering convention, only a subset of the

total quant unmigeisiees tanskriais lof Agice 200 kos oplyasent thred deakesti ce 202 are
| abeled in FIG 2B. Subset 282 .i.s a subset of |attice 202 that includes a
set of nRGiELRGahelise g%?%é@“‘%?ﬁﬂ"‘?\ﬂé‘ﬁt%}“ﬁSQFﬁ‘quH& PBWERBEET AES cent er quant um

devi ce i fa3YbFetardd AciRASorcOMIIinBE ah 8sthe NAIGHNHRE ICOY plebdt@methBdgh as J14- 15,
and four next-nearest nei ghbor couplin such_as JI-6 and J8-11, which is

A . 1.NgS, .
t he | ar gei§ilengndsystens. theda 'é%’f’asr?é‘i“ﬁﬁ%‘ﬁ?y%@&dp‘?al‘f@@ thet eaght Bi§4RBum devi ce in

lattice ﬁ&gnetém%argﬁiﬁrawe@sdﬁyi&&%egestlnerﬂghpﬁrcionatr@g of lattice 202 have only
two or three nearest neighbors, and one or two next-nearest neighbors, for

a total of tHflEe2Billisirgies youphodingst effhe wetiods. pricles ard YgommEY aconnect i vity
e ght si e o %%r ROARGIATRNE! 20 ARhY ﬁaﬂm G83cANA HOHA ﬁlﬁs,faf?d ei ght

nei ghbors. ustrates another enbodinent of a lattice in

accor dane@ipling fievidvel b? dseysh Tigdhbus totalrafidg|ceeplimat ybaewsim|in FIG 2C two
Fect anguhéavricel i 892 %&onnds to a node N in lattice 202. For clarity and to

emphasize the numbering convention, only a subset of the total quantum devices and
coupling devices present in lattice 202 are labeled in FIG. 2B. Subset 282 is a subset
of lattice 202 that includes a set of nine quantum devices and twenty coupling
devices. The center quantum device in subset 282 has four nearest-neighbor
couplings, such as J14-15, and four next-nearest neighbor couplings, such as I1-6 and
J8-11, which is the largest number of nearest-neighbor couplings of any quantum
device in lattice 202. The quantum devices on the perimeter of lattice 202 have only
two or three nearest neighbors, and one or two next-nearest neighbors, for a total of
three or five couplings in total. Lattice 202 has connectivity eight since the non-
perimeter quantum devices are coupled to eight neighbors.

FIG. 2C illustrates another embodiment of a lattice in accordance with the
present methods, articles and systems. In FIG. 2C, two rectangular lattices with
connectivity four are shown, one lattice in black 204 and the other in white 205. They
are connected together by diagonal edges like J2-17, which connects node N2 of
lattice 205 to node N17 of lattice 204. Therefore, in such a structure, each node in

each lattice 204, 205 is diagonally connected to another node in the other lattice. In
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connectivity four are shown, one lattice in black 204 and the other in
white 205. They are connected together by diagonal edges |ike J2-17, which
connect s woaeodddeaaf | attice 205 to node NI 7 of |atticerPR@ALA2005a0€ef60re, in
such a structure, each node in each lattice 204, 205 is diagonally
connected to another node in the other lattice. Inother words, the
structure is simlar to having tw rectangular |attices, one above the

ot her and each node in each lattice connected to the correspondi ng node of
t he ot hethet Rbidb, i statrdretih simildi @gaviag two sbiafdulardattees, dnatbdvedhe FI G 2D

il lustrates another enbodj ment of a, copnectivity eight.]attice 206 with
subset 9@er andieaghnedp F’tf@f%"aﬂ}cle)‘io‘fr}‘?éte%? e%%Tq%?ﬁd}/"fliaogee?(féiéepétk%rhat it has been

rot at edAfRe, d0d (B EREARBShifliCorRI B SGOID dfustrhtes dnathed ce can be rotat ed by
an arbitrary angle wthout |oss of éém,cti nal j t The | attices 204, 205 of

FI G 2Ccuhedipentphpsemestyity siaht [agico geo with py U386 Jhit HGRr 4 cul ty.

Lat ti cegy i S FIEOMMSGLdpY inhiit RisHEn oA 4b° alitkofheBates e sisdsios bEh as | atti ces
having a connectivity of 2 , or Lattices with connectivity |ess

, 3, 5, 6, or 7.
than 4 Swratbee einbareittediboen abwermsgemiheyt psrt fingionaliy: thenot using certain
coupl i n%ﬁ%@?%ﬁ%%ﬁ?%@ 2éytarp96tm5';ti%e@gw &Y 86 $M19GVED Wih@lt couplings in FIG

2A, latti econes a connectivity tw lattice. Simlarly, lattices

wi t h coudiffictliyvity | ess than 8 can be sinulated on a connectivity eight

281 0 by gk BRI SRALAUE, SEUGR 5 OIBLEy Biyaal using he
connect ihavihy a sbnaetipvity bt2,.3, 516, ofieLatices wititcanuwstyitiess thasi drgndertain

coupl i ngs be acconplished by.tuning the.r ' i ng device so
that th 1%1{1%%4 ?’h@c@f’?cg&&[ ioué attt‘%gy(r:‘8tuupsg‘|gncgegiad‘3§?‘%gﬁ%§s'Vfg)érg}ga rlé’near zero.
Each quagthumsigvng ef iha veditdlicoasing0n G2 202itibag00ebebimraray val ue and a | ocal

effective bias that falls so ere in the range hetween about 100x / and
about +feEpEcHvIty tlﬁﬂﬁat“ﬁ@r mxi?'pygggtﬁesc‘&ﬁ‘bf?%“t@ﬁ“%B‘F‘ﬁ (At ce 202 has a

I C
val ue r apgiled bl 9 Bdndéctivay dight [hfiRe By kihg catadinieoupfingnHodexamplebe bet ween

about 30 mllikelvin (nK) and about, Kel vi K), alternatively, the
absol ut @YWaF wéngghe ﬁ“%ﬂd?il%ﬁ?ﬁalfo‘?Phr?ﬁi/mé;ngg‘%v%g”ﬁ&%‘%?c?@? E’i‘f?&wﬁ?( and about 1.5
Ko Wi | gobhi@ribityx ldftick STf OmeLirBiBs 06, Gyt usBidChrtaintduplieadyeeconverted to an

equi val ent nmeasure of tenperature in units, sucq as Kel vin, ba/ the formul a
wher e k aceonmiishesiRyivning the respegiive coppling device so that the coupling strength of

the coupling device is zero or near zero.

Each quantum device in lattices 200 and 202 has a binary value and a local

effective bias that falls somewhere in the range between about 100x J ¢ and about
+100x J ?F. Furthermore, each coupling device in lattice 202 has a value ranging
from JE to J27. The absolute value of J£ and JZ" may be between about 30
millikelvin (mK) and about 10 Kelvin (K), or alternatively, the absolute value of J g

and J2¥ may be between about 100 mK and about 1.5 K. While the true units for J

are energy, such units can be converted to an equivalent measure of temperature in
units, such as Kelvin, by the formula E=kzT, where kg is Boltzmann’s constant. The
local effective bias for each quantum device in lattices 200 and 202 may be applied
simultaneously, such that more than one of the quantum devices is biased at the same
time.

FIGs 3A and 3B illustrate an embodiment of the present methods, articles and
systems for translating between an arbitrary planar graph 300 (FIG. 3A) having five
nodes N1-N5 and four couplings (J1-3, J2-3, J3-4,J3-5) to a lattice-based
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| ocal effective bias for each quantumdevice in lattices 200 and 202 may be
applied sinultaneously, such that nore than one of the quantum devices is
bi ased atwoheossmemsti me. FI Gs 3A and 3B illustrate an emoodiareosiooofsst he
present nethods, articles and systens for translating between an arbitrary
pl anar graph 300 (FIG 3A) having five nodes N1-N5 and four couplings
(JI-3, J2-3, J3-4, J3-5) to a lattice-basedconnectivity four |ayout 301
(FIG 3B). The nodes of FIG 3A correspond to the quantum devices of FIG
3B that bennectivig f@amohtajml(FIcFBQ ﬂBdohéWmIetmc@rdgﬁdm tglthant um devi ce
enbodi nent i n whi.ch {I ve t he guantu vices, N through N5, are active

and f our S devigea At TG ag\ﬂi‘%é‘? ?%SafTﬁéﬁttefv@G Thdlustralrt aMtlevi ces in FIG
3B defin dasheeehboliiiRsi inOMBcOfve\WR kieubstuinl detists, Rl @fodsh N$,, are inactive
quant um devi ces, which are isolated fromthe rest of the system An

i nact i vei§ahe AR duy OE the agantas datiey aferipigtiy e Thrquepmgesisesimidévi ces by
setting BRI dAheY BhUSSnObr il i€ AMBLAROS Nhat iGOHRISaddif | nactive

quant um devi ce to0 nei ghbor i ng quant um devi ces to zero. qNo that for
clarity dencdsnwigeliae isobtagriene theecsyefchesysiem. tAveinkettye kiangind d¢vx¢fe| G 3Ais

mai ntai n B and novi ng

t owar d tﬁsgs%%tedt:%(r%rt I %ﬁ%ﬁ%@h gg de%)é&’g)u%ﬁm er a‘%o%l?r&g‘falue tlh %m an arbitrary
pl anar gpa}pﬂingﬂha Co@m&lcunacctlt/wqtfamum deatct: t(rmlgh@om@ duaknovdevindtoef f i ci ent .

See, for_exa a t. of the
present AELHO e,qhat 3% and and Order¢ n%se’fverge? eat%fh§? Iéngofgfagf‘r?’Aa pl anar
graph 406 rﬁﬁht@nedlA)Flﬁam rsgarsmgdrmdeSOﬁ\llzftNﬂSmdBfan\imo@mgpd)wmg$he(JI 4, J2-4,

J3-4, J4: 5 J4 attice 402. (ElG 4B). with nearest-nei ghbor

coupl i ng8°t %“ﬁ Eﬁfcgﬁ\]én gyner @W]"&f‘é@‘ﬂb ‘trﬁ‘é'a‘}kg‘éfgﬁ@ Hbor coupl i ngs
(Il -4, Jéednretivithoud 0 19fveﬁkﬁwaﬂa‘hd@(ﬁdiﬁﬁp9ﬁ;ifdr@xiﬂﬁﬁe q%ﬁbzum devi ces of

FI G 4B t hat ve t he abel. A lattice that nakes use of

near est - nei gh ‘fﬁmg@“%e fetspeck &f the Resei Zielots. Agiclsh gt couplings is a

lattice- bpeag fsﬂmﬁaaﬁﬁg/aewe&laqmnaﬁ Q’H)%WAOO( 44 Bavihd S hodRk 8 -R6Si X quant um
devi ce enbodi nent_in wh uantum evices, N through N6,

are actio@d ‘Woéﬂﬁ’éﬂ(ltlrf’ej%‘én% Agl"h&ﬂ‘*séddﬂﬁ la chﬁ}%(l’l@M{BMth connectivity

five) i nhear@st-hagﬁuop@o@ilngsqmaqwsvyé ¥, howen W ﬂésu Ak ReAbESt nei ghbor
coupl i ngs woul C}UI re seven active quantumdevices in a lattice of nine

quant um ﬂmlééss(n #1413 Thepedes AHIGnddricagesnend tofksemerpmileVighbdr coupl i ngs as
vell as pRAr@ShaMel P UmERHR! WNG8cd GRAGRaKOu U Befolst- h&glﬂf& and si npl er

mappi ngs.
couplings as well as next-nearest neighbor couplings is a lattice-based connectivity
eight layout. FIG. 4B illustrates a six quantum device embodiment in which all six of
the quantum devices, N1 through N6, are active. To embed the same graph shown in
FIG. 4A (with connectivity five) into a lattice of connectivity four with only nearest-
neighbor couplings would require seven active quantum devices in a lattice of nine
quantum devices. It is clear that having next-nearest neighbor couplings as well as
nearest-neighbor couplings leads to more efficient and simpler mappings.

Each quantum device in the same graph as a given quantum device may be
considered to be a neighboring quantum device of the given quantum device.
Alternatively, nearest neighboring quantum devices may be defined as any quantum
device in the same graph as the instant quantum device that shares an edge with the
instant quantum device. In another alternative, next-nearest neighboring quantum
devices may be defined as any quantum device in the same graph as the instant
quantum device that is connected to the instant quantum device through two
orthogonal edges and another quantum device. In still another alternative, next-

nearest neighboring quantum devices may be defined as any quantum devices that is
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Each quantum device in the sane graph as a given quantum devi ce nmay be
considered to be a neighboring quantum devi ce of the given quantum devi ce.
Al t er nat iwel2ggs/mmeasest nei ghbori ng quant um devi ces nay PpeTdaRDosad1®ws any
guantum devi ce in the sanme graph as the instant quantum devi ce that shares
an edge with the instant quantum device. In another alternative,

next - near est nei ghbori ng quantum devi ces may be defined as any quantum
device in the sane graph as the instant quantum device that is connected to
t he i nst awb stqpmﬂaumyd\éaxihetemtdﬁﬂtmghAMmh@manw@g@mabf budesdisiange anot her  quant um

device. In stl ter next rest ne g quant um

devi ces rPﬁg}NeB% V&Oerl’ci 8Faa(§%8 Onagtﬁan lmens eV %reéh tﬁ?ﬁ ate Seg% ggwgps away by

Mag hat t ?mn@lesdtd%m CRor e/éarh@amﬁtatnam mfgrfp’m!@z an‘he ohe btsp hlgy ﬂ@mtemmdebgt ween t vv:)
nodes of a or oo i mensj ona t separated by a single
edge. For BXaWRID lﬁWH‘ G- BT%PSH‘G R‘Hhﬁ%ﬁ%@?é BREYPS r om each ot her
as measura@dy hﬁm"&ﬂh&héﬁ&eﬂtﬁﬁt@ﬂﬁﬁng frammmanemb@m st baingd N5 are two
steps a fyfromeach other, the first step fromN5 to N6 and the

second stiEy Heiay*e P’o%ﬁ‘NG‘O?ot fcargsingighhon C%{Egngstaﬁ%drﬁé’araéﬁm%l ghbor

coupl i NgSHAREAHAMInASe. y%h%mgl Jsacrl%ln@mezqeﬂtlﬁhre&tlnei%ﬁbo&omplmgw@pl ing J3-4,
whi | e the next-nearest hei coup gs are drawn at forty-five degree

angl es, dlrayvn até@gpquq@eggppaaglesr Bigs Ca@é’ing hénThip pssipamensefmedrgitbor coupl i ngs
to verti %igh@tﬂ}QO@@{rfgg R)r'\teﬁkal aﬁﬂ%oﬂ?@ﬁ”ftil “a%%@x% él‘éétglgx?%or%&%héws to

di agonal , 1”s arb e next-nearest nei ghbor Couplings may be drawn as
vertical dagdndigs mmmral Thedigrisnearpyohaighlpresouplings glabbe deasmps Nﬁgealdr awn as

di agonal cag6son ELIEE AP Ercs il DA olhes AR R MGUL L DRgone step avay

by Manhat suc € node RB Woul d be two
st eps awwyaxbyle,l\&hhatmfanf gﬂmlt@acfequldﬁbercmp@ awaoeb)plaﬁanhmn dletxmcenear est
J2-3 of graph

nei ghbor cqupl. i Ngs t

402, whi I°€° as‘:ﬁe &deﬁﬁl gg\% c%lﬁ?)ﬁ? %OSS% Oawa yledl[areﬁ}ag%% PRt er nati vel Y,
each nextAfeepcrcesetpamecbfglthreaxeamaighb@rcmsayhrxgs osginmtacherg., maxpﬂmgselar est nei ghbor
coupl i ng., er er n are ctiv i r of nearest-nei ghbor
coupl i ngs® F\W%&ﬁ ng‘ 4{05 ‘?fé esh@?&é@é’f"%ﬁ@%% r“of:’élffﬁeatngs do not

i nt ersectAlteﬁlaswagleacnmxpheeam@t ha siwe Bodphifg muﬁabssmndem fe6ndiByt be mapped to
one or nore coupl i ngs bet ween three or nore apt um deyi ces. Such a mappi ng

i s usef ulcighvy ccupling: &0 yietehalissmasive: %rﬁs@?qvﬁé?f"irB RepASEPEENOPT | 5 not possi bl e
to place cbnﬁl %;m@&VWEl%Sne&dh@e@&@hméﬂboﬂ&ﬂpﬁ;@@ﬂb%ﬁt inkksxt. 5 illustrates a

first graph 5 i ncl udes a

A smgle coupling between two quantum devices may be mapped to one or
more couplings between three or more quantum devices. Such a mapping is useful in
a lattice-based layout in situations where it is not possible to place the quantum
devices adjacent to one another. FIG. 5 illustrates a first graph 500 that includes a
simple coupling Ji-j between nodes Ni and Nj. Graph 502 illustrates a series of
couplings Ji-1 through Jn-j that couple end-nodes Ni and Nj by coupling intermediate
nodes N1 through Nn. Nodes N1 through Nn are referred to as facilitator nodes, and
are used to facilitate coupling between end-nodes Ni and Nj when these end-nodes
cannot be placed in adjacent positions in a lattice. One of the couplings Ji-1 through
Jn-j may be deemed to be the sign coupling. The sign coupling takes on the same sign
as the coupling Ji-j in arbitrary planar graph 500, while the remaining couplings are
fixed in a ferromagnetic coupling state. For example, consider the case in which the
sign of coupling Ji-j in graph 500 is positive or anti-ferromagnetic, and coupling Ji-1
in graph 502 has been deemed to be the sign coupling. Then, if graph 502 is to
represent the coupling Ji-j of graph 500, coupling Ji-1 is set to positive or anti-

ferromagnetic, while the remaining couplings between nodes Ni and Nj in graph 502
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sinmple coupling Ji-j between nodes NN and Nj. Gaph 502 illustrates a
series of couplings Ji-I through Jn-j that couple end-nodes NN and N by
coupl i ng wotesameailiat e nodes N through Nn. Nodes N thr egglcAsmsawesssef err ed
to as facilitator nodes, and are used to facilitate coupling between
end-nodes Ni and Nj when these end-nodes cannot be placed in adjacent
positions in a lattice. One of the couplings Ji-I through Jn-j may be
deened to be the sign coupling. The sign coupling takes on the sane sign as
t he couplarms}tmne‘gatiw oafebiotnuaareinpLatnmsegma@@rmaswmiwféchttheesigmfai ni ng

coupl i ngs., ﬁlgﬁ‘é %Aﬂ\}\\/{?@%k‘e erﬁgl’%%p?et -o r?elﬁg hcp&)u Eéﬂ 1 158{agﬁﬁ§‘g80 i s

consi der 1 e sign o oup I'ng
positive 19$t11bddemed eﬂnealmgfgtectdupl,in@rid thiowpé |thrtgmgh eflh it in geplpi25302thas been
deened t .he Ztlle%n cou to. represent t he

coupl | ng 9 Pegidy ot RRTEEE e gt ;9P ERE ot Sk PedoDEE &F

ant i 1;] er r Gemeginetc. Tk, IJBliish:Be El@ﬂf?ld@uplglgpﬂidﬂhmgx&ugelﬂ#\mmenQHes Ni and Nj in
graph 502are. set to ne e _or.ferro netic i ke , _consi der the case
i n whi ch "ERAIVEOGfFriomag i‘ hgegicar lqteﬁaféﬁ% d%‘d}ﬁhh?%z@tar

ferromagngid gerdBEleiobRLA 'T'Eld]thasl such tlﬂﬁ &ié? b&@&elpﬁssﬁteldohesdﬁ@m%ro be the sign
coupling. In this case, the s graph 502 is set to negative or

f erronag H%ftOFrBatWﬁl‘Weﬁﬂqeﬁéoqeéhlﬁﬁ?ﬂqﬂgwﬁléﬁ?bmﬁﬁgn%ﬂé bathsdes@ided t o negative or

ferr omagnghinpies, hk'ss thdbsublihst ih BRpE 5@?@%a@9&5@hﬂ1&9te BO6ulingdid iy ough Jn-j are
set to negative or ferromagnetic. To facilitate interaction, nodes N

t hr ough NYOapéals the remaininy eouplipgs infaph 6P% e sggd@abe regalie Bi as, such that they
become passiyssagdes and transfer information between nodes Ni and Nj

wi thout interfering. In both described exanples, one of the couplings in
graph 502 is ke patenfthiecaiiplings irhgapholi3lis mgdallder}tlcalrtom@ommgéi] t he

remai ni n K t r ferromagnetic.
Wher e onge1 %ﬁéj dez{hg%%t) agl Jl?)rx%g’l gg)éa%%grg%égoz a?en%gte(ﬂ?ee %%tl ca to the coupling
Ji -j i n Seforanghetd, Icomﬂhegsrcame m}ngvedcbylpbmgmjeSQlﬂDyroapd:}SQUmsa(lbeths et to be

negative or fer net i u achi ved rf SQUI Ds or
dc- SQUI Dsc{%f% ?11[)%8%’2?3 CB’é[gfnl% 8\% gg%&‘%ﬁvﬁh( g‘b 0(5’39 I(%éng er na Y vel y, the
coupl i ngsallite direeqpalvafi2 cormyctiink sind thkit hedthxgablvaﬁmny(cometed toaglesuch t hat

el ectrical ct ed to se all individual

Coup! 1 ngdVaPeviet FoRHLEr FBA S e ardrore b SubPRFrEBRRITHY o1 i s
ferromag %hplﬁag&m-ﬂlsffaﬁﬁﬁaghlttwadﬁd nbilesNlued NjRave aiesafid Jidsim sh@l & | n anot her
al ternat Ia\{lgther Qt%m%(t)#ep ltl{eré gpllnrg]s m grgpr}l 5508 mag%%mggsrép ar rlnisxet}urg' of ga vtarlillrce of galvanic
couplings, rf-SQUID couplings, and dc-SQUID couplings, in which case one rf-
SQUID or de-SQUID coupling is made identical to the coupling Ji-j in 500 and all the
remaining couplings in graph 502 are negative or ferromagnetic.
FIGs 6A and 6B illustrate another aspect for translating between an example
of a planar graph 600 (FIG. 6A), comprising five nodes N1-N5 and five couplings
(J1-3, J2-3, J3-4, J4-5), to a lattice-based connectivity four layout 602 (FIG. 6B). The
nodes of FIG. 6A correspond to the quantum devices of FIG. 6B that have the same
label. FIG. 6A illustrates coupling J4-5 between nodes N4 and N5. FIG. 6B
illustrates an embodiment of a mapping to a lattice-based connectivity four layout and
further illustrates the use of a sixth quantum device, N6, as a facilitator node
(quantum device) to realize coupling J4-5 between quantum devices N4 and N5. In
FIG. 6B, N4 is connected to N5 through the effective coupling J4-5. Effective
coupling J4-5 comprises quantum device N6 and couplings J4-6 and J5-6.
When coupling J4-5 is anti-ferromagnetic in graph 600, coupling J4-6 in

" lattice 602 can be assigned a magnitude with a positive sign, where the positive sign
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couplings, rf-SQU D couplings, and dc-SQU D couplings, in which case one
rf- SQUI D or dc-SQUI D coupling is made identical to the coupling Ji-j in
500 and awb 20éw0esasai ni ng couplings in graph 502 are ne@atricA20@001965
ferromagnetic. FIGs 6A and 6B illustrate another aspect for translating
bet ween an exanpl e of a planar graph 600 (FIG 6A), conprising five nodes
N1-N5 and five couplings (JI-3, J2-3, J3-4, J4-5), to a lattice-based

connectivity four out 602 G,.6B). The es .of FIG, 6A correspond to
e quant IHRCHES PR e B coipTremruP i Sl Teasurnct B, *on
illustrat Q@rm&lm@ﬂdh vﬁtmﬁﬁe\gem vandessat Mdicarsl fdNomabhdac cOBlibg| ustrates an

enbodi nent. of _a to a lattice-based connectivity four |ayout and
further i Fpigagl @@E%th{i Pﬁén B0 Brckghessnit H Nyu dmOTRT Werds-cle SPP‘(IGdt Ndsa facilitator

node (quawpw@tgw Q8erdafvdl L 2bhiR 99%&@&%%62 &@&Béﬂ%gen%%ts&gn devices N4
and N5. In FIG 6B, M is connectg hrough the effective coupling

J4-5. Ef f epling thve ighingny thmsaswc,seﬁms pglﬁ%ma{fjaﬁupﬁmplem@ s ea#apleoupl i ngs
J4-6 and ﬂélt@e 11Wi' %pileléxggx %ﬂ%tlg cblﬁ)h ﬁndf Id VORI BRh 'bgﬁkéalagr aph 600,

coupling J4-6 in |ce n be as gned a magni tude V\nthap03|t|ve
si gn, \Ahefeeromla@nqmgspunlmg “éhlgmlhnl!abfatheamaml%ﬂrmmmn:ﬁﬁ\i% Igohpt i ng. Then,

coupli ng d5: L ihn BSYARSLANEA N ABRTORENES S IRATILHARL L @ negat ve

val ue tha tes Terromgnetic cou 2% he spin at N6
track thefaspikatorapaitbm devicodriderillavdszerd tféec8pd lnczdﬂnalkﬁwld&pp:lmdl ed to N6.

Al t tiyel |l at ti 2 | d, b h th
coupl { ng, EHIE TaRRs S PHEB el i ddre BBl F S BE BaSph 600 (i
t hi s exanfehrempgsititallyeoupled. cat i ng antl -ferrorragnetl c coupling), and J4-6

woul d then be fixed as ahfderro tic cou é Tgls wi | | ke the spin at
N6 track the spiSPrEFRiREnads Bhesy SEFénSPL’ e esfgfﬁm ddjgg npePlaBfi ed to N6. In

bot h exanghgts, in @ 4aé HinEhgdendl 8d- B@eﬂ%y@utfb@%alkhigais@()f KHA R e hG&VdnGe and wi | |
have a zero effective local bias field applied, so that t |n state at

N6 can trHekDeasest gﬁghbogfoawén%%rveftr?és ﬁd%ﬁﬁr@nkaaa@bl@wtt 8s Wewn mt

fer r omagngi iaGainpletL Qb vaith 1 TdHBeR! &'ﬁ@t@g KT8 hod b w w?eh bl veHBSs iR Wilu&ly St ens
provi de for enbeddi ng non-pl anar graphs in a di nensi onal gri d-based

| ayout by®atRRPHRY isenefediegresel thetthain oithone e«#ﬁmetwr@ap@@waﬁ éf ghbor
coupl i ngsvéf&éers' Tﬁéﬁfsf‘ﬁ%%n@[étg Igﬁﬁeﬁ JhﬁM%\’ks, aﬁ%ll‘u?treﬁ&ﬂ%ld B tQe art, a

conpl ete & n vertices. deno 1p with n vertices in
whi ch eac f\ﬂé‘i‘b@ﬁmb %nmmg@éhﬁ(ﬁﬁa&ﬁh@ﬁmﬂw@s tbttelqemg ete\graph Koree edge bet ween

each pair tthb1part1te graph K3 3 as a subgraph. A graph is bipartite if its vertices can be
partitioned into two disjoint subsets U and V such that each edge connects a vertex
from U to one from V. A bipartite graph is a complete bipartite graph if every vertex
in U is connected to every vertex in V. If U has n elements and V has m, then the
resulting complete bipartite graph is denoted by K. FIG. 8 illustrates a Kj 3
bipartite graph. Any non-planar graph is an expansion of one of K5 or K3 3. Graphs
are expanded by adding edges and nodes. The planar array can be rectangular.
Example applications include solving an instance of a problem defined on a non-
planar graph embedded in a planar array with nearest-neighbor and next-nearest
neighbor couplings.

FIGs. 9A and 9B illustrate translation between a non-planar graph 901 (FIG.
9A) having five nodes N1-N35 and ten couplings to a lattice-based layout 951 (FIG.
9B) with nearest-neighbor couplings as well as next-nearest neighbor couplings (only
the couplings referred to specifically below are labeled in FIGs. 9A and 9B) according
to the present systems, articles and methods. Next-nearest neighbor couplings in FIG.

9B are those couplings that are at 45 degree angles in FIG. 9B, e.g., coupling 970.
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vertices. The first five conplete graphs, Kl through K5, are illustrated in
FIG 7. As defined herein, a non-planar graph is a graph that includes the
conpl et e woapds/dsbs16r the bipartite graph K3 as a subgraphT/cA290sa0i065 s
bipartite if its vertices can be partitioned into two disjoint subsets U
and V such that each edge connects a vertex fromU to one fromV. A

bi partite graph is a conplete bipartite graph if every vertex inUis
connected to every vertex in V. If Uhas n elenents and V h m then the

resul ti nkREEhH 0BPHBE sikieer QU HP HeYiees ¥AlYE 8EWhiFh (L mﬂﬁf@ct@ea |lustrates a

K3 bi par utc@ulgé@mt 1A ¥nd QRerRfudfiah agvla@hrﬂe%aﬁmuex%amsmm rrene of K5 or
K3,3 . G aphs are expanded by addi ng edges and no The planar array can

be rect aﬁ@ullsaﬁlled%egmﬂlelta‘mhlﬁ|C@@PHC@HSCOFIHQ9F66WP§&“\}°1V§@0@P@ Pepgingnce of a
probl em daf é%E(Aocﬂﬂs EolOAR! B0Lry OFRPHLETPEILRIN! R RE BRAkaAORAY W LD
st nei ghbor

near est - nei or and next-near uplrngs. FIGs. 9A and 9B
i|lust rapkanarrmmhl &trw(gmpbétaw\eqmalms Kon-aphbrgeaph grilh plso gmorﬂﬁm@f B® having five

et KaryRRSo! loERudRh FRIDA Gode (ALEILE RET R NG, POL (5 & B8 i

near est - né or cou neare nei ghbor couplings (only
t he coup kectvggulmelﬁmber %d 1Iluustramd¢n Fice aBl ﬁlrmeirky\/\arazrrenlrpdmm gabhl wittFKE&s. 9A and

9B) according to the pr rti S t hods. Next - nearest

nei ghbor a%%ﬂ%ﬂaﬁbga’ﬁ?‘? eﬂ%é? cggn gfaétlctnﬁ%(gga‘ttbc(%%éf ?i’g m?%gf o %G%%mat 45 degree

angl es i gIEI9B, N9Bre Bo@n with Adghed figesDadl draisblnee fx@ﬁﬂihemﬁmfltlﬁ:esstsmxt een quant um
devi ces, twel ve of which

-N12). are active, i.e. ed tpo at | east one
ot her quEhPTEFHGEAN 18@“’&[‘11’@&%‘5% ‘?qvéﬁﬁll%l‘rs‘)l@tF‘gﬁﬁmsﬂﬁeoWV? AUagf %Pclieg}&es F’)% call ed K5
graph. | tetlis hBBopMAPV LR loY teQaRe&H 86hpUh@Ph ¢ QBoupliM€ITIOEER0 drRani ng t hat
each node is connected to every ot her node 1n the graph. K5 is the snall est

nonpl anamogy eppRrallniyegliblp VelHat contains K5 as a sub-graph will also be
non-pl anar. Tpﬁ:llﬁatgfc?(ﬁﬁu%%viclséM@Ege%ttggffécﬂa % hr@forgﬁn&ﬂﬂ?orpﬁf)&ﬂ&edded into a

lattice, such as rectangular lattice 951 illustrated in FIG 9B. Sinmlarly,
any non- graahar 2 praagimenion! kitigs leyowtu Bhe aprfaaatioerenpereleerriegiPd | attice |ike

jattice 981 & odDfmARGHINEOAS ah Rofbihisidr gDhmurdi&ikaoMEA. W Lh dashed

lines, and are isolate romthe rest the 'system In practice, an
i nactive fqummgumccive\mlmes lelSltlyollSatOéfilClﬂltmhquﬁéu@d@WV@ #dant um devi ces by

setting tftQFon%;n% c cgﬁpél;ﬁg% Uﬁgdenglt Rfr?i coﬁg%!}% g&ﬁlﬁntﬁnglevwgsoum ing 971,

to zero oOr y, a ne e val ue tator quantum devi ces
ar e usedNleNéfid L’a(ttce a5t r’Em$igmrqmpllrrgrbefvre©mnedep kemespond in part to edges

in graph 901. The edges in graph 901 are represented by a combination of signed
couplings and ferromagnetic couplings in lattice 951. Sign couplings are denoted by
solid thick lines between a pair of quantum devices in lattice 951, e.g. coupling 973.
Ferromagnetic couplings are denoted by dashed thick lines in lattice 951, e.g.
coupling 972. Each ferromagnetic coupling in lattice 951 passes through a facilitator
quantum device. PFacilitator quantum devices in lattice 951 include quantum devices
N6 through N12, and are distinguishable in lattice 951 because they are depicted as
checkered. The local field bias of each facilitator quantum device may be set to zero.
Facilitator quantum devices cooperate with the ferromagnetic couplings to propagate
a sign coupling. For example, facilitator quantum device N12, together with
ferromagnetic coupling 980, propagates sign coupling 973.

Each sign coupling in a two-dimensional lattice layout (e.g., layout 951) may
be either a ferromagnetic or anti-ferromagnetic coupling. Alternatively, each sign
coupling in a two-dimensional lattice layout may be an anti-ferromagnetic coupling.

FIGs. 10A 10B illustrate an example in accordance with the present methods,

articles and systems in which a non-planar K33 graph 1001 (FIG. 10A) having six
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graph to a two-dinensional lattice layout. The transformation from
non- pl anar graph 901 to two-dinensional lattice 951 is an isonorphi sm of
guant um devi2e@6eant i f erromagneti c couplings, plus the mse/@20dsa0id65t at or
guant um devi ces, and ferromagneti c couplings. Nodes NI-N5 in graph 901
correspond to quantum devices N1-N5 in lattice 951. The sign coupling

bet ween nodes correspond in part to edges in graph 901. The edges in graph
901 are represented by a conbi nati on of signed couplings and ferronagnetic
couplingsmﬁﬁsﬁi@F1%émé§@@i@ﬁﬂﬁ“@%ﬁﬁ*@ﬁ@@“dgélG@ﬁoﬂ&ﬂfmvngmﬂhdbthick l'i nes

bet ween anep@ibbr &upAMARS WEN g@ﬂéx@ﬁ@arés?néigg)gt ﬁoglgﬁg?%l’ (I:_gltt?e 1B34P) k? 973.

Ferromagneti c couplings are denoted by Ines 1n ttice 951,
e.g. coup¥rRferabeddedsyapreehy orayrart NodeNibthiroughiNG ihgtaph ¢@01951 passes

t hrough a.dk@sidnlit LCR. 110t r ~quant um deyi ces in
P R ke i e S

di sti ngui @Habitk (Ng N2t (B 40 43,060 ADSeNt heyd @FSe Ndgii latiedi 088 aghecker ed. The
| ocal fi i f . . ilitator .quantym devic y be set to zero.
Faci | i tafd 3? fg{ﬁgﬁ% rer%lcgézo\% (I:IIegg%ca(t)S%réersg?néﬂW eﬁgﬁ?éﬁ\g@f’gé{@gﬁ@ﬁ% coupl i ngs to
pr opagat emarked gnthacdpkk higes. For eﬂx@iﬁphx&i-feframbgﬂetiat:&rpliﬁglwﬂotima@ﬁéléi ce N12,

t oget her w ferr t.i¢c coupl.lng, 980, propagates sign coupling 973.
Each si gnwg%g%?pﬁﬁgﬁ%ggﬁtlﬁ&t%#@%ia’g%%ﬂrref‘%’gflﬁ 'gé’gg%lwgtof%rék’lb.m, I ayout 951)
nmay be either Gubkigs OVBNG Lhe (T, N2) brech@ fropBEREL 6nCAUP! | NY.

Al ter natifvellé each Slj[it?ggd cou LI g.in a tw-dinmensional |attice |ayout may
be an antTUPEIFSHAGHNE ’388‘6& YH@?kt#?Céé‘.nesl@l’ll‘@ anf (SN2t e an exanple in

accor danaespattiveiyh had PE&HE FrrofRERAR S ouinbd GdnBBdd)¢hi ink0 Which a
Rpna T oufi fer sizﬂgglﬁ%ﬁl\?ﬁﬁ s enbedded in

non- pl anar raph 1001 10A) havin

a latti cgg%%ﬁ\gg’ q%él&ﬁ%tNlP@)S&I(‘?’Ffﬂ% (NP(’)Q)[l)r?éz@i(ﬁgl,rm,rre@sﬁéfiﬂghbmugboupl i ngs as
vel | as el as®s Hedd@idyhQhe Q@4 BhA ' ' K3 graph
enbedded inla.three ‘E)y fg{sjr a?ray?gtltNelgIggqsrl’h@?%’ﬁgﬁéﬁé%’é&ﬁ%ﬁgraph 1001

cor r espod&PEgIvGlrAnFasHitae quaegmeviceh egud, N8, N9, N 18tand dé1,5851. Coupl i ngs

(N, N2) ,qubdVhm d¥ikes willBaerd¥Bdal telBias\a: c%ﬁéi%’rt]em% he(fé\léo’maN4 and (N5, N6) in

lattice 1051 are anti -ferromagnetic co gs hat cor I(éfgstfﬁond to the edges
of graph cPBRINgEs Erpiopsgwe am pke ferioyagivitic koupliag kFdrilatise 1050 elaxanpl e,

anti - f er rQoRgRekEeCRURE ' ttice 1051 couples N .and N2 in
lattice lngl and cor resp%%ﬁg%gggelb%%t B PLHRC i‘%ﬁti‘?n %&ﬂfﬁfi ngs (NI, N6)
and (N5, crglyl bauecdda enbysh gsapigh0e df doyintomelevings Nearndivpignebypasse@upl i ng denot ed

by thick \ﬂlhatﬁggo%ﬂ%gpliﬁlg”N& N%% and. (?\I 9§ Ng)’. Irl}l:Zc)ti’ve quantum device N’ is

denoted by dashed outline.

As with the Ks graph illustrated in FIG. 7, any non-planar graph with Kizasa
subgraph, can be embedded in a lattice like 1051.

FIG. 11 illustrates a system 1100 that is operated in accordance with one
embodiment of the present methods, articles and systems. System 1100 includes a
digital computer 1102 that comprises
o at least one CPU 1110;

. a main non-volatile storage unit 1120 controlled by controller 1125;

. a system memory 1126, preferably high speed random-access memory (RAM),
for storing system control programs such as operating system 1130, data and
application programs loaded from non-volatile storage unit 1120; system
memory 1126 may also include read-only memory (ROM);

. a user interface 1114, comprising one or more input devices (e.g., keyboard

1118, mouse 1116) and display 1112, and other optional peripheral devices;
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respectively), and a set of ferromagnetic couplings denoted by thick dashed
lines ((N7, N2), and (N8, NO, (NNO N9), (N9, Nl) and (N 1, N6),
respect i webypoo/tshaaagh facilitator nodes denoted by a chechadhpeidersn (N7,
and N8, NNO N9 and N 1, respectively). Facilitator quantum devices, e.g.,
N7, N8, N9, NNO and NI 1, are quantum devices with zero local field bias
that cooperate with the ferronagnetic couplings ][O propagaze ag . e
nti-ferronmagnetic coupling. For |lattice 1051, el even quantum devices

3sed to ehbed HrEYk! ?Igif? BU(NKS I dhorepthen Foramguiswiiamirdeyy;ced coul d bﬁ used
to enbed graph id@%d bk 1 P05 L I are bypassed Wllt _
di agonal goulpi)lﬂlﬂilngs;‘1(%%,1 m);gn%ég[?‘\lél%ﬁﬁ%giy% f(ﬁna%rmogee&ﬂﬁ%% tsu%SHSZch N is
denoted by dadR@d outline. As with the K5 graph illustrated in FIG 7, any

non- pl anar graggllgem 1180 KBhBSinfiud bdgra h san ol%ﬁ g d ecd in % lattice |ike
1051, FIG 11 1TIUStTal B g SV ST em 11 0oP PRI 14 G aPaleeRiofeROhe cor dance wi t h
one enbodl k8mcluies & hrafiheafeptntmatdeoids nodas t 1721 ad ahdalgy st ®BlingSy st em 1100

i 1 non- ol bPH72 BBl T BBy Reomieal e 105, a
syst em mesvophnglde®Bes [if7¢ ey b layralyeg n ﬁm&ﬁgbi?gtdi@ﬁneass;\qgﬁiuﬁq 13% y g gf\zl\ilp én; or
2pol | oot PO B b5 PRt SRR FoRCHont Bt 1 178 400y LemndrPE. 1120: syt em
nmenory 112Eernmiyely] qantumcdenide nb@&3d1PNAnd BBIMRE Ve (iBM174 mly YSer 1 nter face

1114, conprisin ne qr nore input- devices (e.g., keyboard 1118, nouse
1116) and @reH ‘g;??afticf%as"é‘rfameftCHéﬁiy Oplttilayanl supleas, fexampleldusteted a net wor k

i nt er f aceinGass 26NIK)OBL 1@ 2t 143 hey suGQ,fEH&Baiﬁ?i L&{‘co%i)flir%%e%é’ ;1193d  an

internal bus 1106 for interconnecting the aforenen ned el enents of system

1100. SyFerAUVARDt areescts pank@éthe apdes natwglipg dodes diustiaGor Anal og

r ocessordedckpRd if\elaHeS tRsPhih@ki ty of quantum device nodes 1172 and a
BI ural i tyeof coupl iang deviscelg 1174. Although not illustrated in FIG 11,

quant um devi c AN Bl 1A durisa pcludes adeidr?og@vic;e?lﬁmo(;azlea&[mtar Ir ?lnggflr iatneg .
::?thS' c E_A%g‘%g 1%\%{}9 ZA%n\b%.i ééa I)l?%kt)’aﬁgig—%?éﬁﬁ iMaghetomefirs, Whare Bach’dc.

SQUID magnetometer is inductively connected to a different quantum device node

1172 and NIC 1124 receives a voltage or current from readout device 1160, as

measured by each de-SQUID magnetometer in readout device 1160.

Analog processor 1150 further comprises a coupling device control system
1164 that includes a coupling controller for each coupling device 1174. Each
respective coupling controller in coupling device control system 1164 is capable of

tuning the coupling strength of a corresponding coupling device 1174 through a range

of values J¢ to J&¥, where the magnitude J is the maximum coupling value

possible for ferromagnetic coupling between nodes, and the magnitude J2" is the

maximum coupling value possible for anti-ferromagnetic coupling between nodes.
Analog processor 1150 further comprises a quantum device control system 1162 that
includes a controller for each quantum device node 1172.

A number of modules and data structures may be stored and processed by
system 1100. Typically, all or a portion of such data structures are stored in memory
1126 and for ease of presenting the various features and advantages of the present
methods, articles and systems, such data structures and program modules are drawn as
components of memory 1126. However, it will be appreciated that at any given time,

the programs and data structures illustrated in system memory 1126 can be stored in
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Al ternatively, quantum device nodes 1172 and coupling devices 1174 may be
arranged in a lattice-based connectivity eight |ayout such as, for exanple,
i1l ustratwo 2006/d6643s. 2B, 4B, 9B, 10B and 14B. As such, mouax20d6081%8d
coupling devices 1174 are equivalent in all respects to any of the nodes or
coupling devices illustrated or described in relation to those figures.
Anal og processor 1150 further includes a readout device 1160. Readout
devi ce 1160 conprise a plurality of dc-SQU D magnet oneters, where each
Feiph o e

dc-  SQUI B RegEoHREgeunitd [P alietheredrs. allonagetien of sich defp pifustusert  quant um
devi ce nogl@g pidkfan addulN faylfdor 8 Gﬁh\’é:ﬁ?ot@c %Ee@g& st S ERG. fij om readout
devi ce 1160, as neasured by each dc-S gnetoneter in readout device

1160. And?r@)\gd%tb@ékesrsmotffsmpw@r lshéﬁre@dﬂpby diggalzompuipt 116g. Bgvi ce control
DYoL o ke 1 RGMUACRAANGO UGN AlCh Heah b SO AQHRLI 19 98VI 8

1174. Each respective coupling contro I'n cou &V '€&°Cont r ol system
1164 is d&p@bteeauﬁdlglmhcm@mhellﬁb&phnhuydzsa czmrt@tehclmhgeai teoveep gRandi ng coupl i ng

device LILhBLONAN, Bl A0S oV AYSEad: § Sl coISES the aponi tude / Ts the

maxi num cou 0SSi bet ween nodes,

and t he rmgm0tlmd£thbrnes etcbelsn@aid@ummmtwﬁﬂm prorovdll(zlg , POB Sl esIHOr

anti-ferr coup ween nodes., Anal og processor 1150 further
conpri ses@g‘% %ﬂ:‘t’#‘t‘tﬁ %‘8\}?18 %8‘371{53}1%?“‘@%"(5@%1 R} ‘P?a ulgsyaflggedea control | er
for each dqsmrhsbaum devi ce node 1172. A nunber of nodul es and dat-a structures
may be stored&a g P];) sseoL&by system 1100. épl cally, all or a portion of
such data struCPRPES 2B PPPAURETSEY 1130 raﬁ'aﬂméwar@a}ws@n presenti ng
the vari Gusidegabet 8FildReiadVantagasiorhing BfdREL e R RRIMaA t1 Cl es and
systens, such data structures and program nodul es are drawn as conponents

of menor YPIEBBE SysiGRe thet canjservgjap PP%@méﬁb%t%ﬂ Bi0ge kppatn inthezmy gi ven time, the
progr ams janelifabat fk iMitdoasNIE ek e et W&dﬁﬁ? kPMHER fﬁf%ﬁ- hg§ can be

stored innon-vol atile storage unit 1120." Furt hernbre, or a portion of
such dat & ¥¥r détematielamg oppigtipasysioduyds prayntsed stsoraidnomapbe enot e conput er

not "|U%kéc%¥e%@nbﬁa@&iam]rﬁann@f ovided that the renote conputer is
addressabl e by digital conputer 1102. By addressable, it is neant that

there is soneUsemntgriceaddole H8angvisdt hepn usdndeﬁmmﬂexaomﬁmmerﬁnd di gi t al
comput er 10,1 aMGH aﬂ{]@é %x‘ééés rcla}?O b%pegl)ﬁ%zn ged; he a‘é’genﬁlg%? conputers

over a data network net, ‘a serra a parallel
permits a user to define a problem to be solved by setting the values of couplings J i

between nodes and the local bias 4; of such nodes, and adjusting run-time control
parameters, such as annealing schedule. User interface module 1132 also provides
instructions for scheduling a computation as well as acquiring the solution to the
problem. Specifically, the solution of the computation is collected as an output from
analog processor 1150. User interface module 1132 may or may not include a
graphical user interface (GUI). Where a GUI is not included, user interface module
1132 receives a series of instructions that define a problem to be solved. This series
of instructions can be in the form of a macro language that is parsed by user interface
module 1132. The instructions may be XML instructions and user interface module
1132 may be an XML interpreter.

Mapper module 1136 maps the computational problem to be solved as defined
by user interface module 1132 into a corresponding problem description that is
solvable by analog processor 1150. Mapper module 1136 may map problems from
one input graph representation into the desired graph representation required for a
specific configuration of analog processor 1150. Mapper module 1136 may include

instructions that map a problem defined in a non-connectivity eight graph
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connection, Ethernet, etc.) using a conmunication protocol (e.g., FTP,
telnet, SSH, IP, etc.). Wth this in mnd, such data structures and program
nodul es wWvDI2006066418 descri bed. Conputer 1102 may be an ®@pEGR2IFPOHESt em
1130 for handling various system services, such as file services, and for
perform ng hardware dependent tasks. Many operating systens that can serve
as operating system 1130 are known in the art including, but not limted to
UNI X, Wndows NT, Wndows XP, DOS, LINUX, and VMX. Alternatively, no

oper at i ngeRsgssnianomalp apeqpvdertprotisial definsd puy e comnestiviteighegraRecut ed in a dai sy

chai n MBRGeEeenbBGl. Nllhe haifle IPAURS AA2rdRNEFobBrUELD Myliif def I ne and

execute a ‘problemto 0g processor Specifically, user
i nt er f acdndependent Set.32axfdique tMaaCus 8P pobltaf, krfé\ T igegebliesar t o be sol ved by
setting the val ues of. couplin b e n he | ocal bias hi of
such nodé’g?gr%mlayn dftgglflfonaé] erqﬁlr‘{-gltseflr%p rg%e\ﬁ@ﬁg {ﬁggergsrr(g gcriet%', such as annealing
schedul e. UseOnc#i éesfratgraptogtptegentdtisd neddsd topobagiadiesirddrpsdblantc hasons f or

schedul i a co tation a |.LL_as .acquiring the soluti to the problem

Spoct 11 caPry R oL Dbt pioel Tne SEuRe APt S e 3Relle 0 S an oot put

f rom analwegl prsexpsioiouplifaO.alids fid lobdl ®laf agitesOik eespdolive dorpligy Mmay not
Were a is not included, user

i nclude a graphical user interface (GU). I
i nt erfacéle%ﬁ%ﬁ}l légiﬂwa?%@JV@s f‘&deééﬁ??g%faﬁ?log H’fé)f’?ﬁﬁ‘c‘,‘tc%ilfé%sﬂi%at define a
probl em trendEBnS6H MB6s prébdsSorSMEIHRRS ntfduleNIbs ey bOBNiIdRAhPBden the formof a
nmacr o Iarég%agt;e that 1s parsed by user interface nodule 1132. The

¥

i nstructi hifpee madeles ratipigakizagasmadide L9y an eobiticagwdplpdite 1132 may be
an XM i nhehph&b&modMRAREL. nodul e 1136 maps the conputational problemto be
sol ved as defined by user interface nodule 1132 into a correspondi ng

probl em descr Iptiglgpiantiaedules] I81doighniaessye anpsrsigieprabeeefsorplinegsd. Mapper
modul e 1 T ERpu ﬁﬁh}; tgthon into the
desired éf?ﬁcg@rgﬁglggn@?‘%?ga;v{%%{ﬁf ?%% Hfu%?l’ f’grg%em F}%@%ﬁ% %gﬂ?%ti on of

anal og profeesdepprodes®0 1 130k dpitiplizatduineduld 3B10may inploflaidsrichstsrtact i ons t hat map

a problem,def) agﬁe‘%ts‘iﬁ‘t .d@ﬂ@ﬁ&?@ﬂ%glio‘éieh%’im%ipgg&ca‘iQ@BQJ &Bﬂﬁé&’ﬁgﬁgon into an
equi val ent probtf ém defined on a connectl vi el ght "graph representation.
Mapper nodetgth (436 andiyodedascehits iwhidiRapbopogrmnied. igto andipproeassdrndependent

Set, Max 1%6.%%1;11@'\{1%)& (r%é%ﬁleF%EO B ls?e!n Mhe lz(xﬁpsré‘;-)l;iatei sqgnea eallionlgiin €301 bus
1106 into NIC 1124. NIC 1124, in turn, sends such commands to quantum device
control system 1162 and coupling device control system 1164.

For any given problem, evolution module 1142 determines the appropriate
values, at each point in time for the duration of the evolution, of coupling Jj; for
coupling devices 1174 and values of local bias 4; for quantum device nodes 1172 of
analog processor 1150 in order to fulfill some predetermined evolution schedule.
Once evolution module 1142 has determined the appropriate coupling device values
and local bias values for an evolution schedule, such signals are sent along bus 1106
and into NIC 1124, NIC 1124, in turn, sends such commands to guantum device
control system 1162 and coupling device control system 1164.

The evolution of analog processor 1150 may be an adiabatic evolution or an
annealing evolution. Adiabatic evolution is the evolution used in adiabatic quantum
computing, and evolution module 1142 may include instructions for evolving the state
of analog processor 1150 in accordance with evolution used in adiabatic quantum
computing. See, for example, U.S. Patent Publication Nos. 2005-0256007; 2005-
0250651; and 2005-0224784 each titled “Adiabatic Quantum Computation with

Superconducting Qubits,” each of which is hereby incorporated by reference in its
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programm ng, etc.) into an equivalent representation in the | SG nodel. Once
a desired graph representati on needed to solve a desired problem has been
mapped bywoep@are4mwdul e 1136, anal og processor interfacecmubes/0is8 i s
used to set up the coupling values and | ocal bias values for the respective
coupling devices 1174 and quantum devi ce nodes 1172 of anal og processor
1150. The functions of anal og processor interface nodule 1138 may be
divided into three discrete program nodules: an initialization nodule 1140,
an evol uehiimtynddukading istmothantpraref ovlyien appiigable tadetdin apglpg i al i zat i on nodul e

1140 det %0@}3&8@ 1t1$tf Iax?cpé)\/ro @I{oin%ﬁiuye?lggfﬁ\a}pfncﬁﬂg slrﬂ&ioﬂi &or E\Q)rlvfﬁgum i ng devi ces

1174 and“values o ocal as guant um devi ce nodes 2 of anal og
pr ocessotthelstd®of dnalog pakezart 1160 impdoddenct ¥4 ampgalingevaldieni nst ructi ons to
convert aspects in the definition of the problemint hysi cal val ues, such
as coupling sﬁP@ﬁ%Pﬁm?§F§é§8EHH”R&H@“HP£§R$%?h@??“ ﬁ%ﬁm%gs be programed
i nt o analpagided ®§&ssdizatdocho@oduldi 140ahd ewlition muadlel 1d43 1dfketien sends the

[ [ 124. NI C 1124, in

appropriate signals along,internal bus 1106 into NIC

e s e RIS ER RS ARAE SPIGHEh o A RS 8o B BT eS b e 6 anc
coupl i ng geiths AehQMIIS 1 152l @PaddlaRvicd OT60a Mt WP N o0l Wwiiks ROl uti on
nodul e 1142 determ nes the appropriate val ues, at each &pint intime for

the dur atPyAnGSien il readeqtderisn 1 1O of auusim Ripessso el &b g devi ces 1174 and
val ues of,Lg&al bias h, for quantum device nodes 1172 of anal og processor
1150 in order to fulfill some predeterm ned evol ution schedule. Once

evol uti on nod8ydem mgmonskl 2 enayripithes énclude a dpproprdute: 1 4@ Bvipriphgingevi ce val ues

and | ooal hias, AAlUSRCERE, AROSXIE UL AR PRIRALh Gy SE RhaRAl o are sent

al ong bus nto NIC 11 NI C 1124, sends such commands to
quant um deswireé far am¢rfagingsyitht @vmtuacR visadodss l pl4 ang cdenling dedenstlldd syst em 1164.

The evol %Tf g@a@?ﬂroc%gs%l‘ X&og%@f& ﬁﬁgcrtlg ﬂbgj‘?}?ogﬁﬁ%{eala§ﬁ%\/i§9i 1%% Jaﬁtug‘nvm ution or an

anneal i ng evo I on. iCc ev S e evolution used in adiabatic
quant um cdevipatantgl systeud 1662 antlioocoupbuf degict td@rataysténntiédde i nstructions for

Crol 19 A B Sy TR SRR B B L, Syl i on
Publ i cat icommads. frohd Obved 2A0IR 71;14@ DObsigARFL.65 Yoltang cROOE) haP4€84 each titl ed
" Adi abat id?rec yaarll)%ﬁle@ tg:(c)lu nlfllgrg tdie\(fjlge r\{gdteshl 172 and coupling devices 1174. In another

alternative, NIC 1124 may include software and/or hardware that translates signals

(representing a solution to a problem or some other form of feedback) from quantum

device nodes 1172 and coupling devices 1174 such that they can be interpreted by

output module 1144. In some cases, therefore, initialization module 1140, evolution

module 1142, and/or output module 1144 communicate with driver module 1146

rather than directly with NIC 1124 in order to send and receive signals from analog

processor 1150.

The functionality of NIC 1124 can be divided intc two classes of functionality:

data acquisition and control. Different types of chips may be used to handle each of

these discrete functional classes. Data acquisition is used to measure physical

properties of quantum device nodes 1172 after analog processor 1150 has completed a

computation. Such data can be measured using any number of customized or

commercially available data acquisition microcontrollers including, but not limited to,

data acquisition cards manufactured by Elan Digital Systems (Fareham, UK)

including the AD132, AD136, MF232, MF236, AD142, AD218, and CF241 cards.

Alternatively, data acquisition and control may be handled by a single type of

microprocessor, such as the Elan D403C or D480C. There may be multiple NICs
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Super conducting Qubits,"” each of which is hereby incorporated by reference
initsentirety. Annealing is another formof evolution applicable to
certai n amelog/@sasessors 1150, and evol uti on nodul e 11#2Traa2oésnolasde
instructions for evolving the state of anal og processor 1150 in accordance
wi th annealing evol uti on Anal og processor 1150 sol ves a quantum probl em
based upon the signals provided by initialization nodule 1140 and evol ution
nodul e 1142. Once the probl em has been solved, the solution to the probl em
may be neld2direerdéntopiovide suffigient apnapltaven avirmdlerisgasdes 172 43¢ r eadout devi ce

1160. Qu tc%H%lir{séDcQUilc& 11é %ﬁ' élnmrolf%r ![t(ﬂllj’)gzgﬁllle %%éu‘?t@ O}g%i/ gﬁhnguﬁmutﬂfé}{ ice 1160 of

quant um processor 1 to rea s sol ution. tem nenory 1126 may
further iancinaide peocebsonddbO.nodul e 1146 for outputting signals to anal og

processor 115Q.. .NZC 1124 incl ude appr i hat ired for
interfacing w R4 e uﬁ%l VIGe *ROGEY r%??%%gsntg}t%%nﬁpft?%%gg\g}lﬁ%}eﬂs 1174 of
anal og praaessputatichaDprokinlpescesed B tulajogqirodebyon UHFO tv eadibartsystken. ce 1160,

guant um devi.ce .control. system 1162, and/or,  coupling.device control system
1164. Al t87HEES ifoé‘F‘ﬁ?fnpkflt‘ggf}’?%? s FW&P‘S\S‘%’ E‘gfafﬁa%ort@g’étﬁ(gWO? har dwar e t hat
transl at asle &m fd Wil 1ENsiny@e mD budl @reh hévorEshnsSdtighadra Wike gea Vol t ages,
currents) that are directly applied to quantum devi ce nodes, 1172 and

coupl i ng REEVYTE &QnnEaipA. qlﬁt%ﬁ@f’ﬁé‘?r 1403 man geneAke a fqreer PR3a CRBYAYINME | ude

sof t war e pneH QEnNAVLENET Be iRALighd RNSIdaS 8BS st rshdoRPLABENAL i ng a sol ution
to a problemor sonme other form of feedback) from quantum device nodes 1172

and coupl irpjedevicessed iy galogipspreseai 130hey can be interpreted by out put

modul e 1144. 10,,8908, Q3L 8150t/ R Qforcdnlhdiinglqb#Akh e6mpRdyl € 1140,
evol uti on nodu ea %rfggof and/ orrH%trJt Sutserrr%c?ul elrl f44 com*rufr%{?cate with driver

modul e 1lekgmples hewhiethmaludé aett tegistist lead\pu dgvices, and apeilleny deyogfend and recei ve
signal s f§1fpg}c%gcﬂc@ agt%ﬁls(?o%gpuge}éx%rmgipﬁatri H&gﬁté@&%ﬂlwlvﬂxf . NI C 1124 can be

di vided into two clfasses o unct1 onal’i ata acquisition and control.
Di f f er enttetppemresfand bftpsameperbed isediution kdnghragor duhexempienége di screte

ot onal ShSRERm I BaRSR) Kb ST RN mPlis ool propert s
conput at | @algeBuehNdatla2zd VDb eeideg She Nethedandg). axdyonparto€theof cust om zed or
fi()mTF;gi ? c%yl,n}/po%gn sI clf%rl?elﬂgg g%%%sgrcﬂ% gzgmtt;e %usrgd% %%%ﬂ;[ltrio%l r!at%{ggra.o?.ci:grdi ng, but not
example, quantum device control system 1162 and the coupling device control system
1164 could be housed outside the dilution refrigerator with the remaining components
of analog processor 1150 being housed inside the dilution refrigerator.
User interface module 1132, analog processor interface module 1138, and
driver module 1146, or any combination thereof, may be implemented in existing
software packages. Suitable software packages include, but are not limited to
MATLAB (The MathWorks, Natick, Massachusetts) and LabVIEW (National
Instruments, Austin, Texas).
The present methods, articles and systems may be implemented as a computer
program product that comprises a computer program mechanism embedded in a
computer readable storage medium. For instance, the computer program product
could contain the program modules shown in FIG. 11. These program modules can
be stored on a CD-ROM, DVD, magnetic disk storage product, or any other computer
readable data or program storage product. The software modules in the computer
program product can also be distributed electronically, via the Internet or otherwise,

by transmission of a computer data signal (in which the software modules are

embedded) embodied in a carrier wave.
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data acquisition cards manufactured by Elan Digital Systens (Fareham UK)

i ncludi ng the AD132, AD136, M-232, M-236, AD142, AD218, and CF241 cards.

Al t er nat iwel2gge/dedia acqui sition and control may be handlpet/dao@/®igsgl e type
of m croprocessor, such as the Elan D403C or D480C. There may be nultiple
NI Cs1124 in order to provide sufficient control over quantum devi ce nodes
1172 and coupling devices 1174 and in order to neasure the results of a
guant um conput ati on on anal og processor 1150. Digital conputer 1102 may

al so conprise neans for txaRswessvi ey quhwumalevicéson of a conput ati onal

probl em processed by anal og processor 1150 to anot her system Devices for
acconpl i shi ng It heselamearith ancambiodphandef, thdhpreseat methods, drtigles @ t 0o, a t el ephone

nodem a w rel ess de a Cc r r y a wide area
network CORREEtY %ar(f%f)arg%l?ga?fj tg%ﬁr?%} %861@T%géa\wr$a# aégljrz:’%r%%wéé)ggrg gllric}i er wave
enbodyi ngtae skafittoonsnagvalprovidedrie itie fodneofdatanaleg proadss@ric adamldghe sol uti on of

t he conputation r em processed by anal 0og.processor 1150. Anal og
pr ocessorpr‘iﬁwrwoé%?é gﬁ'piﬁ‘é&ﬂ%%‘frf’%ésoﬁﬁ%ﬁ Eg?fgﬁ?r&ar,c}ig?(cé‘ﬁﬁl es of which
i ncl ude quhiihcli®gh SdtOf Guantudevadeh (O VjuasEm danide aodek i1 2rof RiBVilg€es.

Super conduct i ng quantum conputers nornmally are operated a 11 1ikelvin
t enper at UFas8 Sucifasrm dRvigs is dgpirqdyadlepsy t‘éigB?SFstﬁte}t r?“ﬁ?égfcrai’ﬂ’ier‘gf]t or. An exanple

of a dil %&&%amﬁw infRRAGA initfe BhsRARL. THOMlRPrdBisOeMrtre@pRiRs B. V. MK
126 series ( Igewat erNo. 21, 2311 VZ Leiden, The Netherlands). Al or part

of the conisedrandevicstorhanegim dodsss &ffrg-’_f%b%‘%ﬁ’fwﬁ@@%{f?éﬁ-lilh the dilution
refriger aééjgﬁble EPJete@?ﬁﬁgnEF& BinaURRHIRASM&En GRHHBEpoRMSE §hdkP2 and the

coupl i ng vice control system 1164 coul d be housed outside the dilution
ref ri ger adewicen The andles pronesiseri fhghas cpppiren setof cambinadpVisedeessor 1150 bei ng

housed i ngj g i fir] e e l e 1132, anal og
pr ocessoraﬁhﬁ?régﬁ glggg ir}gggfglﬁ?ég{hgg%g&egﬁ ?a&gﬁgﬁo%%gga%%gg?lwyany conbi nati on
t her eof , mely(shandianh esrtmeadstinnighbur avdaty), ssolesandrealpae kageanplSui t abl e

sof tware packages_ . d %yt a tnl kR t L@ h t hWor ks,

i o, ROCHERESAIERSEn e PRep SR U0 RIS Tevas).

The pr esemalogatrdvedsr, fuethéricolmpsisanaosptng eomratiey (ekee, hompd énwnplak as a conput er

program p(Ee(\)iflclé%E)ﬂtltrolilg‘};ste(r:nofri%uI o%ﬁG.al 13: POrIQelicthEZ\:rou[gllrn% AL, r@a%g?‘e%i)escrtri]vg mbedded in a
coupling controller is capable of tuning the coupling strength J of a corresponding

coupling device through a range of values J& to J2*, where J;, is the maximum

ferromagnetic coupling strength and is negative and J2F is the maximum anti-

ferromagnetic coupling strength and is positive. A J value of zero for a given
coupling between two nodes means that the two nodes are not coupled to each other.

The analog processor further comprises a node controller for each quantum
device (e.g. housed in quantum device control system 1162 of FIG. 11). Each such
node controller is capable of controlling an effective bias applied to a corresponding
quantum device. Such effective bias varies from about -100x}J] to about +100x}J],
where J is the average maximum coupling value for the respective node.

The quantum devices in the quantum processor may have distinct information
basis states to facilitate readout and initialization. The quantum devices may make
use of quantum properties such as incoherent quantum tunneling between basis states,
coherent quantum tunneling between basis states, or entanglement between states of
different quantum devices, and the quantum properties of the quantum devices may
enhance the computational capability of the analog processor.

The analog processor performs a computation to approximate the ground state
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conput er readabl e storage nmedium For instance, the conputer program
product could contain the program nodules shown in FIG 11. These program
nodul es owo 2b&/st4a5ed on a CD-ROM DVD, namgnetic di sk storageo@vodsst , or
any ot her conputer readable data or program storage product. The software
nodul es in the conputer program product can al so be distributed
electronically, via the Internet or otherw se, by transm ssion of a
computer data signal (in which the software nodul es are enbedded) enbodi ed
in a car rf te mgpped Systompriye infemration salgs BHEH2H eV 8L80dsARE R r dance with an
enbodi ne degst el St chi ne anal o
of the Ig%peglp%%?gl%g‘g@%?&g glzgdf% a p?%@igt%ﬁac'?ioﬁgw%%ﬁ'nfgqg?g?egg)ggl ution may ge
provi ded lindsc¢ape, thagroundfstaghensreyl inthe prvssessry poitgelemehigl s ghegldbssor 1150 of
FIG 11). .This I ' . : ' ure that

Il udes Wi oFFR e A ARP Cor P i B e 1172 o FiG
11) . Eac hhesyystemqo@mirisimgddéivthe guanginodevicaezhdlppuplings eidtbin thevattioe)sind st at es and

is capable of .storing.binary information in.the basis st . The anal o
pr ocessorpr‘fvﬁ?tt’ﬁé?m&? it%gos%ée?eé%yd’gﬁ’fm%igl\?lhg%ucfn&qu? %‘ém(ﬁ%%p%%t%% devi ces (egg.
, I eadoutpestgid iestdid 60the ndkdEprodebjor tc@pmdd ber affthedetoedtniinigna hehbhanar y

i nformatllcl)n stored in the correspondin uant.um de}gi ces. The anal og

pr ocessor™ Hfe Ry Msp fhedpwereneigy MERma AT PATHY-PEWB AL 9., coupl i ng

devi ces LldithoBity hdi3f thkdd weBab qGame einn@agh Soadsn dflog peocesariest - nei ghbor
node(s) and/or its next-nearest nei ghbor node(s), as. described above for
exanpl e iAPRENPIPHROEISHIE IforRatonCgth sphstansiglly reducedgonsiiaints4empgird i - g 9B,
10CA and ]aca—?’gitaTBﬁcéEk%! og processor further conprises a coupling controller
(e.g., housed in coupling device control system 1164 of FIG 11) for each
coupling device. Each respgctive coupling controller is capable of tuning
the coupling strength of a-¢ér PERFERIIHEECBURTS ng devi ce through a range of

values J to J_, where Jc is the maxi mumferro netic coupling strength and
i s negative aﬁ%lcejta}nse“%‘%?émh%%@ﬁ%ﬁ??%”é‘?‘?%ﬁggﬁ d sHRS HY strength and is

positive -c%uﬁnt‘)mvcﬁl/iu& AltheZRaR g hfce @ode ¥S QuatuR ldbVie: RAEINEIEN of BIG.N0des means
that the two nodes are not coupled to each other., The anal og processor

further cldopreisyesscondyrsiae dewit: M pich empefimenie e RRHABRRCGEVT ©8Y (e. g. housed in
quant um dc%ﬁig?l@e £9uFBLr SHUESLDBndlERs Qhibiks! Gch dddour Hakdte SHCH: HGEE control ler

is capable of controlling an effec§|ve bias applied to a correspondi ng

twenty or more, 100 or more, or between 1,000 and 1,000,000, superconducting
qubits.

Superconducting qubits have two modes of operation related to localization of
the states in which information is stored. When the qubit is initialized or measured,
the information is classical, O or 1, and the states representing that classical
information are also classical to facilitate reliable state preparation. Thus, a first
mode of operation of a qubit is to permit state preparation and measurement of
classical information. The first mode of operation is useful for embodiments of the
present methods, articles and systems.

A second mode of operation of a qubit occurs during quantum computation.
During such quantum computation, the information states of the device are dominated
by quantum effects such that the qubit evolves controllably as a coherent
superposition of those states and, in some instances, becomes entangled with other
qubits in the quantum computer. The second mode of operation, however, is difficult
to realize with high enough quality to perform universal quantum computation.

Superconducting qubits may be used as nodes. Operation in the first mode

makes them ideal for readout and the constraints present in the second mode of
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guant um devi ce. Such effective bias varies fromabout -100x|/| to about
+100xJJlI, where /is the average maxi mum coupling value for the respective
node. ThewqQuaswassmidevi ces in the quantum processor may RaETAARDEI00MGE
information basis states to facilitate readout and initialization. The
guant um devi ces nmay meke use of quantum properties such as incoherent
quantum tunnel i ng between basis states, coherent quantum tunneling between
basis states, or entangl enent between states of different quantum devices,
and t he @ga\auwwh@péufgqtéty i feating ogtthmquipirs.deldrercs timgyequiamaeie t he

comput at i,gnal. SRR HuBly LS BN AGAY BRI cer ThE, ARLRGPT OCCSOr

perforns a '¢or t o approximte the grou e mapped system
The i nf oranEbg pmc&’scatae@stay ambe Siest mnd@@fexpglyatlbramutsmhqa@/mmedaddewtds on the
conditio S: di ct ate nst.a n this energy

| andscape’ “?rﬁ’sffafm%uﬁﬁ qé’g)laﬁf%naéﬂ eeﬁr§t ch(gOifg%gtfoneaﬂgf’%'(}puﬁg}oﬁltls referred to
as the glsﬁb@érfmﬂ nymuc]man@melrcgynthrarpd@eaﬁeane@midantmsd Infigedcesromi ma, whi ch
can trap the Stﬂ&\ ‘g) the.s em (comprising all the quantum devi ces and
coupl i ngdP&§RtRPHE “Iaé‘f‘f“i“B and prevent it fromnoving to | ower energy

mnima. | nt rOSugdermaghums@eﬁ@@m}t h28 pRBEiid Gat AR indd AfLca@igofidle anal og
processor to tunnel out of these local mninma, such that the state can nove

to the | dhese WhETEY charas aupitio Phase guhiisgre thpse\fiat §ogsrand mapipglainabi | ity than i f

there werigrofRatfbdaihe Phdsy! @ﬁfels bPhe dSHED Iﬁleth@mb@g PRERCEBIROse bRaseapabl e of
processing information with substantially reduced constraints conpared to a

di gi tal [ dedstoppation-bparmegieseee Obferder (dage dibissstarpandgpapatenbodi nent s of
the presept, ARINASe cRirkd ShESoARIIRYRT ﬂ{f&getvbtﬁdéwﬁé% Lk@bﬂ?ﬁ(geces of the

anal og processor (e.g., quantum device nodes 1172 o | 11) are
super condhaerge agthg iniermstion-hewing Wegrabeldicadem.sin wpercenattog tatds sor may

conpri se any. SHIBRL, 8 gﬂ%& RANGELAHs GURL Liercd @gt' hi@iy; Q4 nore, ten or
nore, t Wepn?f or m)rse, Sf% o% €r?r]ll)r e, I%)Or1 %gﬁme‘ﬁﬁf B "%rsfg % %68 000,
super concirtidntgy chatyet sce r@upened byl pm’tsi qﬁgleqluﬂuistcslldda(ﬁoep¢n4xaimthdta&omf operation
rel ated tlrcx)t leosﬁa rI G tc't10n %fe faﬂg’g e v1 Sn ﬂsu\c,\[’{‘| v1ce t(g){wo ctlésger% 1§ s stored. Vhen
the qubit l% PR EnaTGDe ey u 8 the rsrarilonls Cclassical, 0 or 1,
and the studines nquﬂmeaeHhasegnd bl&tgemlrm&tedaxlalubmfnmupmqndmtms endilaso cl assi cal
to facil Ietngrtgs scra es w%greequggtgﬁleef{écts %grrm%%tleor}xas;r (?1%?& haitavefvslzeql—sc{efined phase

states for storing quantum information, and charge qubits have well-defined charge

states for storing quantum information. In the present methods, articles and systems,

superconducting qubits that are phase qubits, charge qubits, or a hybrid between phase

and charge qubits, can be used in the analog processor.

Experimental realization of superconducting devices as qubits was made by

Nakamura et al., 1999, Nature 398, p. 786, hereby incorporated herein by reference in

its entirety, who developed a charge qubit that demonstrates the basic operational

requirements for a qubit but with poor (short) decoherence times and stringent control

parameters.

5.3 Mapping to superconducting integrated circuits

In accordance with embodiments of the present methods, articles and systems,
the ISG lattice-based layout maps directly to an integrated circuit that satisfies all of
the requirements for performing the calculation to approximate or determine exactly
the ground state of the system. The analog processor may comprise:

(i) a set of nodes, each node including a loop of superconducting material
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node of operation of a qubit is to permt state preparation and neasurenent
of classical information. The first node of operation is useful for

enbodi nenwe 2066/d6baspr esent net hods, articles and syst enpCTAARGSHMOMeEDdE Of
operation of a qubit occurs during quantum conputation. During such quantum
conmputation, the information states of the device are dom nated by quantum
effects such that the qubit evolves controllably as a coherent
superposition of those states and, in sone instances, beconmes entangl ed

W th ot hemtfzﬁﬂllﬁiqdéWPW@mqud‘a%PWWer The second node of operation,

nowever, 15 di bbbt cduBlif £avices A Dull Bl CROHOM, BBF Ldukidd Perorm

uni versal quant um conput at uperco ting qu Bits ma e used as nodes.
Operationdf'wr'rcesheuplihgmormddsainrthe}(@soitrmlm,ldeal for readout and the

constraint s pr &SI, diledd)f RSSO0 ARIRLARASE AN ofUEIRg g (T Ul LY I

reading out th HEY SRES e requlrenen are consi derably
r educed. @orﬁ“ngpedmmklmt thﬂgtaq:l.dflohe ma;aozeem\mpaminag mdeleinitiie sehef anal og
processor d stay in the first node of operation, such that when readout
is not bel'W (% paéjflforrmd the qubit remains in the flrst node of operation and
co_rrgut ati 03 [ S(fliﬁ)tdsédofmﬁflf lﬁlﬁslr’]Mwe&ASvh&t&](;éhch mizeuiblfjmldembaﬂmergepcsflqa@uti es are
evident apd i nfl uenc on the state o qubit are mnimal.

Super condbiet iiwgceatﬁﬁf’?figl@@rf@ PPy | ?f&b@aspé%&? PR PPREOTFEIPINANEt 0 t wo

cat egori eﬁede@na@@squmadgs,and charge qubits. Phase qubits are those that
store and mani pul ate information in the phase states of the device. In

ot her words, %F‘s%"&E%F‘?"é’hﬂ%éevb??é%thﬁéetpﬁ@uiphﬁ%?W? BAY B8r i ng degree of

freedom %&@ amlotc&@%&E&Iﬁﬂgm@aﬂm%@ﬁﬁea9§&rer@momolsébh&&{e charge
states of the device. I'n other words, charge qubits use charge as the

i nf or mat | SAchesr Thgparapgtere opguch ceuntiogfeviges sigpet perdcnchd legp mige a1d al s, phase
di fferencﬁ%e;?r?&bé nQRhVESHh LE T §Rh ¢ @gﬂﬁ%ﬁeﬁéestaﬂet@yﬂ?lgrt H%g%t' ng material

and el enent arges are represent pairs o ctr cal | ed Cooper
pairs t hatorfdsmudmg cottenl sygtan duhapbies sihervamagnetit or clvaiodiiasi SI on of such

devices into Ly ¢lARRSRALS x %rtlé{%h 1266%&{%“%\’5}{;*&41(}1 aﬂc}gﬁncﬁ { Singi gharge are

rel ated val ues 1 n 'supercon ner € quantum
ef f ect s dowiphag é:vaﬂwehsqubmp:lss ﬂmdwsd\Ih\mileﬁkabela@dﬂﬁhmﬂmmmsa for storing

quant um | LRSI L 20 1R85 BB, v lhgd gharoe states for
super condintdgrated datit 1 202 Hatgrated cphﬁsmoq ireiddss supb@oghctiigriddss Nor a hybrid
bet ween pgl?dsﬁl which correspond to nodes N1 and N2 of graph 1200. Integrated circuit 1202

further includes bias devices 110-1 and 110-2 as well as readout devices 120-1 and

120-2 respectively, and a single coupling device J1-2. In FIG. 12B, nodes N1 and N2,

each rf-SQUIDs, can include a single Josephson junction 130, or a compound

Josephson junction 131. The compound Josephson junction 131 can also be described

as a de-SQUID interrupting a superconducting loop. Magnetic flux can then be

applied to the compound Josephson junction 131 to provide an extra degree of

modulation of the node parameters. Specifically, the tunneling rate of the quantum

device (superconducting node N1) can be adjusted by varying the current supplied by

device 111. Equivalently, the height of an energy barrier 1700 of the system (shown

in FIG. 17 and described below) can be adjusted.

Nodes N1 and N2 may be three Josephson junction qubits. Such structures

comprise a superconducting loop interrupted by three Josephson junctions. Nodes N1

and N2 in integrated circuit 1202 each have two states that correspond to the two

possible directions of current or supercurrent flow in their respective superconducting

loops. For instance, a first state of node N1 and of N2 is represented by clockwise
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and charge qubits, can be used in the anal og processor. Experinental

real i zati on of superconducting devices as qubits was nmade by Nakanmura et
al , 1999,wbavwwmecA98, p. 786, hereby incorporated herei rCyCA2edsz0ewmEE | N
its entirety, who devel oped a charge qubit that denonstrates the basic
operational requirenents for a qubit but with poor (short) decoherence
times and stringent control paraneters. 5.3 Mapping to superconducting
integrated circuits In accordance with enbodi nents of the present nethods,
arti cl es cigidatingsueens and heecpBGiptaistpriesehiad By CQW&%OCH%%C!&H“F%‘&&I y to an

| ntegrat e e%itEncth{%igreg%@&vé&h%ééﬁﬁaa@1!t)o rf TB@@irJu‘?ﬂMFE%&tS for perforning

the cal culation proxi rate or de m ne exactly the ground state of the
system Toreesanalinggo pachod seotateroparadegveidstincyagnaticietidsgengiaidé8y each node

i ncludin L. oop.. of rconducting materialinterrupted by one or nore
Josephsogucj%ucﬁrgf%lg%nr%scfl%%ﬁ?‘) a set of coupling devices, each coupling device
in the set of RealopdenigedEA0- casl 1202pint noupting devdckel -1 are tlhwstraet inof nodes;

(rii) a _é"r. adout devi,ces, .each readout .device in the set of readout
devi ces i:géﬁflio) ‘?"gﬂtﬂ? Bar’i‘eesz'ﬁ%??fbof‘ﬁgcaélfea{"eso eg}l?@gl enﬁbtbeey ziir'(c“‘)ﬁ’reesgrf}?)ndi ng nodes
Ib n thg S @fpe@f d@@@t@h saviragmztnf (léim/s)ru@iﬁuﬁahd edmpoperts, tak esfigavd eazrfonher e each | ocal
ias device in the set o ocal bi as vices is confiqur to apply a | ocal
bi as fi eldtfffeé‘?Pt(glﬁ’ét_“HP l‘hﬁ"e@r%ﬁf’r‘f‘@%émﬁ' QF Frerle. cpu lﬂ%dg'é‘ieej 2 #Bdes. One or
nor e coupliRg-SARMDGEBfiduted BwRSLy Bhiple AbHRS N1Gind &Wi. CREpIHRMe®aEN -goNPri se a

| oop of superconducting nmaterial interrupted by one or nore Josephson

j unct i onglayPeanqaasiaiie mesPRIng it cplichs CRLBAFIYg! BB MEBs RerdeudeyicBhsed on the

| oop si z2§2,@7d,d 9SEPRRYBe HUREGUIDNiABARAGLBIHIS IeDrrePHEdInERIMRL hitg devi ces are
typically tuned by a corresponding confrol system that applies either a
magnet i c corfigiresige eonsrofpkly detgiche cuprantip puphmogese Ay ydh 19208, wi th t wo

nodes N ldg@?éejs dllﬁg—r_l%%g 1 %glnﬁgf: e aﬁf H&Iiéqupﬁ?ev&%teé tirlg thlsthtb®f coupl es nodes N

and N_2 | a _ ’ ustrates a translation of nodes NI and N2 and
coupl i ng cdeespordide rod2s N agd Bph 1200 to an integrated circuit 1202.

Lot e oSl I MMISHRYFI 1900 i 12, ot
local magnetic field can be applied to the corresponding node from a bias device 110
by driving a current through the loop of the bias device. Bias devices 110 may be
made of metals that are superconducting at low temperatures, such as aluminum and
niobium. The bias devices may not be loops, but simply wires that pass near
corresponding nodes N thereby coupling magnetic flux into the loops. Each bias
device 110 may comprise a wire that passes near a corresponding node, then connects
to another metal layer, such as a ground plane, on the chip using a via. Integrated
circuits like circuit 1202 of FIG. 12B may directly map from the ISG lattice and
include all of the necessary degrees of control to process information.

FIG. 13A illustrates an embodiment of a lattice-based set of nodes 1300
comprising a graph having five nodes, N1 through N5, and four coupling devices, J1-
3, J2-3, J3-4 and J3-5. FIG. 13B illustrates a translation of lattice 1300 to an
integrated circuit 1302. Integrated circuit 1302 includes five quantum devices, N1
through N3, corresponding to the five nodes of lattice 1000 and four coupling devices,
J1-3, J2-3, 13-4 and J3-5, connecting the five quantum devices, corresponding to the
coupling devices of lattice 1000. Integrated circuit 1302 further comprises local bias
devices 110-1, 110-2, 110-4 and 110-5 as well as readout devices 120-1, 120-2, 120-4
and 120-5. For clarity, FIG. 13B does not explicitly show a local bias device or

readout device for node N3. Aspects of integrated circuit 1302 may be placed on
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further includes bias devices 110-1 and 110-2 as well as readout devices
120-1 and 120-2 respectively, and a single coupling device JI-2. In FIG
12B, nodewoNods/madsN2, each rf-SQU Ds, can include a si RrgraARos@pmen
junction 130, or a conpound Josephson junction 131. The conpound Josephson
junction 131 can al so be described as a dc-SQUID interrupting a

super conducting | oop. Magnetic flux can then be applied to the conpound
Josephson junction 131 to provide an extra degree of nodul ati on of the node
par anet esspardBplagérs focpliinyze fohwpatanengiainiy Ipghiecase. alpel bjaxdrvinhodevi ce

(super conduct i n | e | I ent supplied
by devi ol RRsDREEpE SRRy RERE UFIETpRL AL, Bl I 1L BT CEP e
syst em ( sihdohrN3 13 fAbriGated. 7TEavhebf dresompbredts loéintagyatedheirchie 1 3% aasbethe Nodes N and

N2 may be three Josephson junction j u t ruct ur . rise a
super cond Bt ?%CQ)HF%’(%‘BPW%P %S?téap%ﬁfgtéE@%ZZ(F@S‘g@ﬁi%ﬁjﬁ]ﬁ%é?%g%g@mdes N and
N2 in i ntleghadead @ithccddnter IROR feacbuflay detives vthadd@sert hades &y Nespond to the

two possible di gecti ons of current or supercurrent flowin their respective
superconéﬁi‘c[‘"‘il 1 oops. For instance, a first state of node NI and of N2 is

represent ed byngt aelk ek SRGkd GEdnalnh 8gi@Uhdxe I NAND, A4seedBdn st ate is
represented by counter-cl ockwi se circulating current, in their respective

super condilegpisd cragds02. THewever.don darthgudugsswepBnde¥psigi MY to each of

the stat g, ¢hARE! &H. Z8icHictibh REdodBPBREL Sl LRt S 308 BT BlIRAsbYf such _
circulating currents. Readout devices 120-1 and 120-2 and coupling device

JI-2 are any hubaraf eubits ﬁiaFW@P@Q‘Biwh?ﬁltﬂtgﬁ@e‘?sﬁfﬁéitshaqed box because, in sone
enbodi ments, {fey, rﬂ?x% otflaﬁa e\tié/eE%HQﬁrgig fo(%f in'f%}/a'te@%rﬁhimiﬁr structure and

conponents, but configured to perform erent functions in integrated
circuit I2Qshe duliguexdayplgmadigoems loap, sddvthaie Wignpticiald oy afferés BeUI D
configured to tunabl olpl S upl.i I JI -2 may be
nonost ablgg‘}(ﬁ%%{%cl 1(r%ll)ap %’P g%&r‘;\?;l% wggg%'n%ﬁﬁgpgﬁtg fsgéﬁe lr% i %ta%[&ﬁggc\é‘g% devi ces

120- 1 andad BOu@fuirfy fadlitdiingSQublDs and durctdueimi yhecusgebihility of 8orsygepondi ng nodes

and configured to controll ably detect .the current | nodes.

Al t er nat it88¥f§fnalr%a§88tfﬁﬂegég?lé%sN?%?ﬁel%}ﬁar li(fllé Ela?fré%/&gaé@%% devi ce capabl e of
det ect i ngpetgeadisilatadgles ocamneagparadiagarnagestoedan gdarbiftic Buplngiewi ces 110-1
and 110-2 ar eg('%l ustrat cal magnetic

i.n FI.G B as, | oops of et al I
field caf"BPeREppIYER Qeﬁgi‘gﬂrén%rb"id?ses’%éf‘?a ?Wgseﬁ%@élog‘? %%C%nsbcge?? "48%i ce 110
arranged at a perpendicular angle with respect to each other when a first principal axis
of the first node and a second principal axis of the second node are aligned
perpendicularly with respect to each other.

FIG. 14A illustrates an embodiment of a lattice-based set of nodes 1400
having nine active nodes, N1 through N9, and respective coupling devices and FIG.
14B illustrates a translation of lattice 1400 to an integrated circuit 1402 having nine
nodes N1 through N9, and twenty coupling devices. For clarity, in FIGs. 14A and
14B only nodes N1, N2, N4 and N3, and couplings J1-4, JN1-5, IN2-4 and J4-5 are
labeled. Local bias devices 110-1, 110-7, 110-8 and 110-9, as well as readout devices
120-3, 120-6 and 120-9 are also labeled in integrated circuit 1402. FIG. 14B does not
explicitly include a local bias device for all nodes. Aspects of integrated circuit 1402
may be placed on separate layers to optimize for space constraints. In such instances,
a local bias device or readout device for the nodes that do not have a local bias device
shown in FIG. 14B, could be placed on the layer above or below the layer in which
these nodes are fabricated. The bias devices may not be loops, but simply wires that
pass near the nodes N and couple magnetic flux into the loop. The bias devices may

consist of a wire that passes near the qubit on the same or a different layer, then
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by driving a current through the | oop of the bias device. Bias devices 110
may be made of netals that are superconducting at | ow tenperatures, such as
al um numwoadoswosbiitam The bi as devi ces may not be | oops PCItA2805MOI96SW I €S
t hat pass near correspondi ng nodes N thereby coupling nmagnetic flux into
the | oops. Each bias device 110 may conprise a wire that passes near a
correspondi ng node, then connects to another netal |ayer, such as a ground
plane, on the chip using a via. Integrated circuits like circuit 1202 of

FI G 12B craiectlite aziel yhiphpormeespria 4netheSuppldayer cclhgsh AL pHEcN of the
necessar yy Qgggees of control to process information. FIG 13A illustrates
an enbodlnent of a lattice-based set of nodes 1300 conprising a graph
havi ng five n&desgondongrihobimtgigras! cignid [403pan bo thelskmgasdeupspesding| - 3, J2- 3,

334 a0 3Gl Gy Bed GBS 1055002 08 aigheAlyhablie 1300 fo an

|ntegrate8n?|rCU| rate circult Five guant um
devi ces, ddsdribbdhplmygm d‘dﬁjunctmnr\emlpﬁﬁﬁ?dl 1 and 18Be O ddferapdebetwéen atti ce 1000
and four I|n 3- ting the five
quantun1d@§?§@gc &¥@§6%%ﬁ?ﬁ&wf8“Pﬁ%“”5”%?“%“05%¢F€%§”g?”§ﬁ”f.ce 1000.

| nt egr at eQuplingCdeivitesUBOA itedrhide cir@P02,565 IND4ahd VRS, devioses 110-1, 110-2,
110-4 and 110-5 as,wel|l as_ readou ?§V|ces 120- 1, 1%0 2, 120-4 and 120-5.
For cl arieyt-neefegl neighporfougl evﬁ?ﬁbﬁ Cf‘13§f‘s§’ﬁ‘6r\/¥;‘%top GBS devi ce or

readout dRynG6r doBflinALEICAEN1-AS MEES $n 6e dr BEBWE 36 Un€ devide INL-3@Ad My be
pl aced onseparate |ayers to optim ze for space constraints. In this case, a

| ocal bi d&N2gbpryke gy mpldpkdierdevi ce for node N3 coul d be placed on the
l'ayer above OrNeQﬁﬁ&ngﬁk%ﬂbéb’&fuphﬁh IRced s, ds SodMRE iGAleoiN2 Bagh of the

conponents of integrated circuit 1302 can be the sane as correspondlng
conponentJViof, nesiybe d¢-SQLEDS of #feativalpEs-SQRUTRAS. t%yé‘%%?ﬂlﬁ}‘ﬁ?%&i node N3 in

the center,, l £§1cés%f QUPIH B (g‘e 1ﬁ€13m\meturkttﬂghéc %ﬂﬁ@qgﬁsonw N2, N4, and

N5. There e unuse quantun1 vices next to , N2, and N5 in
i nt egr at ddreclrerwuuttde\m@ﬁZZOHom@rlZOﬁ@re dlowni ﬁoyreaélugwt@m@@@@%nt um devi ces

are not  sHaun LG wd 0BRGN, OPRDoBOCRGETnh DL BB Rb SR T oUl 1 1302

can nmake uUse 0 Runbe are esent nt egr at ed
circuit. I@H:E)UOdeVﬂ:BﬂéO oAltquamteLynmdg\alfmseaMutﬂh\nmaghyNsus:fﬂ andgegrated circuit
1302 may

only af f ek ?Sglcgiﬁ ategcog?ﬁmgﬁ%{l mqgé ’f% gl% ggﬁtﬁﬁ 1S (fo:"?gﬂ? §%Ilgfp}§e 1?%%1%31% g? rent Iagr ];!sgl ? he
| oop. G adiperimtiet Iﬁ)dbsoN@,SN6 NO, as descrlbed, for example, in United States Patent

Application Serial No. 60/675,139 titled, “Methods of Ferromagnetic and Adiabatic

Classical Qubit State Copying, ” which is hereby incorporated herein by reference in

its entirety.

Although not shown in FIG. 14B, there may be unused quantum devices next
to the perimeter quantum devices N1, N2, N3, N4, N6, N7, N8 and N9 in integrated
circuit 1402. One or more of quantum devices N1 through N9 in integrated circuit
1402 may be configured as gradiometric loops, such that magnetic fields only affect
the quantum devices when they are non-uniform across the superconducting loops of
such quantum devices. Gradiometric loops can be useful for facilitating coupling and
for reducing the susceptibility of the system to external magnetic field noise. Nearest-
neighbor quantum devices may be arranged at perpendicular angles or at near-
perpendicular angles to reduce parasitic coupling (e.g. crosstalk) between neighboring
devices.

FIG. 15 shows a photograph of an example of a physical layout of the present
methods, articles and systems. Four flux-based guantum devices, 1501-1 through

1501-4, have been fabricated on a superconducting integrated circuit. Each quantum
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can be useful for facilitating coupling and for reducing the susceptibility
of the systemto external nmagnetic field noise. Nearest-nei ghbor nodes may
be arrang®d 2ad6/qeeripendi cul ar angl es or at near - per pendi eglrarA2e0sgloesst o
reduce parasitic coupling (e.g. crosstal k) between nei ghboring nodes. A
first and second node are considered to be arranged at a perpendicul ar
angle with respect to each other when a first principal axis of the first
node and a second principal axis of the second node are aligned

per pendi EeNigh isyouglgdio pesy aber quenwadsvise Hehe Pimtegraphsing nEYetty at es an

enbodi MeRLieifordnd ﬁéx?—hga‘?ésl?ﬂé‘\igl%cﬁ%upﬂﬁg.rm%f)?arﬁ-ﬁg(}og‘ﬁl\ﬁ? Agvitd N3 AGt i ve nodes, N
| through ﬁ9 and respective coupling devices and FIG 14B illustrates a

t r ans| at inearestfneighbar cewpling devieeusash to qaupe Fageder qiapwmi devie0PO0khdvi ng ni ne nodes

N throu 2N \: ' r [ [ -h Gs. 14A and
14B onl yqﬁ%g%sl'%ﬁ?eahg?%bg’%@q@@ﬁ \é;é%ﬁ%f”iv%gsqug‘}t%flgﬁ‘f\?f-lg?f:% N2-4 and J4-5
are | abelaadl15016z, 450162 asd théNi4c esl 1500-3pd 13@-4, althdu@h Seanodpling0- 9, as wel | as
readout devices 120-3, . -6 a 20-9 .ar so labeled in | grated
circuit 1495 aﬁ‘@%e j‘ﬁltﬂﬁ%ée?eﬁoy) géjbnlgidg}”f Y ??#c ntfé%m@e Pg%eé( n a?éasg devi ce for
al | nodesecighsqeoctBingfand obgdesabgthet huantiint dviBR 15@ly2 be 5DBBed on separate

| ayers to optimze for space copnstraints. In such inst , | ocal bias
devi ce orA‘“PB’ﬁﬂB?i‘l‘"“%W E@&%SF MR n%‘?iﬂ%sgbett‘ﬁ%et“ qéf&ntﬂﬂtdeﬂ‘évgggﬁl? 38§I bi as devi ce
shown i n 16561, AhBaghGoidhek dxpligitipEeeed Rdabigutldayiess abwed bads deekeww the | ayer in
whi ch these nodes are fabr|cated. The %%I as .devi ces may not be | oops, but

si nply V\,iaFee‘fésocIHéiemp’é?stge ey l?“ﬁéh.eﬁéﬁé‘gt OdRd" KiigPe magnetic flux int o the

| oop. The bi agrElagise®ss dBNefRABH Bioudbf iBe Yebdt BdbdPassRsatdear the qubit on
the same or a different |ayer, thenconnects to a via, which connects to
anot her Bt | Bipesrare s apanaym devires areeenp e fizwh, tf“ﬁ%"%ﬁi“ﬁ.belﬂach conponent  of
I ntegrat ¢gh flqreb-i, kgP2 mnlgb?.a.t RRwe ATENE By GRIShEFPO BN @xEABAGHENT S i N
integrated circuits 1202 and 1302. Such conponents have been descri bed
above i nappnjuubesof arrnin ¢evitleGs Quarpm davipes 3601- Daed 60 Rareitepledet ween

i nt egr at | I . . At . Cl .58 Hl.S, dethir of
next-nea? e?ﬂ e?\g]l%g“hl%%é%?ggg%l%%ﬂd%v@?ég&%%%yﬁ J?r%tnzaé’rbg? ré %tlb{l’jg%l&i 1402,
JIN2- 4 analtdiNit&ly ads-SQETh, Quanttm dedree $60 Inbanghlédi -3cougpiupled tagethiece  IN2- 4
crosses qyver .th f t-n [ ' . j JN1-5. Wres
in one o?hr‘é%%%co%?’ﬁn%gdﬁgllcle Eggﬁe}\??lg{élgﬁéhﬁgggﬁg&fﬁ&%é %r%gh 'vlz)@g’rrul tiple

| ayers. quantum devices 1601-1 and 1601-3 are ferromagnetically coupled and have the same

e.g

quantum state. Implementing coupling device J1-3 may comprise utilizing vias to
créate a path for the coupling device that uses a plurality of metal layers. An example
is crossing J1-3-A in FIG. 16, where a section of coupling device J1-3 is fabricated on
another metal layer and connected to the original layer using two vias. Such

techniques are well known in the art.

5.4 Analog processing

5.4.1 System-level

One aspect of the present methods, articles and systems provides methods for
finding the minimum energy configuration or approximate minimum energy
configuration given a set of initial conditions. Such methods generally comprise
mapping a problem to be solved onto a lattice layout topology. This lattice layout
topology is mapped onto a circuit comprising a lattice of quantum devices between
which are arranged couplings. The quantum devices and couplings are individually

initialized and run-time control is invoked through the use of local bias control on the
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Next - near est nei ghbor coupling devices, such as coupling devices JN2-4 and
JN1-5, may be dc-SQUIDs or alternatively, rf-SQU Ds. They may be equi val ent
to coupl iwgd@uiceas J of FIG 12B, but only differ in tirerrcavoswoiasse. I n
FIG 14B, only three readout devices 120-3, 120-6, 120-9 are shown, for
readi ng out correspondi ng nodes N3, N6, and N9, respectively. AU he other
nodes nmay have a correspondi ng readout device 120. Alternatively, only a
few readout devices may be used and a cl assical state-copying technique nmay
be used tBariwpyetiers and eauplings areopghties ysgiof f global bias fiskd M@v eVdhodes N3, N6,

N9, as d%ﬁ%gggy .{t 9{80%&9 gegréség]ftéil'izlé %I%Qleﬁtt@tb%oﬁ@éx@ﬂfa dllﬁlgmnt&@t' on Seri al

No. 60/6 ' romagneti ¢ and bati ¢ d assi cal
Qubi t St @hesi@dpwticngf quanwini devides Herselyion iwobe poplameslthhereil quidp ref erence in

its enti rtt?et natl Aflat% ﬁP e h]atl!;'c%tof én&\%}n 'd%\rufsls GThels%ﬁltlok]Pr?a %ﬁi@%@?ﬂﬁ%ﬁ Ys ed quant u m

devi ces nex uant um devi ces N6, N7,

and N9 Hbman;tzagnmted CI rcwt 1402. One or nore of quantum devices N
through N9 in integrated circuit 1402 may be configured as gradionetric

| oops, such that magnetic fields, oply, ?);t Sct the quantum devi ces when they
are non-uni form across the superconofu I'ng | oops of such quantum devi ces.

Gradi onetri ¢ &@9@%& noftaﬁayaﬁggghces&r G AT AGGOHRLLR0 and for reduci ng

t he suscepti bi the mto external magnetic treld noise.
Near est nenighliving tqcusaatb amadbqu:masn devycelaed anmalmglgdh@atatqa@‘rq@eln@hwhhgr angl es or

at nearp cu. |les to red arasi.ti I | n crosst al k)
bet ween ﬁlg? ﬂ‘&W‘:‘ﬁ’ea‘é Q EPresEpi@ Prq emﬁel\/\%mlve ot o&rtg% 46?% exanpl e of a
]PlhySi Eal plrc&meuf thofuahhen pevesaapresertitipadsde ar 4 gmbles; endveymbebsa Four

ux- based quant.um deyi ce 1-1 throu 50 been bricated on
a super CCW’?H@ET‘Y FOCRYE ’gﬁ“ﬁﬁ%rd"g]aF ‘éelﬁfrfbedéﬁgﬂe%ﬂaéh M@ e%etf"cgl%é’gpl ed to
every ot heSchfidaRtCHABYAER dnlif- sQemph@i;qgbﬁg@&bnusmwgoomeamswnmg@bor and

next - near est nei ghbor coupling. For exa evice J 1-3is a
near est - HEFGK RSPIPEBIRTI YA eEFé‘(%‘?'é‘étSG%‘érﬁtytg ZJ’% ‘fb’ ?a}‘igﬁh%%ntum devi ces

1501-1 arl);g Qﬁqidgublé\l%ﬂﬁ&%nﬂﬂeﬁ' gﬁ@gylse@mkﬁmsnmb%cax@&hagomtmen quant um
devi ces -1 and 1501-2, 1501-2 and 1501-4, and 1501-3 and 1501-4,

al t hough cleh@ldé@iupmwfgaswt%‘ylﬂakhé dpdee. euehlap &etlllt?mﬁlafb’éloééhe Coupl i ng devi ce

J2-3 is ap.gxAmRYiE: @Jreﬁ%&‘éntéﬁ%rtﬁesi 211 BB G QUM Ed brAGatieNP! es toget her
quant um devi ces 1501-2 and 1501-3

moving within this potential profile. If the particle is in the left well, it is in the |L>
state, and if the particle is in the right well it is in the |R> state. These two states can

be labeled ]O> and |1> , respectively, or ll} and |O> respectively. In a superconducting

flux qubit or persistent-current qubit, these two states correspond to two different
directions of circulating current, left-circulating and right-circulating. The
initialization of the state at each node is done either through local tuning of the bias at
each node or through the use of a global biasing field. Optionally, such tuning can
also be effected by reducing the barrier height 1700 between states. If the potential
energy profile is tilted to one side as shown in FIG. 17A, the particle will have a

greater probability of moving into the lower energy well. In the case of FIG. 17A,

this would be the |R> state 160-1. If the potential well profile is tilted to the other

side, the particle will have a greater probability of moving into the opposite well. In

the case of FIG. 17A, this would be the |L> state 160-0.

Initializing a quantum device whose state is described by the position of a

particle in a double-well potential comprises tilting the potential to one side by tuning
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Anot her next-nearest nei ghbor coupling exists between quantum devi ces
1501-1 and 1501-4, although it is not explicitly |abel ed. Readout devices
and | ocalwbizas/demsces are al so present on the circuit, PomtcAzbEesyposace not
shown in FIG 15. FIG 16 shows an alternative |ayout of the present

met hods, articles and systens. There are six quantum devices present in the
figure, three of them being | abeled 1601-1, 1601-2, and 1601-3. However,
the | ayout shown is easily extended to any nunber of guant um devi ces.

Quant um desvloed dielid at tha nerderd wagtingrasuifisispt adound gletirrerick Mabigh coupl i ng

devi ce JI aérgle%&'\}%g NHe féﬁ/\éf §<g8'%1agw1ﬂ% d&i?eyl‘égﬂe%r@ﬂabrﬂgt SWIQcﬂ%eﬁllﬂlfsr natively a

dc- SQUI DPYiant Um devi ces are oupI ed together through
coupl i ng nEenbecemadbnetR, fialharahtuning e Beallfield bianatdhe sl ngalcvmpiis coupl i ng. Thus,
guant um devj ces 160 1- are fer ne and have
the sane gﬁlg ihg a curren] gtlttoea gt1perc ré(%’lé:H gpor ol 119 Qi% rgilgﬂy E{%’thggﬁ'zﬂmﬁgonp” se
utili zi nglevicasootogemaite aé?ocphlﬁlhgnfetw ﬁetlﬂlbla@mxpda qmtmke&evme tlfi@t auses a
plurality .nmetal |ayers [ J1- in FIG 16, where
a secti or?ungleélb?fB?“i“hg%H‘éWaéé’a?fFé(gnelch‘mF%BF'ia é’f‘@&ag’hlnéﬁg? e metal | ayer and
connect ednt@y ke oﬁﬂfb@blﬂﬂé wbH)pBﬂénml\ﬂgcfil\i%e\ﬂeﬁ&d iBugRtateecimgi ques are wel |
known in the art. 4 Anal og processi n é}(ﬁ%@teml evel One aspect of
hf@ugr i

t he presé@Y‘C%FW@%Yfﬁ}ﬁtE? & eh g ESCARA N s for findi ng the

M Ni NUM  REKLEY sGRMdyFeH-A HOPwWEt cRRBS Pafé VB ltghnBlikY M@Q&ﬁ&ghqwf i guration
given a set of initial conditions. Such nmethods generally conprise nmapping

a probl erharisr hé00s dn §iee egsebeth rd&frfwﬂé&capeawt&mrteampre@eysesvﬁmtslbwat tice |ayout

t opol ogymgglqulggﬁqu&pt O acircuit conprising a lattice of quantum devices
bet ween ich are arranged couplings. The quantum devi ces and couplings are

i ndi vi dual |y ilmializingithelgead digld-hiss-at pagh quantum deviesminrepalpside sattingilgh t he use of
| | | h th
oca %??b%gﬂélﬁ g{gxl ecll? dsts h%ﬂéﬁ?lﬁ% lgfﬁ]cv\ggftldu%ﬁgm%gmgso&ﬁg vdanglg & a c,teptFﬁ)luQ the use

of a gl oba I'as l'attice |ayolit topol ogy that
r epr esentprivdhef pnobAmhyitga pleobaldleldddasicausenplb e quantan deyidppsd bal | attice of

Quant UM qEese ADS.SOLLT 90, 194 B, RIORL eMLER R Eeat Ayes the i nal

state of Tha TR quan evi ces ave t he form of
a binary d&umbea’presﬁltyﬂg 2 nbﬁﬂ maptanzaise atvop of superconducting matenal

interrupted by one or more Josephson junctions, wherein initialization can be effected
by applying a global magnetic field across all the quantum devices that will cause
each quantum device to be initialized in the same persistent-current state.

A quantum device in an integrated circuit that may be used to solve a
computational problem is a loop of superconducting material interrupted by one or
more Josephson junctions. Such a loop can be suitably constructed such that it has a
potential energy profile that is described by a double-well potential like that shown in
FIGs. 17A or 17B. The two wells in the double-well potential correspond to two
different directions of persistent current in the loop of superconducting material (e.g.,
currents 102-0 and 102-1 of FIG. 1A). The loop can be initialized into a desired state
by tilting the double-well potential, as in FIG. 17A. Such tilting can be effected, for
example, through application of an external flux bias through the superconducting
loop. In some cases, once it is certain that the quantum device’s state has become
initialized to the lowest energy state, the external flux bias may removed. An external
flux may be applied to a superconducting loop by placing a loop or coil of wire in
close proximity to the superconducting loop and applying a bias current through the
loop or coil of wire. This bias current causes a change in magnetic field through the

superconducting loop that affects the potential of the quantum device.
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Initialization of an anal og processor with quantum features conprises
initializing the state at each quantum device and initializing the state of
each couphongoaeviise that will be used to represent a prabicardsmongssol ved.
The potential energy profile of the quantum device representing a node in a
graph to be solved may be a double-well|l potential, simlar to that

descri bed by Friedman et al. 2000, "Detection of a Schrddinger's Cat State
inan rf-SQUI D, " arXiv.org: cond-mat/0004293v2, which is hereby incorporated
by reference ilheheightehbarigt 1700 carcee vatighbypiepring theeaitipel sHew0t &f Y aph of a

doubl e- V‘ﬁbéegﬂggngfﬁcli@l{(s) t@%t%%ﬁﬁ}sﬁ%@o?ﬁ&ttﬁ 1D, 1R s 5- and some ot her

dependent variabl e associate e device, 'such as the internal flux of
t he quantSQWIEeiiceossibls to epy ddeduring famicatns, Rutanisthe Thecedybuibinthe s descri bed

by a partj.cl i n i £.hi | Nt § refile. .| particle is in
the left C\If\}eﬁfeﬁ,cul %/m Pgai“ﬁ&ﬁﬁ‘gs EJB{:?? %fg%e%atrfligwie? Qt ﬁféﬁepsgiﬁ%ei ﬁé?eé)nl&sn in the right
wel | it ijsndtion firhen rRSQUAD és replaesievithocastpatiedJosephstygjuhaioe) theh it ¢ and |)
respectivel

r.11) and g respectively. In super ¢onducting flux qubit or
or o st ererle Fbe heptfee% HESBPRs Gk sl BrREBBLARRIS  wo i £ £ or ant
dihr ect i ongscahpiBhdédtiyl appliyhg aQtisgnend field &fthe ahalCepliajunepnasug, aadiht - ci r cul at i ng.
The initialization of tate . at each node_is el ther . through | ocal
t uni ng oft“’?lﬂ%%’b% gagngic é‘gg’ﬁﬁff'l%geé“&erCrtt‘ﬁ?l(fﬂﬁﬁ“ttoﬁgqedg' §8§¥D 5 vgrebal bi asi ng
field. Option@delr mbtCdhahtihi d¥QicePMatabisd aPhodel feslifeleriiyd bigsilGhayg t he barrier
hei ght 1700 between states. If the potential energy profile is tilted to

. . ay p
one si de bdt-3REWRS i An 1 XQUID7iA 2 loapef superqopgustipg mateFalvathong 08 B985  probabi ity

of MoVi NgoLdphontiR bR rBREIzINe M@I%.!Adéﬂcé fevie@s@e Rbp FsGhred 7A, this woul d
be the | state £60-1. If the potential well profile i1s tilted to the other

si de, t hdfopmhsangpustions| if keeyreasa Ff awhite Sugh ybdtQYIDyRsfdefise c#iyPd nt o t he
opposite : LAl S t |1) state 160-0.
Initiali zélaﬁgbge%%gﬁ? Eﬁ]ﬁsg[‘zo\??n(gfgl %&gkzﬁéaistggéczlb%g}tﬁ%gg ‘kt;é;l the position of a
particl e potensiald Jiab tvee welld in plhst demble aellpotepidlsemespond oo tifergmdt ential to one
si de by tuningt | i ity fficient
anount of&{{éfgrﬁr%lsgﬁgéﬁaﬁﬁgtcmfrﬁlé%glre ?DI% BI%ESL#?ﬁg{SQ gng ﬂgte oi/v?ajre Olg?)s?\g%?i al with
sone hi ghf{sQadRbethitismg qaetuhoishhvibi ¢ shobinas Friegmoell@0nageetinel f i el d and

tuning t | ocal fiel ias _at the. node Lse lying a current to
a superco 1}‘furg‘?ylabnegapp %%%03}6 S(‘:‘Bffrfonid‘rll&%llgg%oé) O;rf)r?%/exri%% }bt% o aﬁﬁ lnéﬁgn um devi ce, so
as to genamahigoaldopoatoihsignied plecelliietloselpradmity td the sipanbdmtigelvope. After a
sufficient f tinme has passed, the device's state will relax into

Each quantum device in an integrated circuit used to solve a quantum problem
(e.g., quantum processor) may be a loop of superconducting material with three
Josephson junctions interrupting the loop. Methods of initialization of these types of
qubits may be the same as those described above in the case of rf-SQUID quantum
devices. These types of devices do not require a large loop inductance and hence do
not require a large loop area in order to have a double-well potential energy profile.
Devices with three Josephson junctions are described in Orlando. One or more
quantum devices may be a persistent current qubit such as the one illustrated in FIG.
18, which has been reproduced from Orlando. Such a device can serve as a quantum
device in integrated circuits of the present methods, articles and systems. Each
Josephson junction in the superconducting loop in FIG. 18 is marked by an X and is
modeled by a parallel combination of an ideal Josephson junction and a capacitor C;.
The parallel resistive channel is assumed negligible. The ideal Josephson junction has

a current-phase relation, I; = I sin ¢ ; where @ is the gange-invariant phase of
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energy well of the double- well potential, which is the desired initial
state. The device's state may fall to the | ower energy well through thernal
escape orwoheoaevilse' s state may reach the | owest ener gPCIIGA280W008965
tunnel i ng processes through the barrier 1700. In some cases, both thernal
escape and tunneling processes contribute to the initialization.
Initializing the local field bias at each quantum device may conpri se
setting a global field bias across the entire |attice of quantum devices
and wai tilﬁgct’Pw 4 Teadre af the peseplsgn etergy afsachapition Agind1Q) Woalthafitel d bi as
causes alik atrheusaMaMy /i Lt L @l S state. The
gl obal bias may bgﬂ;%%ﬁéétlﬁg%fr%%eg?m%é%ﬂgﬁb gﬁgﬁ“? grrlr?’gtg%/gl]@/eo Ifhg%:rs’esenti ng a
node may €oAfst PedeEnil tepstaie ufigredmdughicngrrspaaditaDCicntrents upt ed by one or

nore Josephson. junctiqns,. wherei.n initializatjon can be effected by

appl yi ngeﬂgOVﬁP%BJaqpp%%taﬁg?‘inc?nf'i o tiseusis e Oy h‘é%{’oﬁ'&ﬁ&“@rﬁ“ﬂ%&i&& that will
cause eacdmergyatht vapaciavd @Rrdy) oD@e fuictidnd lhhd &hsidBrid Ni8e SRR qB%tﬁxinSt ent - current
state. A ugnt.u dgvi cein a? integrated circuit that may be used to sol ve
a conput d’g‘?c ﬁ‘&?emﬁrt BPUAPPETs Ot sy cag bp edisgpdiercibrtibe thetlewesal i nt er r upt ed

by one orsidi®Iof thbQFREHREMR FUNE LAIPRSrespatE b e WRAPRaGRA spﬁes%lf'b%ﬁglt% constructed
such that (it has a potential energy profile that Is describe y a

doubl e- welICUIBIRESHIF - like that shown in FIGs. 17A or 17B. The two wells in
the doubl e- weldi GatBRIch tHeQfub TR te%kaftéaecﬁl%ﬁﬁ ufleeions of
persistent current in the | oop of superconducting nmateria (le.g., currents
102- 0 andforgptationst prpblgm may) be cpmpotngidipsephsenbenciini thIOUPDsd Al nt o a desi red
state by didobidiGotcbts 2= WE ntial ,  as i LG A.. Such tilting
can be effect ed, Ofegrségg%%ﬁé?ﬁét%g%é%ﬂg%g{oiaélgflsgﬁngfxcaeﬁaé?(flgg al flux bias
t hr ough t/heepbippduncbierdiscenlavgd bpede-SRVIB oriw lo@sass aonagunt Jossplgent ai n t hat

t he quan

t.um.devi ce' t 3 (o40) initialized to the | owest energy
state, tﬁte[“pggl?’ecf) ﬁgré‘fl Fouﬁégﬁ%@ﬁ%gg)o?.ggng\c/fegéﬁlﬁﬁs EHEP F 9% may be appl i ed
to a supdrephaudtnctiopsicompectey ippadichgith twoepctotal eaitdctsdbriddRtwdenc| ose
proximty, t. erconducting | oop and appl yi a hias current through
the | oopx%‘cjrjﬂlé‘%)t?’ﬁs'z#m%ﬁerv éc.e%?ﬁafvgs 'aasélnigaﬁr“fa@ﬁ? E@ﬁt@g])aw‘ghéﬁge in magnetic
field thresughiot et ishipeneomddaideng cbopint thatenss heahscrihe patanti al of the
guant um devj ce. The height of haryier 1700 can be varied by altering the
critical euﬁp?%ﬁzin%?’ art‘?ﬁjgothBg‘Qéﬂ?cd‘l‘Xjﬂﬂﬂ 'tg"rl‘%"s‘§Qpﬁ%ﬂ°°PnfrB‘i“P&BF t he
super condtittdl ogrdnocHangdsth@baatiameahcthatisepagiedd thh tvd leftﬁveﬁ(&ﬁé kibhe to vary this

t he

during fabrication, but once the device is built,
well states, |L and R> , of the double well potential. The flux through the large rf-

SQUID loop still tunes the tilt of the double-well potential as in a standard rf-SQUID.
Initializing the quantum device may comprise either tilting the double-well potential
by applying a flux bias to the rf-SQUID loop, or reducing the barrier height between
the two wells by applying a bias to the de-SQUID loop, or both, and then waiting for
the device to initialize in the ground state. Tuning the flux through the dc-SQUID
loop represents 6™ control over the state of the quantum device.

Each quantum device in an integrated circuit used to solve a computational
problem may be a gradiometer qubit. Initializing gradiometer qubits is done using
similar methods as for 1f-SQUIDs. Methods for initializing gradiometer qubits
include applying a flux bias and then waiting for some period of time. An external
flux may be applied to a loop by applying a bias current to a loop or coil of wire
placed in close proximity to the loop. Gradiometer qubits consist of two
superconducting lobes in electrical communication with each other and with opposing

current orientations. Initialization may involve applying a flux bias to one of the two
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critical current of a junction is typically fixed. However, if the single
Josephson junction in an rf-SQU D is replaced wwth a conmpound Josephson

j unct i on,wohees/ict415s possi ble to tune the effective cri cralA2cuvooesss even
after fabrication. This is acconplished by applying a nmagnetic field to the
small split junction |oop, and by tuning this magnetic field, the effective
critical current of the rf-SQU D is varied. One or nore quantum devi ces
that serve as nodes in an integrated circuit nmay be rf-SQUI Ds. An rf-SQUI D
i s a | oopobet ostepethderduct i ng material with one or nore Josephson junctions

ter rupting. M ORPIny YIRS LA R ch AR, MRS ee Josephison

junctions is known as a uch an r pe device can be

conf i gur €dbuplirghdevaetard glso mutahmd alh smmcr@cys profplihgdévicedewtilibald by a

doubl e-wel | potentia ubl e weII enti al

COrrespo Hs?tg“ C%Hp:hf‘%gevﬁ‘fe t8|ard8%{edélﬁ Iﬂoéappaélrggl?egt%aﬁfng(?ucre ﬁae&ﬁt in the | oop of
super con dﬂﬁhhﬂ‘tﬂ nﬁﬁtcmfaoaénsuaef/the esupzmg Bevide- tsawuﬁasmaxlm doinplinpglegicant um

behavi or _are shown be applied to the

F
super cond%‘@tf?‘ﬁéetlab@f) Q‘Aogl“["‘lil H’étﬁﬁt@qtﬁtslﬁ rﬁi}’lt% “55? ‘Wﬁalga%(?“ago%mlg ent to a | oop

or coil Qfvivksfe RItRAGRD D aGla@SOhRE 9Xd NI by Q, WheresepeigpRdusiding | oop of
the rf-SQUI D. Each quantum device in an integrated circuit used to solve a

quant um pribperaized sgeh, thﬁﬁ%ﬂ%ﬁ?%@@%@}gtm gves PFBEH of super conduct i ng
material w ;[:sho;[l Stgf ilgsephson junctions interrupting the |oop. Methods of
initializatren of these types of qubits may be the same as those described

above in the %Q'?e%st%fxe chupg’@éiQmQQQQﬁ kh'f@ggﬁéﬂ GRS mh)8Sgqhaass of devices do
not require a i'nduct ance and hence do not require a large |oop

area in cwpmorm@ctmad@v@ dou blistangge Fouppag deviqeamag he Fi3RPIBAR the. Devices with
three JO%&QQ’%{%H chHRE T 1nQSh Hs6s, ﬂn‘?t%aqlliing Ead #- S%l%!]@m&’c sertEs@f  MOr e guant um

devi ces e a persistent current such as the one |[Iustrated in
FI G 18, cwapluig dodise Geenmpeger pdlicsdn pf vlerdiluahis o @u@(hlpangjé&ﬂil%ee can serve as

a quant unilhdsecva;%ag ﬁCCSmgp ghﬁg Bﬁbﬁgm ' L bfad 'cﬁéent? Lhrg)uggﬁ aFHJ hudﬁﬁ% m%r articles

and systems jun fi°6R I'n per uctl oop in FIG 18
is mar ked:obyhemn;m(clamivrmsmlrtpdcethedoxnymgd@mmlﬂfeSQwﬂuadaiswollplm’g an ideal

J Osephsoﬁig unCt I n?‘@rﬁ%éta laerﬁ?‘a%?{gséep%oéengglefug%{o% oln hag S'\nseI ltl‘llil'}{l? channel is

assuned URCEION Ras & current- phase
rel ati on,All or a—pdrnda oFittie douphiy @ viced ia theiptegategeirtwinde.g.aqtanpiase of j unction /.

A featur eprgc]cesgops may Eg Bch§8BIISsn gr{dgx&tlglflzagg'r? Qf Juuﬁ]ggulpi)ng 3§>v1ces c'::olmcilmsl8 Is that it
direct application of a bias current to such coupling devices.
All or a portion of the coupling devices in the integrated circuits (e.g.,
quantum processors) may be gradiometer couplings. Methods for initializing a
gradiometer coupling that serves as a coupling device in an integrated circuit
comprise applying a flux bias to one of the lobes of the gradiometer or to both lobes

of the gradiometer.

5.4.3 Run-time control

In accordance with embodiments of the present methods, articles and systems,
methods for performing run-time control of an analog processor comprise varying the
quantum device effective bias. This can be done either by tuning the individual local
field bias at each quantum device in the analog processor, tuning the coupling strength
of couplings between the pairs of quantum devices in the analog processor, or by
tuning the barrier height of individual quantom devices, which is equivalent to

changing the effective temperature of the system, where the system is composed of a
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is a function of two phases. For a range of magnetic frustration/, these
two phases, f i and f 2, permt two stable configurations, which correspond
to DC curwenbe&/dsbc1di ng i n opposite directions. As di scugsedA2ns@iwado, by
considering the charging energy (the capacitive energy) of the junctions
and considering the circuit quantum nechanically, the paraneters of the
circuit can be adjusted so that the two | owest states of the system near/=
1/2 will correspond to the two classical states of opposite circulating

cur r ent s latiigq ofguaniurp deyigesfngd Founiag gERMtim devi ces in an integrated circuit

used to sol ve R ifoaRubaict RRR! ihdsrplli /e dpyate famgstad, idasi@hson junction

rf-SQUI Ds. A conpound Josephson junction rf-SQUD s simlar to an rf-SQU D
except t Hewsriangaiss thokespitrdsiehf efribt qusptumsdeyispy rﬁ%?éﬁf“ﬁb" ﬁﬁgl-“g@l D, al so known

as a co ”%%%ﬂﬁg%&é&%@ﬂ?ﬁ%vicg RGhd g&entﬁ%ﬁ@&ﬁa@@&@tﬂé h®o pétert@UIvElld gTOp. A

dc- SQUI D or nore Josephson junctions_connected in parall el
with two the ectyyileakcaperittatetediasbarser 1760 wddst Hé dridBi 848 This devi ce
behaves in siml ar i ] : ' hat it has an
extra deg%‘%u dp&%%f?%&%%%@é%@%{ %Oﬁé%%%gggﬁlﬁggﬁdgggﬁent in the | oop
can be vadevied clybetchmiged by henird thx extbma mgpgnetiveficdid thgmeh thellemef thuni ng t he
critical curren({. changes the barrier height that separates the two

| ef t - wel |CHRG PG YRTRBI | states, U and |i?) , of the double well potential.
The flux throughert the effactpe werfiperBplisdstbopeshitihd fitalisigs of dreanalogt of t he

doubl e-wel | potential as in a_.standard rf-SOU D .lnitializ. t he quantum
devi ce Wo%%ftp%@tg}t&aﬁl&mqriqf@ﬁ%qgl “‘8888%5- eﬁlliSth%’!f‘rglril’tl é{}gby appl yi ng a
flux biasjtQadelfefrectQidmefRite bPmakiagitehsig fohike hamrunestathef gt bet ween t he
two wells applying a bias to the dc-S?J,I D I,@gﬁ,hor bgtl r@ler}d t hen

wai ting faelagmsocgesgr ©dharmaliypscprg fromlory MRy PEhd o4 8 "Fiii ng the 1 ux
through t he,desamidd daviceOR slowly B%RA BershyCRBichOhg @Y effectihetetipaiaairal  t he

guantum devi ce. Each quantum device in an int(g rated circuit used to solve

a conput atllooving thp aesobusestatg e B 25ales BAFSHRELR NG I8iet MY ARt i al i zi ng
gr adi onet er qu&ﬁ&eﬁlﬂg}u ngﬁy HR b estafd is RhowRhSQskSic@aniealing, km&JWl Ds.  Met hods
|

for initializing gr oneter qubits i1nclude agjlpl ying a fl ux q‘ias and t hen
wai ting f ekessonmdvantee oflthefquantam effpgs ehthesyisigm. fihgrctieg obEdBSIiCed to a | oop

by applyi A d a%i FheGHhbE Blo LQofmk ogfple@é?gl E1a@fcal A1RrRkieagd i n close
proximty gao Phe | oop. %Baﬁl omet Q;rj&([:]hubl ts consist of two

quantum annealing may occur in addition to classical annealing. One form of

quantum annealing is quantum tunneling, wherein the quantum state of the analog

processor finds a lower minimum than the one it is currently in by tunneling through

the potential barrier instead of thermally escaping it. Thus, quantum annealing can

help the quantum state find lower minima when there is a statistically small chance of

thermally escaping its present minima.

Finding the final state of an analog processor may be done by adiabatic
quantum evolution. In adiabatic quahtum evolution, the analog processor is
initialized in the ground state of a quantum state of a known Hamiltonian. Then the
quantum state is allowed to evolve adiabatically to a final Hamiltonian. The adiabatic
evolution is usually slow enough to prevent the quantum state from moving from the
ground state to an excited state. Adiabatic evolution can be effected by tuning the
coupling strength between quantum devices in the processor or by tuning the
individual bias of the qhantum devices, or by tuning a global bias that affects all
quantum devices. The final ground state represents the solution to a computational
problem encoded by the final Hamiltonian. For more information about this process,

see for example, U.S. Patent Application Publications 2005-0256007; 2005-0250651;
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superconducting | obes in electrical communication with each other and with
opposing current orientations. Initialization may involve applying a fl ux
bi as t o ome 20d6/dsba5t wol obes or to both | obes. Methods f®cTiaN2005a019%6Nng
guant um devi ces have been di scussed above. Coupling devices are al so
initialized. In sone cases, a coupling device is initialized by setting the
coupling device to a desired initial state and then waiting a certain
anount of tine characteristic of the coupling device to ensure that the
coupl i ngaeb08 22478 refeged taszbovat the desired initial state. As a result of

such initialigald Qo g&fb%ir%quﬁ.ﬁ}ﬂe%sam%ﬁad MHaldePhdZ80: B @estate where =
-lor J=1, ere the coupling strength J is normalized such that the
desired owthpHiohgicesimige hctha terapegriture of {hr obvllegprocrssadiporghis: themd = ||| . At

| east one_coupling deyice in an in r i it . a quant um
superconaﬂ? # " e%??é@ EPaV%EF%ﬁ%§g”§%§%vﬁh%$§%VP%§§“%§$3be rf-SQUIDs in
t he i nt egimgieere of thelbytseem from shichnse @spsaturantiota tashperating befweam rf - SQUI D t hat

serves asg.a_coupli evi ce can co i s |ication of a |local flux bias
to the c QI’BKF% @g(t}%ggi_ecrﬁ%gt %ﬁ“‘@g;%{i’ ecogr%%og'g'ﬁ OBV%SfeatSIin%ratgrebi as current
t hrough a superconducting loop or coil that is in close proximty to the
coupling device. Rf-SQUI Ds used as coupling devices nmay be nonost abl e,
meani ng their potenti al functiqﬁ4%nkyﬂpaf one minimum All or a portion of
the coupling devices in the integfat€@¥ rcuits (e.g., quantum processors)

may be dc-S nd in.tialization of such coupling.devices conprises
di rect appl %ﬁs ‘%fre 1 44 t}&fialtee%tthet%]a W%&ng%ﬁniaﬁénq%g&}?%es. Al or a
portion efrcditye. G qugnkind Grod€org @y comprne initihlegiepd eadoni dewitetasd (e. g., quant um

processors) may b r adi onet er, coupl i ngs. thods for initializing a
gradionePE?mEGEBwﬁﬁgmﬁﬂﬁP“§@#V@§eé “5‘%HﬁpﬁﬁﬁﬁaﬁﬁWPQ@”PE”EW%Wﬁteg?ated

circuit | L I (o) 0 3 t he
gradione%ggy%?%ﬁgagﬁbﬁhﬂ%%ggﬂgré?ﬁgﬁgF%ﬁpoﬂg?éﬁé&%%%%gggggﬁ%?ne control In

accor dan@gvivé édMafed@d giRmig s@fe Jf iR deVies Rine BEIHRQHES cladidai #tit@s and syst ens,
met hods for performng run-tinme control, of an anglqg processor conprise

varyi ng theere g baies hedaht ew therquantpm davies ig fnalilg; ke baHenfisiebend B8i t her by

tuni ng t RQrd 9 BekURLAihO 68 the §18k dr Bk dBarim B&GEe. GHARLWR i gheof N t he anal og
processor, tuning the cowgllqg strength o )
the barrier, e.g., barrier 1700 of FIG. 17, freezes the quantum device into either the

]O) state or the |1> state.

The readout device may comprise a dc-SQUID magnetometer inductively
connected to the quantum device, in which case determining the state of the quantum
device comprises measuring a voltage or a current from the dc-SQUID magnetometer.
This voltage or current can then be converted into a value representing the magnetic
field at the quantum device.

Classical state copying may be used to reduce the number of read out devices
required. See, for example, United States Patent Application 60/675,139, referred to
above.

After the state of the quantum devices is read out, the results of the
measurement may be transmitted using a data signal embodied on a carrier wave. The
data signal may be a digital signal and digital computer 1102 (depicted in FIG. 11)

may be used to generate the carrier wave in some cases.
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of couplings between the pairs of quantum devices in the anal og processor,
or by tuning the barrier height of individual quantum devices, which is
equi val enwotooctses1gi ng t he effective tenperature of theprsygiaems/ooese t he
systemis conposed of alattice of quantum devices and coupling elenments. To
i ncrease or decrease the effective tenperature of the system it suffices
to lower or raise the barrier height of the quantum device, respectively.
The barrier height of a quantumdevice is the potential barrier between the
two pot enpplisiations) foreignfpatents, neigyypatera ppdicatinas and napspateat BPLgRIMBAr ri er 1700 in
LG o ety D Bnid Dol RN ANMILIEN bR RRIRE (9€R s GoDGUNG | unct] on, Lhe

barrier helg uant um can be chan by "tuni ng the external
magnet i ¢ 6(784/4d 1t 1% @8RARIShESI6RSH,385, US’l@SQ:MﬁSoUﬁ@ 960:788,il60.9h&i%e t he

effecti V%slfc[?ged&i‘[ %euéﬁo%sgf&b?s P? b? oﬁkr@é C}%9(91f1 #g anal og

processor entialr barrier’o uan evicés are first
| ower ed, 2603-0173408, TESa004-00h@ 66T US@D@M@)IBQY&)UIS&OO#@IW6MRS PP4-t easier for

i BT S 2 & B o PP i B SRR BREARE o om

rai sed, tHehHeRppIReEIHERELITJos b@'mmpm/m tserm&na/tzmw akl owi ng the quantum
state of t he anal og .processor to find | ower |ma Anneal i ng purely by

t her mal é%‘i?élﬁ’éatF%hek?%%reé%re?ﬂea’éléli"’draqnué?ﬁh@éilfP‘hﬂ PUPYEe it takes no advantage
of the quantum effects of the system The nmethod of finding the final state
of the anal og processor may be conpletely classical. Alternatively, quantum
anneal i ng may occur in addi%i nto.cla si.cal annealing. One form of quantum
anneal i ng i s quantum t unnel ﬁé’er\i\’/ﬁté‘fﬁé’f O‘til%mduantum state of the anal og

processor finds a_.l ower urrently in by
tunneling thr gﬁdﬂuk’ﬁﬁppﬁfﬁ%?ﬁ’tt@e S%QP‘??“&F fi‘rhgie Vélﬂo‘bsfe c“r? fl y escaping it.
Thus, quaRtdibedeatinte déﬁibld&eltcppﬁ)hﬁe it anibosiinidngs. Abpedislodwer ni ni ma when
there is a statistical ly s]réna chance of thernal I esgla i ng itfs pr esent

mi ni ma.  RRYREHARCARE nfqd}fqu NEFeEsaph OFPRNAPSTSr BT ﬁ%ﬂ? & done by

adi abat i Ghgua Y PAEYD hpilicaibns hid pdhlihiRhi & feadd yItemerd dltiodimediie anal og
processor is initialized in the ground state of a quantumstate of a known

Hani | t oniodfhe iryragon. Jaesgrad othst %ltaagf‘é Ci“bb%fpi‘%&het%"eéw pdishipidbatical ly to a

final Hangh{OMiséptiod R gasyrﬁbiatmecfoﬁe/\ﬁhgl&paﬁl& th% ot Abed¥nsdi@noEROUgh to
prevent t he quantum stat e from novi n fromthe
construed to limit the invention to the specific embodiments disclosed in the

specification and the claims, but should be construed to include all possible
embodiments along with the full scope of equivalents to which such claims are .
entitled. Accordingly, the invention is not limited by the disclosure, but instead its

scope is to be determined entirely by the following claims.
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ground state to an excited state. Adiabatic evolution can be effected by
tuning the coupling strength between quantum devices in the processor or by
t uni ng t hwoiznaiossdsal bi as of the quantum devi ces, or byctron2ngg/@i1gsobal
bias that affects all quantum devices. The final ground state represents
the solution to a conputational problemencoded by the final Ham |tonian.
For nore information about this process, see for exanple, U S. Patent
Application Publications 2005-0256007; 2005-0250651; and 2005- 0224784,

ref erredWerlaibove. Methods for performing run-tine control of an anal og
processor include the nethod of increasing the actual tenperature of the
anal og processor through a thermal annealing process. The thernmal annealing
process Iiay cArpmpgetianaktsyetasi, agnprisegt enper at ure of the system fromthe base
tenperature to a tenmperature bet ween 30nK- 3K, and then decreasing the
tenperature of “THE"™ systen1to the base tenperature. 5.4.4 Readout Methods of
readi ng out thquatvat procdssdrtiecepuantication evth clescompugen, thequegtuat ed circuit

{e.g., quantum processor) may conprise initializing a readout device and
measur i n§PACPRYVSEHF Sr operty of the readout device. There are two possible
readout stateg) fa@[urﬂltﬂumtaumndﬁwicegmhtﬂam mh giizatien devitetimehel ) st ate. Readi ng
out a quantum devi ce col | apse u ntu ate of the device to one of

the two ejusligy €%qua§°9‘5‘td€§1°esv\ﬁéln8éec?fé‘ Hurs p & SR P HE 6Nt um devi ce i s

tunabl e, tﬁektﬁutjaﬁt&rof @Janﬂﬂl 8hlices aa @i HaGiE eacedd Beé@hebdsiaehtd) gncDUt t he state
of the quantum device. |ncreasing the height of the barri g., barrier

1700 of FIG i} apimzéézegcqunén&ﬁ?é{r?ﬁwhe@m ftférsf FRUliRg depise i ‘ﬁé q) state or the
l) state uH'lﬁ 6?&@@%& di@l\éb&ﬁ)um%ya ERAMRMnAS) devile iP@pRrRgBet ONet er

|nduct|v y connec he quantum device, in which case determning the
state ofQUMéum@bhﬁ@#?@évpmbwé@ﬁwr¢§§§“h@&@hﬁﬂﬁbo%W@@PWéﬁéw%% a current from

the dc- SQ.R; Mg NGH Hﬁhgﬁ of tI!I;Q First gﬁn{uﬁg@ev&re g&' 'El{e%g(tong gfnbiAeBe k& convert ed

into a val ue repres ntlng netic fiel t he quant um devi ce.
d assi calin theddtticedogplicreg fromy th grayy eonsissng eﬂm@rEtSh@elghbﬁb@nﬁé\ﬂraﬁ@ad out

devices re Q%é%qﬁm§§%§§ﬁgrc mﬂﬁ%?? United States Patent Application

60/ 675, 138 Ferte ove er the state of the quantum devices is
read out, the results of the

2. The system of claim 1, wherein a quantum device in the plurality of quantum
devices comprises a loop of superconducting material interrupted by at least one

Josephson junction.

3. The system of claim 2, wherein at least one of the Josephson junctions in the

quantum device is a compound Josephson junction.

4. The system of claim 1, wherein the plurality of quantum devices is arranged in
a two-dimensional array, wherein the two-dimensional array has a width defined by a
first plurality of nodes 1, and a length defined by a second plurality of nodes m, and

wherein the two-dimensional array comprises an interior and a perimeter.
5. The system of claim 4, wherein each quantum device in the interior is coupled
to four nearest-neighbor quantum devices in the lattice and is coupled to four next-

nearest neighbor quantum devices in the lattice.

6. The system of claim 1, wherein the quantum device in the plurality of

quantum devices has a gradiometric configuration.
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measurenent may be transmitted using a data signal enbodied on a carrier
wave. The data signal may be a digital signal and digital conputer 1102
(depi ct edwonodeloee4121) rmay be used to generate the carri eCTWEN2e05/001%6ME
cases. 5.5 Cited references Al of the U S. patents, U S. patent
application publications, U S. patentapplications, foreign patents, foreign
patent applications and non-patent publications referred to in this
specification including, but not limted to, US 6,670,630, US 6,784,451, US
6, 822, 255, US 6, 885, 325, US 6, 897, 468, US 6, 960, 780, US 6, 979, 836, US

2002- 0121636, S 3- 3 2003- 0121028, US 2003-0169041, US

2003- 017 498,TH§$§ggﬁﬁg%gég6§?ﬁ% 2004- 0016918, US 2004-0119061, US 2004-
0140537, US 2@RTFu 224184 de WS 4006 @25065dntuYe 200 Be@2BS00Fightiond t ed St at es
Pat ent Ap)ﬁ)l i (f%ti on Serial Nos. 60/640,420, 60/675, 139 and 11/247,857, are

i ncor por & g %‘Feefuﬁj by reference, in their entirety and for all purposes.
5.6 Alternati veconbampliinds/icddn vielplurilzy apapkny ddvizet dvoples gkiflirfted i n t he

art, the various enbodj nents described abo can be conbined to provide
further SHBYERAEYESO aA@%%%‘Pé‘“‘&? 3%Vh°8 . ﬁ’\?@ﬁ't“i\‘ig% °€%"ﬁ‘“%‘8‘ ‘1%68?%’ ied, if

necessar Yyhetedn SERIr®Yuyiih 88ce Midelthir & qanthntViRPlsneRf-ndakst vari ous patents,
applications and publications to provide yet further enbodi nents of the

i nvent i ofeigithas @ BaltiSEher changes can be nade to the invention in |ight of
t he above description. In general, in the following clains, the terns used
shoul d not be construed to limt the invention to the specific_enbodinents
di scl osed-i n {The sysppaceffclaimtli, whemingt feae oBe equphing drricedh g IPHHEY €bnst r ued to

incl ude aly}, lﬁx%gﬁi/ipés%oﬁl Qi TBIH & é%&ébadﬂt‘tibg nfabiiaf tlelruStE@BEatasequi val ent s

to which suc alns are entitled.” Accordingly, the invention is not
limted kopetddsephiiosinegamw e, but instead its scope is to be determ ned
entirely by the following clains.W claim 1. A conputational system
conprising: a conputer; and a quantum processor in comunication with the
conput er 9.t he Thaaystenmofmlanels sdereomtpritonagoupling devigslin thglplurglityof quant um

devi ces, wherein each quantum device | n I m devices is
a node ofcogglfn&t({éwgees,co S Hier & ?E;fsgp %ﬁ’é‘ﬁ%‘%‘r‘%g gga{tﬁlll%gfnlle%}ﬁp Bk oI HADLY
one compound Josephson junction.

10.  The system of claim 1, wherein at least one coupling device in the plurality of
coupling devices is selected from the group consisting of an rf-SQUID and a dc-

SQUID.

11.  The system of claim 1, the quantum processor further comprising:
a readout device that is configured to readout a state of at least one quantum

device in the plurality of quantum devices.

12. The system of claim 11, wherein the readout device is selected from the group

consisting of a dc-SQUID and a magnetometer.

13.  The system of claim 1, wherein the first coupling device is configured to tune
a coupling strength between the first quantum device and the second quantum device
so that the first quantum device and the second quantum device couple

ferromagnetically.
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the plurality of quantum devices has a first basis state and a second basis
state; and (ii) a plurality of coupling devices, wherein a first coupling
devi ce i rwoheoguéssial ity of coupling devices coupl es a fiPCTICAQuEDWEsdevi ce
in the plurality of quantum devices to a second quantum device in the
plurality of quantum devices, wherein the configuration of the first
quant um devi ce and the second quantum device in the lattice is sel ected
fromthe group consisting of a nearest-nei ghbor configuration and a
next - neatést T syhiboof demd 13 whateinothe fist cotpling gesiceris enfigpgd pych, wherein a
guantum devi ce i .h l,yr add. 1y ; ' rises a | oop of
super con aE?Fﬁ%e@%bg$P§F¥Fﬁyg%¥ﬂ%&%%&EﬂLgﬁkpgggﬁﬁgﬁgg osephson junction. 3.
The system of claim 2, wherein at | east one of the Josephson junctions in
the quantum device is co und Josephson. junction. 4. T stem of claim
L aher oLt hEMSIPRRT gt ghiate Hin Goop ik Aty B SonytbyreliS ub¥

t wo- di mepsbepliak s@nk@betwids K fitstdaenthnwde dtemmishosebndapunatymhtesica Wi dt h
defined by a first plurality of nodes ,n, and a.l ength qefined by a second
pIuralit?’@@tﬁﬁﬂﬁémﬁTm§HHWMﬁ@P%ﬂﬁs‘W@dﬂﬁ%wﬁﬁﬂ%ﬂg?ﬁﬁﬁ?a%Fray conpri ses an

i nterior sgpeha@ndiRiiiyreter. 5. The systemof claim4, wherein each quantum
device in theinterior is coupled to four nearest-nei ghbor quantum devi ces
inthe lattice and is coupled to four nextnearest nei ghbor quantum devi ces
in the | 3§ti Cope Guredbe cBUS Y WhBEin HeFirighantith @k GkdarddBe @t um device in the
plurality of quantum devices has a gra&ionetrlc configuration.7. The system
of cl ai mqlantythdevéderpra raresi reighbgisamtbgatideevi ce and the second quant um devi ce
are nearest neighbors in the lattice; and a second coupling device in the
plurality of coupling devices couples the first quantumdevice to a third
quant um dévi c®h¢ systeinef plaim | Wheyeio thedursimpannaaleliceand thihseeeidy the first
quant um devi ce .and the thi Vil are next-nearest neighbors in

t he Iattﬂ%gﬁmgqm*ﬁﬁu%?g%gﬁ%%¥9§§@%ﬁg&, ﬁhgg%in at | east one coupling device
in the plurality of coupling devices conprises a | oop of superconducting

materi al 1'8.”t erI‘[léJ ytst%% ol%%la?'ntl 1|, %ﬁ&gin%eequ‘gr?tﬁ%ppmgc%gsok %rlllgéd 8%lve a
computational problem selected from the group consisting of a problem having a
complexity of P, a problem having a complexity of NP, a problem having a

complexity of NP-Hard, and a problem having a complexity of NP-Complete.

19. The system of claim 18, wherein the quantum processor is coupled with a
transmitter, and wherein the transmitter is configured to transmit a solution of the

computational problem as a data signal embodied in a carrier wave.
20.  The system of claim 1 wherein the computer is a digital computer.

21. A method of determining a result of a computational problem using a quantum
processor, the method comprising:

@ initializing the quantum processor to an initial state, wherein the
quantum processor comprises a plurality of quantum devices and a plurality of
coupling devices, and wherein each coupling device in the plurality of coupling
devices couples a pair of quantum devices in the plurality of quantum devices,
wherein the initializing comprises setting a state of at least one quantum device in the
plurality of quantum devices and setting a coupling strength of at least one of the

coupling devices in the plurality of coupling devices;
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9. The systemof claim1l, wherein at |east one coupling device in the
plurality of coupling devices conprises a | oop of superconducting materi al
i nt err uptwo 2bg6/mt415east one conpound Josephson juncti onPCI@A2005®08%6St em of
claim1l, wherein at |east one coupling device in the plurality of coupling
devices is selected fromthe group consisting of an rf-SQU D and a dc-
SQUID. 11. The systemof claim1l, the quantum processor further conprising:
a readout devigce that is configured to readout a_s}ate of at |east one
quant um devi céih n #IRYIRg e JPaRNM BrOCERINIP GYRIYRiadae! stfo whathig thS/ st em of cl ai m
él, S&?E&idﬁh&t&@ aﬁ;ﬁ@dzf[ﬂb!tfes ?ﬁé‘thﬁiigrbﬁrﬁﬁdt@&ﬁttﬁé’c&ﬁ tliolﬂ;ﬂ pgcflt@éh&ﬁﬁ@n_ﬂ SE ihngf of ?
c- and a_nmagnet onet er . : e systemof claiml, erein e firs
coupling devi 6 sreading Pefur izl stefe plipideast G IYPTRG dsyipcRdrapipatiieen the first
et co am B e e e PRl 10 The
system of claim13, wherein the first coupling device is conf | gu.red such
dovi co. 18 TRETRIEE ot 6 1, el R e SRR U h R ol T T
conf i gur ed quanttradeviges cqupdisienglcmpro;ﬁmgieno@tcvi&gmatehd iftemrgitedueatt um devi ce and
t he seco gas ual oéjen}:%%\fﬁnc 2o © that the first quantum device and the second
guant um deévi ce co@psi 8IYis |?erromagnet| cally 16. The systemof claim1,
wherein the first quantum device and the second quantum devi ce are nearest
nei ghbors i n e lattice. . 1 he.systemof claiml1, wherein.the first
quant um ?é;vi cﬁﬁﬁﬁ%ﬁ@g@@%zh W&ﬁ%‘?ﬁl%?ﬁa&é%?f:&éa“é‘i”é?ﬁvéé&‘%ﬁ‘é% Ynei ghbors in
the | attigQuankdn ddies yateSQfIDc! ai m 1, wherein the quantum processor is
used to solve a conputational problemselected fromthe group consisting of
a problem having a conplexity of P, a problemhaving a conplexity of NP, a
p][ oalpego hﬁ}/l PQ‘héirfgé@xﬁg}h?&hM%wah%%id‘?ﬂ@st c:ﬁ?g@m%lﬂﬁ@?\}i&{ﬂﬁ %\'ﬁhﬁlﬂlti@ conpl exi ty
o] - Conpl et e. . e system of claim 18, erein e quant um processor
i s coupl & At deviges sempHites @ loogid susepadustinh materialintprerted by & configured to

transm t lé‘as§&leuﬁoiée91?so‘il‘}ur¥cﬁ§n GRIR Waldn® Bthp AT LPABR jdcEAL @ Signal enbodi ed

in a carrier wave.

25. The method of claim 21, wherein allowing the quantum processor to evolve to
a final state comprises at least one of decreasing an effective temperature of the

quantum processor and evolving the quantum processor adiabatically.

26. The method of claim 21, wherein the computational problem is selected from
the group consisting of a problem having a complexity of P, a problem having a
complexity of NP, a problem having a complexity of NP-Hard and a problem having
a complexity of NP-Complete.

27.  The method of claim 21, wherein initializing the quantum processor to an
initial state comprises:

initializing a first quantum device in the plurality of quantum devices to have a
zero effective local field bias; and

initializing a coupling device in the plurality of coupling devices to
ferromagnetically couple the first quantum device to a second quantum device in the

plurality of quantum devices.
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20. The systemof claim1 wherein the conputer is a digital conputer. 2 1.
A nethod of determning a result of a conputational problemusing a quantum
pr ocessorwothe/meiiiod conprising: (i) initializing the quamtAaznospoosessor to
an initial state, wherein the quantum processor conprises a plurality of
guantum devi ces and a plurality of coupling devices, and wherein each
coupling device in the plurality of coupling devices couples a pair of
quantum devices in the plurality of quantum devices, wherein the
initialiZ8ng dbapeihgdsl daim 27 yyharety the eongrutatipnyl @zeiienpis@ RAXERYM devi ce in

the pluralj Ko 1 devices and setting a coupling strength of at
| east one %e Xr%‘%rétbc%ﬁﬁ %Hr?g devices in the plurality of coupling devices; (ii)

al l owi ng the quantum processor to evolve to a final state wherein the final

o1t 2o oLty L A (LR RLE SRl IR SOMRUApR) problem anc

(ii1) readi ng out a eas qu evice in the

pl ur al i t yoabugtgremnvothpritiags t hereby determ ning the result of the
conput at i onal prlﬁ[t%{ em 22. The get hod of claim 21, wherein at |east one
quant um devi c@ TH? HECHHIE 4M4 of quant um devi ces conprises a | oop of
super conduct i AgndxRkEkcb@led tattes derpilgtbcbysimgtuniteds ineans slaigphson j uncti on.
23. The nethod of claim2 1, V\Qelrei n at |.east _on% &g?n.tu device in the
plurality of quant®RicHENATESE Moguls RopprisE i uceons IgHIENMIE NS of cl ai m 21,
wherein aebn{pqlaggnap?@blgﬂgnt umdevice in the plurality of quantum devices
conprises a | oop of superconducting nmaterial interrupted by at_|east one
Josephson j unct i on? BapPeamadBlecompHEngiBHptiAY Pbs@pRithe Papkits ¢h. 25. The

met hod ofy,Cl @ MrAiodal plddEheiafaal | owi ng t he quantum processor to evolve to a
final state conprises at |east one of decreasing an effective tenperature

of the quantum prodedsing napreswev Biarfapgymedide eRIBRIsiNg processor adi abatically.
from the group consi ot | g er o ar oy e B R b ™ot ol em
havi ng a morepdosxiheseinothe NEglogproraskireamprises A glusalispefzlvextbmydepitesmdHar d and a
R e N

one of the quantum devices in the plurality of quantom devices and initialization

values for at least one of the coupling devices in the plurality of coupling devices,

wherein a coupling device in the plurality of coupling devices couples a

corresponding respective quantum device in the plurality of quantum devices to at

least one of a nearest neighbor of the respective quantum device and a next-nearest

neighbor of the respective quantum device; and

(ii) instructions for receiving a result, responsive to the

mapping, from the analog processor.

30.  The computer system of claim 29, the memory further storing-a driver module
comprising:
instructions for transmitting the mapping to the analog processor; and
instructions for receiving the result from the analog processor; and wherein
the instructions for transmitting the mapping to the analog processor in the
analog processor interface module comprise instructions for transmitting the mapping
to the driver module; and
the instructions for receiving the result in the analog processor interface
module comprise instructions for receiving the result from the driver module,

responsive to the mapping, from the analog processor.
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initializing a first quantumdevice in the plurality of quantum devices to
have a zero effective local field bias; and initializing a coupling device
in the plwoabedoseaaf coupling devices to ferromagneti cal lPgTanpis@oidse fir st
guantum device to a second quantum device in the plurality of quantum

devi ces. 28. The nmethod of claim27, wherein the conputational problemis a
maxi mum i ndependent set problem 29. A conputer systemfor determning a
result of a conputational problem the conputer system conprising: a
central processing unit; and a menory, coupled to the central processing

unit, the;nme [aloy o : . . i nstructions
for defi %ll'ngnt?ﬁ%coz%ﬁr%{pet%‘Sg%ﬁng%f;lﬁﬁglrjgbfvg&n%lﬂgﬁnlggglg{rl&ﬁg%éh@%%ri si ng

i nst r uct computhtomalgestderacompris inwppiiong fafpatsng apomputtaniseirtbdt pr obl em and an
anal og processor interface dul e conprising: (i) instructions for
transmt ?Cr?éestﬁgconnépﬁg%nﬁaﬁtpéo an -anal 0og processor, wherein the anal og
processor conprises a plurality of quantum devices and a plurality of

coupl i ng,devices, the mapping i.ncluding initialijzation values for at |east
e of "L AE oulht ARG PR PEEt R bitan B oamhisfa APl ces and

i nitiali zgédi@nfromatiid@soup@onditing®as prodRén BfvideheoePURty 6P, dgyortas in the

|
plurality of coupling devices, wherein a coupli device in the plurality
of coupl %W@%I%W%%’“%’@@Hf’e%P@b@B}lPaég‘ﬁ&rFﬂmﬂb’xP%gglg}éﬁadea"&@ant um device in

the pl ur aldoiem RivifuadbipBxde vt KeTnpicd. | east one of a nearest nei ghbor of
the respective quantum device and a next-nearest nei ghbor of the respective

quantum device; and (ii) instructions for receiving a result, responsive to

t he mappkRg, : . . ystemof claim
29, the r3rg'rmr3&?%&&%{Q%fég?igfng&gp%??\géer?m?rtr%dctﬁ (t:aglrerlpq@grpyltsoigﬁgﬁléi nstructions for

transmi t sélegied fiem thegpiupgongstinget am binsPppr GloesmoblemamMakinginy uct i ons f or
recei vi ng, .06 634 SrobtAM M& AR R9pRMOE KBS Vit pRBEMM EhR1A:

salesperson problem, a k-SAT problem, and an integer linear programming problem.

34. A computer program product for use in conjunction with a computer system, the
computer program product comprising a computer readable storage medium and a
computer program mechanism embedded therein, the computer program mechanism
comprising:

(A) a user interface module comprising instructions for defining a
computational problem;

(B) a mapper module comprising instructions for generating a mapping of the
computational problem; and

(C) an analog processor interface module comprising:

(i) instructions for transmitting the mapping to an analog processor,
wherein the analog processor comprises a plurality of quantum devices and a plurality
of coupling devices, the mapping including initialization values for at least one of the
quantum devices in the plurality of quantum devices and initialization values for at
least one of the coupling devices in the plurality of coupling devices, wherein a
coupling device in the plurality of coupling devices couples a corresponding
respective quantum device in the plurality of quantum devices to at least one of a
nearest neighbor of the respective quantum device and a next-nearest neighbor of the

respective quantum device; and
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the instructions for transmtting the mapping to the anal og processor in

t he anal og processor interface nodul e conprise instructions for

t ransm t twogoddnsc4mappi ng to the driver nodul e; and the iPasiqAa2edsionssf or
receiving the result in the anal og processor interface nodul e conprise
instructions for receiving the result fromthe driver nodul e, responsive to
t he mappi ng, fromthe anal og processor.31. The conputer system of claim 29,
wherein the instructions for defining the conputatignal problem conprise
instructions for paP<PHECHersiTRGIFHERS HIFSEE fesPrBivVedn s PPPET@Bnput at i onal
probl em @gandibepeuigyit er system of claim29, wherein the conputational
problemis selected fromthe group consisting of a problem having a
conplexity of P, a problemhaving a conplexity of NP, a problem having a

conpl exi tys of NR-dGRLee AR AmRoRl:E cmiﬁ?tﬁgc%g%%rfpg&gtﬁn llfodll\l,l:t)' Conpl ete. 33.

The conputer system of claim?29, erein ti on problemis
sel ect ed furthen qomprigiagiup consi sting of an Ising Spin G ass problem a

Maxi mum | ndep Ec\lia}ivé%od‘ageoé&n%%ing Max Clique problem a Max Cut problem a
travel i ng sal esperson problem a R-SAT problem and an integer |inear

program ng probl emstr8&ionAfarompsniging pheagappingao ccumblof processer; and conj unct i on

wth a conputer syst .the comput e r am product conprisjng a conputer
readabl e storage met ?rﬁ}rﬁoé’ﬁgméecgg' %&S@?%&’Pé*?ﬁ%féﬁaﬁ?g&e dded t herein,
t he conpuwkereipr ogr am nechani sm conpri sing: (A) a user interface nodul e

conprising instructians for defi.ni a conputatignal problem (B) a mapper
nodul e conpri s ﬁﬁ‘sﬂ‘fgf“? Of fryhauigg ¢ gﬁ@?‘&&%é}“’&”ﬁ%ﬁ?‘%@m&“ fife

conput at i anaalg PéRBbEMerRBAMO&le BsmBRAIRGuAIAE RS S@Rsilhe ieagpigdul e

conpri si nt%: instructions for transmtting the mapping to an anal og

(1
processor" tb\%@l)“@F‘r’i‘O‘fl‘H%S aglal og processor conprises a plurality of quantum

devices and a tpé HE@lctibis f reeQYRL kiRGe ARV B8R Snalbd BrofBRR IS {cBC! udi ng
initialization values for at |east one of the quantum devices in the

pl ur al i t ymefulgcemarisringevetions foamseivingthearsutiiom oM eraroduss at | east one of
the coupl jefhndQY totRSmhphihd) Srofl HE FdideprilesoPUP! I Ng devices, wherein a

36. The computer program product of claim 34, wherein the instructions for
defining the computational problem comprise instructions for parsing an instruction

set that encodes the computational problem.

37. The computer program product of claim 34, wherein the computational
problem is selected from the group consisting of a problem having a complexity of P,
a problem having a complexity of NP, a problem having a complexity of NP-Hard

and a problem having a complexity of NP-Complete.

38.  The computer program product of claim 34, wherein the computational
problem is selected from the group consisting of an Ising Spin Glass problem, a
Maximum Independent Set problem, a Max Clique problem, a Max Cut problem, a
traveling salesperson problem, a k-SAT problem and an integer linear programming

problem.

39. A quantum processor, comprising:

a plurality of quantum devices arranged in a lattice;
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coupling device in the plurality of coupling devices couples a
correspondi ng respective quantumdevice in the plurality of quantum devices
to at | eawD 00664152 near est nei ghbor of the respectiveprquanmwmdesssce and
a next-nearest nei ghbor of the respective quantum device; and(ii)
instructions for receiving a result, responsive to the mapping, fromthe
anal og processor. 35. The conputer program product of claim34, the
conput er program product further conprising: (D) a driver nodul e

conpri sing: i ristiubirplEnef eQpling devigesthiersin ¢ pRIPHBDHVIFg 1n Befiid anal og
processor pluﬁﬂg %&%ﬂm’lg B 90S b led SHSH MhMEm dBFicE SRy steccfn'aglﬁlﬁtmﬁ anal og

processor; and erein the instructions for transmtting the mapping to the
anal og pré&viesdnthephiralieofavanivm evises sdorein the Brst ausstumpigyice andtipr i se

i nstructi é%@&udfcg{anthﬁl%@ﬁ@@ w“?%g%%gﬂ?"?%@%ﬁh&&%ﬁdri ver nodul e; and the

instructions f recei ving I e anal og processor interface
modul e conpr i sesecand prwidity ohsoupbng deaees, wihagint heoupbsgdevict irothe t he dri ver

nodul e, r onsive. te th in rogm.t he anal 0g. processor. 36. The
conput er %?@“g‘frqu‘%ﬁ\‘{‘%?’é’g%"c ﬁ%‘%ngég‘?%eis ?nmﬁ’iﬁsat lre(fr%euiaﬁmfrhée)egﬁcgg'fcf%%fl %é)ns for defining
t he conpuquahivenddvicp irothe hrddyrpf quastumnisticess tvhemih thothirgd ghisikung déice NSt ructi on

set that encpdes the conputational proble 37. . The. conputer program
product o “%éﬁ%ﬁ’mf%ﬁ‘}a“wﬁ%vi‘% af‘f'l‘é“&%%ﬁﬁ‘t%ﬁ%ﬂrﬁlm BEdti%m i s sel ected fromthe
group consisting of a problemhaving a conplexity of P, a problem having a

conplexity of NP, a problemhaving a conplexity of NP-Hard and a problem
havi ng a Thnpl BRiINUER PRgseeshef ad 39dgriher campriipsit Brd p¥S§YiSEn product of

cl ai m 34, corpRb & m?aah@npaam@timﬂe%a&ntpmmaﬁtﬂm ®visd K6t @d he RAUbLAE group
consisting of an [si &g Spin d asswgr obl em a Maxi num | ndependent Set
P

probl em VIS @it Praskiingy stae pbike QAW diem a travel i ng sal esperson
probl em a k-SAT problem and an integer |inear programmng problem 39. A
guant um processor, conprising:

41. The quantum processor of claim 40, wherein the read out device is arranged

on a perimeter of the lattice.

42.  The quantum processor of claim 39, further comprising a local bias device

coupled to at least one quantum device in the plurality of quantum devices.

43. 'The quantum processor of claim 39, wherein the plurality of quantum devices
and at least one of the first plurality coupling devices and the second plurality of

coupling devices are arranged as a planar graph.

44.  The quantum processor of claim 39, wherein a graph is embedded in the
lattice; and wherein

a set of quantum devices in the plurality of quantum devices are nodes of the
graph;

a set of coupling devices in the first plurality of coupling devices are assigned
nonzero values thereby coupling at least two of the quantum devices in the set of
quantum devices to each other in accordance with the graph; and

a set of coupling devices in the second plurality of coupling devices are
assigned nonzero values thereby coupling at least two of the quantum devices in the

set of quantum devices to each other in accordance with the graph.
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a plurality of quantum devices arranged in a lattice;a first plurality of
coupling devices, wherein a coupling device in the first plurality of
coupl i ng wewnerssasupl es a first quantum devi ce and a secoruh2005200196m devi ce
in the plurality of quantum devices, wherein the first quantum devi ce and
t he second quantum device are nearest neighbors in the lattice; and a
second plurality of coupling devices, wherein a coupling device in the
second plurality of coupling devices couples a third quantum device and a
fourth qu%tun?%feq)ﬁa@éminﬁoqeﬁﬁ@rﬁmwaﬂ%vh%sﬁmqlepammhﬁa@w @5, wherein the
third quantum device and the fourth quantum devi ce are next nearest
nei ghbors in the lattice. 40. The quantum processor of claim 39, further
conpri si néb-a r Ebauanitmdesdesser elotipinett, wheraindheagraphs sdsciagdranmtbene plural ity
of quantu J a . u V] k abl e of neasuring a
state of Eﬁggéégﬁﬁn HﬁgoFh%%“ﬁg%P&ﬁﬁg”%h%ﬁﬁﬁﬁ? %ggégggg}of cl ai m 40,
wherein the read out device is arranged on a perineter of the lattice. 42.
The quantgﬂ1prfﬁgﬁl8£mokx%&%ig%§ghﬂﬁu& Qg% conprising a local bias device
coupl ed to at ast one quan uni dévi'ce TRt he plurality of quantum devi ces.
43. The quant utie firsogesant doficecind ki s8@nd yhaten He tideeargheareat nefighbofs quant um
devi ces and, at | east one af e firs | urality coupling devices and the
second pIHVQ?%WVRS?&%%HWF%ﬁﬁ%gﬂg?%%gﬁﬁﬁﬁaéW?anged as a planar graph. 44.
IThe quant Umdpmﬁﬁﬁr_ﬂqmrﬁﬁm@bﬁ%mﬁ&he ﬂ!ﬂﬂlé Qiidhtun g@@m;]a @xleﬁéwelsi_ded iP t he
attice; an erein g set of gquantumdevices in the plurality of quantum
devi ces aP@ehRogwa thsrlatfiprasqletegpined by Manattag 8isPtsrg devi ces in the first
plurality of coupling devices are assigned nonzero val ues thereby coupling
at least two of the quantum devices in the set of quantum devices to each
ot her in 4%cor §ardantimtioqepser gt dphr 39anhetginset of coupling devices in the

second plurali kifeadfiws QUiind 4 AEXIif 87 R EIRAIH INGANIRNEGES a8l ues 1 her eby
coupling at |east two of the quantum devices in the set of quantum devices

to each ofrenged sohébindnde Bointetieettaadgr aph. 45. The quant um processor of
claim 44, wher gijnqthe Cg‘?@%ﬁ dla%cééQ{P i) 'sgcgﬂ{l Plufla@ity Jﬂguﬁh‘l ALy ocessor of

claim44, wherein the I's select om t'he group consisting of K5,
K3, 3, an expmadsuh thof thkgdo amedsegh expansi on of K3 3.

49. A quantum processor, comprising:

a plurality of quantum devices;

a first plurality of coupling devices, wherein the plurality of quantum devices
and the first plurality of coupling devices form a planar rectangular array having a
diagonal, and wherein at least one coupling device in the first plurality of coupling
devices couples a first quantum device in the plurality of quantum devices and a
second quantum device in the plurality of quantum devices with a coupling strength
having a value in the range between a minimum negative coupling strength and a
maximum positive coupling strength;

a second plurality of coupling devices, wherein at least one coupling device in
the second plurality of coupling devices couples a third quantum device in the
plurality of quantum devices and a fourth quantum device in the plurality of quantum
devices with a coupling strength having a value in the range between a minimum
negative coupling strength and a zero coupling strength, and wherein the third
quantum device and the fourth quantum device are arranged along the diagonal of the

planar rectangular array;
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47. The quantum processor of claim 39, wherein the first quantum devi ce and
the second quantum device are nearest neighbors in the lattice as

det er m nesiohyoddanhiat t an di stance; and the third quant umpdexiAzersantdes he
fourth quantum device are next-nearest neighbors in the lattice as

determ ned by Manhattan distance. 48. The quantum processor of claim 39,

ghereln at least two couEIing devices in the first plurality of coupling
evices are arranged such that they d ' ; | east two
coupl i ng dev.%8§dgﬁq%wﬁe%%@Eﬁ&oﬂﬂﬁéargfﬁgﬁ hg%ﬁ%%?ﬁ%a%g@ﬁggg are arranged
;FCh fh?hu&fﬁﬁdgﬂf&“mgrSECt- 49. A quantum processor, conprising: a

urality of quantum devices; a first plurality .of. coupl | evi

wherein the pPUFﬁﬁW?ﬁkﬂFeﬂﬁﬁhﬁdﬁ?ﬂ@@?ﬁ%@u HHF'EC?WE%Iﬁ%%ﬁ%é?itycg?’

coupl!ngqggywﬁ%§ﬁ&§fn1a pl anar rectangul ar array having a diagonal, and

wherein at [east one coupling device in the first plurality of coupling

devi ces couples a first quantumdevice in the plurality of quantum devices

and a seggnd GHaRtHALASYEGEroRCchikP4P iRl 4 gtagl is amBaidemndbyieas with a
coupling strengtﬂ&ﬂaving a &glﬁelin’the raﬁgggggtmeen a nini&§ﬁ1negative

coupl i ng asd wberginh and a maxi mnum positive coupling strength; a second

plural ity of %%é{%k'@a%tuqr‘??{év?c%%e@?gru%&@f b3S e ARE AR08tk Sighdevi ce in the

second plural ity of coupling es couples a third quantum device in the
pl ural it ygraph; quant um devi ces and a fourth quantumdevice in the plurality

of quantum dey Ce?ﬁ%ﬂé}%{l‘g 8GR l%hQﬂrs%élglfag%c?ﬁ%g%gﬁgeﬁcééa&%sﬂgﬂsé he range

bet ween a_niniﬁﬁﬁl_ ve coupl'lng a zero coupling strength,
and wher giofizdrd ealiidiitlicgebywamplingat eust cweo afittie quretinodevides BubhietM devi ce are

arranged al on he di agonal of th | anar, r a | ar array;a read out

devi ce c&%‘i‘tﬁg’ ‘{eﬂcﬁtm F%ﬁs‘?hef)ﬁ‘eac&%@%{%ﬁr%ﬁﬁg\lﬁ g&} ﬁ&tjhe plurality of quantum
devi ces; and a skiaf dbuplihgSedeiic e saopd pldrality aftcohgimgtleders aguant um devi ce in
the plurality of quantum devices.

wher ei n @SYERINONETRYANRES dhege yrfoml,g%gﬂeg@??woq&atﬁé SN REOESRROM BT ¢l al m 49,

set of quantum devices to each other in accordance with the graph.
51. The guantum processor of claim 50, wherein the graph is non-planar.

52. A quantum processor comprising:

(i) aplurality of qubit means forming nodes of a lattice; and

(ii) a plurality of coupling means, wherein a first coupling means in the
plurality of coupling means couples a first qubit means of the plurality of qubit means
to a second qubit means of the plurality of qubit means, and wherein a configuration
of the first qubit means and the second qubit means in the lattice is selected from the
group consisting of a nearest-neighbor configuration and a next-nearest neighbor

configuration.

53. A guantum processor, comprising:

a plurality of qubit means arranged in a lattice;

a first plurality of coupling means, wherein a first coupling means in the first
plurality of coupling means couples a first qubit means of the plurality of qubit means
and a second qubit means of the plurality of qubit means, wherein the first qubit

means and the second qubit means are configured as nearest neighbors in the lattice;

and
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and wherein a set of quantumdevices in the plurality of quantum devices
are nodes of the graph; a set of coupling devices in the first plurality of
coupl i ng wevhaascase assi gned nonzero val ues thereby coeplrioago@tooimsast two
of the quantum devices in the set of quantum devices to each other in
accordance wth the graph; and a set of coupling devices in the second
plurality of coupling devices are assigned nonzero val ues thereby coupling
at least two of the quantumdevices in the set of quantum devices to each
ot her in accor shapnskeluiplithi of peupljr@pRansbiherain a fige sounling peersds §5r of cl ai m 50,

wher ei n E&S?cggﬂ%htly of C%ﬂ’g ? l’r@gl?srcouﬁgs tﬁ‘lr@H&m MQArEro@ﬁxgﬁﬁl%ht}Q@ﬂp” sing: (i) a

plurality o orm ng nodes of a lattice; "and (ii) a plurality
of coupl qurl:gt meaemsr;td a/\ﬁwexthaqmblamf:ans of th@ thpdlllt}n@f qmbéﬂi@aﬂsnart%h%ﬂa fel ity of

tcgugl !sgg q&]l (;:r{g:y 3 i fflllr fh%ubﬂl i a lfgﬂzfedtapﬁexi?héﬁ;&l 1’165%1&)9;5 qubi t means

rreans 0 ubrt neans wherein a
confi gur atthemttik. t he first qublt rreans and the second qubit neans in the
| attice is selected fromthe group consisting of a nearest-nei ghbor
configuration and a next-nearest nei ghbor configuration. 53. A quantum
Pr oCcessok4. CORPhdtIfARG detdrnthiap alrésu)t f@fa camputtisraipebiamranged in a lattice; a
first plurality of coupling rreans, wherein a first coupling neans in the
first pl ﬂF%‘F‘i‘?Proﬁ?SSQSO‘HﬁmeH’@ ERR ®oupl es a first qubit neans of the

plurality of gubi tiniR@S: AP dunis pRB&sUbht intRARSEeOfhddig el ural ity of qubit
means, wherein the first qubit nmeans and the second qubit _neans are

conf i gur BEATET REAISERCOMBTIERR B2l of Haniugy Gevices ar%ﬁlr?d&“rélétbf 8hd plurality of

coupl i ng c%"f’lﬂg demgraﬁﬂ th@reirl efa%ﬁ c&@Hﬁ’é Jlé@g:e'ﬁ?ﬁl@%ldrﬁht& BEcos d plurality of
coupling couples a th qubit” means of the plurality of qubit neans

and a fodetiéesgatmles arpaied q@*fﬂtltrhéevmemrathﬁ phpradity @ﬂ%‘?‘ﬂmﬁé‘éﬂ§esa and wherein the
third quiyt,. ﬁﬂlﬁ zglggjfh& ggar{g%{f 'b;olaesgb{k}'ogupn?eggéttlﬁé £ 5t&@0f hiQelseche@? Next near est

nei ghbors 1'n met ho etermning a result for a
conput at ittenpbntpmaebyiesnin diempdprality of quantum devices and setting a coupling

strength of at least one of the coupling devices in the plurality of coupling devices;

(i)  allowing the quantum processor to evolve to a final state wherein the
final state approximates a natural ground state of the computational problem;

(iii) reading out a final state of at least one quantum device in the plurality
of gquantum devices thereby determining the result for the computational problem; and

(iv)  generating a carrier wave embodying a data signal comprising the

result of the computational problem.

55. A computer system, comprising:

means for inputting a computational problem to be solved, wherein the
computational problem is selected from the group consisting of a problem having a
complexity of P, a problem having a complexity of NP, a problem having a
complexity of NP-Hard, and a problem having a complexity of NP-Complete;

means for mapping the computational problem onto a quantum processor,
wherein the quantum processor comprises qubit means and means for coupling
nearest-neighbor and next-nearest neighbor qubit means;

means for obtaining a solution to the computational problem using the
quantum processor;

means for outputting the solution of the computational problem; and
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guant um processor, the method conprising: (i) initializing the quantum
processor to an initial state, wherein the quantum processor conprises a

pl ural i t ywohoeumsatiam devi ces and a plurality of coupli ngcid®a2eEn01wad
wherein each coupling device in the plurality of coupling devices couples a
pair of quantum devices in the plurality of quantum devices, wherein
initializing the quantum processor conprises setting a state of at | east
one of the quantumdevices in the plurality of guantum devices and setting
a coupl i ng st ey tEpsmittingdhsolyion app dath geod GPPPHE! BEFREEE in the
plurality,pf coupling devices; (ii) allow ng the quantum processor to
evolve to a final state wherein the final state approxi mates a natural
ground state of the conputational problem (iii) reading out a final state
of at |east oRe;: : i i | f b i ces thereby
determ n?ﬁ'g t%ghéi %%Pﬁmt%%rggydtlﬁonc%ﬁph%? g@ il/écj)énoz:?#IJ r%%ﬁg%lr%s%éﬁg%gﬁk?% generating a
carrier waheoderimachhiralgy af dedes; si gnal conprising the result of the
conput ati onal _probl.em, 55 A comput 1 Si.Ag; ns for
inputting a c‘(’)vgr%rﬁl ée’lpélﬁrg ltyﬁrf ob eéﬁarlr%tag{eﬁi)(\g%ﬁ@eea?lpaﬁ{etﬂrc %Hr}%tdﬁgﬁgaorrput ational

pr obl em isanseh @ak@cbrf ardnliehen gachwpdeianisi Isticagf wfdesis pgodinem havi ng a

conpl exity .of P, a problem having a conplexity of NP, a problem having a
conpl exi fi%;“‘fﬁ’ M. Hard, and a probl em having a conplexity of NP-Conpl et e:
means for nmapphégintielns ofmutat senbde Pripdbplemtionifaodes gudivituattypr ocessor ,

wherein the quantum processor conprises qubi ans and ans for coupling
near est - ARGHHBY reaﬁéenﬁse%(%o-?%’é’ﬁrt‘égggﬁ@iwgﬁﬁﬂgrpr?ﬁﬁmnﬁmﬂ@éﬁ%‘? Sggvﬁﬁzyfor obt ai ni ng
a sol uti epollifg HRQuERIR PrREIBNBla HMOMHLMMEh RPrdsiRing HRRLMPURAORESSOr ; NMEaNs
for outputting the solution of the conputational problem andneans for

transmi t PTOREm has bew) manpsd orle aplead e aodicg Abihe 4WifSdi ed in a carrier wave. 56.
A digital signal enbodied on a carrier wave conprising a respective val ue
for each node in a plurality of nodes; wherein the plurality of nodes are
at | east 5Sfwo Mbeidisitd! pigaal|ofelairg 86.0fherritidis compwatippalrehiepicoekessdr , and

wher ei n ?l%ﬁr'th@ gt%ﬁp L&sfsﬁﬁg ok ﬁrbﬁ@m(-ﬁfaviﬂg g@&nﬁlgxigf &‘P?Qbﬂé%m having a

complexity of NP, a problem having a complexity of NP-Hard, and a problem having

a complexity of NP-Complete.

58. The digital signal of claim 56, wherein the plurality of nodes comprises at

least 16 nodes.

59.  The digital signal of claim 56, wherein the respective value of a node in the

plurality of nodes is a binary value.

60.  The digital signal of claim 56, wherein the graph is selected from the group

consisting of Ks, K3 3, an expansion of Ks, and an expansion of K3 3.

61. A digital signal embodied on a carrier wave comprising an answer to a
computational problem,

wherein the answer to the computational problem was determined by
evaluating a value of each node in a plurality of nodes;

wherein the plurality of nodes are at least two nodes in a lattice of nodes in a
quantum processor, and wherein each node in the lattice of nodes is a quantum

device; and
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device; and wherein a value of at |east one node in the plurality of nodes
individually or collectively represents a solution to a conputational

pr obl em tWetoévasedieen sol ved by evol ving t he quant um pr @CeLQposaD1Wst | Ne
after a graph representing the conputational problemhas been napped onto
at least a portion of the lattice. 57. The digital signal of claim56,
wherein the conputational problemis selected fromthe group consisting of

a problem having a conplexity of P, a problemhaving.a conplexity of NP, a
pr obl em havi ng“’ger&’j’ﬁpﬁg&?io?ﬁt_ %/?St Nﬁ;'ﬁg? H‘,t{‘%ﬁlﬂrag‘]_typ‘%dﬁfh’érﬁ IR da conpl exi ty
of NP- Conpftet&olvai.thelfiRn@hOprbédssct aOdi@he Ster @lopipir§Resemhi@lifd N the plurality
of nodes corrBrises at |l east 16 nodes. 59. The digital signal of claimb56,

wher ei n t i8MPwainal proble hps beeg magpsdamo gt feastapastiony o thetlgities. nodes i s a

bi nary value. 60. The digital signal of claimb56, wherein the graph is

sel ected fromthe group consisting of K, K3, , ‘an expansion of K, and an
expansi on%&f K2 digitabsignahembeyiedion sqagira v asn eI BiEGErphoder i er wave

conpri si nNgo@ t@irib?x‘é\ﬁfroﬁlgn@oG@Wﬁ%&'a&ﬂ@turﬂ@fﬁ%gﬁm wherein the answer to the
conput ati onal probl'emwas deterni hed by evaluating a val ue of each node in
a plurality of whodiashe quaaiuai progelssor poraprasks 4 lattisk ofi geesinedericat; | east two noﬂes
inalattice o | Hgg r nd wherei n. each node in the
| attice of nodgg&%gﬁze%%’gz?fﬂm %%aﬁ?@a%ﬁ%% eéﬁrté’;%ﬁ S‘%lv?/dg U8 %t | east one
node i n t phugitypidodesandf foneatbsespsctise haderin thecphahlitg bf sdes, wh igtidlhe quant um

processor I fter raph representi the c ut ati onal problem
has been K%ﬁﬁ%go&tt%%sgg%we Ingges%daa Cﬁgfstplg’éﬁﬁ?%foulpﬁgg ?(g'ftf“?tg’g?weé‘i thea i gi tal

si gnal enbs:s;id:oeidemdean@mmmeemommehe{mmlﬁwsfﬂ@ijﬁ @ﬂapht ﬁf a coirput ati onal
problemto be solved b guant um pr.ocess rein the gquantum processor
conpri ses a Iafvg?rﬁlg%ggﬂfg‘a?ltt Omﬁeg?ﬁpﬁ%%@ﬁetsﬂéedg‘fﬁ iggredishe

conput at i dralt cprehhaFed @ hel:ark vethe GOMRIH pRSeRop! Ural ity of nodes and, for

each respective node in the plurality of nodes, an initial value for the
respective node and a correspondi ng coupling constant between the

63. A digital signal embodied on a carrier wave comprising a computational

problem to be solved by a quantum processor

wherein the quantum processor comprises a lattice of quantum devices;

wherein the computational problem to be solved is converted to a graph
comprising a plurality of nodes and, for each respective node in the plurality of nodes,
an initial value for the respective node and a corresponding coupling constant between
the respective node and another node in the plurality of nodes; and

wherein the graph of the computational problem to be solved is configured so

that it can be mapped to the lattice of the quantum processor.

64. A graphical user interface for obtaining a solution to a computational problem,
the graphical user interface comprising:

(A) a first display field for indicating when a digital signal embodied on a
carrier wave comprising a respective value for each node in a plurality of nodes has
been received;

wherein the plurality of nodes are at least two nodes in a lattice
of nodes in a quantum processor, and wherein each node in the lattice
of nodes is a quantum device; and

wherein a value of at least one node in the plurality of nodes

individually or collectively represents the solution to the computational
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respective node and another node in the plurality of nodes; and wherein the
graph of the conputational problemto be solved is configured so that it
can be mappedidisciiie | attice of the quantum processor. ®8T/CA200sgioiwms si gnal
enbodi ed on a carrier wave conprising a conmputational problemto be solved
by a quantum processor wherein the quantum processor conprises a lattice of
gquant um devi ces; wherein the conputational problemto be solved is
converted to a graph, conprisi a plurali of nodes and, for each

Fespect v node s nPERETtar Pty SePedihiuio!aihe ARERG SOMH br ¢ he
respective node an@maafid @eHOReeBGOMP LomphRAsl Reblerh @iswRen t he

respective node and another node in the plurality of nodes; and wherein the
graph of the conpui®dPRegato %ﬂ%ﬁw@%%@%‘ﬁp%&ﬂgs configured so that it
can be mapped (B9a §ddéhd dipldyCre1@forlaiBlafita HeWBhR6 P ERRS Mmpubifion#d dr aphi cal user
interface for obtaining a solution to a conputational problem the

gr aphi calP'oRl@. j nterface conprising: (A) a first display field for

i ndi cati ng when a digital signal enbodied on a carrier wave conprising a
respective value for each node in a plurality of nodes has been received,;
wher ei n t@%e pllhe graphigal gferriniddaceaf elamn 64, edstein o coppldaiional poblemt i ce of nodes
in a qua r i i : ice of nodes is a
guant um Qg\%cg%&goﬁg&g er Fﬁnéﬁﬁ@l&ﬁhgp %ﬁ fég‘tlﬁlﬂ;feﬁg&c’ag}hggﬁoﬁﬁ’ 'n the plurality
of nodes proldéemibdviag 4 gonaplexityl df&NR, i peiblent lepingsewnpldxite oSSPdtardand o t he

conput at i ona11f robl.em t hat, has ﬁﬁ? sol ved by evol ving the quantum processor
at a ting & lgrrn%ﬁwrd%%ﬁ%ml?lg’ﬁrye%ent ?ﬂndgltetﬁe conput ati onal probl em has been

mapped onto at | east a portion of the lattice; and (B) a second displ ay

field f i i t.h | yti Tput at i | bl 65. Th
glr Sphi 02[663!5Zrpllrﬁgé’lfagg'?ﬁdjge%gtegﬁ%?%c%ﬁ‘} %mg’i@&‘?%@rﬁna Org% oﬁ?l pr obl eren is

sel ect ed donpiisdshieletdt 08 pod@R@NSi Sting of a problem having a conplexity of P, a
probl em having a conplexity of NP, a problem having a conplexity of
NP- Hard, and a probl em having a conpl exity of NP-Conpl ete.

67. The graphical user interface of claim 64, wherein the respective value of a

node in the plurality of nodes is a binary value.

68. The graphical user interface of claim 64, wherein the graph is selected from

the group consisting of Ks, K3 3, an expansion of Ks, and an expansion of K3 3.

69. A graphical user interface for obtaining a solution to a computational problem,
the graphical user interface comprising:
(A) a first display field for indicating when a digital signal embodied on a
carrier wave comprising an answer to the computational problem has been received;
wherein the answer to the computational problem was
determined by evaluating a value of at least one node in a plurality of
nodes;

Wﬁerein the plurality of nodes are at least two nodes in a lattice
of nodes in a quantum processor, and wherein each node in the lattice
of nodes is a quantum device; and

wherein the value of at least one node in the plurality of nodes
is determined after evolving the quantum processor at a time after a
graph representing the computational problem has been mapped onto

at least a portion of the lattice; and
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66. The graphical user interface of claim®64, wherein the plurality of
nodes conprises at |east 16 nodes. 67. The graphical user interface of

cl ai m 64, wohesaicosishe respecti ve val ue of a node in theprplroaabosiwies nodes
is a binary value. 68. The graphical user interface of claim64, wherein
the graph is selected fromthe group consisting of K, K3>3 , an expansion
of K5, and an expansion of K3,3. 69. A graphical user interface for

obtai ning a sqlkut| C tatiponal probple t he graphi cal user
interface corrgrb?éil"'eggl?({(ﬁiﬁqaya&?q?%g?hsaﬁ?ﬂg3{/)6SP“QP&Q“B?W“PRW%‘&WMQ when a
di gi tal girgwlain. enbodi ed on a carrier wave conprising an answer to the
conput ati onal problem has been received; wherein the answer to the

conput ati onal problem was determ ned by evaluating a value of at |east one

node in a0pl urdkigtphiofl wead@eifa bR ERIN6S, ReheRlitima ity &Jve@&%@é\vﬂﬂf e at |east
e

two nodes.in a lattice of nodes in a quantum processor, and rein each
node in & RAIRGIGEP YR odes i s a quantum devi ce: and wherein the val ue of
at | east one node in the plurality of nodes is determ ned after evol ving
t he quantum processor at a tinme after a graph representing the

conput at i ‘dnal ‘pEaniehissaintistien faraplmingarobitiat td eastpustipodl prabiengf t he

lattice; gh ic@uSE RN dI field for displaying the solution to the
conput at i on%lég%ﬁ o%l em 78. b@ﬂ%&éntgaphi cal user interface of claim69,

wherei n the céfrd st displey figdd ferdwslicaiog vhem digitanivhs cadopidliena 71. A

gr aphi cal 48611 - or obtalning a solution to a conputational

probl em the g?gé&lﬁ?%gl?iﬁgg%rcopﬁPtgﬁ - %l%ElSWﬁPlk’gF‘H&e% BYR)AUANEM, st di splay field
f or i ndi eaedessgr by beencgedergictial si gnal enbodi ed on a carrier wave conpri sing

t he conputational pr obIWer.o be sal ved bg/ a quantum E),r ocessor has been
generated; wherein the éjuéeﬁ?m%qb‘?%‘é'@%o&? Se’b‘i?gm”é@sal%? ISRt quaRiuEf quant um

devi ces; devices;

wherein the computational problem to be solved comprises a
plurality of nodes and, for each respective node in the plurality of
nodes, an initial value for the respective node and a corresponding
coupling constant between the respective node and another node in the
plurality of nodes; and

wherein the computational problem to be solved is configured
so that it can be mapped to the lattice of the quantum processor; and

(B) a second display field for displaying the solution to the computational

problem after it has been received.

72.  The graphical user interface of claim 71, wherein the digital signal is sent to a

remote computer that is in communication with the quantum processor.

73.  The graphical user interface of claim 71, wherein the digital signal is sent

directly to the quantum processor.

74. The graphical user interface of claim 71, wherein the solution to the

computational problem is received from a remote computer that is in communication

with the quantum processor.
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wherein the conputational problemto be solved conprises a plurality of
nodes and, for each respective node in the plurality of nodes, an initial
val ue forwoheoasqecti ve node and a correspondi ng coupl iPog/@anesi@mes bet ween
the respective node and another node in the plurality of nodes; and wherein
the conputational problemto be solved is configured so that it can be
mapped to the lattice of the quantum processor; and (B) a second displ ay
field for _displaying the solution to the co tati onal problemafter it has
been recgﬁved%hei ap “&ré‘ﬁﬂ??fappﬂ@@r%i’Wlhg‘i"fqgtg%sog'f“"é?lt% 7 1, wherein the

digital <bePdthidnsl FeMbmtiOredeit&NMicEtEROM Wictduahtidiprocesdofl comuni cation with
t he quantum processor. 73. The graphical user interface of claim71,
wherein the digital signal is sent directly to the quantum processor. 74.

The graphigcal 14sghoiifd @5draeertRE ofidin37 vheMIEhE bdnfulRiondpidign to the
conput ati onal pr ob?em is received froma renote conputer 'that is in

communi cde beselvaidtihreptseentaddn saifdisiteletenelrs. amgaphThe gr aphi cal user interface
of claim7 1, wherein the solution to the conmputational problemis received
directly fromthe quantum processor. 76. The graphical user interface of

cl ai m 87,77wheheiompuitagonad mystenatcompadingr obl em t o be solved is represented in

said digital si(%nlal as.a graph. 77. Aconputational system conprising: a
a local com u{er, . i
| ocal computer; arte € conputer; a renote quantum processor in

comuni cat i on awsrhdie tdreputanot € conput er, the quantum processor conpri sing:
(i) a pluralit y oft uant um devi ces, wher q{' n e@ﬁ{; rgu%{%tcum (&Iee\r/it e in the
plurality of AUHRRWATARLUT REosesSQ 1 Copamiggtion Wiy the relote GOmpHIL e 5 £ r st
quant um deuntaR prdteisbEcddhpiisalgt ty of quantum devices has a first basis state
and a second basi s stat e and gi i'%f a plural Ihté% of ﬁougg A rg]ge devi ces, wherein
a first coupl iipg _ ‘é‘@'i“_é‘é’ AR O Pat 1Y bt R §"deVi"Ces coupl es the
first quagtidnty deyiaatint Beide8ishl dodabf 4 Wik, Al ket LRyl fRSmInIeRicsecond
gquantum device in the plurality of guantum devices, .
in the plurality of quantum devices has a first basis state and a second basis state; and

(i) a plurality of coupling devices, wherein a first coupling device in the
plurality of coupling devices couples the first quantum device in the plurality of
quantum devices to a second quantum device in the plurality of quantum devices,
wherein a configuration of the first quantum device and the second quantum device in
the lattice is selected from the group consisting of a nearest-neighbor configuration
and a next-nearest neighbor configuration; wherein

the local computer is configured to send a computational problem to be solved
to the remote computer; and

the remote computer is configured to send an answer to the computational

problem to the local computer.

78. A computer system for determining a result of a computational problem, the
computer system comprising:

a local computer;

a remote computer; and

an analog processor; wherein

the local computer comprises a central processing unit and a memory, coupled
to the central processing unit, the memory storing:

a user interface module comprising instructions for defining the

computational problem;
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wherein a configuration of the first quantum device and the second quantum
device in the lattice is selected fromthe group consisting of a

near est - woghdmarseaaenf i gurati on and a next-near est nei ghlpar/aandsiogueat i on;
wherein the | ocal conputer is configured to send a conputational problemto
be solved to the renote conputer; and the renpote conputer is configured to
send an answer to the conputational problemto the |ocal conputer. 78. A
conmput er system for determnin resul.t of a computational problem the
conput er system conpri §i’?laé’¥’era{“‘?d8%§|° BF?B%fr'éFPCt?n%ﬁﬁ?rgrang%ufer; and an
anal og processor; pppin df the@nipo@adnaCpidpleingandonpri ses a central processi ng
unit and a nenory, coupled to the central processi n% i the nmenory

upi t
storing: a user interf&CENBEHCLUE EomRRTSdE Stf“ﬁ%‘f“tsé?ft?'@)‘ﬁ%g #8r defining the

conmput ati onal prohhgpid GARREhoBesHpRe€ONPri sing instructions for
generating a mappi ng of the conputational problem and a transmt nodul e

conpri si ng i n$e Fareqte @H@P‘f‘@”ﬂo@éﬁﬁﬁ h@efttlﬁbpfﬁﬁﬁpipg@ll{ fﬁldtaﬁéem‘éfbfnt e conputer; the
renote coppil&h t&%ﬁ&dl%?o%e@in%t%ﬂftftﬁé m%@&%%o?in?g unit and a menory, coupled

to the central processing unit, the nemory storing: a receive nodule
conpri si ng i nstructi ong teiverneasialeciopgrising insapiorgfof respivinEEhY ocal conputer;

an anal og processo&%%)%r%eﬁ%rgﬁ}% léE%P&blrrfpuféP'”pri sing instructions for
g to

transmtting the ma he anal'og processor; and the anal og processor
conprises a plurality ch aguegpucsstenitetase arduls cphprisihg ingtrustiogsoupl i ng

devi ces, and wherejin the.nmapping i.n Lol tializati;on values for at
| east one of the qﬁ%ﬁ'fm&mlt&ggﬁlggg“ppﬁgkﬂgg%?aﬁgaér%)%%éog’?a%auantum devi ces and
initializati otheusdlogprot&sorabmpeas b phunditpdf duastumclepicesmpddghirelgg i n t he

g:c u(r:gtlp][ ?(l)ﬁ 8£%ﬁ%u@elézicgg£§¥vg}§r%§f thél\pneelgp?rilgnmglug&ulﬁ)lltiaillngtigne\\//zlil1(136% f(i)rnatt he plurality
least one of the quantum devices in the plurality of quantum devices and initialization
values for at least one of the coupling devices in the plurality of coupling devices,
wherein a coupling device in the plurality of coupling devices couples a
corresponding respective quantum device in the plurality of quantum devices to at

least one of a nearest neighbor of the respective quantum device and a next-nearest

neighbor of the respective quantum device.

79. A computer system for determining a result of a computational problem, the
computer system comprising:
a local computer;
a remote computer; and
an analog processor; wherein
the local computer comprises a central processing unit and a memory, coupled
to the central processing unit, the memory storing:
a user interface module comprising instructions for defining the
computational problem; and
a transmit module comprising instructions for sending the
computational problem to the remote computer;
the remote computer comprises a central processing unit and a memory,
coupled to the central processing unit, the memory storing:
a receive module comprising instructions for receiving the

computational problem from the local computer;
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correspondi ng respective quantumdevice in the plurality of quantum devices
to at | east one of a nearest nei ghbor of the respective quantum devi ce and
a next - nesoeasdc/seiighbor of the respective quantum devi c@CTAA2005/00098pUL er
system for determning a result of a conputational problem the conputer
system conprising: a |local conmputer; a renote conputer; and an anal og
processor; wherein the |local conputer conprises a central processing unit
and a menory, coupled to,} A6 £allifidkoRbRsaSSl N . ry storing: a
user interface nodul e c.ozrlrprF%elgnghélgs?@%cstq?%ﬁ%&?%%ég%eﬁll?%té %Ie)

conput ati onal pr obl ewppiandf he tempationalmoehi¢re; andnpri si ng i nstructions for
sendi ng the conputationa I tQ | enp conputer: the renote
conput er conprises a cen]fmrg{a% gozngsssgrll&l’%%lﬁ%% qlocglﬁedcoén@ﬁ%%rl?sfm%boﬁf)l ed to the
central processing tmittapsmiktgnienmoappigtto thergalogpiroeessory endrodul e conpri si ng
instructions fqgr receiving the conputatjonal problemfromthe |ocal

conput er;a map eranﬁg)élﬁ’lr%ce%%r%oﬂp?ﬁ?ga l?thr‘fé‘{“iyl?gﬂ‘ilag‘w feyiceyantt Bl a mappi ng
of the congubwilingdavics; ol vitereinid nappiap alch@ePinR@BLSR vlRELof #ace nodul e
conprising instryctions for transmtting the mapping to the anal og
processor ?leﬁh‘&“et#éheaﬂﬁlﬁf“&@ Vi5ees %leah‘_gﬂf gt ViFCa T PigHzagant um

devi ces angues fruf Bhdt bie Offth€Quplidd WbvEYiInGBSpludlG oMISERinp diN&sappi ng
includes initialization values for _at |east one of the quantum devices in

the pl ural Viseinn conphineg drviereithcqduralifyl of peupfiag dexiges eppplslaues for at | east one
of the coupltfandigy &ptldqladfnPdetcBlid th¥ pRialEPHR|b AAmIRYIEES o WHEr ein a
coupling device inthe plurality of coypplng devi ces couples a
cor r espondP#ponesd paguesyacighailihe despeatioe pvanturedgyiagraat! ptngxtafeargstant um devi ces
to at |eask;fph& &fthearegb%@ﬁ\%%’ﬁ&%g@ggg of the respective quantum device and

[ rof ;

a next-nearest nei ghb e respective quantum devi ce.
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