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| NVENTION 2.1 Anal og conputing Anal og conputing uses physical phenonena
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This leads to cprobl e
quantum computing devices.

2. BACKGROUND OF THE INVENTION

2.1 Analog computing

Analog computing uses physical phenomena (mechanical, electrical, etc.) to
model problems of interest using physical quantities (pressures, voltages, position,
ete.) 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



I n 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 because analog systens normally use physical quantities to
repr esent WOrR064/%%f414bl es in a probl em and physical quantRGT/EA20PHINPS; n

nature are inherently continuous. Digital conputers, on the other hand,
I nvol ve di scrimnating between the possible bit values "0" and "1", for
which there is an easy identification of the exact state. Analog systens
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in anal og systens, often at a speed far greater, perhaps eyen exponentially
[
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di scri mi nagdnemc deyise, Analogisyuems apfrequeptly morsomples thanghgita coraputess.
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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 problens in quantum sinul ation, optim zation, NP-hard and ot her NP-
conpl ete problems remain intractable on a digital conmputer, If the

di sadvant f nal og systens, such as their limted_f si on,
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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 solation. 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.



O'ten decision problens have a related optim zation problemthat is sol ved
to determne the correct decision. Efficiency in solving a decision-based

NP- conpl mwll lead to efficiency in solving_t C e ndi ng
optim zaﬁ@ﬁp(g@gg&g problem This is generally true of & ?Mﬁil@ﬁr%%n NP.
Oten it is the optim zation- based problemfor which a solution is sought.

2.3 Quantum devi ces Quantum conputing is a relatively new net hod of
conputing that uses quantum devices to take advantage of quantum effects,

such as super pofichidedisiof ploBRinS hael AleREdIpintzRtorestbRBa Baolvel teluant um
devices, to performcertain conputations faster than a classical digital
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accordance with the term nol ogy of equation (1), the "0" state of a digital
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e r ead- odbEeH: el AL sulase s oficfa 2R oSk ekt JpEONGRRIm dovi ces
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al0)+ A1) ()
In accordance with the terminology of equation (1), the “0” state of a digital computer
is analogous to the ]O) 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 ’0) or )1) states. The term Ia]2 is the probability of
being in the |0) state and the term | ,6]2 is the probability of being in the [1) state,

where !alz -i-|,B|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,

d

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



guant um conput ation (al so known as the circuit nodel of quantum conputation)
quantum gate operations are perfornmed on qubits in a quantum conputi ng

device in the tinme domain. In other words, individual t on the
state of YWM&0HPMET e qubits in the quantum computing dgsT@z‘?“g@@%?
predeterm ned period of time in order to effect a quantum conputati on.

Gates are represented by matrices that are matrix mnultiplied with the state
vector of the operated on qubits. The npost elenmentary single-qubit gates

are the Paul,j i : = . Yo =140 J = C .her single
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coupl ed t cyptrhesiticanl of basihustes epergiosént pbqubits, 0EIOBE +andithed 1) +awl  10) +all1111).

(4) The state of. a -qubit, syste . repr nted f our: el enment vector
and two-qu Ons%aé’f”é 0%%%’ §€Y%W%e %?é’ lgiﬁfslg(g 8E°Pg%£f)‘yﬁf %?Xnﬁ%[??d;ek(gtjs. An n qubit
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subset of elenentary single gate operations, such as those shown in (3),
and one ordYBHE AFRSIAHPES BaPETasHed af ARHS In & PrRRuA CuRPYSng geiesdvwhi ch ar e

sai d to_ benyfinkebagh, RGmEARN! AR bRl Pitaicbn HELNRIFBhe 3hord! guant um

operations is any set of quantum operafrions that permts al possi bl e
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envi r onmenmulgipied with thy servettbsofghaopemied anyadits. Mthehedsielemettaly or nor e quant um
states assqQciated with tﬁlhﬁﬂﬂubi t. See for exanple, Moji et al., 1999,

Sci ence 28HNBleUBhSAtes AFfthe PPN FIC WO 2006/ 066415 PCTI CA2005/ 001965
"Mooji"), which is hereby incorporated by reference herein inits entirety.

A survey of the currentfgphysi calfgsysflens fjong@hi ch qubits can be formed is
found in Braunstei nX@nEli ,(Eé{.,), %OOZ,E ﬁca_lrl bl e Quantum Cé¥put er s,
n a

I
Wl ey-VCH, Berlin (her ter tiBrJunst ei Lo"). In order for a
physi cal systemto behave as a qubit a nunber of requirenments nust be

sati sfi ed. Obeesimglenuitgases incinde tha Madagiard gteethe phaseigate: and the W/§igatse
See, for example, Nielson and Chuang, 2000, Quantum Computation and Quantum
Information, Cambridge University‘ Press, Cambridge, pp. 174-177.

Two qubits coupled together also obey superposition:

aoo|oo>+am]m>+a,,,]10>+au|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 quantum 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 reasonable

nunber of the qubits in a coherent fashion. Associate i ility is
t he needMO2084/96¢#1%at e qubit decoherence. Al so requi re}ﬂé{:kﬁ{ﬁﬁ%?{y to be

useful in quantum conputing, is the ability to perform operations that
initialize, control and couple the qubit. Control of a qubit includes
perform ng single qubit operations as well as operations on two or nore
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These requirements were developed for the circuit 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 fwo 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 T3, pp. 357-400 (hereinafter

“Makhlir’"), which is hereby incorporated herein by reference in its entirety.



incorporated herein by reference inits entirety. 2.5.1 Flux Qubits One type
of flux qubit is the persistent current qubit. See Moji and Ol ando et

al ., 1999, Physical Review B 60, 15398-15413 (hereinaft , Which
is hereMP? "Hé& bYated herein by reference inits entlfé?gg&?%}a&lﬁg
superconducti ng phase qubit is well known and has denonstrated | ong
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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
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Ref er ri ng shfardshhctihfMood 183 &8 aRME&R andHobifim! PEN4EAIN Fhnt6RUBK Bgvd O phase
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phase qubisizesiratgingfromrabeitd® namametess (rof) to Awust imicrometetséuphalee qqubi t . Phase
qubit 100 tyvypical erates ' a maagnetic flux bias x rangi ng between
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i s the fl the jontaioh wifface area, the Josephson energy or the charging energy, that differ

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 Josephson 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-®y to about 0.8-®j, where g



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 w petic flux (DX such that the two-dine ot enti al
profile i Wﬁ)ges regions of |ocal energy m ninma, where Fﬁ@gr‘g@éﬁ 018y gy
mnima are separated fromeach other by snmall energy barriers and are
separated fromother regions by |large energy barriers. This potential is a
doubl e wel | potenti al 150 (FIG 1B) that includes a left well 160-0 and a
right well %@0 L, respectively representing clockw se 102-0 and counter-

cl ockwi sB* @Bl ati ng supercurrent in phase qubit 100 of FIG 1A A

doubl e well RHabeqibialo0hada daplifkel tﬁv@rdmehsWﬂﬂrpo&nhhlu\mﬂbtea@cub tlbout 0.5.00 is
appl i ed. V\hen wel 160-0 and 160-1 are . at or near neracy, meaning that
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according to . the rul es of quantum conputing. Since the quantum information

stored aflf prigeacldqoil nrefq?énvee»hrag@sww flowlfml(%Zr%amét%as. s, it is
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Decoher eff@¥ GhRRase aph ag‘é?f"érel‘te‘v@rpqét“&ﬂ PRBRFAr DRSS conput ati on
i 71 Cul bnd ht dbied &ﬂrb@foﬁér@te&i 894 SRR GuHhO THAGARER of H@datdugen@xfaéﬁ@t s such as

i ncoher ent t unnel 1 ng to sol ve usef ul pI’O t hus overcom ng t he
chal | enghereinfrefermas toas dherrsins of coppiatipnsloperiiersefinhase qbit 0RNRWIEOF THE

e bl 18 GBS G S R gl ey e
The gquantaproceds qum g eupiiabioPgPre@AR 0 Pha3e $@ 85 according to the rules of

guantum 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 (Il’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 incoherent

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



processor conprises a plurality of quantum devices form ng nodes of a

| attice, the quantum devices having first and second basis states and
conprising | oops of superconducting material interrupt e,g?:y ? on
juncti on("g(?.m“?’ﬁ@“h%ant um processor also conprises a plg N?}’%@Eﬁ %upl i ng
devi ces coupling the quantum devices together in nearest-neighbor and/or
next - near est nei gitbor configuration(s). (ii) Another aspect of the present
nmet hods, articles and systens provi des a nethod of determning a result of

a conputational problem us ant um pr ocessor TTPI‘I sing a plurality of
quantumﬁa@wseé@,onam&emmlaﬂlm% qypn Lﬁlswp% Ormé%r&égse%mla ehgh® the quantum
devi ces cfusmﬁﬁa%c sTifSin glﬁfézfaﬁd bRGAOIRR sla[bkhﬁc?édn?ﬁd@& tifips@piant um processor  to
an initial state y se a state of each uantum device in the plurality
of quantsumrcqildwtmsnamdﬂ mtmmpkilbmdoficfpm@ngmhtlwﬂeabhq@mm| ng device in the
pluralit evi | ] qwi ; At rocessor to evolve to
a final as{(t) a%sor gp?%‘% I8 ?%lapagl?yor{gcf) @gﬁlg’&%l%eg%%&‘f%g "%u%{a e conput ati onal

pr obl emdesiaek tbmhhrmgn@bﬁst-ﬂeigﬂh@ahncmxaieﬁ-mﬁrearmelghbasr configurstioacs).um devi ces in
the plurality of quantum devices thereby determning the result of the
conput at i onaliipr oBnetiter 4spédt pf the pesérlt metiody, reicleaambgistenis ptdvilepa esent net hods,
articles and systens, uter syst C rising a central processing

uni t a_rldf’%{g?fje‘?ﬁﬁjleg‘?”ﬁ%’@l aefas‘ft?&taﬁem%@mf\agm‘ﬁ%@élgg |aﬁ¢}a‘1}1‘|‘?‘tpr9°§ssﬁ$ovi ded for
det er m ndol nemgﬁ@mmup&f@aﬁ@metvm S0 luralRy ebé&mmg'fmldzeewpnn%ormrl ses a
user interface dul e comprising instructions for definin

conput at thmlmnmm wl@mogathmﬁb@mewﬁa inckidesinigalizng e iqnantym @th@ﬁﬁ%f for

generati 0 I I 0g processor
ot or  ac 4 SRR Blunk 1Sl TR AR - AEOR EFbAM, AUBRGNC

instr uctde@mss dndra cohplalgsmlemgth ngeacheoumppdevg:etlmtrarph&aiayogcqupbngessor and

i nstructions f@ ua a Loé f Edp a;lvtetothe lgglng fromthe
anal og pTotEsé ?Wm$ ° A "'d’r?ﬁﬁf)s(?é gPve an%‘} 38k agp:&(maép y of quantum
devi ces @ndalagr@inurs&kd thMhdlfonqmwﬁbhdl@rdﬁm afbreadiflg bite firlihfme Bforencl udes

initialization values for Firﬂ(juan um devjce in the plural I‘&i‘y of quantum
devi ces HRPIE ARAFHN Aoviges dhthg RIuRlLy piypuapmideiges heraly dRicmiing 48t he plurality

of  couplelulhfURVddntatibhe pfobi.i Ng devi ces coupl e the quantum devices to
their nearest neigh bor(s)p and/ or their next-nearest neighbor(s). (iv) Yet

anot her aspeqg;i)of 1 kel MHoRReNpedtRE HRPPosert ifettol € rRNd aAY SRR, a Pr ovi des a
conput er program product for ‘use in"conjunction with a digi tal conputer

system OOmPuUEs AYSLANe cOPrisEAACpYd dircesstigipit prda mgmeshgoupled trtBadabl e st or age
medi um anded QTR AInAE BOVRITY B eBARhS ETREAded A hfliGidda Wi th the conmputer

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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10 WO 2006/ 066415 PCT/ CA2005/ 001965 program nmechani sm conprising a user

i nterface nodul e conprising instructions for defining a conputational

pr obl em BRR dul e conprising instructions for ge i ppi ng of
t he corrpu‘?gtl ongF‘uglr)obl em and an anal og processor int er&?gzé‘&%lﬁlligg
conprising instructions for transmtting the mapping to an anal og processor
and instructions for receiving a result, responsive to the mapping, fromthe
anal og processor. The anal og processor conprises a plurality of quantum
devi ces apfhemm ﬂlec':ﬂaﬁikx’ntcﬁmﬁlfisiﬁ%éﬂﬁiér Rerfh8Y n6&fe cohSisTRARIARIINREHLdES
initialization values for eac quantum device in the plurality of quantum
devi ces adefiring a ¢ampuationa propignyasmdpper edele corpaping mrstrdetiqngri n t he plurality

of coupli Vi . | i m devi ces to
Thei r neaPoersrsRmaipSs B o BloPpoty ST ot Btliarodefy BiARbET [0V 1

sti ||l anotrodule@smeddinginsttuedons fosentsmittihgrhel mapping tocdnemalaggrasyssorens, a
guant um progcessor, i s. provi.ded. The guantumprocessof ¢ rises a plurality
of quant ﬁ?ﬁc gepyclgrs f&&"&ﬂ‘é‘@%lair?‘?u ’ng’PP 1yedo tie pappus. %P’B(r%gﬁﬁnfl Eof coupling
devi ces apfbcassors XHR ARl ptoedsbdritoMbriseddplukdligy sfjihf@f deficeoindlal ng device in
the first Mr ality of coupling devices couples a first quantum devi ce and
a second §hualityAf couplingdeyises, therraappingdpcdudes inttjaljpionyajugs foreachat tj ce, and a

coupling gsaﬂuﬁﬁdaﬁcéaih&eﬁ@t&hmg J,g %@%Mc@; andiaiRlibdQn I8HbCBSeRuUP! €s a third

quantum device and a ' ndevice that are next nearest neighbors
in the | acouptiog dévice inlthe pheralityrod counling deyines, and thervouplingsiemicesmouplods, articl es

and systens, a uant u rocessor ¢ LSl .pl ural i nt um devi ces
IS provi d@csf : U3y %ﬁlga%\‘/’mm%%()%é: lrfnlegrset? t nﬁféﬁ' E%Fs> ?nyd?%ftﬁeég?% F'P%aéé%g?/%h@ gg& a second
plurality of coypli devices. a read out vice .coupled to at | east one
quant um devi ce?vliandﬂlgnﬁ(%% CTPRESt qé@?%rgsegtorﬂfgﬁ% ’?8&% Pndl S 8ne quant um
devi f?' ng&a:pﬁrhlp&]lccbisyr i@iarolqidlam.tm‘m@tﬂmtuﬁg?ooamwmm;des_spluwiw@ﬂ ity Ff .
coupling devices forma planar rectan r_array . having a diagonal, and a
| east oneQUEB?fBIdFﬂﬁesdgﬁ?£€ %[amf@,? wsgatiu%\“urosf@tfpynafieve%jmf hg devices
coupl es asédoh&blu?ﬂ&ﬂbﬂ%hpld@}[ﬂevi@eﬁwc&@ﬁﬁ@‘%vﬂ:‘é%ﬂliﬂémrﬂ%ﬁirﬂﬁyw th a coupling

strength having a value in the range between a m ni mum negative coupling
strengt h &AePlngdavirehsAnpiess finst quanug fevich andsa seepnsk qnantnm degigg thapsre coupl i ng
device in the.s |kl @it ¥ b b AW & €sra third quantum
devi ce anéll agsftogl‘g?%qsqﬁattﬁ ur%céfea\r/l?fgé:sﬁﬁrgn%gcg 1aimc/)elns% td‘ri)qe%'f@lk gonal of the array
with a couphpling dsvicesrgupiesrrathird guzntwra demiceiand & fienrthangetuivetewee that zre mi ni num
negative GouRlLAG k6RO IneAMk 2ero coupling strength.

(vi)  Inyetanother 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 secoﬁd 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) Instill another aspect of the present methods, articles and systems, a

computational system comprising a quantum processor is provided. The quantum
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(vii) In still another aspect of the present nethods, articles and systens,
a conputational system conprising a quantum processor is provided. The
guant um /066415 PCT/ CA2005/ 001965 processor L

pl urali tﬁéﬁ%@gg‘ﬁ?mans form ng nodes of a lattice, angeg;%zhor%g)lﬁlw% of
coupling means. A first coupling neans in the plurality of coupling neans
couples a first qUbit neans to a second qubit neans, the first qubit neans
and the second qubit nmeans being in either a nearest-nei ghbor or a
next - near est nei ghbor configuration. (viii) In yet another aspect of the
present Piefeprorieomprises &plaralityrat qubis menrs formingiindas ofna laktisesdar conprising a
pluralit LE g arrf%?tgﬁ I ot i splurality of
couplin “ﬁ@&%gyg% h?@%@éhé\ p ur%l?r&;ﬂegbﬁg&t%ﬁ Pﬁgdnéefg:?{slp lfng provi ded. A
first coogans oapplesarfBstignbit ineanfsito & secphdiqubltintepnsy thedfostpdubitgneamscand coupl es a
first qupit ans and a.seco ubit nmeans, the first qubit nmeans and the
second beoNRRE ™R8 FHeaD AT drBesde AR 68§ S GRBYIATRor he T ac 1 ce.
and a fid‘oﬁﬁ%::_ﬁ-gm[ ing means in the second plurality of coupling neans
couples a third qubit nmeans and a fourth qubit neans, the third qubit neans
and the four t{ifulp jet BRARS aRENE ROPHEdeB b SarfiEl¥d andng@tERSh nei ghbors in
the lattice. (ix) In yet another aspect of the present nethods, articles and
syst ens, JUANTUFERIPSESOp FOraRNsENE A Mrakty f gubiiuneans agranged dhalattice.iadHsl pr obl em usi ng

a quant ' rayl ; (oToy= AP ses a
pluralit ‘Sg&%ﬁgﬁ‘f"?&% hﬁ%@i"gkg?g‘%ﬁadEmgﬁl‘%ﬁbwngf“%goﬁﬁ%%ﬁ&ggﬁ ces, each
coupl i ngfirsteouplengooeapk inthe Arsppliiraligf of cqupling mermbeopiiples a filshgubitet hod conpri ses
initializing. the quant rocessor. to.an initial state b etting a state
of each AN PUNT oRLae T RfreBE R B BioRy berestyhBie B¥rloch Coupt i ng
devi ce, Wlidgnonfigurtdias pu@sttingighpore dreths Dittice,aind d dirst@otiysling riidansihn tisd at e

appr oxi mat i a natural ground state of the conputatjonal problem reading
ot f TR R4k ofoupling mew cBles /A GHRERARE 8 ] iPERGUEEL or mi ni ng t he
resul t f@gankhfe thiraqabit ﬁataar@'lahtﬂérf&hhﬂ{ﬁbitﬁﬁﬂﬂr&mg%nﬁg&@d id Rkt Wave enbodying a
data signal conprising the result of the conputational problem (x) In
still anesereerneighbeisin B laties. present nethods, articles and systems, a
conmputer systemis provided conprising neans for inputting a P, NP, NP-Hard
and  NP- Conpl(®&de dbrganetheraspect of tbopresentpethedssotigletiandsysiergs.for  mappi ng t he
comput at oRad of et VeQufFoflk Bh R AGRMIN uSRFRGARAY qubi t means and

nmeans

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.

12



for coupling nearest-nei ghbor and next-nearest nei ghbor qubit neans, neans
for obtaining a solution to the conputational problemusing the quantum

pr ocessor or outputting the solution of the co [ robl em
wo 20008115 gp‘ﬁe%g%?@?«sg

and neans TOr transmtting the solution as a data sign In a
carrier wave. 12 WO 2006/ 066415 PCT/ CA2005/ 001965 (xi) In still another
aspect of the preSent nethods, articles and systens, a digital signal
enbodi ed on a carrier wave i s provided conprising a respective value for

each node in a plurality of nodes. The plurality of nodes are at |east two
nodes in a KditiHetiyranpBeraspacholihepgscptnetiedsc wlislss andsystamhdde in t he

lattice @i GEIRS einBodled SHEPEHHHPWASY isGRoviddd ¥ BinbRsiRE a AlspdcBidSia@ne node in the
plurality of nodes individually or ‘collectively represents a solution to a
conput atfprmash ngsledn h plaralitaef Hedes. therplusdity efcnodys arewbleast pp nades Guant um
processqr ti f r I -he tional problem
has bee%lﬁtg%ep(zfcp 08%8%&15{%@ ?U °§B§%r@?‘éﬁ§°§?‘ﬁ thﬁgatfl%t ?tﬁ@g& L{% gi i) In still
anot her caagemtdevite.t Aevajue efatitastomic modesin terplurality of aodks Syditiduwaily oa  di gi t al
si gnal enpodi eld on a carrier wave istmg)rovi d conprising.an answer to a

ve et

conput atPEFFEVely FesFsenss # AARUQRL 2 fampPATRalpr ﬁﬁl?eﬁ[jg%lv Yue of each node

in a plebRldglive @lanfaffSeessdn @t Plite adtdr b graph répRslestim tRe &dmpubAdhalt WO nodes in a
| atti ce of nodes in aegg)antum processor, and each node in the lattice of

nodes i Preblehing bpen eppedontont leagl a portign of the|lathies. one node in the plurality of
nodes is determned after evolving the quantum processor at a tinme after a
graph represéfibi nip stillanehpgaspect poa Presprbipiaads adiclep ardsystamped onto at | east

a porti Of o .| oy : Jo : f the present

met hods_fmg@}?ag f%@g&%ﬁ%k(ﬁ%ﬁ éegfrrlls}é,r %av‘lacthg(lg‘}t“gd Cg?‘g%gﬁééaﬁn%%gigeg%n a carrier wave
is p: oviagegurtom pobleq t_aat%msﬁhteuﬁma:b)cayapummamm offpraixiodenit © Ibetts'0| vedf by a
guant um processor,in i,ch.. antu rocessor. ¢ rises,a lattice o
quant um ‘é\?ﬁtgé) pOdleﬁ'eTkéérq%{Bﬁll%’fo(%f’ﬁ‘gesca&erﬂsnlﬁlgtq”gHg es "b?ga_tgmétr?? P%deﬁ_e sol ved

conpr i sef aquttikhPrdckson bnd\@dr Soderid thell@tficead@bddsas paedntungdévisde A n  the
plurality of nodes, an initial value for, the resgectiv node and a

cor r espofithend at kgt prs page duthe plmlity, el nRdes s defern @{?KPEV% & and anot her

node in dulgpl gtb@kdot ¥t Afme K048 Sraph MépredbAiAE u&fcorni]ﬁtafaeﬁm#oarénpml probl emto
be solved is configured so that it can be mapped to the lattice of the

quant um hsemaapragdrontq atleayt a portian; af thedpfli¢cher aspect of the present net hods,
articles and systens, a digital signal enbodied on a carrier wave is
provi ded conpkitiyi Aystdl angthetasaedqt ehtip present methods, articles and systems, a

digital signal embodied on a carrier wave 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) Instill 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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problemto be sol ved by a quantum processor. The quantum processor conprises
a lattice of quantum devices. The conputational problemto be solved is

converteqvbgo(%}/%&li@ph conprising a plurality of nodes ap FJAQPO%

respective node 1n the plurality of nodes, an initial

respective node and a correspondi ng coupllng const ant betmeen t he
respective node and another node in the plurality of nodes. The graph of 13
WO 2006/ 066415 PCT/ CA2005/ 001965 the conputational problemto be solved is

configured so that it. can ed to the lattice of th ant um processor.
(xV) |n“§t°|°f"|9“'ﬁﬂ?ﬁah%f|°b]§§‘ﬁgg? Sga‘?‘f‘ﬁéorﬁ-'lgﬁ?aﬁ? AL AYHE m%H*’F?EﬂB% and systens, a
graphl cadttldés(ﬂheldﬁhﬁﬁ,fnqﬁ&egssr provi ded, the graphical user interface is for
obtaining a solution to a conputati onal probl em and conprises a first

di splay fiel éw&mdln%nﬁ%&m as&b@&ltﬁe/préde@dlﬁiethcﬂaeaﬁlélesséndciyﬁah@x field indicates
when a digital signal enbodied on a  carrier wave conprising a respective

val ue farapbmlnlsmarelfaqtr lsaprpwdpfblthq graphicahusgeintesfaee isferabtaisagd ved. The
plural ity pl, Ha%‘i%ﬁxp%gonﬁf %Joa@ h‘éﬁm{}ﬁsgffﬁ{si‘dﬁ%lhﬁ‘p&h%gd RlecBpgles in a

guant um processor R Rode i n es I's a quantum

devi ce. display dielde ”Rhé fiest dilspla$ﬁeldnmd1mﬁevhemaﬂtgaalmlgrrahémqumdfonmdes i ndi vidual l'y
or collecti veI Bresents 59 g)tl OH{‘(? .t he co rrtg tfatd[e Br‘bsl pr obl em t hat
has beeﬁarsu(ﬁﬂ)’%&%y‘p VB8 & Fgspect T‘l%a hEaGR PR APLGPIEPT BOdEF B after a graph

r epr esemkén@cdied. qBEPhitadity mhem@bdlaﬁntwbaﬁd&aﬂamﬁ@pﬁ@lo@aﬁ@aat | east a
portion of the lattice, The c;séav‘cond di sp X field displ, ays the solution to
the comSURYTBFSESSPh Bl @ah np P)thqlhmgetqup Hribt AR AR & the present

met hOdS’vaﬁiEBfEtllé‘ﬁt&1@%o§e)’§ttﬁ'€?luraﬁty &ma&mmmm%r Edllegtifedce i s provided, the
graphical user interface is for obtaining a sOlution to a corrputatlonal

pr obl emrepresents therspltien te the eampuddtiophlproblenethat kes deen sswb@dhﬂequ\wggl ay field. The

f' rSt diggd +u%¥tu];n' %c%séopgﬁat?rb@&tﬁ‘?el 3 é’ﬁp e&#&%ﬁtﬁl tﬁé% eﬁgto%gen?” a carrier

e conprrtsing R answer een received.
The ansvlms bden ntalppedomipatticusi aJprahorpofalmI lettice. sTltéesbmn&dmﬁhyb‘yeldeval uating a val ue
of at ne node in a raI nodes. The plurality of nodes are at
| east t Pf?@fﬁ&s?lﬁuonamlﬂ?ft(i ﬂBé’Q@“] n a quantum processor, and each node
inthe latti e of . n t um devi The Valcﬂsg of at |east one node

e DRt e 3R eriaépeﬁg9€t9mrﬁs&atm {Fodsy 6l68 1R TR Bquant um

pr OCESSCgli‘apfhicaﬁlsEﬂ lﬁﬁrfacfetlsefnoauﬁﬂ 2AR& gk B R tnitdiEhck Refor &ﬁﬁmu atl onal probl em
has been pped onto at |least a portion of the |attijce. second di spl ay

field d|seblrlafyg° 3qeEPe3Heonal greblem Wéowaﬂﬁs'é.@glﬁt disalay Sielsiond Pnsecond
display 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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(xvii) In yet another aspect of the present nethods, articles and systens, a
graphi cal user interface is provided, the graphical user interface is for

obt ai ni ng jon to a conputational problemand conprises a first
di spl ay fl“gﬁfﬁéa){l%ééag second display field. The first di sSEFHGAZQOUSNdi cat es

when a digital signal enbodied on a carrier wave conprising the
conput ati onal problemto be solved by a quantum processor has been
generated. The quantum processor conprises a lattice of quantum devi ces.

The co t [ I | f nodes and,
T ey oA EhELoRARLAT U BRI Rt WRRASUR BLME Aol nodes
pl ural i t ynade anddesrresponding douplinguahsiant berwethibe raspetiot node anddeotberd a

di | i tapt bet h ti nod th
ode. | n ¢ R SR of Solgticie PR BMBLRPIBHAD sPYG BAPTIUBE col ved i s
conf i gur ego (56t bdhe ridpp&PHB tRE12IBPBASE §itiniuREpb@dstdre ThoecbRPdigHANT UM

processor. The second display field displays the solution to the

conput at i &aldldisplaybihe selatiande the compytaenahproblesi afteg it haxbaepirgceivpd.yet  anot-her
aspect of the present nethods, articles and systens, a conputational system
i s provided. THeiigdnpeiaaptheraspect pEthepreseahpethods ariclesard sysietput er, a renote
conput er, . I . . | i [ ith the renote
comput or . “REu SR Bk RANUEL PHETERARIE SRRRER Aot | i e ces.
wher e eac komjpter, al ranshésdotguien, ant @ rgrhate @lantuyn rbcays@rin comelenicati®a | s a node of a

lattice, and where a first quantumdevice in the plurali of quantum
devi cos hadtihy epote copgupy, Theaartin grozesarsompsed wuafyef dua g aant um

processor dbWedshRkier€ QR GhaBin devidd HERIPldriit9 bf §RMRAI BEiS W LRde ofere a first
coupling device in the plurality of coupling  devices couples the first

quant um déafiieseandrivhersen firstquaniumydeyice inthppluratitledt westumgleyicesshas s fustquant um
device in b%ﬁ?stﬁk WP éeEé(ng%falgliQ Uaiat § &l?a\é{u?rf cé§’§k?r.rf§m?e,r S&H%ﬂisg%’ﬁ ation of the
nt um t ntum dev e

first qua evice an e second qua ice 1nt attice is
sel ect ed Pphoality bheuplingudevices, sihsieiarfiyst obupding deviesin-tieplghbgrof coudlingur at i on and

a next-nearest nei 0 configuration. The |ocal conputer is configured to
send a co Y}fcﬁtcf”tlﬁ‘\%n&pﬁ%b‘i“@ﬂ%“f%&v}f&‘ tg? elé]&a%t%mtc%@nﬁu Y& S Bput er. The
renot e CORPYShE Guanfunt@svidegnithe Pliralitp 6 ghamtim RNRE whefe d ddafig@amsit ¢t i onal
problemto the | ocal conputer. - (xix) In yet, anotgfr,as_pect of the present
met hods, A&fefire} antym devigeind e segondqyapmedevicy & B atice IRRelcSiedifithg a resul t

of a comufBth @hsiRnBRE § AbdrsstAE@NoH Ehfigukitn GRIPH @ he¥st hEPRPI | Ses a
| ocal conmputer, a renbte conputer, and an anal og processor. The |ocal

conput er cowfiguration. Gheclegal campwenis eandigmigd imsend 4 sdmputationgl groblem to
be solved to the remote computer. The remote computer is configured to send an

answer to the computational problem to the local computer.

(xix) Inyet 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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coupled to the central processing unit. The nenory of the | ocal conputer
stores a user interface nodule conprising instructions for defining the
conput ati onal problem a mapper nodul e conprising instructions for

gener at i r?ﬁoéo‘ﬁg’ﬁﬁ‘ilﬁg of the conputational problem andPS&TGAAEHANSFodul e
conprising instructions for sending the mapping to the renpte conputer. The
renote conputer conprises a central processing unit and a nenory, coupled
to the central processing unit. The nmenory of the renote conputer stores a
recei ve nodul e conprising instructions for receiving the mapping fromthe

| ocal cormplog@rocessaticomprisgsal Rherality of ewpgnm deayicss prdepinmlity of coerdiwgr i si ng

i nstructj f o i . I I essor. The 15 WO
2006/ 066 FTESpeBRE R idshiiddiaBRNREl & bR dRABRARCODT. 10
guant um dbgicec mshapldratityplf qualterh deifes endijnitiatigative wialnesfor dtHeastergpifng i ncl udes
initializatio | ues, for at | east qne .of. t he ant .devj.ces in the

ol ur al | t 96 GPURNE AR (uDe pilyof coppline deYises, A, ePuphpg SRYcP R 1S | east one of

t he couppiadtyds ebdinig Hévided Qoudlas Aotrbspoing RYpctiNIqiaMic®Sice/n coupl i ng devi ce

in the plurality of coupling devices couples a corresponding respective
quant um ‘@eplugadity of quastamslevices tp alleast ongud Bmnaares apighler of BieaesPP@lst one of a

near est (ﬁ‘%%lgl?rﬁ&rvicgfan& zbﬁe:&-ﬁ(?ﬂ@s‘f Bgigﬁoor S48 I:els!ﬁ'a(cg%/ &I%ﬂu@x{]&jevﬂzen ext - near est

nei ghbor e respective quanttm devi ce. n yet anot her aspect of the
present meth ' : r determining a
result of a co u?ﬁa%%t%}ﬁgﬁergﬁ@!&gf%ﬁnﬁ%@sﬁpg\r}?@%g?m@&sea@gs &%p?zé?l system

conpr i sesonmputarspstent fordettmaining aresuly bba compudtional prohderais poradesly  processor. The
| ocal conput er con)gfi ses a ce%rql rocessi Qﬂ% unit and.a maagory, coupled to
the cent (4 “PIPHEE SSIeALOMrises arpea S Hremofcanpter ad AR ARAIRE conpri ses

i nstruct bx@&@s&oWhaﬁatélmbm?uteh&)r&pamwtoaﬁm PedceRnginRAhd 2R@maryt, r ansm t nodul e
conprising instructions tor sending the conputational problemto the renote
conput er SOupled to bgsensrabprapassiag urib niieiracmory ot WA dgcal coppyicE SUNRIFCtini t and a
Menory, iceirbeol & tﬁ@éﬁrn%;ﬁftz}ﬁgﬁﬂgpo%ﬁnﬂgn&'g!tr‘émsm-{hﬁocﬂffe[mry of the renote
conputer stores a receive nodule conprising instructions for receiving the
conput at ¢enprisingrindiuetion farsendingthe curputationgyprehiem & thepgpete nodul e conpri si ng

i nstruct | fo ting,.a j t Wt ati roblem and an
anal og p!r:ogll;I i3 §b?h?%81 Z’E acé)glé’g H%a%rﬁégggco%ﬂgirﬂsqrﬁ%s@?% nrltuac%liag’%@?rg’r transmtting
t he mappeoupliddao the eeranbprogesping aris. STite. mebiry ofitha lréijotp t@RBRAGtOresE@TPr i Ses a
plurality of qu rlt um devi ces and plucali 51 of cougl in devi ces. The
mappi ng. 1oEGERdF FRArSEnTRGHON dyrfereiying thE eompRTiongREotlem Fi0 quant um

the local computer, a mapper module comprising instructions for generating a

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 quantum 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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devices 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
correspoﬁﬁ?ﬁ@mpg@%%ctive quantum device in the pIuraIiP?Tﬁﬁaﬂﬁgﬂﬁﬁﬁldevices
to at | east one of a nearest neighbor of the respective quantum device and
a next-nearest nei-ghbor of the respective quantum device. 4. BRI EF
DESCRI PTI ON OF THE DRAWNGS FIGs. 1A and IBillustrate a flux qubit and a
correspondi ng double well potential profile in accordance with the prior
art. 16 WD 2006/ 066415 PCT/ CA2005/001965 FIG 2A illustrates a lattice with

ort hogonal c¢ IJi.ng het ween..nod i,n accordance with an enbodi nent of the
present met hg'g(g',jAaﬁPd@%césﬁgﬂﬁf Vsyséf)rg}?é(.maifﬁp 15%&?”%&?&5? ®s a lattice with
or t hogonatorddide Withgoerabodimeit!of €@ pistnarthodsl@aidesiand dgstepiisdance with an

enbodi mrent of the present nethods, articles and systens. FIG 2C
illustrates another lattice in accordance with an enbodi nent of the present
met hods, arti : t [ : G i.ce of FIG 2B
rotated by 4'51:?(? %%al?ggrra?fé%(:lgﬂgﬁ ‘{Vﬁlll %h&@%%@é%@%?u?ﬁ% 6bf':?&e/%ségnt met hods,

arti cl esodesdn sgeordanes. wikh @semi3tlimend ofdBe piebant methiods, articdaslaodli nent of t he

met hods, atrti cles and systens for nmapping a planar graph of five nodes to
t he cor rségf)'g?idi ng lattice-based analog. FIGs. 4A and 4B illustrate an
enbodi nent of the nethods, articles and systens for mapping a planar graph

of six nodes the corresponding | attice-based apalog w_th next-nearest
nei ghbor cou;i:]&ﬁgr?gé1 ﬁ}lpq@tesgngqurﬂgql %W&C%%“EWHHP%WBO‘{S‘PQ‘E‘W@ Heet hods, articles
and systgeRnf BéthoddBiFidI& didlstdtthe coupling devices and nodes equivalent to a
single coupling device. FIGs. 6A and 6B illustrate an enbodi nent of the

met hods, articles and systens for mapping a planar graph to the
correspondin G Es I bl Lstr first five

conpl ete gr agﬁég%lﬁﬁﬁég%ﬁgﬂlaﬁg,@ °?%Gag%g?‘8t§%‘c’g451%‘&3%&’?%3%??&6?5 art. FIG 8

i 11 ustr aimd®dandiBof3hdprpsent methody, apibles mdaxsystemslance with the prior art.

FIGs. 3A and 3B illustrate an embodiment of 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 planar 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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FIGs. 9A and 9B illustrate an enbodi nent of the methods, articles and 17 WO
2006/ 066415 PCT/ CA2005/ 001965 systens for nmapping a non-planar graph to the

correspongj ttice-based anal og with next-nearest nei}QbIt? iNg.
Fl Gs. 102\&)8%04/@355I | ustrate an enbodi nent of the nethods, Qﬁ“ﬁ@f’@gdsand
systens for mapping a non-planar graph to the corresponding |attice-based

anal og wth next-nearest neighbor coupling. FIG 11 illustrates a system
that is operated in accordance with one enbodi nent of the present nethods,

articles an stens. FlGs. i) r . i.gent of the
met hods, P 't%fn%?&ér?aé)ﬂﬁg a§>$§1péa#5%§§hqﬁah§e%oﬁr§ip§ﬁ{llg ga?%%%igéggagglaggph to an
i nt egr at editk héxtnedrest idighbor ¢@pliapd 13B il |l ustrate anot her enbodi nent of the

nmet hods, articles and systens for napping a lattice-based graph to an
integrated circuit. FIGs. 14A and 14B il lustrate another enbodi nent of the

met hods, arti cfes. ®AGnd VB BikaleQh cABRRMBA oF thehéth6®; fBden@r aph to an
integrated circuit. FIG 15 is a photograph of a set of four quantum devices

coupl ed t &ystemsHorgnapping ajnenpdansr grapicie th qorresnonding dattiseeipsedymaloge present

met hods, I G € . . EIG 16 illustrates a |ayout of an anal og
pr ocessor@almrl\Imgt)%:tg%arl ag%lgxﬁgt%ﬁ&pélﬁg enbodi ment of the present nethods, articles

and systens. FIGs. 17A and 17B illustrate enbodi nents of the nethods,

articles and S for contro]ling a double || potential. FIG 18
illustrates a %é’r if@%?ﬂtesc?tﬁyf%ﬁ‘td‘ﬁﬂqu%{”af% ‘38@8F‘§§?f’c‘@‘%ﬁ\ﬂeh the prior art. In
the fi gur gsbodifémiof :8lprdsétt MRS, MitiRanGsystbaidt i fy similar el ements or acts.
The sizes and relative positions of elenents in the figures are not

necessarily drawn to scale. For exanple, the shapes of various elenents and

angl es are notpaiA 4 1983HiGstrateHR dmpo f oftHEREEdCAROESarfy € arbitrarily
enl arged and posist%neg to !rrprac?ve Ilng %650006/ 066415s PCT/ C?AZOOS/ 001965

| egi bi | i t gystefsifotmeappingtedapige-based lgaph mppegrafedicireuib| ement s as drawn are not
intended to convey any information regarding the actual shape of the
particul ar el enents and have been solely selected for ease of recognition

in the figuresFIGsUriAhaidoBdllustatd Mothérembodusne 6f th@yhethodyyvagipsiahd ¢ | ayout s,

one skilled in the art wl| %ppreci ate that variations
systems for mapping a lattice-based graph to an integrated circuit.

FIGs. 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 |layout of the present nethods, articles

and syst e@%ﬁ%’@%}p\l LED DESCRIPTION In the foll ow ng d /é%bg&dg&ertal n

specific e set forth in order to provide a thor erst andi ng
of various enbodinents of the invention. However, one skill ed in the art

w Il understand that the invention may be practi ced W t hout these details.
In other instances, well-known structures associated with anal og
processors, such as gée?ﬂtum devi ces, coupling devices and control systens

i ncl udi nipemility oBveies siscrasticataa skapes/e the lemants 35 deatyiearg apt BteadeddPown or
descr | bedodyy afihfirhad BY0Aids HRNEEAIRAe ok heARRRHT BRmHRS Ed IRk ONS Of the

enbodi nent's I nve I on: ess the co requi res otherw se,
t hr oughobeentshlelysyslecied far zbsedr ravaghitian inithesfiguisc Wuﬁb&rtrmw, whilethpor d " conpri se”

and vari ations thereo ises"..and "¢ LN are to be
construeﬁg'i]ﬁ S IRY 3198 pe?lﬁ%raﬁglft ggﬂ@@nﬁ’ aatrthlapgrseC‘af%ggw |ar%gms but not
l'imited tndesighetapiugnae fablicaisglacd fosditle andthe shdwiClajduddaré fot'tobe  enbodi ment "
"an enbodi nent”, "one alternative" alter natl ve" means that a

par ti cul SPnstraed aslisniting the laypyteof &e%ﬁﬂtéﬁ%“ﬁ AL AId SYSIRY i s i ncluded in at
| east one enbodi nent of the present invention. Thus, the appearances of

such phrases in various places throughout this specification are not
necessarily all referringd. tBEﬂMLEEd)@GRlRﬂHDNsnt Furthernore, the

P T oul AT o L o B G ol SRR IS S L8 o R g0 ned | 0. any

sui tabl e mann one prOV|ded herein
are for cpmw&rutbmeghmmkmsaﬂdngofmbusmtmﬂmms dfhiee imcemgien.or nmeani ng of the
clai med i_pvention or dan ]ie with the pr esent net hods,. articles and

syst ens, %P’Hgoneﬂmég‘s‘g?gnﬁ'ﬂ upflgesiand ghagithe jipyeRioRmaHbRRIRTHS ﬁ s, the anal og

Pr 0CessOlyifhefhdse astaiks. IRbiheAinsthiced welUMBWH RiratyeE 8o iEawEed in a lattice
and a plurality of coupling devices that couple the quantum devices

t oget her .anlpg sl@ﬁ@smmiﬁ m@@umtdh\éceédwphrrggdevwés/ar@ec@n@wmt@m ndi vi dual
quant um geyi £ Jzﬁssels%a‘hhwmﬁﬁl Q%%HIBQ&V hG6&R of a’est:%ge'd near est
e| ghbors.

nei ghbors an el r next-near est n sone I ments, the
anal og prdetaﬂsfswold wneapsilyeotsturang dessriptiats iofi thetenbodinlentsiofthet o pr obl ens t hat
fall within %9 \%) 2035‘/06@415 PCT/ / 005 01?1 ‘g hthe BI ig)non etermnistic
pol ynoni dFVePfigh)Unlgss fhe cgp ef)‘rrS%If“@f‘rg e QU LNTPEHIAPRARY ar e t hose t hat
are veri fclanal @hiol falono Madeiddd Ndoipsikd" @nd variations thereof, such as,

“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

t” [ 1]

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 Aass (I1SG problem Mximum

| ndependept. Set. Max Cdique, Max Cut, Vertex Cover, Traveling Sal esperson
(TSP) proﬁ“ﬁﬁ%“@ﬁﬁﬁhﬁ i nteger |inear progranming, and fRGHEAROPHHEI ound
state of an unbiased, non- tunneling 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 different values or weights and_.this causes the graph to have
di ffer enttg"cwg?‘%Pé‘a@?’i’@‘t“?‘l‘qu?wofrﬁ?ﬁg‘eg?laisH’épfoxlg’feé?s'r onshi ps between vari ous
vertices. OneTaeNPWlads biablems SeltRise thhtdre GetTiaBR byQl noRdetndifis anal og
processor is the Maxi num | ndependent Se'ENpprobI em Grey and Johnston

def i nes tTusing alaghiagiin pohdemésh derst Eswoplpy JiViess Problegstipglage, betasph G = (v, E),

positive j.hi : @.ﬂ}g@ ; -tn?d'gp J t set of size
K or mre%ophﬁgggtoﬁgwfl%e e aﬂgg)ggg&}g?le& ﬁ@&c ,II@MQQ%?H%R\B}&EQ%QK such that no
two ver tClams, Max @ft, Hertexj ©oves A rielizgSadadpasom(TSP) pvoblem, ki¥@Tasi s i s added to
show di ff.er ences bet ween. t he i mum | ndependent Set probl em and anot her
probl em REBEANEY pfﬂgf‘ﬁ’ﬂfﬁl,“gt%%ﬁ?%ﬁ?qrﬁggit%grwngﬁ?ﬂa%% ng upon this

def i ni ti oanclifg§is fhssaThededréieheshnall B réppdsaftt€eh gpaphinthuitng a set of

vertices and a set of edges, and a positive integer Kthat is |ess than or
equal to Aheast Qeapdst obyeress ppé edgepihatagqanegt tp ertivtie IR B IFaEhet Set probl em
expr essedy, GOTRIESL AR aiffeRRl 3Mes BOSHOGINES S fheigfaph SusEL of
vertices o?l%eglﬁczeé K, uﬁ]nt hat ' r?o tvvoe?/erti %es In tshe gubgegt%apgre connect ed
by an edde have differentrcharhctedidiiny ingeimsrof theaelatinnahippbeiwedn vahieugvegigeam exi st and
i nclude optimzation proble based on this. .co i.onal |l em An
exanpl e of an anﬁtcf”f[r"? b tt“lmcey’an r%?lggﬁgeﬁnc?xgbetsggvelﬁ%%ﬁ%ﬁ%@é 3 r%ﬁéass%ﬁ : ﬁ’ge i ndependent
set of thdagimapiinddpaideyit Sdt@sobléne Garey arddohasroeddinedthe Flatsd i s cal | ed Maxi num
I ndependﬁ]rét Seé. g/at hogﬁ%ati cally, solving Independent Set permts the solving
of yet anBfFReRdenhPIBIADIAMAsown as O i que. This probl em seeks the clique in a
graph. Aclique is a set of vertices that are all connected to each other.
G ven a graph, and a positive integer 20 WO 20061066415 PCTI CA2005/ 001965
K, the questi dNSTANCE: Graphied (VrE)@qsqwemt@gev\Kéd‘He_r there are K vertices all
O o 218, SHOSENE ok 08 dh BileplhD S8 OSEb Kt ® a1 s said to be

i.e., is there a subset of V, V" c V, 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 X 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 dique problemcan be converted to an
optim zation problem The conputation of cliques has roI es in econom cs and

crypt ogr Sol vi ng an i ndependent set on graph d i val ent
sol vWﬁbX‘@P’P Bon G's complement @ = (V, (VX V) {)XE)C@MS’%OBQ#JN al |

vertl ces connected by edges in E, renove the edges, insert into & edges
connecting vertices not connect ed in A. Garey and Johnston defines Cique
as: INSTANCE: Graph G= (V, B, positive i nt eger K51V1. QJESTI ON. Does G

contain g clique of size K or nore, is there a st of V, Wc V,
with |V K the R‘“‘éﬁ%‘hﬂlﬁtﬂ%\??‘@ By liqugds Wastlir iisge a7 K\igRtices iﬂb? e*b'g»fean edge in E?

Here, enphasdicd BRachlRRRe (més‘éev@ntces SN ehid toq:reeﬂeigﬁbd?@'tmm dddrpue and
| ndependent Set described above. It can al so be shown how Cique is rel ated

to the pkisbitherindependentSetpinblem, drpefligue aroblepr epnibesnyeredi@ationpl et e are
r edUCI bl tmzﬁﬁﬁgro%ie%r nﬁﬂtattlglg)!) BP&S%&S I‘dl ?%F{’ﬂﬂg gg\“ ces t hat can

efficien Ify sol've one em po ent y useful for solving
ot her NPeryptopilagiiye Soivirid mmdqmnmt tet orFgrapla Gg =4 BhE)Gs equiMlenE)o consi sting of a
set of vertices nd a set of ed necti_ng pairs of vertices, the
Maxi num F%H&%&lﬂﬁl‘ﬁﬁf‘% SCOfPlyment szg?%‘éi‘v)s“g)nég If%traé‘e‘@f“cg%bset of V, none of
whi ch ar gofeRaesy &l A enfH@8hd digds, inferMard oyaageémﬁmmgee&lc&et Mc V can be

determned by m'nimzing the foll 6w ng obj ective: E(xI xN) =- Zx| +A Zxi Xj ,
(5) leVngticopyected imGt. Hearah andJohriten defmenGlivierasof vertices in V, i |abels
vertices, (i, j) labels an edge in E between vertex i and j, and x is

ei t her Oor 1. The indicator variable xi is equal to 1 if nodei isin M

and i s equal INSTANCHIGrupis6 = (VHEB), boditive ihgank<vequation (5) favors [large
sets M and the _second term can be seep as_a penalty that enforces the
constraint tREESHON:dYaes Gecontaip dfligre obHrnK OF Bare b2 dat§t her by an edge.

The factor A Gk of, 1 c VRGIRIR: Kl kdeilr ANshotRlal §- grbe penal ty term

For | arge enough A, we can ensure that t constraint is satisfied. In sone
i nstances, t hpinedfy amedzermERi plier Ais equal to 2. 21 WD 2006/ 066415

PCT/ CA2005/ 001965 The vertices in the graph G can be represented by

physi cal spins s; with values of -1 and +1. However, to do so, a mapping of
Xi to spiHese, smphasis heces added tYetiow differences between 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(xl,...,xN)=—-in+/1 Zx‘.x., (5)

ieV (i,j)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 4 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 +l and node vertices in G
that are not present in the nmaxi mum i ndependent set solution Mare defined

to h ing is defined by the foll 1 (6
P ugg! ng BQUIEARTE) a6 (9) yields the ol o ng Zvn“e?&f/%m%/ﬁfé%ﬁs o

E(s,,...,SN)=-1 IJNJ+AJEJ-1 {12d1)~ Esisi (7), 4 2 rev 2 .;)EE where Nis
t he total nunmber of vertices in G E is the total nunber of edges in G and
d; is the total nunber of edges connected to vertex i. The solution to the

Maxi mum | ndependent Set praoblem can be fao by ninim zi, uation (7).
Anot her exanpl e Y6fticghinpe gﬁﬁkgcﬁ?mf’@ﬁfqﬂ?d’tﬁ?{ hP’éFa%P‘@bf" W‘%q’ﬁg’g (1SG nodel,

whi ch i seflefdhaed. %we%rNoNo@BSa mappmg&ﬁ")r to Bpit 5, 1¢ helddsySVertice) ,_, ,a | >
where s, through sN are the val ues of he respective nodes s, J;jj

r epr esenpEsankin thegtaph Grare definpd tw@vmw\bbwdt Th@e yprtigesdn & MRt and hi
repr efse”b%sénl[?ﬁxetﬁ%vgﬁm%m 1P§%%R<§Jn?§&’§m@l {_HQM afd ﬁnéh to halk grplelr ’f’t% find the

sol ution X1 nmum penden probl e equa ion (8

const r ai magpisgistdefinacldayphe foljewingu) have val ues of +2/4 if an edge exi sts

bet ween nodes i and j and a value of O if an edge does not exist between
nodes i and j, and the node blas qi has a val ue of +a, mheée ais

determ ned from equation (8) 5o z1 2 ). One exanpl e of % NP cl ass

probl em represented b aph. is the travel ing sal esperson (TSP) problem

I n the TEhggingsauatpn mt%fﬁs) yeslds the;follpwing epergk BHCHON by  vertices, and roads
between the cities are represented by edges The solution to any particular

i nstance of the TSP isthe s ort th,t passes t hrough all of the
cities exag s Tﬁpjl QWE 436338—3 g:xcel I enk )I | lustration of
t he llmtatlons of st at i g2t al e’rs t'he TSP probl em
a traveling sal esperson rrust Vi 5| t N 22 WO 2006/ 066415 PCT/ CA2005/ 001965

Cities ORMmBreaN tINbI AMMRY of RlrtideRin@, £ R thd'@tal hithbdrREed¥el M G adndt he end of the
journey. The determ nation that nust be nmade is the optiml route to take.
Here, ™ optis g total number of edges connected to vertex i. The solution to the Maximum
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(Synsy) == h ,+ZZJ,, 5:8; ®)
=1

ix] j>i

where s; through sy are the values of the respective nodes s, Jj; represents the value of
coupling between the s; and s; nodes, and 4; represents the bias on the corresponding
node n;. In order to find the solution to the Maximum Independent Set problem,
equation (8) is constrained so the couplings (/i) have values of +1/4 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 A; has a value of +a, where a is determined from equation (8) to be

(-34)

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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depends on the priorities given, but for sinplicity, optiml can nean that
the total distance traveled is mnimzed. Mre realistically, "optiml"

m ght e t conbi nation of flight time and co i i pimzed. In
physi cal aﬂé’r@@%”’%@? is sought is the ground state sol qféﬁA@P%Jﬁé
"mnimzation" of a conplicated system That is, the TSP problem seeks the
m ni mum energy configuration (or in this case, the mnimum energy
itinerary). The nunber of possible itineraries depends on the nunber of
cities present. FEor. Ncities. including th | es on' one base, there
are (N - 955 OnpERndioplyonse, rpiiming tp %fisgaftfr%é’é)éﬁ aﬁ?‘?ﬁ“@%ﬁ%@ﬁ%‘@? - 1 choices
for the fTHedeteghinytionNhat n2ust bs maddiethe eptimalebute tdake. NHere XOptimali’es, this is not

too bad: only 362,880. .1t would _not he.too . exhaustive to have a digital
conput er ffeamdmoaf PriQEtigsg Yeny putdorspm P‘W*@gg‘af‘?ar“ri’é‘?aarﬂ?aééﬁe ©3hd t hen

det er m negiyihice fra®i& iB fnibdR dMdte FedsGQRY  “opitingl” A St MhedH ehak Sork1OWn as a
“brute-force" or an "exhaustive search.” However, the factorial function
grows verspmbingspapiflightitiing ang castdsminimized. Inphysical terppavigisseighils i ncreases
faster t =13 “ N = | 5t i Bfsp vel y

par al | el h@?sﬁﬁ g?agtg%%gétléergorr gﬁﬁ?‘lﬁ%{n% %?gtcghp 1%co%edtjs ggrtgl?l ggst,lgé%g ving a problem
of this sprrdemoedkd tetminimura kesghanfiguratienr (oNn-thid 0aseNhe imuf47, it woul d not
be possible ta.sol ve.the oblem ysin resent day.digital . conputers using
an exhaustioia WS, T8 SpBhetet PR e B Ghe st BY e ammbRe A brural ty
of quant upregtay iFe s caitd, iaclpditp &leishi¥speisolr'® prhé Bghe Atiste aRIMAAY)! be used to
mnimze the above praoblens. 5.1 Mapping In, so er%odi_ment S, f the present
met hods, BASFPIe|Pats BAbYisH &ach ey only qaesr N abshoires fof iyt dbh Var® )P cl ass

probl em f @ nexaP! For N D16 E5EP i is AotAbABLY: 685 362 B8A. W wolR -Gt békodet Of
vertices and a set of edges), and then an interface conputer processes the

i nput to erresting ipchavha digeplsiompuicncaleulat the eest ofgack of tesedtinarasiesconsi sts of a
set of  GpNhdHBeiHinG Shidihe G4 Bl bl ATb MO ik i hnaih ddged herein, a
lattice is a regular periodic arrangenent of quantum devi ces. Based on the
mappi ng, Yhimtedorat oy an Jexdreseseadrch.” Hotve e, thefhctopelr finativs gtdves veoyrput at i on, and

the result is read out an return to.the interface conputer. The
i nt erfaceraggﬁbﬁﬁ%gs ?‘Eﬁ‘if“%%a Iai?%fgtﬂéﬁefga%ar]rﬂmeéqﬁ‘?s f@%ﬁ’fﬂ"eeép‘g%nﬁﬁ Ftal computers
i ncl ude, BertN are, Mei2 kil01%t B6r 4 Massively PdREEICHSRUEAhputé rehrisd #ratef conputers

d 2 2006/ 066415 PCT/ CA2005/ 001965
gg 2 ES gtpegbq%\ég{aggps?gomgé Sgrort])ﬁetm\,\g{ tﬁi’s sigg wm%d sgll \t/a}'izes hours. For N=40, N! =

8 x 10%7, 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. aset 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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The | SG problem defined as the mnimzation of equation (8) above, is an
exanpl e of a problemthat can be defined on a graph and that falls into the
NP cl ass ropl.ems. See, for exanple, Lidar, 2004, Physi cs
6, p. 167\,96\%?1(}%@§P4|1§ her eby incorporated by reference E?gﬁ&%ﬁﬁotlgs
entirety. It has been shown that other NP class problens can be mapped to
the 1SG problemin polynom al steps. See, for exanple, Wocjan et al., 2003,
"Treating the I ndependent Set Problemby 2D Ising Interactions with

Adi abat i antum Conputing," arXi v.org: quant-ph/ 0302027 (hereinafter

"WOCj an"‘%?k AMFUPPYUEE: hereby incorporated herein in its entirety. In

accor dance Wb 1$dgroBlehs @bfinedRk RRASnindEdtiof lof Squiafish @Y 888Fis adn anal og
processor having quantum features is described that is designed to

appr oxi rexa@pletoda grablem bat qap be dpfined gwa graph lapdihantalls injo B NEF3sBAT ot her

mappabl r Tk 7. 0Pl eng §f on a

t wo- di nge{gélglﬁgﬁﬁego{ ygaﬁé%%t%%a?’n@%w\%rﬁoft%é,bﬁgyglgpg’tpé?arrjég‘,hﬁ%dgés. Li nes, al so
ter ned etbgeby,incocporeast byt teferencd bereinfiits entiyetyi Itdas bags sbovoethatfotharhe probl em t he

initial e of, .each node, the gt qf each node, and.the weight of each
edge in @ﬁgfafséﬁ’t?l%s ?gﬁeﬁ%dpgﬁée]@it%g}.p@g?ﬁ "bP&?' ’Ploémﬁloséegé' ﬁ%es?oén i nf or mati on

state. ddampleP®objak bl 42008y 0TiasngdRE Bidepentidty StiBogEabRADskiage of the system
of nodes_for . any given configjurati on of edge wei ghts and node weights on a

lattice Bferactions WithAjebatigfapturs Gorepuire.e 3re% org: WHEPAORBER /of nodes al ong a
si de of @Ql%idaﬁért“vﬁo%jan*’ﬁwﬁim‘%s hdrEBLiRRE S ate @RteiR RO Rs éffirdtf €ImPr Obl em can have a
wei ght of about 0, neaning that there is no connection between the

r espect i #eordante svithThrepresegemaipd aticlangndowsterms, angnylag presessefangi ng from J~ to
J", wher i ~4.4.S i o) i I . sible for

ferr onagﬁaé'ﬁlfggluggg'gIf%ag‘gg%%tdﬁ%gﬁéé]n%gg@és%ga h@%‘gﬁz}t{g’ 3813;@9}%5 the maxi num
coupl i ngthe 383G eroplessind) ey dxtension othdr erappatdeyciessescof NRugihss pepbilatsveen nodes. I n

the alternatiye, .1~ be less than zero gand J "is.greater than zero. In
ST anot nertHegse apdtii Bear S5 b AndRloadieqcqptanids e, 4R “anot her
al t er nat iewtfied nodes. 'Line, A8 m& edgépEdnaydt MRS Idys. Gdahy difer instkhde.of See, for
exanple, United States Patent Application Serial Nos. 60/640, 420 titled
" Coupl i nthe Brablsietle fifial statenf cach node.pheweight of sachaiode, and fheaveight o ¢ ¢ | eq

" Coupl i ngaclREGQA the MHc Vot bl (P& i1C BadtPSF the Vi S Rdsi A bR Slaty” .  each of
which is hereby incorporated by reference in its entirety. FIG 2A

i 1| ust r alesISGprebiern inviebies derprminiag fieesend st ¢fdbssystamdf apdes fand  systens for
a four b r I ey i I h N16 as 24
i

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{ 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. In

the alternative, J g may be less than zero and J é‘F is greater than zero. In still another
alternative | /7| is greater than |JAF|. In still another alternative | J£| is equal or

approximately equal to | J2F|. 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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wel | as couplings J I-2 through J15-16, for a total of 24 couplings.
Coupling Ji-j connects node Ni to node Ny. For exanple, coupling J3-4

connects N4d. The nodes nay represent the vert] raph
pr obl em a&g%ﬁ?@b%g%}gpl ings may represent the edges of tt#éhz(?‘gzé}ﬁg/?)o?%ﬁg’l em For
clarity and to enphasize the nunbering convention, only a subset of the
total nodes and cduplings present in lattice 200 are labeled in FIG 2A
Subset 280 is a subset of lattice 200 that includes a set of five nodes and

four coupl | ngs. The center node in subset 280 has four nearest-nei ghbor
coupl i ng¥ell grgogplings It ﬁéhrp%ﬁhg]é§t16nf@hﬁ@|‘aléf24w%%‘r%§$5 Pl coupl i ngs of any

node 1N cdnbdid fistie 20 noBH; ggneé(afﬂglet&ﬁpl 13[@6&1‘}13&3: ndd@ N3 64200 have only

two or three nearest nel ors. attl ce 200 has connecti vi ty f our since
each of qudommpyerepmr@then@d@ss oﬂm@hfpmhiem@aql thecoymdinghiday coupl i ngs. In

sonme lattices e e t he
lattice nges%ﬁﬁ g%es\?fE #Ih ebrf?‘?éam ﬁ%g? andt %:n%l’as % cg‘“?]%f’h%ﬁ%zn met er
qlrJrgnéI um ekﬁmm?mﬁh Srdpa Etﬂi@ﬁt&fﬂ&ab’ﬁsl’liodfﬁnglgbﬁp’lmgophﬁkdnﬂglslattlEe]Lc 760 ai‘ﬁ [ :CI ustrates an
embodi ment of . the nethods, articles and s for a four by four

r ect angufegeled H‘tFtI&c%A Zé@sﬁ?ﬁ?@dﬁa Eﬂﬁé‘?’if’ é&ig’tgt NF‘“E‘??PO*GW Ng6, and coupling
devi ces ﬁédegaﬂﬂoﬁmgﬂﬂg'é The Eé?fterﬂo&eqh§ﬁbs@€28@%a§€8&9héa‘?é!§ne1 P quantum

device in lattice 202 corresponds to a node inlattice 202. For clarity
and to eeHphiags which rfethﬁlarﬁsetrnu@et@myn&tﬂmghb@fmoyplwgg abawnode int he t ot al
guant um gagyéb%é and coupling devices present in lattice 202 are |abeled in
FIG 2B. set 282 is a subset of lattice 202 that includes a set of nine
quant um devi cEe rexdeb dnvibe pgrinpeienif lattipe 20@ hacamly Moot teed mareqUant um device in

bset 282 f h - 15, df
next - nealBEtOhei s PO BT gt P oa e e i & Bt rdRigdkscr i &

| ar gest RavETeur nehredi9Righbér-ddepigiah O sﬁﬁblpitﬂldégiise!dfm anRypregetiddivdsdevi ce in
| attice 202. The quantum devi ces on the peri neter  of Iattgé:e 202 have only

two or t Afticles apdsysiems, s Hise has conprgtiyihithise. MGRinEIhat eAchOf {88 Nofsi ghbors, for a

total of eﬁrﬁét@ﬁ;u@ﬁtuﬁn'd%@ic@sqk&@'tﬁr&&ﬁaﬂe&-r{eigh%rco'uﬁltnﬁgsce 202 has connectivity
ei ght since the non- perineter quantumdevices are coupled to eight

nei ghbors. FI @G 2B iijlystrates pmembodimat pithe methods. mtivlesgnd systearstfpe® i n accor dance
Wi th theg,pres cﬁx‘?}ecfﬁﬁgﬁﬁqﬁttlc@ & k&bﬁ?éﬁ%&%@%@éﬁd ﬁhﬂuuglléﬁlﬁ d two rectangul ar

| attices W|t conneBtivit our a one attfce 1'n black 204 and the
ot her i ncoupling deid®s Jl]'ﬁelgtougrESdérﬁwr@dbtanf Rogeplires. Bychdjuagjomal edges i ke

J2- 17 VwaeVlCCnlﬁg[}téﬁ?clga c?&gsgf)ncfsetga gO(iC% H\O t 1c%2&2tl%rrc] alley al}l'l% ZO of lattice 204.

Ther ef or &
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 J1-6 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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each lattice 204, 205 is diagonally connected to another node in the other
lattice. In 25 WO 2006/ 066415 PCT/ CA2005/ 001965 ot her words, the structure
is simla g two rectangul ar lattices, one above(ép ot her and each
node in equ]ﬁp t%‘fée connected to the correspondl ng node’ 8‘??‘?85/8?%@

| attice, and then diagonally shifting one lattice. FIG 2D illustrates

anot her enbodi nent of a connectivity eight lattice 206 with subset 286. It
is structurally the sane as FIG 2B, except that it has been rotated 45. In

some cas rientation the lattice e rota an arbitrary
20 . wolbUPRE BB i g e Wi e i el Ol BB Y ° T & o can
be mappethet &nd ALK hédR u2&ﬁh®eftt1d5|c6nne%8d\m thB @okrespehidirigd xﬁ‘ldlbbﬁtheb&ietl ces with
connectivity other than 4 and 8 e _used, such as |lattices having a

connect ilatigey ag then diagonally ghiftigg O‘Te la igg- tFIQe%D\M"tsFFa@bW ivity less than 4 can
be s W@Bﬁﬁﬂmeﬂ(bf% cHRIABEAE gy é{%ﬂdat{l&%6 mkh&@tme o sm&gny:@.tt ain couplings.

For exanple usin he vertical couplings i'n FIG 2A, lattice
200 becoams aaFI(b@Bmacgctptmatyhtamhﬁehmtatub@° B srinheagasgs, the atientatéon ofi t h

connect i VI 1ta¥1°%8ﬁ1'n[ alratgtgdgﬁﬁr?grbqr Igp‘uwﬁ}\ Flo?s otafuﬁ;c% aell(fi ty eight lattice

by not u5|ng I nNgs |ng the striped

di agonallat€icas 204,208 of AIG-RC.car Be nﬁp[kbdlt@tatuceeOQBfZFIEeQDrmmoat connectivity six
| attice. &lg some circumnmstances, not using certain couplings nmay be

acconpl i H”by tuning the respective coupling device so that the coupling

strength of Ltatﬁeesc\mtm(;nﬂamdﬁybmerth&uzﬁfdcs Rhy Beded Z8610as 18643 quant um devi ce
in lattices 200 and 202 has bi nary value and a lTocal effective bias that

fal | s sdwipgecenrepfivityof Zafhée%@ﬂm/bémcwamcogomlvubleawaaraﬁem e +100xJAF.
Furt her _ﬁarthe &1919& vit) 9 &?&thfe%j'grd %&%&ﬁ@%@%@h@? Fortdhiifle” angi ng  from

J" to J ute ue 0 etween a out 30
m || i kelbyinot Qsiﬂ@mrmﬂthabeﬂtcal]@updmgwnrHGK}A lottica R@(ebacamesvel| y, t he absol ute

val ue of JF nd abot 1.5 K Wile the
true unictc’gnetcgtllrt1y twoé?‘tgc r§é’i”3§‘?y’iﬁ% wq?f%““c?%thv"lggK ég‘ha\?erctag “to an equi val ent
nmeasur e sahulaedpes actnmeaump elghﬂla'ttﬁ:c b$ uah:smg c&eiwbdsuphbgs tHoeefamipia)l a E=kBT,

where kB is Bolt nn cons Th ve bi as for each quantum
devi ce W NhPERE ES[‘ZB@S‘H “H]H‘ﬁs B’gﬂgpgﬁ atEF thﬁﬂ%‘?fsai y, such that
nor et haddnAdavief sit RRicHEUBIYou® diRihmGARed, SotisAipRerta@h chipfingamBy bd | me. FI Gs 3A
and 3B illustrate an enbodi nent of t he present methods, articles and
accomplished by tuning the respective conpling 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 2F . Furthermore, each coupling device in lattice 202 has a value ranging
from J to J27. The absolute value of J£ and J2F may be between about 30
millikelvin (mK) and about 10 Kelvin (K), or alternatively, the absolute value of J .

and J£© 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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systens for translating between an arbitrary planar graph 300 (FIG 3A)

havi ng five nodes N1-N5 and four couplings (J1-3, 12-3, J3-4, J3-5) to a

| atti ce-based 26 WD 2006/ 066415 PCT/ CA2005/ 001965 conn i Vi | ayout
301 (FI GW9B0/ %S nodes of FIG 3A correspond to the qugﬁrfélu‘{r%l%%(fé@?%és of
FIG 3B that have the sane label. FIG 3B illustrates a nine quantum device
enbodi nent in which five of the quantum devices, N through N5, are active
and four of the quantum devices are inactive. The quantum devices in FIG

3B defined by dashed I|ines, his illustrated as N, are inactive

. C I one_of_whic
quant um cEgstvay foupavent 3N FIG 3Bt T nodevRftle: 3A serrspondig theystem  An

| nact | Veqﬁdﬁﬁﬂﬁ H ALYt £, 3h§h4t§g¥ﬁg@&nfen%a.tm. 3BliljGa@yAREM devi ces by

setting the coupling values o couplings that couple the inactive

quant um deantuedeviceregibghipeent ingwhkjchafiteuntibeqpantom degicess 8 ghropght M5t hat f or
clarity and in order r VE - oot I NQ: G 3A is

mai nt ai ngﬁ%ﬁ{ﬁveﬁn& &%? 815 %z‘alf%ﬁllr’rféﬁ ¥lge§%p‘$hé&'fv%p?ﬁ%‘#@9§}ﬂ c%lgﬁggg‘éﬁghd novi ng

t owar d t BB defimddtbyrdashed hities) bnd-bfGvhidBs illustrgedas M| are imptiverypafitamm an arbitrary
pl anar gr.aph to . connectivity four lattice, is well kno and efficient.
Sea. 1 or deRckpich 46 SPES fqreife RO e A aU I ASE Rt of ¢ e
present HEkiReSfromitid £tieS q@hthm gavﬁeeaysse‘tmrl\gl thé eouplidd vangsbetheeen a pl anar
graph 400 (FIG 4A) having six nodes N 1-N6 and five coupli ngqs (11-4, J2-4,

J3-4, J4ceuplipgs thyt couple thejimactive guantym devicgto meighbaripg quanug devicen & ghbor
coupling J = d3:-4) . P rask | ofp couplings
(J1-4, JZ?%) 'gl'o hﬁéallrﬁ%%tlaasr&g?n %ngi‘@e ﬁ%%sreﬁggggﬁgr}?g%tlﬁ% la%]gdﬁ'?zﬁqogdevi ces of
FI G 4B tihmuintaired in FE. 3Bnstarting &bm the tbpiefi of FIGHR andakedngtowauk the

near est - nej ghhoy j ngs _as _wel |l .as. next - rest nei or couplings is a
"ot ce. BRldnRgh s ERE P 19 2eRig Peami et SRR ARG i BBHRTE s 2 1 & "Guant um
devi ce erbadttivtytfonrnattity is Rvedll Kknowh anddfficitdte Seg) dsrtenampleyWegan. N1 t hr ough N6,
are active. T d .sanme graph shown in FIG., 4A. (W th connectivity
five) into a Pl faandf uifeth ey o Bomrsrumestady st “nel ghbor
coupl i Nggysamy [@r rBEIALAEHER¥ENa ﬁﬁﬁak%ﬁpﬂmm AOMiaGRE sixhoded MIN6ce of nine
quant um devi ces. is clear _that having next-nearest neighbor couplings as

| t
wel | as apéfveesuplings ¢Hobd2t% lbfilhgs14-Oa s leticef0%FEE 4By and si npl er
mappi ngs. | 11661 ks tyhe ! | guant um devi ce
may be ggﬁ?ﬁ@g@@%ﬁ%@%@%gﬂ%g??f%g@%g%%g%@él@f%g& t he gi ven quantum
devi ce. cobplogndi-¥vEl-§), Theaodestof FKF. glermesnynd trathe geantiuy devacesofly be def i ned

as any ayaat iyt 6e dile Hie, SRHROUAPRARS 06 dollRlidtlgrBigant um device that

shares an edge
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.

Bach 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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i nstant quantum device. In another alternative, next-nearest neighboring
gquantum devices may be defined as any quantum device in the sanme graph as

t he inst m device that is connected to the in devi ce
ta\\%) 20&?@&119 WA&P’Q%%@

t hr ough ogonal edges and anot her quantum devi ce anot her

alternative, next- nearest neighboring quantum devices may be defined as any
quantum devices that is 27 WO 2006/ 066415 PCT/ CA2005/ 001965 two steps away
by Manhattan di stance. A Manhattan di stance of 1 is the distance between two

nodes of a ortho 0 i ;ENSL O ed by a single

edge. For'"&3 5%7&”%%“%&%“ éﬂ‘& ?ncar aqﬂaﬁﬁg adrlgel‘}%%g?g Stﬁg&lgtrafff}:tefrom each ot her

as measurtetveby tvidunddas bBdorthogérahtm- dllmnammn paph ’fh}lami)ls@,aram barad N5 are two
from each ot rst beln fro N5to 6 and t he

st eps h e

second stsdBngoreRamPRE Bl of gy A leas Shf pey Baret b ghbor

coupl i NgSys e@sueidyMashat distiie. Irﬁﬂﬂ)ﬂﬁ?éiaﬁﬁﬂfgﬂham NSSare Svdbteps COUpl ing 13-4,
whi | e the next-nearest nei ghbor coupllnﬁs are drawn at forty-five degree

angl es, ewgy frogaph pther. the fizst step being o Y6 a3y thegeeend stephsinghbor coupl i ngs
to verticgl Qr gs to

di agonal , |s ag%l trgf@%%e %ggfd}ﬁgég?%%rﬁgé é’ﬁg%?gggu%&%sﬁgi&%&y be drawn as
verti cal andhdrizootal Hoest ap., ceniglmg JBaﬁmmaireesxt-megmmghbommblmggeredravm as

di agonal and .\ f aph.402 | d_be one step away
by Ve TR Betare S Rl - SRUUI IR N SRR wout o b two
st eps awatidiboraaplaist edverticat &iddRrizorall ﬂﬂpeﬁttﬂemestpelghbef coliflilgs Bear est

nei ghbor couplings may intersect, 5W%bﬁgcou@rlll ngs J1- 4, and J2-3 of graph

402, whi | Hagopd, igagyteary.- hes f{j‘ﬁbbﬁ""m’é &9 JHaY; bgrdeavsasevertical ¢ er nat i vel Y,
each next and B8fifontal Q@geg MA@ hedt QURL LR CBIpHRE QR SwRROS InaGHELs: BBRr €St nei ghbor

coupling. In another  alternative, a respective pair of néarest-nei ghbor
coupl i ngsexamplei Nt em@éépfmh 402rveould heeme@lp apay bhManhatagslistangsindo not

| Nt ersectq, 4y, &0 dlifieGRH Nl”&dﬁ 18 bk W00 QYR %Hgbfﬁ&’ahg&‘t&nr&ﬁ&n %umapped to

one or nore couplings twee ee or nore evi ces ch a mappi ng
is usef uIArerspeeavé pdit ofu&xh&a&dt deaghbmtcquplugsma&hntmtv#cgar@upltngs §1-not possible

to pl h 5 illustrat
{101 “or A0S Bt 4B WRE g SRR s B A 1S e Rben nodes N and

N . G aphalefdativelyUsich ﬂ&)@iﬁeaies‘,i aélgmsor%uplﬁguﬁy brgSanbthet nbitnedteh Jn-j t hat
coupl e end-nodes N and N coupling internedi ate nodes NIt hrough Nn.
Nodes NI ‘%eFﬁhBQFQJr‘P“NH‘%rI%a‘FOé‘?eéPF"éHaQVG’ yEespegiye nairHf Brareitaeighb%nd  are used to

faci it at@ufitie ia)InBRENRETe ROUANBAER seibhboR Bshpithgsieide ifigsee. end- nodes
A single 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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cannot be placed in adjacent positions in a lattice. One of the couplings
Ji-1 through Jn |j may be deened to be the sign coupling. The sign coupling

t akes on \R’B%Wu?i gn as the coupling Ji-j in arbit rarl,&%m@g/?o%(gph 500,

while the remaining couplings are fixed in a ferromagnetic coupling state.
For exanpl e, 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 deenmed to be the sign coupling. Then, if graph 502 is to represent the

coupl i ng T Sek toq{e ﬂ[@%?ﬂe%gfa JtidP Ul@%s‘é,‘ 'oi]!siﬂe?t Elasd B PAH theé yi%n gf anti-
ferromagneti ¢, WhT TS e eftai ni ng coupﬁ I ngs between nodes NI and Nj in

gr aph 502028ingdi-PNH4hG6a issnePdive CARIDSI200:1i0 68d canping &t 1 ingrapb§a2i ve or

f erromagnet.i Li i se, .consi der e case in ich.the sj coupl i ng
ot oo tifesspd Flbei e GaRTE e G ot Fer i A BT pE s Ry TOVEL Lo
502 is sttbhbgateesEfdrrbMagdietid WhilSthg fentinipd coaglingsfard diéssec waggativeer si gn of Ji- 1
in graph 502 is set to negative or ferromagne i C ile the remaining

coupl i ngdenpBageds Tus. Ji-b isfbe signsdeoypling andJ T?B‘BW@SH‘ R0 3.1 is the

si gned ColblidvaQdy féfthagdeti€. THTRUARe dMerhcthSoded NT throdBa drdf Sot @
ferromagnetic. To facilitate interaction, nodes NI through Nn are set to

have zer chasé fese effeative bncallfield kihsd sixihdkat they becomeaass yeayodpeanditangfesssi ve nodes
and transfer _inf i i _.ande Nj W interfering. In
ihft fcxlnorﬁ b%{v{'g%b hSdls Rﬁ%ﬁpwﬂﬂ&?ﬂtﬁeﬁﬁ . Inl\ﬂloﬂ'lé\érléas%ﬂdég 0

both describe exanpl es,” one o e cou sin 2 is made

i dent i cal examplebi@®ne ofifht touplidgs-in graph 56D B made idehtical feethe eompling Jig isoupl i ngs i n
graph 502_are set to he negative or  ferromagnetic. \Were one of the

coupl i ngs4 ﬁ“@?’iﬂﬁ TeHanipg &5 ‘&e%‘ﬂpihéﬁé a?dettqﬂ CBRIpYY g Ji-j in 500 and
al | the refBinfdmedc.couplings in graph 502 are set to be negative or
ferromagnetic, couplings can be achieved by using rf-SQU Ds or dc-SQU Ds
(both descri b¥Berpenobihecouplingsin ggpyely is made idpaticahtgithe coupling ¥d coupl i ngs in
graph 502 ki Bhaani EW Ldi 0se veldpat node Ni is

el ectri cé @M%ﬁ#e%?geggg%%%ogg %j , blﬁﬁ I cﬁ case lzell%aﬁl\llendgi vi dual couplings
ar e f err oiemgmegrietic, canglinghemdieackievdddy aviog HH-3QUsIdcrSQUIDs [bdtls f er r omagnet i ¢
and nodes, Ni ..a N\ have t he. sane ant.u ate...ln. ternative,

t he coupl clieﬁc be?g)d&&v&%%co%l? %Tdﬁylcg%n‘%l?ﬁr%atgvgy’ﬁlﬂeﬁ&oglp lem%fmgﬁ%%gﬁé I(gl%coupl i ngs,

rf- SQUI D albhediteniggalvaaio domheetigslsidhcthatmodet¥isis efectrivdllycdonaoatted toneder f - SQUI D or

tc. QU D coyplRe L FROEAPOLLESL o, e SOtP Bt 508 and ol the
6B i | | ustdoapkngngid¥eiordsResd addalodés Ninmt & hing thedanRafiaRimSiaidIIhe
another alternative, the couplings in graph 502 may comprise a mixture of galvanic
couplings, rf-SQUID couplings, and dc-SQUID couplings, in which case one rf-
SQUID or dc-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-NS5 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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of a pl anar graph 600 (FIG 6A), conprising five nodes N -N5 and five
couplings (J1-3, 32-3, J3-4,14-5), to a lattice-based connectivity four

| ayout 6 The nodes of FIG 6A correspond
devi ces 3&0%@%6%% hat have the same |abel. FIG BA i IP}(ﬁ/(Era?es coupl i ng

J4-5 between nodes N and N5. FIG 6B illustrates an enbodi ment of a
mapping to a lattice-based connectivity four |ayout and further illustrates
the use of a sixth quantumdevice, N6, as a facilitator node (quantum

devi ce) tRdfceRs hftRfet@mRkdend cddpiin bﬁew&m?mgaﬁtmmmfevasﬁg&dm and N5. In FIG
6B, N4 is connected to t hrough the eftective coupling J4-5. Effective

coupl i ng @epreprigipegniads ‘ﬁldaﬁﬂwlﬁewlt?éhqﬂlﬁld&ﬁ@s ESMASAYE COURIBEand J5-6. Wien
coupling g it Fhairk sémﬁfﬁgﬁg EEI‘@ quthﬁpgordgq}lgvgnrpﬂ Nsis6 in lattice

602 can be assigned a a positive sign, ere the positive
sign 29 wpleznemeoeaazemﬁnmsr/o@mmg%MIWe Gthmddibeshcamas-tlﬁeemgmrragnetl c
coupling. Th cou .in 5-6 Wil rlate magnitude
with a ne&‘ﬁ’d’ﬁ}%t}\‘}ﬁlt ‘%’a eFarWﬁ%glae?o‘I’ E%gﬁﬁ @6@(@6?) APl S Wil ke
the spin pésidve ﬁd@&iﬁgmﬂf&ﬂ@kﬂgﬁ&lcwﬁuphhg) @;tcmm would Shentbe fixePagn at N5 i s
copied to N6. Alternativel coupling J5-6 of lattice 602 could be chosen as

the sign feEwIsEReiig covmlins. ?él%l"‘fi\@“@ﬁe the spig ayhi6 wackthespip at V- ilRgthen- 5 of graph
600 (int d Iy coupling), and
34-6 woul T BB B b o e g R L T Pk ho

spin at N&ctlitacdthmmwine and will havea eerb effective lodal, biasHeeldgppliedaso N4 i s copi ed

to N6. In_both exa u devi.ce r.. quant um devi ce
and will H%?? © P EPE ?&Pe%f raCkL{H]o%parf St%tegHg? §1 app\f%eetatﬁ}cgl i%’!hat the spin
state at Nﬁrmgnétrcany@oﬁxbleaspl n state of the quantum device to which it is

ferromagnetically coupled. The present nethods, articles and systens provide
for enbeddi ng 'H%Prﬁﬁeaﬁ"ﬁ?th"‘ﬁr %H!’}FES and SéiSt?‘W)PrﬁY‘ﬂ%fPéieB'i?S‘ﬂ“tﬁ"loﬂ Pg%?éd | ayout by

meki Ng USgrBfs lﬂ%%cv%%smal%gn%ﬁ bagea layd8tdy rﬁﬁ@ﬁge&te o?ﬁéaﬁ!&@%%t%k'%d ngs vertices
in the grid-based axout I's known in art, a conplete graph with n

verti ces, nemsmerrest nkighboricguplings wgsticegiin the Eﬂdfbﬁsﬁﬂ tyeut; rAs\Amkr@wn in gheh ver tex is
Comect 0.k, i Lubl GRSk WHhR SIMBRISERBuRREBRAY o
FI G 7. Asachdeftexnsdolrected m eaah nbihe pthansavlﬂgmmchgé setwegreagthpdihatt | ncl udes the
comp et e SERBR, g S rALEoBABE b TR AR Be BT, 4 9120 L0,
and V suclefittdthe@as; A nedgRN&AGAGE & gRpl Bhalifdudes the complete graph Ks or

the bipartite 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 K3 3

bipartite graph. Any non-planar graph is an expansion of one of K or K33. 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-N5 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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fromUto one fromV. A bipartite graph is a conplete bipartite graph if
every vertex in Uis connected to every vertex in V. If Uhas n elenents

ko WSS o o K3, 5 bipar i1 oraph. amy SRR Y n

an expansi on of one of K5 or K333. Graphs are expanded by addi ng edges and
nodes. The planar array can be rectangular. Exanple applications include
solving an instance of a problem defined on a non- planar graph enbedded in

a pl anar n &5t @bl couplings.
P G oA e B e R T e gréph 901 (FIG

9A) havi hg coiipled tocd degst e Nsemnmérﬂe&@gpTh\msthulﬁfardphtShqvﬁenlf ed | ayout 951
(FIG 9B) t ol e rest nei ghbor
coupl i ngsgA(onf']liledrkgsrég@oatﬁ?lh%%?& e “93?193" Q‘gegd %g h\%ﬂf [ cgfoldgs E‘t‘ei?lgﬁ?are | abel ed in
FI Gs. 9Atlaméhcﬁlﬁ))dmcmmd¢tergto dvarytdnl&rpomﬂﬁme @ypht &Kiyds thalsmaldelsemnand met hods.
Next - near est nei ghbor FI G. 9B ar se co s that are at
45 degreé’Fa&i’Fgﬁr |"}f‘ylﬂaéﬁugaéc° a‘ﬁs SE%iﬁllblgﬁad’ S@%C\W? 2@'896/ 33%415

PCT/ CAZOQQ/ 90D itlvsadtdd 1ﬁ$1@5§AGmdnﬂﬁﬁdeﬂh?ftbaﬁﬁnwawhlaﬁn devices, twelve of
which (NI -N12) are active, i.e. coupled to at | east one other guant um

devi ce. Wféansalmatmﬁa-‘rl ifpsiwsteddn Bl 9By Stnidzly, any nqnsplanar gegh kEh&saph. 1t is
the compleeh SlokhRRAPEd Atbodian «uld MG 18K TREMaPile thli@lin cach node i s

connect ed ry ot in the grap st sna Iest non- pl anar
grap h Alﬁng&TEuN‘l, drdistiowo &nﬁlaiasimdl(ﬁeaamhars isblatpdpsim thielrést of thosystermon- pl anar .
The 901 ustra can, be enbed ed |nt a lattice,
such as @8%C§U%Waﬁt at 11 é""@gi"“ﬁ I ffg{al%gtf 0k tlhﬁaﬂvéqu gewc bly ly, any
non- pl anaétugg thp owpling vidbes df$haaad§a¢bgrcaw1mgal.gbeo@1h§@dE,do kgroar,| attice |ike
lattice 951. The_jnactjv es in FIG 9B, N, are shown w th dashed
lines, arePrapeerally;agegligi gk’d’ Yhe rest of the system In practice, an

i nactive quathUﬂlﬁﬁ)Yq&hﬂm'ﬁdév%E afeqfded fo@bdt AQraAFbinyRiof drafiApTadieVi ces by
setting the coupling values of the adjacent couplings, e.g., coupling 971,

to zero @&aph torpfwo-dimeasional {attics layey!. i Bietbiansformatien fremdioniplasebgrapfiant um devi ces
?\r,\g glsfrgr?rg?ooﬁ Q(ﬁgxt ﬁ@éﬁ?@%ggﬁfﬁ%oy gms?ﬂo&r}lr@?'i #?ig%h%%ﬁ SI anar graph
901 to t\iewahapeetsi cnplingk qiiﬂs the u@sf facditator quanwor gelicssnand quant um devi ces,
o0 RS S, NS NER RSP B g o S e
devi ces NI-N5 in lattice 951. The sign coupling between nodes correspond 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. Facilitator 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 anfi-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 K3 3 graph 1001 (FIG. 10A) having six
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N1-N5 in lattice 951. The sign coupling between nodes correspond in part to
edges in graph 901. The edges in graph 901 are represented by a conbination

of signed couplings and ferronmagnetic couplings in |atjifea9%smn0d69n
coupl | ngé"%?"@”g@ﬂbfed by solid thick |ines between a p§a¢?,%0? quant um

devices in lattice 951, e.g. coupling 973. Ferromagnetic couplings are
denot ed by dashed thick lines in lattice 951, e.g. coupling 972. Each
ferromagnetic coupling in lattice 951 passes through a facilitator quantum

device. FEagidni. LCESed 2idd1 S bBY A% afd@nt um devi ces
N6 t hr ougngﬁélﬁlﬂg ﬁgg%ergéég%ﬁg}a?ﬁgﬁ ‘gﬁ%{ibﬁg)édui négl gﬂ(is’agg gg?‘%%%ause they are
depi ct ed ngighbarivenplimgeas. welhas niesterdareis( neighberi cauplisis e battice Hillis 2 Kb.or quant um

o e R et dadsty £BFQ by AU Rold NUBRLUINGSY kBER fgi0Der a1 e W th the

C
ferroma I'ccouplings to’propag a Si oupl r exanpl e,
facilit atoofregpoadioljvatiemidedicdiYy thraugh NGt laide 05 f.eCoupliagn@ili, B2y,oupl i ng 980,

oo 1By oNe. 08508, e A ous N s N emdNsoRoL e st o or
anti-fer rmﬁ&?&hégﬁewﬁﬁﬁdggthaebér&rsﬂ%mitmud%e%pgraﬁﬁ goo1, GRUREI Ng iN A

two-di nensional lattice |ayout may be an anti-ferromagnetic coupling. FlGs.
| CA 10B imarkert byathisk dlaclelinasp Fer ¢xamplec titiigmemagtietip coupbing | €dplatiiget hods,

ticl ' e - G 10A) havi
o x 51w BbeRBa el NP R BB tenito et R LBEMMAIE, T "oV N
I alt Iti ce- basted Cloapldngts Oinﬁ%r)]gﬁd C&IS,MFS_}uehanlipEgaag_e‘adbibne :ﬂﬁi—ghb% goupl i Rgs as
wel | as xt - near.est nei or., cqupl i ngs. [ s a K3, ra
enbedded n@ﬁoraa@ﬁ{x%%ouwngf %ﬂ?teg Py gva( %‘%35'651\@5 ’tlﬁg)oa&g %&ﬁé&l)‘n gr aph ) 108 1
&g;res?&wsﬁﬁgi%g?,%uﬁﬁg%ﬂmm @ﬁ@k%@pll\ggs &ngloteﬁ (bbf&lﬁibmz)ehécﬂﬁxgs %upl\lifs)ng_s (N,

j (N3, \ : : . an : in
lattice 1@8% I\Q)ea“déﬂg’il\l%)ér(&dﬂdﬁ?ﬁezw%?\g i(ﬁééf lf%a’ieSRf’S‘i“er\@ptﬁgﬁghto t he edges
of graph 08 orAPaks Abored B KRV phitdrk INDLAEKE! NTE N0 dngiNigxanpl e, _
anti-ferronagnetic coupling 1070 in lattice 1051 couples Ni and N2 in

| attice 1OSPECENS)c Brildatpogatunpdevings eoNY, B8, YP.ApP adMNLl, @upl i ngs (NI, N6)
o, 155 APkl B REEPIIOME s S e o SULARRB . coupl 9 ceret 0
f er r omagneuplings teiplopazgts ad entf@tbnimgnétivi cotplihgs KerlatticndBs1, (leweh, N2), and (N8,
M0 OB 3B N b D) R S B o
1,  respeauldtelushd toeaded piaph 000100 quntim H9ites NS an@ N1 are§gpash®l N9, N10 and NI
1, are with diagonal couplings (N8, N9) and (N9, N6). Inactive quantum device N' is
denoted by dashed outline.
As with the Ks graph illustrated in FIG. 7, any non-planar graph with K33 as a
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
e  atleastone CPU 1110;
e  amainnon-volatile storage unit 1120 controlled by controller 1125;
e  asystem 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);
e  auserinterface 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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guantum devices with zero local field bias that cooperate with the
ferromagnetic couplings to propagate an anti-ferromagnetic coupling. For
|attice 1051, Jﬁgven quantum devi ces are used to enbedp@f/@aRboodMerdss but as
few as ni r%zoaﬂg I'm devices could be used to enbed graph 1001 if quantum
devices N9 and N11 are bypassed w th diagonal couplings (N8, N9) and (N9,
N6). Inactive gquantumdevice N is denoted by dashed outline. As with the
K5 graph illustrated in FIG 7, any non-planar graph with K3,3 as a

subgr aph,e cap na@oﬂmﬁﬂﬂ&ctaw(mcb 21441 2 Bthbd domnrkidatiolr bizuitly; land | | ustrat es a
system 1100 that is operated in accordance with one enbodinment of the
present rret heelinteragl bic] 196 fermdtesspanasting thegloremantiond clewentshé system di gi t al
conputer 1102 qd*lat conprises at |east one CPU 1110; a main non-volatile
storage unit 20 controlled by controller 1125; a system nenory 1126,
preferably hi §pst&péemﬂﬁuﬁhdomlmtﬁsasanakngmoopss(omm Arabg psdoessong syst em

control p S perati syst 30, data. a |ication

pr ogr ans l|18(g H‘%F%!ﬁ’r‘fﬁﬁw C\?GP%W‘I"FQQE‘E%'? og&se lﬁ apd iﬁg'ﬁaql%gr}ds“togﬂﬁpnenory 1126 may
al so i ncldédRed BF4: ARhobgAROPIMstiddV) FIG.a 1 WiRhthideRTded6des 1 1 1dandconpr i si ng one
or nore input devices (e.g., keyboard 1118, nouse 1116) and display 1112,

and ot hercosplinggigsicesid/+ prag Palarrwsi Heslatticebaspg ool e e daYoetr/ CA2005/ 001965
a networksufm seeréﬁﬁ%;ﬁ@rlﬂls&Me@nﬂab%,@rzsowqmcwwm%u@ﬁ circuitry; and

an interna us for I nterconnecting the aforementi oned el enents of
system 1&m)atﬂylstmtmma@vfcgmo<ﬂw@rl17%mdad§émawdeanfasl UQ‘*pl%béssor 1150. Anal og

processor, . 115Q in 1Y A 172 and a
plurality ATBHE "ﬂlﬁlla & éivclogréesclhﬁf ght%yio Rou %ysrr:’focg% W@%’Bﬁa?x §1t(?ilil n FIG 11,
guan t ur ninEe4. 2B, m@ssldﬂir?d BBl As:smplnbdkg 1d€2/amﬂa)uiaﬂﬂg4demys berdarranged in a

| at t'i ce- based connectivity four ou such _as, for exanple, illustrated in
FI Gs. 2A, 2rgpquiygent paj resp Stol%f,lxoéi of CoupHEE fewises dlUpiTatER St um devi ce
nodes 117&3@133(1%9&,4,51@,tg&glf@gﬁasllm may be arranged in a lattice-based
connectivity eight layout such as, for exanple, illustrated in FIGs. 2B,

4B, 9B, | OB arfthaiogmrocpssos ke, ﬁlﬁbﬁawlmsr@remt doigs 1140 Beadpeles 1174 are
equi val enfe{cB 1%6 mhPORGisS a pRrARY ofde-SRADBLSR oMt WRkleNdoigY! CeS

illustrated o
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 dc-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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described in relation to those figures. Anal og processor 1150 further
i ncl udes a readout device 1160. Readout device 1160 may conprise a

pluralit ;0 gﬁé | D magnet oneters, where each dc- SQUpEr/agnRieiveser is
i nductiv @ e ed to a different quantum devi ce node 1172 and NIC 1124

receives a voltage or current fromreadout device 1160, as neasured by each
dc- SQUI D magnetoneter in readout device 1160. Anal og processor 1150 further
conprises a coupling device control system 1164 that includes a coupling

cont rol | gonivelatRatRage KR! 1 W KlRMhkSord, hil 4r a F@€ibn of RSP AL biRngedIpl i Ng
controller in coupling device control system 1164 is capable of tuning the

coupl i ng 284 PEFEHMadules '%Qi’rl?eéé‘ﬁ%@ﬁl ﬁ&“l?&ﬁﬁmpﬁtjr H%t\)p?:%‘a@i’i“tlﬂpmlbugh a range
of val ue%ﬁa@%&@m%\ﬁ&éfzo&g R0t Qﬁegfdlg&angmpw i jeymegoupl ing val ue

possi bl e erromagnetic | ng et WEen no the magni tude jAF is
t he naxiadduessabieit ismgamahajehqmosspmbeorhmnmemtonmeensbfnru@méluq remotsupl i ng bet ween

Cyst om 1 788U HE AT Gl Labp el o ST Bl R R P BRR R B o 1172,

nunber ofconipdietsesyecd dhtakitRorki(e.4G theTaBmBRY sdiial méamnmalrebcessed by system
1100. Typically, all or algortl on of syuch dat strgﬁ)ures re stored in
menory ~ FPoRFCtem Ethsmep gicd fng&rcegeﬁwrcaw%to $-&u é%ﬁ“?}r -and advant ages

of the pripsqny, w&mfcﬁ?@ﬂ&mmarsﬁlwhﬁ& stRIRErdARd ?@ran?h&%ﬁ'ulé@hﬁ ndlwect ures and
program modul es are drawn as conponents of nenory 1126. However, it will be

appr eci atdsékribhdt at any given time, the programs and data struct ur es

illustrated i oSt I 66415
PCT/ CA2005/ 00 é‘éﬁenon vo|3al¥ %’éo%g{agﬁgdgéunlllgéTc%faad@grv%&‘%ngﬁérg all or a
portion m‘erva‘ms,hudaasdxlesselruc&suaretsfoapdfqmnmgham”amcﬂepasiemm;skbeMany)r ed on a
renot e corggra R not illustrated in the renote

d d t hat
conput er 9 Yégﬂgﬁb‘raéCWGH‘iegﬁsfa?mM%}?far‘lidfﬁi 7 Q%‘féssabl e, it is

meant t hahclhdigg,ut fot figied EOUNIX) waidbmem'ewmﬁiob@Memst hINUEpa@ide conputer
and di gital con& uter 1102 such that data can be exchanged bet ween the two
conput er sY¥derAlicraively, H&%W“%éys&mm?h'%ﬂRfFﬁeB?Wé‘t‘“St%lC%‘@FP‘é‘D’ €onnection, a

paral | el x@&iﬂé}ﬁﬁtaldgl@ clﬁ&xhﬂ%ﬁ?e’fr etc.) using a communi cation protocol (e g.,
FTP, telnet, SSH, etc.). Wth this in mnd, such data structures and

pr ogr am nodul é@ewterfa%w%e 1%@?‘/%@&619@6}@?!&6@?@ andpxeqidg/a peblem oper at i ng
system 113Qe g&({emqbl'og gro\f:@{s!op Y505 xﬁéc?ﬁpally, user interface module 1132

permits a user to define a problem to be solved by setting the values of couplings J;;
between nodes and the local bias A; 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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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 ncluding, but not limted to UNI X, W ndows
XP, DCS, ‘&B%?ﬁ%?{ﬂé VMX. Alternatively, no operating system g@%ﬂ(}g}e@' pr esent

and instructions my be executed in a daisy chain manner. User interface
nodul e 1132 serves to help a user define and execute a problem to be sol ved
on anal og processor 1150. Specifically, user interface nodule 1132 permts

a user ! QeflebhfoinRl:ARAMER PSSR 1¥ifla BY o 26kcl A %{g@ug@gyes of couplings

J# Dbetween no €3 ang suc adj usting
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I nterface nodul e 1132 not |nclude a g aphlc ser interface
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the conpu Ional sol ved as user interface nodul e
1132 i nt duactions ommognplnon@sqnnmdaffmmk&mwhlbs [136.17) beldaMdddsntosﬂuba/abl e by anal og

et osont ST KBRSt el ia rorpy LELAR sATBi Rl Ba2t of @ O

speci fi c manhbopidhédrR Qkaanal og processor 1150. Mapper nodule 1136 nay

include instructions that map a problemdefined in a non-connectivity eight
graph 34 WO ZGE}EP‘GB@QMBOWIMWM@BSPP‘?W%%WPQW%‘EW&{ID an equi val ent

pr OBl em digf i g Ol vfae§plr7a%ﬁawihesvo %&M@{ ?&%aﬁt@ﬁ%@ﬁ@é‘ﬁ&ﬁe& 9y Mapper nodul e
1136 may map ain NP p | ndependent Set, Max

dique, W)@n@gg promrpwblhmahkatSAniodulntlé{e}bmay inghide lrptrmgnoam ng, etc.) into
an equi VaJ ﬁo«atrt z{sﬁ §§ Ed’%ﬂl nopthte ?obieﬁ'l 355&9\%%{:&%&%5 % %eﬁ b raph

representati on ve a es re een p ed by nmapper
nodul e 11sk6ngthmahesgng nmdbeﬁmaldca,tmétame bapahgtammd®ifitoianalog pededsor set up t he

coupling lvlgl).u ?nsltiaqiggiolncr)n ulc 1 128 tl}/cﬁlsgne t}Ic%E)prtogr?atg gisggﬁg zE.llor\llge m?e?'rllJaH %LS” 9
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 quantum 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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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 digsgcr rogram nodul es: an initialization nodul 4 vol ution
nodul e 1f%§ °“§ﬁg“an out put nodul e 1144. Initialization O%@ﬁﬂg

determ nes the appropriate values of coupling J,/ for coupling devices 1174
and val ues of local bias h; for quantum device nodes 1172 of anal og
processor 1150. Initialization nDduIe 1140 may include instructions to
convert asp Ihe def.i lem.into si cal val ues, such
as coupl ieﬂé %smﬁbknﬁ ls\/aé\‘)th 05%0 ﬁvodutm&%g@ glleg%g‘?r%%n?:@%can be progranmed

i nto analpagefoncEstand evoléitbn hodutd HKP may ireiudeibtiuetiohd £43 evdleimgsends t he

appropriate sigpals along internal bus 06 into NIC 1124. NIC 1124, in
turn, seritfsstaisEhanal9gREATEESO blsg)d%ﬁﬁcﬁWFEFé\W ﬁagwgﬁﬁ?“‘é%?stem 1162 and

coupi i ng devi %aﬁgpioeeﬁsoﬁmsb%mvéslaﬁémﬁw pré¥l¥m Bhast@MipsH @B kigRals evol ution nodul e
1142 determ nes the appropriate values, at each point in time for the
dur at i on podvideddyenitializatiemmodsle & iand ayplurionfreqdulec i3l Ones Hevi ces 1174 and

val ues of fQr og pr ocessor
1350 n_ GromeRharearsdiyod B sOMAM YTMIRMEE f IR chnddrictin teffift 00 §

evol ut i orquamdmldeviﬁd.nkﬁehammleadwnbmcb th&60a fhrtmp mainke 1d 441 ploiksgn deV| ce vaI ues
and Iocal bi as. vaI schedu e ch i nal s are sent al ong
bus 1106 © BJHactPHt aéoﬁdﬂflcele\il}{gd rpchtcm,er l@g%lgeaédgsh commands to
guant um dgmkieg control system 1162 and coupling device control system 1164.

The evol ution of anal og processor 1150 may be an_adjabatic evolution or an
anneal i ng evolSysteBmemeay homey ytherdrdlysis al%‘v?wo%}lﬁfsl P PUHRKINS n adi abati ¢

quant um - GAIRYS biifbe p@&éss%v@lw'm@:1rraéimb§rlrﬁcmzagprxpﬁae&w&i@arbnstructl ons for
evol vi ng the state anal og processor in accordance with evolution
used in adrntalt@étfmrontqumgmth geanpun davipe n@é@ 117bancbocmniptgelevme81 17Rat ent

Publ i cati 4 each titled
"ach abat 1 SR ERRT AP St e R A S AP BRI 22" ot LT
I S her ebydevice oot gysech b2y afdéoremgring devidescoBHol\Mxt200664066415

PCT/ CA200 0019 i.ret her form of evol ution

appl i cabl glytlyziﬂh&ﬁéﬁ‘%'gm@}l‘ge bgﬁ'%@%fgwévﬁﬂat%ﬁ%@%n nodul e 1142 may
i ncl ude ldbﬁinﬁalﬁﬁi fréf Aritm&Med VidGGnto kiflsSleat, eoRiges tatregs)RhAGessor 1150 in
accordance wth anneal i ng evolution Anal og processor 1150 solves a quantum

pr obl em iceatly %Rgggp tpﬁ]@a@p@,ﬂ;m§e nodes 1172 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 into 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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provided by initialization nodule 1140 and evol ution nodul e 1142. Once the
probl em has been sol ved, the solution to the problem may be neasured from

t he stat devi ce nodes 1172 by readout device nodul e
1144 morﬁgoﬂﬂam%§ﬁ%unction wi th readout device 1160 of éﬁgﬂgﬁﬁﬁgﬁﬁggssor
1150 to read this solution. Systemnenory 1126 may further include a driver

nodul e 1146 for outputting signals to anal og processor 1150. NI C 1124 may
i ncl ude appropriate hardware required for interfacing with quantum device

d 117 : i i . . 50, ith
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The funct a eéaabipha), whierei (he Ha24ignalrenbalesliheisoletor sftthe tompucdtingsdes of
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be used tBFoRismArecesssd Ry apalog preeessqildd et e functional cl asses. Data
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1172 after analo rocessor 1150 has conpleted a conputation. Such data can

be measur &dmpss ok Wwhisly inglnds aubibregistess, iad peidlewices. andhansitlangdevicesvai | abl e dat a
acquisiti j : i i e to, data
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sufficient control_over quantu evice nodes 1172 and,_.
components of analog plqocessor Wsﬂ can be house ein the cal%non refrigerator. For

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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coupling devices 1174 and in order to neasure the results of a quantum
conputation on anal og processor 1150. Digital conputer 1102 nay al so
conprise m transmtting the solution of a conp j # bl em
pr ocessedwg)?ragﬁﬁ(gﬁ%la processor 1150 to another system &ﬁf/{é‘g%ﬂ /%0?5&
acconplishing these means can include, but are not limted to, a tel ephone
nodem a wireless nodem a |ocal area network connection, or a wi de area
network connection. Digital conputer 1102 may generate a carrier wave
enbodying a data signal ,S'yper ein t;gf%%ﬁfu% elng@I encodes the solution of

t he conputational problem pr"%cféss%g y ‘anal og processor 1150. Anal og

processor 1 150 may, be a superconductjn ant u onput er exanpl es of
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any conbi héq%fl‘g‘ﬁ 'P‘ﬂ‘ée?fgf)tlh? qW’BgleY‘ ﬂ%ﬁeﬁ?&odlé?fl‘?‘l"“éex lé‘?f’*h’éﬁ%‘g?t war e packages.
Sui t abl e sRhblMRF GtdRARKME Barykdifhationitdre@in@h\rrespontiing quitum MATLAB ( The

Mat hWor ks, Natick, Massachusetts) and LabVIEW (National |Instrunments,

Austin, THSES). TheaRalop PERSRISORBIHEIFOMPHSes A EPid cotRling Jetieside &my be i npl enent ed

as a Conpp§iing BVRAE AMARITPHECE 1) iRt onnQTREINSRAe B iR GRigAbSIr am mechani sm
enbedded in"a ~conputer readable storage nmedium For instance, the conputer

progr am ppest(R and/erdisIngxtcnsateali neighher node(s); andsserihed abovsHenmxamplednG 11, These
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product, or~any o reddabl € 'data’ or’ ‘pfogram st orage product.
The sof t wanatogmroeehses furthet domprizapaicoaplingproagoliemygg.oltbusdd io@bumingo be

di stributed.el ectr.onical i | nternet or otherw se, ..by transm ssion
ot 5 ComniPA ot SR 11 gt il | ot e Ebphug et BB oot
enbodi ed céupling adntroRdr i¥\@apable of tuning the coupling strength J of a corresponding

coupling device through a range of values J¢ to J2©, where JZ is the maximum

ferromagnetic coupling strength and is negative and J2* 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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37 WD 2006/ 066415 PCT/ CA2005/ 001965 5.2 Processor and quantum devices In
accordance with an enbodi nent of the present nethods, articles and systens,

a machi NeyRA (9&6911‘5 the | SG probl em capabl e of approxi neﬁ%ﬂg%@og/-{)ﬁg&d state

solution may be provided in the formof an anal og process , anal og
processor 1150 of FIG 11). This anal og processor conprises a hardware
architecture that includes a set of quantum devices (e.g., quantum device
nodes 1172 of FIG 11). Each such quantum device is defined by at |east two

basi s st aef Ralhed Systeal AHeqnBfmatith Qfated GaRir@an)nk Rl MniRapOthat N the basis
states. The anal og processor further conprises a readout device for the
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f er r omagnprobability theh ifribers veremgt quasmo tirgeliegy afuch en awadoglprogesiar it he maxi num

anti- ferro netic uple i .St IS A e of zero for
a given %ag%?Pﬂgccggﬁ&@@#@%@nﬂ%ﬁ@@b%@%@y { ?‘ldél? ch%oékti’a\?\r})ts é%r(g}%a\égdat'rée not coupl ed
t 0 each o4 Higital pfdeessanal og processor further conprises a node controller for
each quantum device (e.g. housed in quantum device control system 1162 of
FIG 11). Each such node ggnt rﬁllpl er [{s .capabl e of controlling an effective

. . . Erconquctin evices . . .
bi as applied to a correspondi'ng qugn um=devi¢e. Such effective bias varies

from about -i if.to abput -+l Pl where J is th verage maxi num

coupl i ng val u%fﬁa‘q ﬂg@(}c@@ﬁr&f)%prﬁ%%@eﬁﬂis, arttfﬁ'rs?f Sag\/efn&’gtgei n the quantum
pr ocessor quaniinhdyRedofahe mllog prbcesstild Lyuamamidevist addes 1172 6fKIGL i t at e readout
and initialization. The quantum devi make . use of quantum properties

es, ma
such as ih @H“eﬁ“@ﬁf"‘lﬁ'ﬂ%ﬁﬂ RSP fgbedinGatsnths 383198 RIPSRSSY MaYe oher ent quantum
tunnel i NGl 8RY RIS ofsuBbiBsndulling@Rba GhA B RburReIVRE RSk #logs Of  di fferent

quant um devi ces, ‘and the quantum properties of the quantum devi ces nmay
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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enhance the conputational capability of the anal og processor. The anal og
processor perforns a conputation to approxinate the ground state 38 WD
2006/ 066 005/ 001965 of the mapped system Thg, states
traver se%g’ E‘%g‘ﬁ andscape that depends on the condi t| ons %{ct at%g by the
instance of the problem In this energy |andscape, the ground state energy
is the | owest energy point, referred to as the global mninmm The energy

| andscape contains | ocal mnim, which can trap the state of the system
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articl es adglad ¥Bthe GBbit 4B tinis@nt um devi ces of the anal og processor (e.g.,
quantum devi ce nodes 1172 of FIG 11) are superconducting qubits. In such
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reliable state preparation. Thus, a first node of operation of a qubit is
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energy scales where quantum effects dominate, phase qubits have weli-defined 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 controi

parameters.

3.3 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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qubits in the quantum conputer. The second node of operation, however, is
difficult to realize with high enough quality to performuniversal quantum

conput at i rconducti ng qubits may be used as node j in the
first rmag&?!?g@g@lfhem i deal for readout and the constrglc?l‘{asﬁg@tédggjr% in the

second node of 39 WD 2006/ 066415 PCT/ CA2005/ 001965 operation, such as
difficulty in reading out the qubits, coherence tine requirenent, etc., are
consi derably reduced. A superconducting qubit rmay serve as a node in the

anal og pm&%ﬁ%gﬁa&%&E’Z?f?%‘ﬁhﬁ%‘ﬁ}s?ﬁé’&%ﬁ’ mode of operation, such that when

readout is no el ng it remains in the first node of
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states of the device. In other words, charge qubits use charge as the
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bet ween phase and charge qubits, can be used in e anal og "processor.

Exper i menterrespending cantrad syssem shap enpdioyeither 2 magngtic pedectrigsbigyubi t s was made by
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reference in Sentirety, evel ope arge qu t denonstrates
t he basi ccopingtlévaredl-2 thegouplenmdesNT and 132 bbled. BiGt 128 ilhusppates a (short)
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integrated circuit 1202. Integrated circuit 1202 includes superconducting nodes N1
and N2, 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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In accordance with enbodi nents of the present nethods, articles and systens,
the 1SG | attice-based | ayout nmaps directly to an integrated circuit that

satisfies_all of the requirenments for performng the calculation to
appr oxi mal @ 289Ut i ne exactly the ground state of tt?é:j‘é%%"gwm%ﬁe anal og

processor may conprise: (i) a set of nodes, each node including a | oop of
superconducting material 40 WO 2006/ 066415 PCT/ CA2005/ 001965 interrupted
by one or nore Josephson junctions; (ii) a set of coupling devices, each

coupling I I upl i i c tng: .nnodes in the
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devi ces, Cﬁﬁ‘i%sggn &R e?%‘coeflthebﬁﬁﬁgs %‘é‘?f’tﬁ“éze’l ‘ﬁgti“ﬁte’“ééie}{%ﬁa%%eé‘ferategibgs devices is
confi gur egeH drcaRig/cudreh@cal bias field on one or nore corresponding nodes
in the set of _nodes. One or nore coupl i&g devices in the set of coupling

devi ces may eBetfouicdsivises 520-handb9-Tmdsopingdage i-hereArsEried it i nterrupted by
one or g ﬁﬁ%g%mé 436Ed BYXShecalBE iP M BRiBRIdindls, B BreGRURNeNg devi ces

are set base oop Size an Josephson junction characteristics. Such
coupl i ng tyevif dedcea having/gimdat Jtpcturerrad corppenents drut esdighdid g peréoror ol syst em t hat
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coupl es redes-SUIBAnfigurtdivahebly dobfle ndds N1 dnd¥2. aConpling ddviceIs$42at i on of

nodes NI and N2 and .coupljng devjce J1-2 0 rraph 1200 tQ an integrated
circuit IRYPCTHCE ey iy E‘iggE?H%_f kaf?@?p‘?tﬂmaiﬂ'g?mgﬁ‘pgeﬁ&%g?:‘?‘feﬁg nodes NI and
N2, whi ch20ardn@ s e thaly ®eedesUmYs imfletiviR @upiel aPtbrbgfdfding Ab&@raaded circuit
1202 further includes bias devices 110-1 and 110-2 as well as readout

devi ces rpofiguredig contpnblablydgteglcthe cupeentin spghonodess j Areativelypteadayt devi ce Jl-2. In
FI G 12B, \ | e%%l . si ngl e Josephson
junction dfglggsegzpl\ﬂ;anggrgr%?ﬁrﬁ? &%Egéﬁgon %ﬁ%ftﬂ&gér%uh%@kegﬁe&conpound Josephson
j unct i on cb8éspoadingisies Dé adéd@r i bed as a dc-SQUID interrupting a
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par anmet erlscal Hpgueti€ field|chy be hpptict unthetdrregponding notle frive adviardevioe 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, J2-3,13-4 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 N5, corresponding to the five nodes of lattice 1000 and four coupling devices,
J1-3,J2-3, J3-4 and 13-5, 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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devi ce (superconducting node Ni) can be adjusted by varying the current
supplied by device 111. Equivalently, the height of an energy barrier 1700
of the sy in FIG 17 and described bel ow) c d Nodes
Ni and hQaégﬁ%%aﬁgﬁﬁee Josephson junction qubits. Such s 'ﬁé?ﬂﬁg@ﬁ conpri se
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 supereurrent flowin their

respectiv, I . of node N
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12B with thﬁé‘og‘?aﬂémsth‘éﬁ“é’&r%%e%f@“a‘@é' mﬁqu"éwﬂéi‘fjé%?&'i‘tr?@ﬁ?ssl\l ’tP%ey are the sane
type of deyisggnshaving simlar structure and conponents, but configured to
perform different functions in integrated circuit 1202. For exanpl e,

coupl i ng devi déegimay beamusedasjuanters dsixds Dexs snNil gNZ.a¥t and Nuinabl y coupl e nodes

Ni and N I only has one
pot ont i al s LY Ewhiertior Mty oA RARG! oy dRRRL YL () P
i nduct i veﬁhywﬁdruﬂnemli oEmhrgrqmmmﬁedgnntegms:darrdmt thfcargmalefdusle@f control |l ably

det ect the cu 3 ch nod AFI& .ernat |velhﬁ readout devices 120-1 and
120- 2 maya“%é‘“ 8\9‘?1{% %gbﬁ‘a{HFngdfl REFREAGITHe state of cor respondi ng

nodes N | and cbﬂ%oraoaescfdﬁumﬁﬁsaem&m MFH-N@'oZnﬁégﬂatéd dittattriaoed in FIG 12B
as loops of nmetal. A |local nmagnetic field can be applied to the

cor r esporf@bnee sBHEed a5 Fradipsttig dappcsch that a Bgsnsetic ﬁFlﬁQ“]é[ affeets &t t hrough t he
| oop of t heqBinafc s%%pl“qﬁnuﬁlf?ad A88h o HrolPihe Moo, TRAlfoAL ngﬁoggs that are

super conduct 1 ng ow tenperatures, such as alum num an ium The bias
devi ces n@ybn@seﬁﬂéon f@@baﬂnbmwbhgmdﬁowd@mgtthmusmgblllrbedrthe gystemespondi ng

nodes N tSLEIN MRl A8 TBADCNEGed hillolhuc N o GRRecREN DI as  devi ce 110

may conprise a near correspo t hen connects to
anot her pdndicalyleemgles oc bt resr-perpandiculdr gighs & redunetplaﬂsmb cpnpllnsg gg.a Vi a.

: thelgratat ?%83 m%% ween neléﬁ)onlné gcl)ﬂes A%lrst ané SECOI% no C are COXSIQ t((:)tbley Tap fromthe

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 NS5, and couplings J1-4, IN1-5, 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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include all of the necessary degrees of control to process information. FIG
13A illustrates an enbodi nent of a lattice-based set of nodes 1300

conpri si having five nodes, N through N5, an ng
devi ces, nﬁp_azmgs?d%ﬁ’gs?) J3-4 and J3-5. FIG 13B illustrat g)s a%zrogﬁb{ﬁ%dtsl on of

| attice 1300 to an integrated circuit 1302. Integrated circuit 1302
i ncludes five quantum devices, N through N5, corresponding to the five
nodes of lattice 1000 and four coupling devices, 11-3, 12-3, J3-4 and J3-5,
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Near est - n eﬁﬁ"iﬁ??“tﬁ%@%ﬁt%? K%O'Q’r]rzgr?g"’é“ds”é’f”“p EFQHHEBEHCQFC%?QW% or at

near - per pﬁ‘d@l@é NH"N’J a1 ex%sﬂe@tﬁe@ﬁ“&l@thﬁ%&n%?h&de@nﬁ?ﬁ@e a%rrééimﬁdm crosstal k)
bet ween nel hbori ng nodes. fiTst and second node are con3|dered to be

arr anged 13@ ayt gavicpd ARl Alwxaatl‘ea*ﬁgbely\mf@\hrfraé@lﬁééwcqsonae'd@hmﬁmra when a first
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to perimeter nodes N3, N6, N9, as descnbed 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 quantum devices, 1501-1 through

1501-4, have been fabricated on a superconducting integrated circuit. Each quantum
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FIG 14A illustrates an enbodinent of a lattice-based set of nodes 1400
havi ng nine active nodes, N through N9, and respective coupling devices and

FIG 14 ilzhyi%%ﬂées a translation of lattice 1400 to ﬂ&l/@@?%@tslg circuit

1402 havi odes NI through N9, and twenty coupli For
clarity, in FIGs. 14A and 14B only nodes NI, N2, N4 and N5, and couplings
J1-4, JIN1-5, JN2-4 and J4-5 are | abeled. 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 al so
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JN2-4 and JN HG6. 16ARow @ dlternatiex faydie af ts preseit glektods, anicpdsiang devi ce IJN2-4
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in one or'YHETH BB\ EESS Prasantan G fiury !&%&% M multiple
layers. Nepdled®0!-¢St60NS, SRHORI01 20 Hilwendt, BE ViyefiSshowh Gladhy &edaBéd fog devi ces
JN2-4 and JNI-5, may be dc-SQUI Ds or alternativel f-SQUI Ds. They may be

T
equi val erffy iamberofigpaniyn dexigese Quantep deyiess 160k1 a%ig%rﬁ gre@eyniest in their
structur : . hs e : Y] > -6, 120-9 are
shown, fg?gért%erlgix %ggh %é&lggg%ﬁlg%gln%i ﬁ%‘fpﬂﬁ%g%usm%?d IﬁN%Sbe;aﬁﬂi%g[ﬁ fﬁg)sr pectively.

Al l the citamativaldede-8QYTINaQeantundeyies 6001 and 160 ke toupded togethe20.

Stat e copyiondh rabinG Goiet s BER IR IO B3 R Rali B PE, Bt nfernal nodes
quantum devices 1601-1 and 1601-3 are ferromagnetically coupled and have the same
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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to perinmeter nodes N3, N6, N9, as described, for exanple, in United States
Patent Application Serial No. 60/675,139 titled, "Methods of Ferromagnetic

and Adi a sical Qubit State Copying, " which i i r por at ed
herein b)t;&bezﬁ%rlogﬁﬁé its entirety. Although not sho@dﬁé%/b@%, t here
may be unused quantum devices next to the perineter quantum devices N, N2,
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al ternatiggon &‘Bé%ﬁblélfwell%teﬂﬁﬁs EhérgiRiréRESnted bh telyesitiid somy oiRFs. There are
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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 IR) state. These two states can

be labeled }0} and ll) , respectively, or Il) and IO) 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 Jocal 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 lR) 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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t oget her through coupling device J1-2. Coupling device J1-2 may be an
rf-SQUID or alternatively a do-SQU D. Quantum devi ces 1601-1 and 1601-3 are
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and run- tenergy ®GHof GE dpeble-wel ipegntidhr wughis thealesised initialistigeal Thsi as control on the
45 WO 20 aﬁch oupl i ngs or

t hrough t Ocﬁglgggg&grlf glf é]fééﬁ?ﬁ{)“%gé? e?ge\regmwﬂlquﬂv\é&% e %atti ce | ayout

t opol ogy dehia¢’ ssta;anmeench tmdqlewpst@bdrgymtateviaeummlmgptowssesmtpp@l theat o a physi cal
| attice qf devi ces. sol.ution th roblemis, then read out as

the 11 nalb2aiaad0thdh St Fiids pet Bt Rendioapt hutREal PSR abEEN tmy have ¢he
form of aotmllmmammber 5.4.2 Initialization Initialization of an anal og

processor wth gquantum features CO%I ses initializing the state at each
quant um devi cémaﬂamgﬁh? Jogaljfigid pjas 34 gachayanfug devige My eATMITISA §CtiB&Yi ce that wil |

be used tQoy.EREIRSAY herdssRAOH RMRRE Bﬂquiﬂtlu)ﬁedivma‘é‘nd%hﬁ&ttbﬁi c&hgfgy profile
of the quantum device rep resenthbdgba node in a graph to be solved may be a
1

doubl e- wetteriog of time. | Applyisg aiglobel fiekd binedauses ald ticrspantyy deyicesda®a et al . 2000,
arDs(;[ Scf)lr gglct:lgirllz(fd @%8%89%333"%&% Rélg g‘taﬂ%er e g“%t%égﬁgﬁg 8‘(11anby reference in
i ts enti rdevige rdpre@nting dAodeoha} ¢Bngrise b lop@fuseperconducting material

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. Insome 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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graph of a double-well potential. Energy is represented on the y-axis and
sone other dependent variable associated wth the device, such as the

i nt ernal e quantum device, is represented on% - AX] The
system i s&h@%ﬁ%‘{ég by a particle noving wthin this poten ‘%&gﬁﬁ@is&si le. If
the particle is in the left well, it isinthe |l L) state, and if the
particle is in the right well it is inthe IR} state. These two states can
be labeled I0) and 11), respectively, or Il) and 10) respectively. In a
super conduct i Age n&ibiPor BMBEE 1700 REES|bE BY alteHnk @Y crilihlichrredteaR two states
correspond to two different directions of circulating current,
| ef t - ci r Jebephsongungtien(s) thitinteirupt theesuperepndiing logil. tlnastard@d 6n of the state at
each nodeyd L: I . - UN| oI each node or
he™!
t hr ough ﬁ] ﬁltljjsjgﬂg?&g&%ﬁéﬁgp “gugjg‘g'ﬂ"lﬁgﬁﬁ°8ﬁ%é{.}b%’t“?‘%ﬁ‘§{a%@ ‘23‘5 ’%Snl ng can also
be ef f ecteeiticdlyurremd ofa jugctidnds bgiaally fixdie iHpwe vdr; TGhdoedgheckosedsat es. | f t he

potential, ener raftile is tiJted to one,side as.shown in . FIG 17A, the
particl e ¥pquen ng'égudbéﬁfemac %ﬁ%%?cr'ﬁlwn%ff’sﬁ@?f’wnf HMERE S ower ener gy
wel 1. I'n gd3gble as@ndthe Eftéativa éhical blttent sven hler¥abridagod. Rhiskat e 160-1. If the
potential well _Broflle istilted to the other side, the particle will have
a gr eat eracperaplished hyrapplyingompgngtic feld ta the smalpepdit junctgn lpop. ppd bY he case of FI G
17A, thi L JihSk §8:.01 hidrald £SPYB idugum devi ce whose
state is ﬁ@g#@%ﬁ?ggg?ﬂg %osﬁcﬁg‘% o%cglefuhgatrdti cl eSngj aldou | e-wel |l potential
conprises til tOnegr troee prnwnt dexices thatrarye 95 dedebin aninfegrgted48ciDN20061066415

PCTI CA2005/ h . fi,eld bias at, the node, a wai ti a sufficient
Frount - of SRR, Ad f- O is lororustRecBlucing miRa) GREoNEIRIE, 2 Su i CLon

hi gh pr obkrbéphsdnjunclibas inremptidd e thopi Aslevio@in Wigiclathat@peahas thrdel el d and t uni ng
the local _field bias at the nod /. conprise lying.a current to a
supercond{?é?ﬂ?‘ﬁﬁ‘ll”&fé‘ﬁn%‘? kpewnp 4 %fjé!g’g%b %’anﬁ? E]‘%@‘?ﬁgtyg%egveﬁ%%éﬁm devi ce, so
as 10 genginBbsredsdch At itTBEEREal EnebdyghistilPisARsdribell BE 2 B4HM-WEN devi ce. After a
sufficient anount of tine has passed, the device's state will relax into the

| oner  eneaigpfialaclhe twe welsindbgdoublens!] potestialnorrgsponds te differefe desired
initial sg. : icen s t . wel | through
t her mal eglgeteclg%ns-(g)?s %rlillgt@{tl g&?@éﬁgﬁéﬁﬁ&#&? O%Ig%églﬂg?’%teeh (')Weesvgéé g@%gy state via
t unnel i ngrf{HQIIPs sxdubiting guaghm hehavionare stewnlifl (iedinan 2¥i¥e Acesesnalbot h t her nal
escape and tunneling proce cont r i, but ta Wnitialization.

Initiali zﬁ'ﬁxgmf' %’ qug%ftog ﬁeeﬁlgg%?ré@c% kécg)c(fif ﬂa%lgn m cP Vi 8§/m ay 1fizsorrpri se
setting acurghotoallodpiozicdil bf wire placaiss clokeepraxitnityeao tirtstpeendictipgdsdpum devi ces
and wai ti(glfg(héc Pf[SQ ertain

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, [; = Iy sin @ where @ is the gauge-invariant phase of
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period of tinme. Applying a global field bias causes all the quantum devices
to be initialized to the sane state. The gl obal bias nmay be a nmagnetic

field. Each_ guant device representing a node may CONp&t/eR2bsh@Es Of
super con&fgfq%ﬂg&?rgtneri al interrupted by one or nore Josephson junctions,

wherein initialization can be effected by applying a global magnetic field
across all the quantum devices that wll cause each quantum device to be
initialized in the same persistent-current state. A quantum device in an

i nt egr at gehcfibl £UA feafuRBdf thBJosEshsotS&rgly Of 8h Yhclon KARPIE. AlgiioOMAL itproblemis a
| oop of Superconducting material inteéerrupted bé one or nore Josephson
12

j unct i onds 2 Sgetipnpf fwophasesn Hoe2 sanige afbmagneténisysirgbion thesecvormhasesi t has a

otenti al ener fll i L - otential |ike
Phat shovht 1 P pRR b Sablitbohau ARG Yt BE G POLEN S ent Fal
cor r espofwir ih\opposilé fikRki6R. AN diRGlse@MSOMdndRSHySiombideingQhé EiRiding N t he | oop of

super conduct:i n(f:lj material (e.g., .currents 102-0 and 102-1 of FIG 1A). The
| oop can BRIEY KNt FaRRGIGECFIERRY ) OLthelartins and congideriig the FifquitGUANBMdoubl e- wel |

pot ent i almechiidaily thébardrtlers SPER il dal e SR FHEGR Gb1okes  exanpl e,

t hr ough a%%ﬁ%é%t ?”onﬁ%)afr aﬁerg;?t er r?gi:dlf Iauxeﬁgass t%r ough theosupe_rconducti ng

| oop. | n statnsef desetem oeacé=ilY2 wil cmespandtotthatwa ¢lassigalzstatesof dppasde’ s st at e has
become initi.al ic{lggqtgo the | owest energy state, the external flux bias may

removed. cl{ﬁul%t}( grhal™ 1 ux may be applied to a superconducting | oop by

pl aci ng a | oopllar agpoition@f thaiquentium dedtesSeapinegrared oirchiv ugddeo selpes conduct i ng
| oop and applyi.ng, a hias current throu the .loQ r.coil of wre. This
bi as curr@ﬁ"ﬂ’“%%\?fgje@’o@e@ﬁaw _90W9W8f§%ES°Pﬂ‘§}°H°P r%@éwstﬁe super conduct i ng
| oop t hatcoppb@f 18sehRnR@icBBh HRSQUID f BifhiBHR HnUHSARND GReepfithe \WRgR006/ 066415
PCT/ CA2005/ 001965 The height of barrier 1700 can be varied l%y altering the

critical Jespphwoagunstion iaerlersd b8 de-SAUHP: alsrimeynias gcompeuad I ogsphiose

supercon | 3 f S%g{yqs | tie | ihLe to vary this
during fggﬁ%g’?ﬁog@?@%&%mg?lfcgétgﬁselﬁ{gg\/?‘(% [ ul Iréa?e%ﬁg%%zﬁoﬂcal current of a
j unct i on Josephsopijenatidns conmestbd itipsveled withitdo elagrisil wghtectgfosmphbedweerj unction in

an rf-S Dis.r aced.wi,th a co i Lon, then it is
possi bl e %’“P%thoélgﬁt}gs e%fléégct%eﬂf\’/\gs Fﬂ”{fﬁ@%ﬁ%&ﬁ??@%ﬁ gven‘ggﬁ khgr fabrication. This
i S accomatépsibe thabiy haspnl exira degreanafgnmtial in the ednde that thi eriticahbdrrempini t | uncti on

| oop, and, b tuning.this magnetic field, th cti crifical current of
theprf-S °Op gﬂ%r@ﬁﬁéﬁ?@‘"gﬁh%‘}xégﬁﬂ%{ht{hﬁfjr‘f'gg?‘hbggol’t “’@éf“?/e as nodes in
an i nt egraties cGirént thangéPthie biicier HeighQHh{ e pardiss the 1w6ddkhvdlbardl dghep of

superconducting paterral with one or nore
well states, IL) and IR) , 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 dc-SQUID loop, or both, and then waiting for
the device to initialize in the ground state. Tuning the flux through the de-SQUID
loop represents o® 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 rf-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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Josephson junctions interrupting the |loop. A device in which the |oop has
three Josephson junctions is known as a 3JJ qubit. Such an rf-SQUI D type

devi ce 0%8?3‘56/@%% gured such that its potenti al energ)ﬁcﬁze%igh%?dg%l I

descri bed |l e-well potential. The two wells in’t

potential correspond to two different directions of persistent current in
the | oop of superconducting material. Devices wwth rf-SQU Ds exhibiting
guant um behavi or are shown in Friedman 2000. An external flux may be

applied gk BeicHiRARGQNducti ng loop of the rf-SQUI D by applying a bias
current to a loop or coil of wire placed in close proximty to the

super conduct i Mgthadsfer irfializing quantg@ldeDcestarhbaga adiscussedibeivée i n an i nt egr at ed
circuit ed.to.solve guant.u oblem _(e. Q. .. tum pr sor) may be a
oop-of SRePiESTe fr Gs R PHEPRE et ool 4R RAEEEE e

i nt er r uptoyngtting ehelcofling Metitows defirddrinitialatateaidithen wiitiidwessetainypes of qubits
may be the sane as %hose,d_es ri bed above in the asg of [jf-§(ng D quant um
devi ces. 2fpuRLettimechargeteristisiof the cqupling deYigq giepaire thatipeeouplipg ds¥itfuct ance and

hence do js ighct!sBGHhE Aesirel AiGA staRO A Bt IF sehdBitialiAAtibd Buglingoubl e- wel |
potential energy profile. Devices with three JoseEhson junctions are

descr i bedlevigesare iiftdizeddne astaterwhere Jorerah puih=de Whewedhageppling srepathsi st ent
current qubi | . LB FlG i ch has been

repr oduceﬁ%1 Er’r(l)ﬁn%lﬁ galsgﬁld%gﬁgétjgﬁug& mglgﬁ%gﬁhggra\@ %1591( gul%dtﬁ\gnt um device in

i nt egr at Q@r@j,[foﬁaﬂtbg:qq, the present nethods, articles and systens. Each
Josephson junction in the superconducting loop in FIG 18 is marked by an X
and is nodel gt ldayt ore poaupding dévicointan iaégrated dfcuamaydealqudas@aphson j uncti on and
a capacitor C. . The parallel resistive channel is d negligible. The

[ deal  JosUBHENHurpE dRY e Fednstanse, Spielife dpvces e b SOHIDT in 10| %’
where op ihtegﬁtd‘df&ﬁcnﬁ@.uﬁﬁmﬂcﬂ&@s&&,&zﬂﬁal&lﬂ@&ﬁ aR H-SPUN I Q0RE9HHA 15

PCT/ CA2005/ 001965 junction i. A feature of the Josephson energy of each

j unct i on RuPkipgrderice 9o qompripapplicatiog ofa fagpldtux Hirsde the gerpiimg dewce-For a range of
magnetic ’fl{iéjéinrb@%@@ﬁiisheﬁmg?ﬁcin Hi’3&ent thrSu%h AhferborfluclRf 184 of WO stabl e

configurations, corréspond to DC currents l'owm ng i'n opposite
di rect i oresil thes idh slosssprewiniity totheaouplingldpview Ri-3VMsgiseches aohpling ng  ener gy

(the Capacfe:vi,cké’@ﬁyg&%&}&ta fe &Qéé}iﬁ%’tﬂée’&'& iaﬁ{ﬁﬂct?o r%%ligq'%é}ogg f}ffd, FCuUl T guant um

mechani ca par anet efs ifcurt can usted so that the two
| onest sAlivespafiot dfehesympkng devives in the thie@rardd dircoity (p.@s goandurho t he two

cl assi cal prgéegéoer}s% m%];/ be BP—%%)UIBS agcl irngtyali%[tiiorrll gf sich Egurbtuﬁg devices comprises
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 quantum devices, which is equivalent to

changing the effective temperature of the system, where the system is composed of a
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Al'l or a portion of the quantumdevices in an integrated circuit used to
solve a conputational problemnmy be conpound Josephson junction rf-SQU Ds.

A conpouRp sReEERECN junction rf-SQUIDis simlar to anP%{./-Eg%By?ésgept t he

single Josephson junction is replaced by a dc-SQUI D, als

conpound Josephson junction, connected to the rf-SQUI D |oop. A dc-SQUID s
made of two or nore Josephson junctions connected in parallel with two

el ectrical contacts forned between the junctions. This device behaves in a
sim | ar waict of quantufn- dIdkand doaplingelenexsepti on that it has an extra degree

of control in the sense.that the_critical current i the.l oop can be varied
by tuning the T4 %A OHARELH e&tf?%feﬁ'ﬂe@g ‘?O%Fﬂsﬁg”"}'ﬁesuﬂjgﬁ& cal current
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2, 51 andar feche SHh B! MdAb 41 IRGIBTS AT A £ MECOTDY | se el Lher
Ib_oop, or q@dgmn cénylcregerlnplama@pmbmrﬁhmmbghmth metr_lhtel_ghlwéa\ﬂsaﬂt?mbydappl yi tng a
ias to the.dc- ,..0r hot a iting fo evice to
it a1 28 PR gpoem e R MRl et kb lopnel Be"Soud Toop
r epr esent sompound jwattioal over the sta’ae of tlhe quant um devi ce. I Each gluantum
device in an iptegrat circuit used tq solve a_c ut gtion pr obl em may
be a gradi onet@%ergm&ifgcmtﬁma?rﬁtymgusgﬁgmee%tbgﬁ?ﬁggh apandhe using
simlar nplbQds, @8 pbteitial barsbd blad.thd\iriaN@AhSdel REs 4rb fiksk RwWezddN@highadi onet er
qubits include applying a flux bias and then waiting for sone period of
time. An breasesdie effeotive teragerajuredyraking it essiar fop s aygntapsiala afdhaa bias current
to a | 00p,oLRlesRf ohdihall) Rl 16ch iR, Oell h potPniiall BarkiBOP-
St Ot 1 )

G adi onet er Its cons super conducti ng es 1n electrical
conmuni cabf the quantum devides ot shevly aaistdyhetabydgeossing theetfeston teraperanteat i ons.

Initialization i nvol v | yi a flux hi to_one of the two 49 WO
2006/ 0664 1% Bz PRAASBLR 65 EoRER aREeRgrtio fsf it S pll%aNe: hods for
initializing gamRukdp pesly beshehdniesdpen kibwa dsaegicalimuealing Gindelii Ng devi ces
are also initialjzed. |In sone casges, coupl i device is nitialized by
setting t ewm@e@é@rwawamﬁfg@épﬁéasxs m; the ngt%qdeofjfw&fﬂs wai ting a
certain aRRYRte dhheldniBg phReoE ARY B dotnphitell BRsGAUPAIMatABN, Ce t0 ensure that
the coupling device is in fact set at the desired initial state. As a

resul t of 4N ppealing|may-acewnin addjtion toglpssical 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 qua{ntum 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 quantum 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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devices are initialized into a state where J = -1 or J =1, where the
coupling strength J is normalized such that the desired coupling strength

for a gi V‘%Bz&i@gkﬁ? corresponds to J =111 . At |east %/%le&r}%g?vi ce

in an integra cCircuit may be a quantum superconducting Ice.

i nstance, coupling devices may be rf-SQUIDs in the integrated circuits. In
such cases, initializing of an rf-SQUI D that serves as a coupling device
can conprise application of a local flux bias to the coupling device. This

can be aggpifsieebemseRkasd iyva bias current through a superconducting | oop
or coil that is in close proximty to the coupling device. Rf-SQU Ds used

as coupling Methodefor paaforimengrondisteabnteol oharbarialng pregessor ipeludathieal functi on
only has_o I Ni Al r i i i in the

't ogr at S el gt iepdRi oP Be Ahabe ot Al BBl 0

i nitiali asdealing mrbeesw Checloarmial ageding ipmesss caypompese incteastnpfthappl i cati on of a
bias current to stﬁh cogtg%i n evices. Al or a %ortibog of the coupling
devi ces FUREFARITP Gt g Pusteayirem thg pase teppergture o ISP %5EES80r s) may be

gr adi omegmKCOKIPInG AR dedBisiptife fe@ipetatind dfathd %"s&_&l @ theadelicRipiatiire.cOUpI i Ng t hat
serves as a coupling device In an integrated circuit conprise applying a

flux bias to one of the |obes of the gradi oneter or to both |obes of the
gradioneter. 5.4.3 Run-tine control In accordance with enbodi nents of the
present nmethods, articles and syghenBqdoupet hods for performng run-tine
control of an anal og processor conprise varying the quantum device

effective bi aggembiil & refiin &t@%t@bftm@%uamﬁn{m&&gi&mn&me&i dual | ocal

field bias at each quantum device in the anal og processor, tuning the
coupl i ng cituieiagt.lquangfm pregpispr graylisempriserinitiplizingd regdayt deyicerandm devi ces in the

| an _ g resdo dejiesedm devi ces |
Gevi oos, TArERerp BicelYrop U iRe IR B eeCTBE R o Bos PN, 7070 The

system whekortdtfiafiifldedict, SheDRasemdae @) Gbke\\ReadiO6H @Gk ddum
PCT/ CA2005/ 00196 | attice of quantum devi ces and coupling elements. To

I ncr ease deviceladlagsesthe ighanterh fseet dftiee deeiep &r @iewf eheafvotchssicy stheesny it suffices to
| ower or ise the barrier height of the quantym device, respectively. The
barrier r@ﬁ‘F B‘F‘e‘ahedﬁj%ﬁﬁflﬁtfﬁcﬂ‘gWE‘é;e?"ge FH@""S@? éﬁtbﬁlﬁ‘Fﬂb‘%mF%’f ‘bet ween the two
pot ent i alindpglséSbedire retahiﬂﬁ%ﬂtaﬂxytade@ﬁdﬁ@aﬂﬂumuwwétm%@ﬁngaﬁe haghticgr 1700 in

e

FIGs. 17A and 17B. If t ) .
the barrier, e.g., barrier 1700 of FIG. 17, freezes the quantum device into either the

,0) state or the ll) 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 nsed to generate the carrier wave in some cases.

5.5 Cited references
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guant um devi ce conprises a conpound junction, the barrier height of a
quantum device can be changed by tuning the external magnetic field through
the | oop Qf npound junction. Were the effective is used
to reach %I?eztow%gﬁgstate of an anal og processor, the p(ﬁ%ﬁ@ﬁg/@ésﬁ er of
all the quantum devices are first |owered, which increases the effective

tenperature by making it easier for the quantum state of the anal og
processor to thermally escape fromlocal mnim. Then, the potential barrier

of the ¢ : evi j ' Lafher 1 j the effective
t enper at uth?gﬁ&gg% gd\f\n&?gp Eltu%"éé’ gﬁgﬂﬁ%{ gén@gttsd gﬁ }ac a%%?ﬁ@“%ﬂﬁ%‘%@‘%%‘éé@or to find

| ower i niefewed Anindtad spacjfigatiosligchiping, hetmetlimisttapds 67@03WMUSas cl assi cal
anneal i n [ ' f ff, of the
Syetem B BTURb e A B e B bR e e B P R 508 i 0cessor may
bgdcorrpl EIU$1200|2Cd)la$636?:HS.20M-PmeJW$I()fOB-OIQLI¥RBIUmzeﬂ)me@'omg l{ﬂay occur in
addition to classical annealing. One form o uant an ing is quantum
tunnel i ngz,oog\ﬂy%‘ﬁgﬁ’ 1{%_%00&9%9996%9&33?9@4-8?143% Moégl?%cggggb“'ﬂ nds a | ower
m ni mum td1aps3h esen6s-0324784, UK 2R®BL0250657, VY 200508360079 UnltePSdfks the potenti al
barrier instead of thermally escaping it. Thus, antum anneal i ng can help

p us u
t he guantRatwns AgplcatiomBeriables. 6R16A0.420, WPEVS.13eand lilgﬂa?é’t,_ard stically small
chance ofincc'g ogfgﬁlhérgin ?/c‘:‘gfgllegcge h;t%glipglg?egg%?ﬁ{quhlgg‘gﬁ@epdl ng the final state of

an anal og processor m one um evolution. In
adi abati c quantum evol ution, the anal og processor is initialized in the

ground state of a quantum state of a known Ham | tonian. Then the quantum

state is allowed to evol ve g?iﬁg%ﬁﬁgea%%d}roen? final Ham | toni an. The
adi abatic evolution is usually sl'ow enoug'h o prevent the quantum state

from nmoving frpm: round a i ey | abatic evol ution
can be effecte %‘y%?&ﬁ&ﬁgnlgf%%ﬁgec%ﬁlﬁ??nntgggl?rigen%a?huiéer?tgvow@délﬁég%antum devices in
t he pr ocedesaibedrabdyy canibe cugniitieel to prudide ifettiel ebaimerdts. tAipectu@fithesim devi ces, or

by tuning. a gl obal, bias_t affects al|l uant um devi ces. The. final ground
ot ater oppeng S ranGBRH R Seout SonpaY b Bt T U CHr e Oded by ¢ ne
final Hangk Vaidue Baterdtd) appiaBonsting piBichiihs &bgulidé DétFullep6MbSdimeaige f Or
exanple, U . S. Patent Application Publications 2005-0256007; 2005-0250651; 51

VO 2006/ 0¥ekainventior. dhoeasdmties changestan bowadetptaerigyentipp fnlighiaf the above.
Met hods f a5 P& NG gehitall inTRe FMBHIR!c1atths, B BRA R HoBRGREBL 1 NCl ude the

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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met hod of increasing the actual tenperature of the anal og processor through
a thermal annealing process. The thermal annealing process may conprise
increasing the tenperature of the systemfromthe base tenperature to a
tenperature between 30nK-3K, and then decreasing the tenperature of the
systemto the base tenperature. 5.4.4 Readout Methods of reading out the
state of the quantum devices in an integrated circuit (e.g., quantum
processor) may conprise initializin§l&lMdadout device and neasuring a
physi cal o(Rert.y of the readout device. There are two possi bl e readout
states for a ﬂﬁlantum device, the 10) state and the 11) state. Reading out a
quantum device coll apses the quantum state of the device to one of the two
cl assical states. \Were the barrier, height on the gquantum device is

tunabl e, the bArCPMBRtAHRRARYSIERFOBWIISNGCr eased before reading out the state
of the quantun;lg&;ﬁi;lggr. adicreasing the height of the barrier, e.g., barrier
1700 of FIG 1/, freezes the quantum device into either the 10) state or
the 11) st at e. a Thentune aohsedsodiv\cosenumioaticowjsh itteesompdter S DNt peicesset er

i nducti vel connected to the quantum device, in which case determning the
state of f%@pr&%@ntum devi ce conprises neasuring a voltage or a current from

the dc- SQUI D npgagl@amy OF quantith deVi&dst RB&eilcalitiguagitim &&ice iR feragnvert ed
into a value representing the magnetic field at the quantum devi ce.

Cl assi cal ofquentincdgyjdends amadetod adaider. aryd whireiaa quastumdeice intherpdigalityut devi ces
required. i te e |.j eation 60/675, 139,
referred P?&Eg u%@é?V?%sggirgflﬁg&{ssiszf?aé@%@%%853%1%%3%%33@?%5 is read out, the
resul ts of the(ii)aphaalitg o odbuptiny doecdst aharmintd faret astipliig devitatia tiei iralityenbodi ed

on a carrier ve. The data signal. may be g digital signal_ and digital
conput er fgw%?%%ve%eé&ma_ YipepIeaa firs laptise dedesinge RBHEPARARY Car 1 | er
vwave in SQERc&3SESecond gudrtti devied ﬁrtﬁ@ﬁlgn%tli@ of q%%xgh&vgek’icgs witgnie, U S

patent application publications, U S.~ pateént 20Q6/ 066415
PCT/ CA2008410@u866N oA thelfirgaupntng, def ise endythe pedosd ysantio devigeinghe tattice is

el udh ng R ERE U Pt el B e GO &g R b Rel TR 555 s
6, 885, 325 neilbd? c8HaufdiBn. US 6, 960, 780, US 6, 979, 836,

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 », 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 tunably

coupled to four nearest-neighbor quantum devices in the lattice and is tunably coupled to

four next-nearest neighbor quantum devices in the lattice.
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US 2002- 0121636, US 2003-0107033, US 2003-0121028, US 2003-0169041, US

2003- 0173498, US 2004- 0000666, US 2004-0016918, US 2004-0 1 1 906 1, US
2004- 0140537, US 2005-0224784, US 2005-0250651, US 2005- 0256007, United
States Patent Application Serial Nos. 60/640,420, 60/675, 139 and

11/ 247,857, are incorporated herein by reference, in their entirety and for
all purposes. 5.6 Alteneative enbodinents As will be apparent to those
skilled if theThgsystetmhe olemi lo whemirpibd iquanturs dedesiorthdplaraiioolquentimbe conbi ned

to provideg_further di.ments, ects of the invention can be nodified,
i f necess§?$?5%35%ﬁ%ﬁ%§w§V§¥é§§Té§&}cuits and concepts of the various
patents, applications and publications to provide yet further enbodi nents

of the inyentign. These and ot her  changes can be nade to the invention in
light of the E%%@@wab@%j@ﬁh$8%@“mh general, in the followi ng claims, the

terms used shoyl @Llréiggar?ﬁmtd%‘?i@é bAdBE s¢@ndl hilrturh g@\{%gé/rg F&Eér@{i nkighbdigjspeci fic

enbodi nents di scl os e speC|F|cat|on an ai ns, but shoul d be
const r uedthedatiiog landle al | possi bl e enbodi ments along with the full scope of

equi val ents to which such ¢l ains ar titled. cordi ngly, the jnvention
e hor it ed ByoThesnte fodinm R fureR Rreailind S REOHBRIY olp’SehSor or n ned
entirely lystghufRdbavd 0 wirdiqiEturk devitAnMe plMili6) @ qilanthm ddvicegput at i onal
syst em conprisin a corrput er; and a quant um processor 1 n conmuni cation

with the ®baisintae %rSE Reaniira deYiRs prdohe BuidrquariBmpsieVisk agg nexi-neagespngigliors y  of
quant um devi ces. wherein each quantumdevice in the plurality of quantum
devices is a node of a lattice, and wherein a quantum device in the
plurality of quantum devices has a first basis state and a second basis

state; ang (ii) a plurality of coupling devices, wherein a first _coupling
devi ce i n%t he ﬁhwﬁtem 9/3 clajm ]eéiﬁ’ﬁf‘-i“ﬁﬁt lsegwwégurelm%dwe@bﬂwpélga'&yﬂf rst quantum
device in céJ})‘F‘mg beviddsi chpRfesaUa) SBupded¥iduingd RalrifGheAIpEY B?EHE%@' Biyd ce In
the plurality of quantum devices, ereln the configuration of the first
quant um déesephsonjuhctiore second quantum device in the lattice is selected
fromthe group consisting of a nearest-neighbor configuration and a
next - nearest nei ghbor configuration.

9. The system of claim 1, wherein at least one coupling device in the plurality of

coupling devices comprises a loop of superconducting material interrupted by at least 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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2. The systemof claim1, wherein a quantumdevice in the plurality of
quantum devices conprises a | oop of superconducting material interrupted by
at | east one Josephson junction. 3. The systemof claim 2, wherein at |east
one of the Josephson junctions in the quantum device is a conmpound
Josephson junction. 4. The systemof claim1l, wherein the plurality of
quantum devices is arranged in a two-dinensional array, wherein the

t wo- di mens4.onaThesys@n dfataim 1\, dhérethehe fisdcdupliag Heviat is cpohfiguadd dugh dfat nodes n,
and a |l ength defined b ecqond pl yral i of nodes .in, and wherein the
tmo-dineng?ﬁﬁ§ﬁ£ﬁP@iVm¥g%ﬂiW?é%“&ﬁegH{%F% QU dBEES- et er. 5. The system
of claim4, wherein each quantumdevice in the interior is tunably coupled

to four nearest-nei ghbor quantumdevices in the lattice and is tunably

coupl ed t d5. f olihe systen ofesdaimsh, wheregrhthe firsygeunlingddeios seonfiguredio thega i ce. 54 6.
The system of. cl ai wher el he quantum devjce in the pluyrality of

quant um - GeiegsfE bt et AR B RAG oo RIS ol ai m 1,
wher ei n t it fhielfigdt qgataih Wevide un e 30@nd heanses devdceittapleumidevi ce are near est
nei ghbors in the lattice; and a second coupling device in the plurality of
coupl i ng &sxamagseticabubl y coupl es the first quantumdevice to a third
quantum device in the plurality of quantum devices, wherein the first
guantum devi ce and the third quantum devi ce are next-nearest neighbors in
the | atti de. 8Theltywtesysitobaimol, whlesimthi firstiqearsum daticé aaisthe sevend qugmiturmng  devi ce

in the plyrality of caouplin evi ces conprises a | oop of superconducting
mat eri al HﬁY“?r?%B?aéﬁstB?ggl?orf g‘afg?yaﬁtl‘f@' Josephson junction. 9. The system of

claim1l1, wherein at | east one coupling device in the plurality of coupling
devices conprises a | oop of superconducting material interrupted by at |east
one conpdiind Thssystesoof glaimck, ivdwrein the fiftquanpem arvieé ang the second ghantwn n  at

| east one ,coupling device in . the plyrality of coupling devices is selected
fromthe grd arﬁB%gi@?ﬁeﬁtd]engﬁ . Bl-eg@feb and a dc-SQUID. 11. The system of

claim11, the quantum processor further conprising: a readout device that is
configured to readout a state of at |east one quantum device in the
pluralityl8f qlishesemieiglaiss], wherein the quantum processor is used to solve 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:

(1) 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 tunably couples a

pair of quantum devices in the plurality of quantum devices, wherein the initializing
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12. The system of claim 11, wherein the readout device is selected fromthe
group consisting of a dc-SQUI D and a magnetoneter. 13. The systemof claim
1, wherein the first coupling device is configured to tune a coupling
strength between the first quantum device and the second quantum devi ce so
that the first quantum device and the second quantum devi ce coupl e
ferromagnetically. 55 14, The systemof claim 13, wherein the first

coupl i ng dawpreses sedtingomdtatg of etdeasticie quaatum devicerimthefplgelitywé qhatah fiel d bi as

is applied to the first guantum devi 5. The system of. cl.aim 1, wherein
Lhe i r st Seusrg it edionce Smemaratlsat ge fhEe BRBERYRE Bfngth betveen
the fi r St pRikENDY mquNﬁg:@vwagl, the second quantum device so that the first
guantum devi ce _and the second quantum devi ce couple anti- ferromagnetically
16. The systentibf callowingthe ghantemn procgesor foreyplvg tad finah stpie whereirthe find second
guant um [ e ' | ' 7., fThe system of
claim1l, \g\tﬁt\eérag rRQ{nﬁaé&faﬁagﬁqu%%@l% %gg@gg&ﬁﬁu&lﬁﬁ%l Igreglg?]nd ar(!.ﬁjant um device are
next - near est n@iighb@ading outtahfénal athiteiof at ledsB oneldpenays deviccoin tied pluralidy, ofwher ei n

t he quantum processor, i s used tqQ sgl ve onput at i.onal problem sel ected
fromthe QVQS‘B‘B"‘ gg\ﬁgqsglﬂqrﬂg %Ferﬁ'"BP%g’Fé?ﬁuﬁé’\‘;ﬁﬁﬁoﬁ'pu@ﬂﬂ‘ﬁﬂ?éfﬂ%ﬂ?“'of P, a problem
havi ng a conplexity of NP, a problem having a conplexity of NP-Hard, and a
probl em having a conplexity of NP-Conplete. 19. The system of claim 18,

wher ei n t B2 quiht mathpd otdsisn? 1,ivéhersimpl least onet duantum d¢eyivsrin theerlurabity@fwher ei n
the transmtter ,is configured to transmi a solution of th ut ati onal

br bl em aduarih it e SRimp et ilantef AR die TredtiydneBipted fe aBRPEN ot °CFai m
1 wherei njédapghse@fmuiies. is a digital conputer. 21. A nethod of determning a
result of a conputational problemusing a quantum processor, the method
conprising: (i) initializing the quantum processor to an initial state,
wherein t qu I | &\ Qf: vi ces and
B ol ur ol i £y of TeaoR P OERs Bl ARRE e R b i T e

pl ural i t yqodntwodpticasds alesfiS@$IND.unably couples a pair of quantum devices in
the plurality of quantum devices, wherein the initializing 56 conprises
setting a state of at |east one quantumdevice in the plurality of quantum
devi ces ang sefrhd Rgthdd 6PHIRIN PO et @R 8t 1BasPbnPduah®@Sdevitean & prxaliGP! i Ng

devices in the _ _ _ _
quantum devices comprises a loop of superconducting material interrupted by at least one

Josephson junction and at least one compound Josephson junction.

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:
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plurality of coupling devices; (ii) allow ng the quantum processor to evol ve
to a final state wherein the final state approximates a natural ground
state of the conputational problem and (iii) reading out a final state of

at | east one quantumdevice in the plurality of quantum devices thereby
determning the result of the conputational problem 22. The nethod of claim
21, wherein at | east one quantumdevice in the plurality of quantum devices
conpri ses a | ompiatiking afestcpactutitdenige mathe pluadlity nf grantym devideg tahaveamast one
Josephson 'unftion 2? gge nmethod of claim 21, wherein at |east one quantum
devi ce i n2¥R&iTEAtye 2t feldprasiidnt um devices is an rf-SQUD. 24. The met hod
of claim 21, vAglfbiRgalcolNfpldeORE ifihd BluktflePifplindddicshd ural i ty of
guant um devi ces conpri ses a | oop of superconducting material interrupted by
at | east fmomagestisplisenvpjathe firsdquantem devitetastseemd quanpoudeyicd dsthshson
junction. uéﬂiT@¢1PE%HPEWQ%SC|ain]21’ wherein all ow ng the quantum processor
to evol vePPE S Okquaaiumqey € conprises at |east one of decreasing an
effective tenperature of the quantum processor and evol ving the quantum
processor adi abatically, 26. The nethod of claim2l, wherein the

conput at | dhal pheoBebad phclaig 25 mdwrein tiscpmautaionsl problsAsIS4MAIMBIN a pr obl em

having a ¢up.a%iit¥% bk, @ Probl em having a conplexity of NP, a problem
havi ng a cog%#eé?ty]g§ NB—Hard and a problem having a conplexity of

NP- Conpl ete. 27. The nmethod of claim 21, wherein initializing the quantum
processor .fo an initial state conprises: 57 initializin fiyst quantum
fevi oo i n2the IR 5 s dREamRueA Todtyls Ampuitors g ber i ve I ocal

field biagmn@ngwggkﬁkﬁh@ﬁgﬂgza coupling device in the plurality of coupling
devices to ferronaﬁnetlcal y couple the first quantum device to a second
quant um devi cea fentnehprocgssing ahittandof quant um devi ces. 28. The method of clai m

20 Aner el ey RO AT LA AL T PR ggpGe set prcolem
the conputer systesueoiferfRt Agidule comptisiag ifstroctas farglefining theand
computational problem;
a mapper module comprising instructions for generating a mapping of the
computational problem; and
an analog processor interface module comprising:
(1) 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 tunably 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
(i1) instructions for receiving a result, responsive to the mapping,

from the analog processor.
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a nenory, coupled to the central processing unit, the nenory storing: a
user interface nodul e conprising instructions for defining the

conput ati onal problem a nmapper nodul e conprising instructions for
generating a mapping of the conputational problem and an anal og processor
interface nodul e conprising: (i) instructions for transmtting the mapping
to an anal og processor, wherein the anal og processor conprises a plurality
of quant udf.devTlme®ngniter aystgrh of dhim 99,dlie memptyi fnghetstarmgs, drivaempdigpi ng
including initialization values for at |east one of the quantum devices in
the pl uraftkF'*9¥ quant um devices and initialization values for at |east one
of the coupli nas@&YibAEor trandntiing!th @hppivg Ofth€ Mg precedsiti RIS, wherein a
coupling device in the plurality of coupling devices tunably couples a

corr espondi ng Weisyssiens fps recgiyiig theregely frem theanalng pypeassari ang whergjlant um devi ces
to at | east on I vi ce and
a next-near estﬁlﬁgﬂ{sg Tb%@ f@%aﬁl%l t% ¢t a@émggcgtrlff Eﬁ%ﬂg to:égsesglulﬂq%y{q ?%
instructi pxrmses[smfmueefam moahge eommmehmstructenﬁpcﬁmranemtmng the nnappimigngthe from t he
anal og pr8cessor 0 The conputer systemof claim29, the nenory further
storing a HY?V%¥“ conprising: instructions for transmitting the
mappi ng to them@q%hgauggq&qg§9% ﬁﬁQamhﬁ§Hk%SMbgBﬁmE£6rﬁﬁﬁﬁkyhﬁnghe resul t
fromthe anal og processor; m%ereln the instructions for transmtting the
meppi ng toomwréseémug@lprfmg@wng the reswdt feomatheglrivpr medide aesponsies fodbe nodul e
conprise |nstru gl q transnlttlng the mapping to the driver nodule;

and the |H§??ﬂ%’f%ﬂ] 0P OB BLEVP ﬁg the result in the anal og processor
interface nodule conprise |nstruct|ons for receiving the result fromthe
driver nodul e, responsive to mappi ng, fromthe anal processor 31.

The conpuBér syhe @wmerém%@glalmv%%r@eﬁen@ He insictionstfpodrdiningrtheief i ni ng t he

conput at | g&ﬂﬁuté’c[]ogﬁfcﬁ%l%r&?ﬂgﬁ ln@éﬁﬁdﬁé fo?@%rsfr@ an R Ligh @D iHalSHcbiit | on set

t hat encodes onput at pr o he conputer system of claim
29, wher eilr colmputopdipetbileonal problemis selected fromthe group consisting
of a problem having a conplexity of P, a problem having a

32.  The computer system of claim 29, 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.

33.  The computer system of claim 29, 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.

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;
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conplexity of NP, a problemhaving a conplexity of NP-Hard and a problem
having a conplexity of NP-Conplete. 33. The conputer system of claim 29,
wherein the conputational problemis selected fromthe group consisting of
an Ising Spin G ass problem a Maxi mum | ndependent Set problem a Mx
Clique problem a Max Cut problem a traveling sal esperson problem a k-SAT
problem and an integer |inear progranm ng problem 34. A conputer program
product for us@)iamappaj madule opmpyititkg msteustipos for genesatioga mappingodiut er  progr am
product co rH]g' a glorrput(fr readabl e storage nedi um and a conputer

he

risi
pr ogram et a'tlrtﬁ‘s“s? dibedlad rein, the conputer program nechani sm

conprising: (A)XC)anu\fslbg processbeinterfocimbéul€ comppristngdg i nstructions for defining
a conputational problem 59 ng a mapper nodul e conprising instructions for
generating a nappi rid BstrycHans op {8 s MaNPHIR te A 2BHEE PreFeAt anal og
prOc.essorwh&%ﬁ%@ﬁ%ld%ﬂ%%s&%ﬂﬁh%’&Silurﬁfit}r oft QdniaH Wb PBS dn@'a Cg:tlﬁrﬁli getting the
mappi ng to an anal og Pprocessor, erein the anal og processor conprises a

pl ural i t ycaipliggdemices) e wiappmg anmdudinginitialikdtion velues fooapleastgnelefthees, t he

mappi ng i ncl udi dnitializatio al ues f.or at.l.east .one of the antum
Gout cog | Auanim Aeicesin 1 pbfaba ol aumte Op vics 280 dnitl 2idl TS oI as for at
| east  ongn&ff thé]&)u‘ﬁﬁg@hédﬂ&s%%%ﬁﬁalw of&ﬁlpﬂhglﬂ@i&ets)/wﬁ)érei‘ﬁ%%hblﬂ{g devi ces,

wherein a coupling device in the plurality of cogﬁllng devices couples a
cor r espondévies inghapdenalityeofgauplingrdevigesgouples a comespphdingfespsetivé qepntm um devi ces

to at | eagt .one. of ar i ghbor I ect | uan devi ce and
a next - neg‘%vécsetlgrt]%el pglﬁrﬁgs Ooff%%%"ﬁgl%rog‘s/%gsc "%@5’553’8%9 ﬁ%g%fg‘%/slk }églg Oér?gg]?} i)
instructi eRpectiof quamam devige ehdraasuit-heardse¢IghtdE YLtht GespbRivegppiting devicem t he
anal og processor. 35. The conputer program product of claim 34, the conputer
pr ogram p?%luct further conprising: (D) a driver nodul e conprising:

Instructions for tr@pafrhiddd f&r*’f@ce‘i@n?@é F&uﬁ,‘?ﬁ%ﬂﬁsi%'t%m%ﬁﬁ SR ihedNd

instructions for receiving the result " fromt anal og processor; and
wher ei n  analog processor.

35.  The computer program product of claim 34, the computer program product further
comprising:
(D) 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.
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.
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the instructions for transmtting the mapping to the anal og processor in the
anal og processor interface nodul e conprise instructions for transmtting
the mapping to the driver nodule; and the instructions for receiving the
result in the anal og processor interface nodule conprise instructions for
receiving the result fromthe driver nodule, responsive to the mapping,
fromthe anal og processor. 36. The conputer program product of claim 34,
wher ei n th’e [ n”Emerm;iummd@amqim‘duai cn“glairhl‘jé winrpinttiad ¢onpadtatjpnelldrebiemastpr i se

i nstructi o fo an jnstructi et. t hat ncod t he, conput at i onal
probl em - Bt roh hectspiii SOBF ISRl aip HP B daKing sromplErtiy Shl: 4BPEM ¢ ho

conput at i 9517{':‘1% p&&%l@;mtyo? NI-S%lp?(SHrl&H hﬁ%ﬁ@’h%&ﬁpl@ﬁl@}u@f N@@ﬁké&ﬂm @blem Probl em
having a co exit having a conplexity of NP, a problem
havi ng a b@ﬂl}ﬁ%mmglemy(!ﬁliﬂﬁ-@pmpkﬁtﬂj a problem having a conplexity of

NP- Conpl ete. 38. The conputer program product of claim 34, wherein the
conput ational problemis selected fromthe group consisting of an Ising

Spi n G asss8.pr obhedomputdyipxadiatmprddacegiendiany, Seéreiprtidéanmputaiolbbprébledue

probl em a Max Cut problem a traveling sal esperson problem a k-SAT

pr obl em afpfdecsgd from 3@@*’049 ¢rosisting ofFndsing ﬁa‘nﬁléfb’lpé?h e3ga Maxigiimt um pr ocessor,
conprisin I 2 aNE a first

pl ural i tygio &gghﬁélsl%n%goélee\f/}{ ces, V\}n ri%ﬂlgﬁiaolgl%% ?Hg&ggf\?&égh{aﬁélme first

pl ur al i t ysadspersarppriobigmg @ ki SAB ptablmbhr;d andugeb@dinaarf proghmepiagprobledevi ce and a
second quantumdevice in the plurality of quantum devices, wherein the
first quantum device and the second quantum device are nearest neighbors in
the lattige; ajqqlugmﬁglc&ggsglr%rog{ﬁngm of coupling devices, wherein a coupling
device inthe second 'plurality of coupllng devi ces tunably couples a third
quant um devi cea phuthlity éloquantum dayiaes emanged ircelaitivet he plurality of quantum

devi ces, wherei he thir m. devi.ce. and the fourth antum devi ce are
next nearest n%?’&hg@@m{ﬂp‘f&ﬁg ?%{Iletvllc(%’wwm%ﬁ%u%ﬂ%i%'ﬁ?H‘rtggg&or of claim
39, furt hehurdieyef dospgs devicathnablly cdepeLLiSOgRhRE dévicetanduanédhm devi ce in the
plurality of quantum devices such that the read out device is capable of

measur i ngdqeantinadeviest intheplyrifit efuaeiumcdevicas, wherein hadnitaypgrodsyisepndf claim
40, wher ey L0G T GAHuAYev e WieGRalest RIBALGHHRMatflce; BES | BT ET Of the lattice.

a second plurality of coupling devices, wherein a coupling device in the second
plurality of coupling devices tunably couples a third quantum device and a fourth
quantum device in the plurality of quantum devices, wherein the third quantum device

and the fourth quantum device are next nearest neighbors in the lattice.
40.  The quantum processor of claim 39, further comprising a read out device coupled
to a quantum device in the plurality of quantum devices such that the read out device is

capable of measuring a state of the quantum device.

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.
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42. The quantum processor of claim 39, further conprising a | ocal bias
device coupled to at | east one quantumdevice in the plurality of quantum
devices. 61 43. The quantum processor of claim 39, wherein a graph is
enbedded 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
val ues t hei3eby Thugaditym poagebsongf daiml Fhsithetewoa gifaph eentheddeduimtikelaitces i n t he
set of quagt n1deV|ces to each other in accordance with the graph; and a
set of codf "Yevices in the second plurality of coupling devices are
assi gned nonzgrset M&]hluﬁ&mtdéercei)m thé!plakiliyy GuphtuMtediced SRTbddsT tIRf t he
guant um devi ces in e set of quantum devices to each other in accordance
with the ¢apbh. 44. The quantum processor of claim43, wherein the graph is
non- pl anar. 45. [ raph is

sel ected fron1?ﬁ§n§}§@ﬁnlggngg%ﬁﬁgﬁ& &&g&BQgg%ﬁ&nﬁﬂgggg%gFgggggdK5 and an

expansi on mhzdt33dueshbereBNmingblabuplingraoees $w6 odihe quaritom IQyicwhiaried set bhe fir st
guant um devi ce and the second g uantah m devi ce are ng@rest nei ghbors in the
lattice aslvaRu@devisetopgcivaiipinRgsoréanse Wie dhe gARMN @RS t hird quant um devi ce

and the fourth quaditd lﬂ%vd&ﬁ:eéifn%@?éé%n Bifafity of 3 %lﬂ{)g?feé'izﬁ;eé Hrebbe Ae@“' ce as

determ ned by Manhatta I stance e guant um ssor of c ai m 39,
wher ei n aUmhaasNduwthQUpuma@ydemﬂmgatkwnmheofmaQUmpUmKEVmewmoﬁesmubl|ng

devices are ﬁrr%pg C% %hat the g h|nt rsect; and at |east two
coupl i ng dBgTURSC Weiﬁﬁm g ﬂ&nﬁfﬁ¥ f???’ ISl ng devices are arranged
such that they do intersect. 48. A quantum processor, conprising: a
plurality of quantum devices; 62 a first plurality of coupling devices,
wher ei n t Hé. pl (ihalauenpumiprepssser ahelaiay4: edeepinithe graphtis naneplgnarr al i ty of
coupling devices forma planar rectangular array having a diagonal, and
wherein at | east one coupling device in the first plurality of coupling

devi ces t usabl yrhe qoambprécetsor st clafurpdd, whetkiihe @rdph i SefechIdUtcth tHeygrédp quant um

devices and a second quantum | ]
consisting of Ks, K3 3, an expansion of Ks, and an expansion of K3 3.

46.  The quantum processor of claim 39, wherein

the first quantum device and the second quantum device are nearest neighbors in
the lattice as determined by Manhattan distance; and

the third quantum device and the fourth quantum device are next-nearest

neighbors in the lattice as determined by Manhattan distance.

47.  The quantum processor of claim 39, wherein

at least two coupling devices in the first plurality of coupling devices are arranged
such that they do not intersect; and

at least two coupling devices in the second plurality of coupling devices are

arranged such that they do intersect.

48. A quantum processor, comprising:

a plurality of quantum devices;
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device in the plurality of quantum devices with a coupling strength having a
value in the range between a m ni mum negative coupling strength and a

maxi mum posi tive coupling strength; a second plurality of coupling devices,
wherein at |east one coupling device in the second plurality of coupling
devi ces tunably couples a third quantumdevice in the plurality of quantum
devices and a fourth quantum device in the plurality of quantum devices

wi th a coupl i ng festpéurglith ofiesiphigg deviedsuehérainttieplnmhigeo faphmeandeaioes adrum

negative coupl | r th.and a zero coupling strength, and wherein the

Ehird quadi et HEw B ARt et or BRRATHB LI Bas et B FRa IS ong ' he
di agonal Qhd WhereRl ANkt orre_%tlﬁn@tdearcemm@n'rst?ldrﬁaﬂ oPEduplgy i&ackeubrd to at
| east one quantum device in the plurality o guant um devi ces; and a | ocal

bi as devi ceurletplitstiquastum devieesin i uiglityafgrentenider cesandifesepindraaiantun of
t deyj ! : ¢l aj _ i hoi
arbedded VR Br o Py o URTNIARARE SR N cofb il el By MRS BL i 2P" 'S

pl ural ity rafgedoanien mntiainmee segtiee baptiag stfenigtheandgrmplimum @eitivetowdiapl i ng
devices in the first plurality of coupling devices are assigned nonzero
val ues t héle¥icoupling at | east two of the quantum devices in the set of

t devi ' an ' t of
quant um devi Ceé SSE(?)R@?E.E&]QS’ %?Ecglp'iplpgﬂ&%éé?\ﬂff&eﬁ‘i‘a% f%ﬁ,t%ﬂe gg&‘l‘i@g dee fh (REL O

coupl i ng devic secon ral1ty of coupling s are assigned
nonzer o vakead plirdite by caplipg dengceattunabbstouplama diirdt dwentymadeviominénei ces in t he
set of quantum devices ta eac ther in accordange with the graph. 50. The
quant um prQRRLY Sl SURTE APYESERe ARt SRaBHE GV 6 RIHUMIARUes 21 A
quant um prge¢ieeswith & 86upling shhigt havird PV dhicahithe/raRe BiREdn IMaMSuMOr M ng nodes
of a lattice; and (ii) a plurality of coupling neans, wherein a first
coupl i ng megdiyeicaupling spengthpid §zerptoupding sirengthrenhwhengindbe thidoentem a first
qubit nea t u i 0 bi t an second i t ans of the
pl ural i tyrh(%}f'l%éﬁ%(rt?'e E%uar{}l@uaét}r(f@ %/\elr\@lrée#enar%g%n?l%n&utrﬁgfj %agﬂnagfo f léep lanfifnrast qubi t
means and redisngaeafigy;qubit nmeans in the lattice is selected fromthe group
consi sting of a nearest-nei ghbor configuration and a next-nearest nei ghbor
configuration. @ read out device coupled to at least one quantum device in the plurality of

quantum devices; and

a local bias device coupled to at least one quantum device in the plurality of

quantum devices.

49.  The quantum processor of claim 48, wherein a graph is embedded in the array;
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.
50.  The quantum processor of claim 49, wherein the graph is non-planar.

63



52. A conputer system conprising: neans for inputting a conputational
problemto be solved, wherein the conputational problemis selected from
the group consisting of a problemhaving a conplexity of P, a problem
having a conplexity of NP, a problem having a conplexity of NP-Hard, and a
probl em having a conplexity of NP-Conpl ete; means for mapping the

conput ati onal problemonto a quantum processor, wherein the quantum
processor 5¢onpA @estuguiotespaanmpapidgreans for coupl i ng nearest- nei ghbor and

next - near est nei ghhor .qubi t, neans; . neans for .obtaining a solution to the
conput at i onal g‘bg’ﬁtﬁérﬁl“@(sqqﬂﬁb‘fH@arhstfgmnﬂ%m%?sé’égiﬁﬁ & aﬂ‘gans for outputting the
sol ution of theiepinatistdfeoapling rddns Wheddifla B 06ufBE nidaamithé plurditt he
solution as a data signal enbodied in a carrier wave. 53. A digital signal

embodi ed @hceupkiag means taahdy eeipsiadirpigiulitmeapeefithe plugality,ef qubit meaRE I sode in a
plurality X I i 0 - ar nodes in
a lattice Sg‘{onﬁggggﬂe%?ﬁ%@%{gﬁ%ﬁdp%%g% g?s,’ B%dr:‘ggﬁrglg?aeﬁ%ﬁﬁ %cﬁ@rﬁ%fc}ég\?n t he

| at ti ce offirsteubis mesnsaangulaniecondigbitoecans andtle Vdieds selactedafrare tlaf gradp | east one

node in the plurality of nodes individually or collectivel epresents a
ol o Ron T Aba PRI B Ll e e Ao o ST g ¢ h

guantum processor at a tine after a graph representing the conputational
probl em has been mapped onto at |east a portion of the lattice. 64 54. The
di gi tal sisgnal Aofomplugdrizy8En, comrising: t he conput ati onal problemis sel ected

fromthe group caonsisting. of a probl havi ng .a lexity .of P, a problem
havi ng a corrplnéeQﬁ §?r gwfpuﬂﬂg% s "B&’Bgag‘égn%m E@reﬁb%abecs§%pgﬁév%ﬁ?r§/1¥(ﬁe NP- Hard, and a
probl em hayinpgtationat piopleaxistsylettbd HEmGReBloap eonsfsﬁn% She pfbbtint Rdvid gnal of claim

53, wherein the plurality of nodes conprises at |least 16 nodes. 56. The
di gi tal sicgmalexsy otP.a prpBlam hamiagai camplixity eENBca prpblepphayingst compledy ofn t he
pluralityaf i j Y o7 5 Laital signal of claimb53,
wherein tﬁ&e1it g?%gﬁéc} AsBrsoge;eHclE%éygfar@ﬁ%xeléé)rfgy[;@org@%%f sting of K5, K3,3, an
expansi on of Kmeaanfbr anappixpaiesiontputitiond psobbdn ortodi quiahtain mognsdr, enbodi ed on a
carrier wave corﬂari Si nl% an answer to a .. .
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

means for transmitting the solution as a data signal embodied in a carrier wave.

53. A digital signal embodied on a carrier wave comprising a respective value for
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

wherein a value of at least one node in the plurality of nodes individually or
collectively represents a solution to a computational problem that has been solved by
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.
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conput ati onal problem wherein the answer to the conputational problemwas
determ ned by evaluating a value of each node in a plurality of nodes;
wherein the plurality of nodes are at |least two nodes in a |attice of nodes
in a quantum processor, and wherein each node in the lattice of nodes is a
guantum devi ce; and wherein a value of at |east one node in the plurality
of nodes is determ ned after evolving the quantum processor at a tine after
a graph régr esdhe dipitat fignat ofigdeitrail, evhatein the olxhputaticml poblemmia pgledednt o at

| east a partion of the.lattice. 59. A.digital, sign enbqdi ed on a carrier
wave compdiast G eipug APt & S Piohlnmavnb R s RS Sk e nac ey BB,

quant um preRBRKRY oFNB! £hrdblehhaihat dOMpxRS @ NPLH &8 aHdl sSRblem! Ving@e of
guant um devi ces;” wherein the graph of the conputational problemto be

sol ved corpmplkaiy af NBtGampletey 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 respective node and anot her
node in tisg. pl Mhaligitl sfnanotielsim $6)avheteindhe phirality bEn@lea pbmprises Atleast 16
conput ati onal problemto be solved is configured so that it can be mapped
to the | at®fese of the guantum processor. 60. A digital signal enbodied on a
carrier wave conprising a conputational problem to be solved by a quantum
processor wherein the quantum processor conprises a lattice of quantum

devi ces; Seher dihn digitel ©gmb of elhinofdIwheranbthe mespectiye valuk wéd npde inde/erted to a
graph co riﬁjng %kPLurﬁlity f nodes and, for each respective node in the
pl ural ity POFAHERLBOYSSS ¢ ARV Wal ue for the respective node and a
correspondi ng coupling constant between the respective node and anot her
node in the plurality of nodes; and wherein the graph of the conputational

probl em t d7be Jbkdigital sgnedaf ¢lginr &3 vdsraimtre graph i spheckrd frempphederewp t he | attice
comput or: SR NEeR e Pano L RERS S aE B YEREE L TR Communi cati o
with the renote conputer, the quantum processor conpri sing:
58. 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
wherein a 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.

59. A digital signal embodied on a carrier wave comprising a graph of a
computational problem to be solved by a quantum processor

wherein the quantum processor comprises a lattice of quantum devices;

wherein 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; and
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(i) a plurality of quantum devices, wherein each quantum device in the
plurality of quantum devices is a node of a lattice, and wherein a first
guantum device in 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 device in the plurality of coupling devices tunably
couples the first quantumdevice in the plurality of quantum devices to a
second quant umwdereircthe igraph o€ thel comabifatignad prodleantolbs sobrei ¢esonfighred so that
configuration of the fi@;% gua?h§n1device and the second quantum device in
the |atti deFanbe mappedtode laftishof the dypPuD PEXSECEt i ng of a near est - nei ghbor
configuration and a next-nearest neighbor configuration; wherein the | ocal
computer is configured to send a conputational problemto be solved to the
renot e corfPut e digital signal enehpgdied ancrarics wave cpprising @ eampuatinaakprableBinswer t o

t he conpu i I r he | ocal conputer. 66 62. A conputer system
for detertr%gh?%Og%éibrygas(gq%&@lgrgc%’gr{putational problem the conputer system

conprising: a mderin the patitem ;précesorodrprisesd ittee;of gnshtam daviab®)g processor;
wherein the | ocal conputer conpri sels? a central processing unLt and a nenory,

coupled to t havhegsit WE!CO@P%E%‘?# Pigb il tP,betSH@eﬁivﬁrFBF_YﬁrEefiéﬁ’ PBEPPNa user
I nterface cBﬁz&HLiﬁ;Q%ﬂé’ﬂ't? bPfodeS3Ad, Lf&léaelpl%s%&fiygﬁédepg E]fb 108 1ity&HBYdsah] onal

probl em a nmappe e conprising Instructions enerating a nmappi ng
of the cormitiblataluerfat thpraspéative nadaand & qoaespontingodupl mgeongant detwgen thet r uct i ons

for sending the mappin o the renote conputer; the renote conputer

conprises ' pE‘jéWFr“&Bg?ﬂﬂg‘@Qb?f ﬂ%‘ﬁ’dﬂﬁle fg’r‘fﬁﬁtg%ﬂ‘g‘?sg/?ndcoupl ed to the central

processi ng uni tyhetdiyeth@BraphYof fteQlohipaiationdl ?Rﬂiléﬁ@tdwh@d@m&‘ﬂgﬁieago that

instructions for receiVvi ngtt he mapping fromthe |ocal conputer; an anal og
t

processor if ndemappediodhe Biticewp thesjuprfuinpseqessori ons for transnitting the
mappi ng to the anal og processor; and

61. A computational system, comprising:

a local computer;

a remote computer,

a remote quantum processor in communication with the remote computer, the
quantum processor comprising:

(i) a plurality of quantum devices, wherein each quantum device in the plurality
of quantum devices is a node of a lattice, and wherein a first quantum device in 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 device in the plurality
of coupling devices tunably 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.

66



t he anal og processor conprises a plurality of quantum devices and a
plurality of coupling devices, and wherein the mappi ng includes
initialization values for at |east one of the quantum devices in the
plurality of quantum devices and initialization values for at |east one of
the coupling devices in the plurality of coupling devices, wherein a
coupling device in the plurality of coupling devices tunably couples a
correspond2ng Mespgtitdryestern fiardetenmaoeng Tesulnoft henglutat@haltproldémgthant um devi ces
to at | east one of a nearest neighbor of the respective quantum device and
a next - ne&PEBYCHYSEALRMRSEINEhe respective quantum device. 63. A conputer
system for det gngganidighiderf €sul t of a conputational problem the conputer
system conprising: a local conputer; 67 a renpte conmputer; and an anal og
processor; whepre¢mote gemputerlanéonput er conpri ses a central processing unit
and a nenory, coupled to the,central processing unit, the nenory storing: a
user interface?l8 W%m88ﬁ%??§?ﬁﬁuﬁnstructions for defining the

conput ati onal  pHeabtL GompMer EmpradsatdntraDsutSsifO IR Ak H@embBY, toplddaps f or
sending the conputational problemto the renote conputer; the renote
conput er dshgeniralasocesgrgunipthgnepedstaideuni t and a menmory, coupled to the
central processing unit, i TEMREN MR AGisAe fREELGTRIGIRPT | ST N9
instructions for receiving the conputatio ar 6rob|en1 romthe-l ocal
conputer; a nmapper oadpdteticmahjoblemng i nstructions for generating a mappi ng
of the conputational problen and an anal og . processaor interface nodul e
conprising instructions f8RPPEBGHY ‘ioﬂrfl’r‘i’émgﬁ&trh‘ﬁ?)‘msrf@r §59°aHRE A FLPBIYS
processor; and the 3pglREmPh@GERSProbfRRhd SES @ plurality of quantum devices
and a plurality of coupling devices, and wherein the mapping incl udes
initialization val ues foa transniiemetulonempusing instreptians fomsetehngtbe mappinpe
plurality of quantunlgevices and initialization values for at |east one of
the coupling devi cef’ A "TRECSPUPUFHty of coupling devices, wherein a
coupling devi g defoted@niputtr @bhpdise@h cEtiP biddessH@\nf&fid b Wikakdry, apled es a

correspondi ng respective ) _
to the central processing unit, the memory storing:

a receive module comprising instructions for receiving the
mapping from the local computer;
an analog processor interface module comprising instructions for
transmitting the mapping to the analog processor; and
the analog processor comprises a plurality of quantum devices and a plurality of
coupling devices, and wherein 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, wherein a coupling
device in the plurality of coupling devices tunably 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.
63. A computer system for determining a result of a computational problem, the

computer system comprising:

a local computer;
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guantum device in the plurality of quantum devices to at |east one of
near est nei ghbor of the respective quantum devi ce and a next-near est
nei ghbor of the respective quantum device. 68

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;,
a mapper module comprising instructions for generating a mapping
of the computational problem; and
an analog processor interface module comprising instructions for
transmitting the mapping to the analog processor; and
the analog processor comprises a plurality of quantum devices and a plurality of
coupling devices, and wherein 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, wherein a coupling
device in the plurality of coupling devices tunably 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.
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