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BACKGROUND

Field
The present systems, methods and apparatus generally relate to

quantum computation and specifically relate to superconducting quantum

20 computation and implementations of quantum annealing.

Superconducting Qubits

There are many different hardware and software approaches
under consideration for use in quantum computers. One hardware approach
employs integrated circuits formed of superconducting material, such as

25 aluminum and/or niobium, to define superconducting qubits. Superconducting
qubits can be separated into several categories depending on the physical

property used to encode information. For example, they may be separated into
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As previously discussed, a superconducting flux qubit may
15 comprise a qubit loop that is interrupted by at least one Josephson junction, or
at least one compound Josephson junction. Since a qubit loop is
superconducting, it effectively has no electrical resistance. Thus, electrical
current traveling in a qubit loop may experience no dissipation. If an electrical
current is induced in the qubit loop by, for example, a magnetic flux signal, this
20 current may be sustained indefinitely. The current may persist indefinitely until
it is interfered with in some way or until the qubit loop is no longer
superconducting (due to, for example, heating the qubit loop above its critical
temperature). For the purposes of this specification, the term “persistent
current” is used to describe an electrical current circulating in a qubit loop of a
25 superconducting qubit. The sign and magnitude of a persistent current may be
influenced by a variety of factors, including but not limited to a flux signal ®x
coupled directly into the qubit loop and a flux signal ®¢,, coupled into a

compound Josephson junction that interrupts the qubit loop.



superconducting qubits. Further detail and enbodi ments of exenplary quantum
processors that nmay be used in conjunction with the present systens,

met hods, wodoepareat us are described in US Patent Publi eariusaomo4453006-
0225165, US Patent Publication 2008-01 76750, US Patent Application Serial
No. 12/266, 378, and PCT Patent Application Serial No. PCT/US09/37984.
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In the present systems, nethods, and apparatus, an "adi abatic" evolution is

considered to be an evol ution that satisfies the adiabatic condition:s \ (I

\dHe /ds \Q,\=.dg2(s), where s its the tinme derivative of s, g(s) is the
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guant um cormspstermromag known initial Hamiltonian (the Hamiltonian being an operator
whose eigenvalues are the allowed energies of the system) to a final
15 Hamiltonian by gradually changing the Hamiltonian. A simple example of an

adiabatic evolution is:

H,=(1-s)H, +sH,

where H; is the initial Hamiltonian, Hris the final Hamiltonian, H, is

the evolution or instantaneous Hamiltonian, and s is an evolution coefficient

20 which controls the rate of evolution. As the system evolves, the coefficient s
goes from 0 to 1 such that at the beginning (i.e., s = 0) the evolution
Hamiltonian H, is equal to the initial Hamiltonian H; and at the end (i.e., s = 1)
the evolution Hamiltonian H, is equal to the final Hamiltonian H;. Before the
evolution begins, the system is typically initialized in a ground state of the initial

25 Hamiltonian H; and the goal is to evolve the system in such a way that the
system ends up in a ground state of the final Hamiltonian Hr at the end of the
evolution. If the evolution is too fast, then the system can be excited to a higher
energy state, such as the first excited state. In the present systems, methods,
and apparatus, an “adiabatic” evolution is considered to be an evolution that

30 satisfies the adiabatic condition:



sonetinmes be referred to as annealing. The rate that s changes, sonetines
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t hat uses quantum mechani cs as a source of disorder during the annealing
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al gorithmintroduces strong o .
Quantum annealing is a computation method that may be used to

15 find a low-energy state, typically preferably the ground state, of a system.
Similar in concept to classical annealing, the method relies on the underlying
principle that natural systems tend towards lower energy states because lower
energy states are more stable. However, while classical annealing uses
classical thermal fluctuations to guide a system to its global energy minimum,

20 quantum annealing may use quantum effects, such as quantum tunneling, to
reach a global energy minimum more accurately and/or more quickly. It is
known that the solution to a hard problem, such as a combinatorial optimization
problem, may be encoded in the ground state of a system Hamiltonian and
therefore quantum annealing may be used to find the solution to such hard

25 problems. Adiabatic quantum computation is a special case of quantum
annealing for which the system, ideally, begins and remains in its ground state
throughout an adiabatic evolution. Thus, those of skill in the art will appreciate
that quantum annealing systems and methods may generally be implemented
on an adiabatic quantum computer, and vice versa. Throughout this

30 specification and the appended claims, any reference to quantum annealing is
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15 final “problem” Hamiltonian Hp whose ground state encodes a solution to the
problem. If the evolution is slow enough, the system will typically settle in a
local minimum close to the exact solution; the slower the evolution, the better
the solution that will be achieved. The performance of the computation may be
assessed via the residual energy (distance from exact solution using the

20 obijective function) versus evolution time. The computation time is the time
required to generate a residual energy below some acceptable threshold value.
In quantum annealing, Hr may encode an optimization problem and therefore
Hr may be diagonal in the subspace of the qubits that encode the solution, but
the system does not necessarily stay in the ground state at all times. The

25 energy landscape of Hp may be crafted so that its global minimum is the
answer to the problem to be solved, and low-lying local minima are good
approximations.

The gradual reduction of T" in quantum annealing may follow a
defined schedule known as an annealing schedule. Unlike traditional forms of

30 adiabatic quantum computation where the system begins and remains in its

ground state throughout the evolution, in quantum annealing the system may



Fi xed Quantum Annealing with a Superconducti ng Quantum Processor A
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This approach, referred to herein as “fixed quantum annealing” because the
signals applied to the qubit loops remain substantially fixed, is attractive due to
its simplicity: the only time varying signals are applied to the qubit compound
Josephson junctions in order to modulate the tunnel splitting A. However, this
20 approach does not account for an important effect: qubit persistent currents are
also a function of the flux signal ®¢,, applied to the compound Josephson
junction of each qubit. This means that the carefully crafted terms of the
problem Hamiltonian He that are intended to be defined by the static flux biases
applied to the qubit loops (®x) and qubit couplers (®,) are actually influenced
25 by the gradual reduction of the ®¢,, signals in the annealing process. Simply
applying fixed flux biases (®x and ®,) does not address this issue. The fact
that the qubit persistent currents evolve during the annealing process may
affect the whole evolution path of the system.
The ultimate goal of quantum annealing is to find a low-energy

30 state, typically preferably the ground state, of a system Hamiltonian. The
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problem Hamiltonian Hp itself evolves and so too does the location of the
desired low-energy state (e.g., ground state). Furthermore, the “gradual
removal” of the disorder term TH , is typically physically achieved by a series of
downward steps as opposed to a continuous ramping. Because the persistent

20 current in the qubits changes in response to each downward step, the system
may effectively anneal towards a different state at each step. Thus, fixed
guantum annealing with superconducting flux qubits can be problematic
because it relies on a discontinuous evolution towards a moving target. As
such, there is a need in the art for a more reliable and accurate protocol for

25 quantum annealing with superconducting flux qubits.

BRIEF SUMMARY
A variety of systems, methods and apparatus that enable
calibration, control, and operation of a quantum processor are described.
At least one embodiment may be summarized as a method of

30 quantum annealing using a superconducting quantum processor comprising
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15 qubit may include maintaining a substantially constant ratio in the evolution
Hamiltonian. Applying a flux bias to each qubit may at least partially define a
problem Hamiltonian that includes a 2-local Ising Hamiltonian substantially

described by:
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20 and compensating for the change in the persistent current in each qubit may
include maintaining a substantially constant ratio of h;: Jj in the problem
Hamiltonian.

At least one embodiment may be summarized as a method of

quantum annealing using a quantum processor comprising a set of qubits, the

25 method including establishing a problem Hamiltonian by applying at least one
control signal to each qubit; establishing an evolution Hamiltonian by applying
at least one disordering signal to each qubit; annealing towards a target
Hamiltonian by gradually removing the disordering signals from each qubit; and

maintaining a substantially fixed dimensionless target Hamiltonian by adjusting



the problem Ham | tonian and maintaining a substantially fixed dinmensionless
target Ham | tonian may i nclude adjusting the at |east one control signal
appl i ed twoeamh4giebi t such that a ratio between the at Ipeaats2amm4450Nt r ol
signal applied to each qubit and the scalar prefactor is substantially
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conflgured to communicably couple to both the first multiplier and the second
multiplier such that the first multiplier mediates a coupling between the global
signal line and the first qubit and the second multiplier mediates a coupling
20 between the global signal line and the second qubit. The first multiplier may be
tunable to provide a first scaling factor to a dynamic signal carried by the global
signal line, and the second multiplier may be tunable to provide a second
scaling factor to the dynamic signal carried by the global signal line. In some
embodiments, the qubit control system may include a first programming
25 interface that is configured to communicably couple to the first multiplier,
wherein a controllable signal from the first programming interface operates to
tune the first scaling factor of the first multiplier; and a second programming
interface that is configured to communicably couple to the second multiplier,
wherein a controllable signal from the second programming interface operates
30 to tune the second scaling factor of the second multiplier. The first

programming interface may include a first digital-to-analog converter and the



superconducting flux qubit conprising a qubit |oop and a conpound Josephson
junction. The first nultiplier may be a superconducting coupler conprising
a | oop ofweuperwsrsducting material interrupted by a compouns$2diosessson
junction with the first progranmmng interface being configured to

comuni cably couple to the conpound Josephson junction of the first
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the compound Josephson junction of the first qubit and the second multiplier
may be configured to communicably couple to the compound Josephson
junction of the second qubit. The first programming interface may include a first
20 superconducting digital-to-analog converter and the second programming
interface may include a second superconducting digital-to-analog converter.

At least one embodiment may be summarized as a method of
applying a dynamic signal to at least two devices in a quantum processor, the
method including programming a first multiplier to apply a first scaling factor to

25 the dynamic signal in order to accommodate the behavior of a first device in the
quantum processor; programming a second multiplier to apply a second scaling
factor to the dynamic signal in order to accommodate the behavior of a second
device in the quantum processor; transmitting the dynamic signal through a
global signal line; configuring the first multiplier to communicably couple the

30 global signal line to the first device in the quantum processor such that the first

multiplier couples a first signal to the first device in the quantum processor,
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t he gl obal signal Iine to the second device in the quantum processor such
that the second nmultiplier couples a second signal to the second device in
t he quantwozpeso@emssor, wherein the second signal is thePdynseooo/osisgnal

scal ed by the second scaling factor. The first device nay be a first
superconducting flux qubit and the second device nay be a second
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may both be annealing signal lines that are configured to carry annealing

signals to evolve the quantum processor during one of an adiabatic quantum
computation and a quantum annealing computation. In some embodiments,

20 each qubit in the plurality of qubits may be a superconducting flux qubit
comprising a compound Josephson junction, and the compound Josephson
junction of each qubit may be configured to communicably couple to one of the
annealing signal lines. In other embodiments, each qubit in the plurality of
qubits may be a superconducting qubit comprising a qubit loop, wherein each

25 qubit loop is formed by a respective loop of superconducting material, and the
qubit loop of each qubit may be configured to communicably couple to one of
the global signal lines. The communicable coupling between any two qubits
that are configured to communicably couple together may be achieved through
a respective coupling device, and at least two additional global signal lines may

30 be included such that any two coupling devices that are configured to
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At | east one enbodi nent may be summari zed as a quantum processor including
a plurality of qubits; a plurality of couplers arranged to selectively
comuni caWbyeo@odpice respective pairs of the qubits in amrCrntsesoowssed
networ k such that each qubit is configured to conmuni cably couple to at

| east one other qubit in the inter-coupled network; and at |east two gl obal
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| east some At least one embodiment may be summarized as a method of
calibrating a qubit in a quantum processor comprising a plurality of qubits
arranged in an inter-coupled network, the method including communicatively
isolating a pair of coupled qubits from the other qubits in the quantum processor
20 by deactivating any couplings between the pair of qubits and the other qubits in
the quantum processor, wherein the pair of qubits comprises a first qubit and a
second qubit; applying a first signal to the first qubit in the pair of coupled
qubits; and measuring with the second qubit in the pair of coupled qubits a
behavior of the first qubit in response to the first signal. The first qubit may be
25 operated as a source qubit and the second qubit may be operated as a sensor
qubit. In some embodiments, the method may also include applying a second
signal to the second qubit in the pair of coupled qubits; and measuring with the
first qubit in the pair of coupled qubits a behavior of the second qubit in
response to the second signal.
30 At least one embodiment may be summarized as a

superconducting quantum processor including a plurality of qubits; a plurality of
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respective pairs of qubits; a first set of programm ng interfaces operable
to apply a flux bias to each qubit; a second set of programm ng interfaces
oper abl e wo 2appi4yi6a dynam ¢ anneal i ng signal to each qulpct/usasd/oadsshird set
of programm ng interfaces operable to apply a dynam c conpensati on signal
to each qubit, wherein each programm ng interface in the third set of
pr ogr anmi ngoluplees tanfigured ¢d podrdda comsmeicable couplingpbéveeraatdeastesomer each
respective nultiplier is configured to mediate.a ¢ ni cabl e, coupl i ng
bot veen a GPIRAVEIRGISION CLRES A TS SPLSLRIGAITEMiTHh Reages GRREbENE
enbodi ment | ZR8) &bi | L RLESESSOor

a’ﬁ%}y Qﬂwl?;dy A qubi@@g%&%h@%@%bﬂd@aﬁgﬁﬁHﬂb

I ncl udi ng a ura plurality of “cou s configured to
provi de comperaldalid epplyupdymemicedrwrsaling signehtd eachmgubigsgreta ithvied petiofs  of
qubits; and a set of programm ng interfaces confjgured to: establish a
pr obl em%rﬁr¢@r@mrawgupte&&g@5e§iolh)gr%ﬁle (R ARPYGheYRHBAICIOMRENAAIPNSIBNA &R qubi t ;

establ i sh V. ti Ham | . | : t ' ri.ng
i gnal to Sash bl pRedEach BodninBRterate if tnq FE A paraiiGY
renovi ng t hteffa6es Meludes rappactivé mutiptiee artlwheteiredchpéspettine a
substantially fixed di mensionless target Ham | tonian by adjusting the at
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signal fo the first ouhedst ometerRbSEREM nPbE sORMAriddess hO nMeasure a
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and 1ol at i FEUBGRT CPRTRLNBH (G pERR SOl Eeti so RIS euiest i Bae s ) °°
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not drawn to scale, and sone of these eleffents are arbitrarily enlarged and
posi t i oned establishraoprebtémaMamgiltbrignihy applyinguat idast oneteonprat sigoal tareasthapes of
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signal to each qubit; anneal towards a target Hamiltonian by gradually removing
the disordering signals from each qubit; and maintain a substantially fixed
dimensionless target Hamiltonian by adjusting the at least one control signal
applied to each qubit during the annealing.

20 At least one embodiment may be summarized as a quantum
processor including a first qubit; a first programming interface configured to
apply a first signal to the first qubit; and a second qubit configured to measure a

behavior of the first qubit in response to the first signal.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWING(S)

25 In the drawings, identical reference numbers identify similar
elements or acts. The sizes and relative positions of elements in the drawings
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 drawing legibility. Further, the

30 particular shapes of the elements as drawn are not intended to convey any
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been solely selected for ease of recognition in the drawings. Figure 1 is a
schematic diagramof a portion of a conventional superconducting quantum

pr ocessorwdesiygiamef or quant um anneal i ng (and/ or adi abaPCt/usa@QWF37
conputation). Figure 2 is a flowdiagram of an enbodi nent of a nethod for
perform ng controll ed quantum anneal i ng wi th superconducting flux qubits,
accor di ng trfognation regardingdte astusdishepe of thegearéicglar slementBeard haveli agr am of

a portion @f an aodj nent. of _a superconduct i t that i
2dapt ed 1 o SPRBGPTY SEEUTRbE cabrenr SRR S Lo o dynam c
control signals. Figwad 18 AsGEmam diagiradr ampdtior ofldRiohveRrtidried! system

according to one illustrated enbodinent. "Figure 5 is a schematic di agram of
an enbodi nsopemiondupling qoantofm proecepserdssigned fog ayaatuna@npesling Gmd/ehat

i npl ements | ocal. programmn f.a.global signal line coupled to the
compoun J@Q@&%'&rﬂ‘iaﬂ i%ﬁ%ﬁﬁa@%&)h qubit. Figure 6 is a schematic diagram
of an embadiment of iRkl 8 AbwaisdtaR! SOA UrldoeHER A MapiaFRESOr ! hat
is adapted to facilitate arbitrary twoqubit manipulations. Figure 7 is an

i I'1ustrati perfdrragrgaconifolled criainbudh ramnealiig withi supleecdndueting fibaiqubids,

near est - nei %hbor- cougl eolllpgubi ts wth interdigitated gl obal signal |ines.

Fi gure 8 i SCgarding tseneluskatadgraadigienin enbodi nent of an exenpl ary

guant um pr ocessor Co%déiﬁgfaﬁﬁﬁ% g%@téarﬁ%éfé&nﬂléﬁ 8€8n &ﬁh@ﬁggpbor

coupl ed qubits and two’ 1 nt al l'ines. Figure IS an

i | ust rat i wesupergsraduotihg ajuadtdr girosadsonthatis adeptedao yncprpotateiquabcessor
conprising a square lattice of sjxteen nearestnei ghbor and
next - near e@dnyeisalien of dayrewreahictdynanme ceolie! SignAsdi gi t at ed gl obal si gnal

lines. Figure 10 is ‘?—'iédr@% %iaa%r%ﬂmé’ﬁc aigg?ém%qia%it @Jntlaol @%t@ﬂ{i for
according to one illustrated embodiment.

Figure 5 is a schematic diagram of an embodiment of a portion of

15 a superconducting quantum processor that implements local programming of a
global signal line coupled to the compound Josephson junction of each qubit.

Figure 6 is a schematic diagram of an embodiment of a portion of
a superconducting quantum processor that is adapted to facilitate arbitrary two-
qubit manipulations.

20 Figure 7 is an illustrative diagram of an embodiment of a simple
linear chain of nearest-neighbor-coupled qubits with interdigitated global signal
lines.

Figure 8 is an illustrative diagram of an embodiment of an
exemplary quantum processor comprising a square lattice of sixteen nearest-

25 neighbor coupled qubits and two interdigitated global signal lines.

Figure 9 is an illustrative diagram of an embodiment of an
exemplary quantum processor comprising a square lattice of sixteen nearest-
neighbor and next-nearest-neighbor coupled qubits, and four interdigitated
global signal lines.

30 Figure 10 is a flow diagram of an embodiment of a method for

calibrating a first qubit in a quantum processor.

14



calibrating a first qubit in a quantum processor. DETAI LED DESCRI PTION I n
the foll owi ng description, sone specific details are included to provide a
t hor ough woaeesst4aredi ng of vari ous di scl osed enbodi nent s PCOus2&kiok4sed i n t he
rel evant art, however, will recognize that enbodi nents nmay be practiced

wi t hout one or nore of these specific details, or with other nethods,
conponent s DEBAIREDADESCGRIPTION ot her instances, well-known structures

associated with quant um processors such as quantym devj ces
devi ces, and control IR Bigwined ‘Eﬁﬁ”rﬁ’@oﬁ %‘P’Bﬁrﬁﬁ@%@g&ega Erﬂed??b@g@h cuitry

faver ot op8viad 3 RoRiudherdERdln ot lafiolis dsRideBBaRESRE! Dre Gbscuring

descrlptlo the e I men resent systens ods and

appar at us. s'IEhléQwhmJtelé\VHrﬁ a$ﬂ0ﬁ©wfek/6|8,.twm>rewgilnztdlmwppwmdeﬂenﬂsanay bet he wor ds
"elenment” and "el enments” are used to enconpass, but are not limted to, all

su?:lh st ﬁjﬁm@§eﬁwﬁlmn§rﬂ! raefe ofdbese speciie datalls: or Wit pthanpebeessors, as
we
ot herw se. coMAsTsRRREden B A A ASEREES, wr i SRR L S Tor o

"conprise” ;a38dcitfdd with QDANIURE prsTessEr Budlk as @@ﬁmmwlceéndoumm@prl si ng"
are to be construed in an open, inclusive sense, that is as "including, but
not |initedevises, Red epeiielksystaros iinuding misroprees sSpERaNG Arive Cirgwlry have
enbodi nent a ot her, enbodi that a
particul ar npéggegﬁgoyvgé%rtﬁreéscnéeq fjﬁtragqo 3?’0'9h"éﬂrae&e§g$ﬂ¥'°gg§‘é i bed in
connection distAnfidi mﬁe@nﬁ%&mbﬁté Sthe{REsdrit s%téne@srhemaas emgodi ment .

Thus, the appearances of e phrases "in one enbodinent,” or "in an
embodi nent apparatUana'hrmlgmmbﬁﬂs spacificationvamd thesappendes ¢la|rrm;glh©mord$u S

Fur t her mor ¢SSOIy @ i aip it o SPpaEPas R A Sl ITReBToc | cs may be
T e, Pl SRS 38 B ot
si ngul ar f avetkas their retated peogratirhableipachmdterpl ural referents
15 Uniess the context requires otherwise, throughout the
specification and claims which follow, the word “comprise” and 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 embodiment,” or
20 “an embodiment,” or “another embodiment” means that a particular referent
feature, structure, or characteristic described in connection with the
embodiment is included in at least one embodiment. Thus, the appearances of
the phrases “in one embodiment,” or “in an embodiment,” or “another
embodiment” in various places throughout this specification are not necessarily
25 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.
It should be noted that, as used in this specification and the
appended claims, the singular forms "a," "an," and "the" include plural referents
30 unless the content clearly dictates otherwise. Thus, for example, reference to a

problem-solving system including "a quantum processor” includes a single
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unl ess the content clearly dictates otherw se. Thus, for exanple, reference
to a problemsolving systemincluding "a quantum processor"” includes a

si ngl equaNDEMIYPI4BIHESSOr, OF tWo Or nore quantum process®cs/Uskashsat d al so
be noted that the term”or" is generally enployed in its sense including
"and/or" unless the content clearly dictates otherw se. The headi ngs

provi ded h&UENHINPEOGENSOE @NteAiasereosantamdpraeesanrsi Hrshosidalsptke scope or

meani ng of the di pent.s...ln accordance w,th.the present. syst , et hods
and appar atgied BE T [FFER Do sieihi bRk i 15 Henke RGN EET

descri bed. yRHsy thedoh®int Syt RiesthbRbists referred to herein as
"controll ed quantum annealing” and i1s particularly well-suited to be

i npl enent ed usi ng a Jinerheadingsopreyidad hereir arsi fog ceoyeniencalactyiangl do ux

bits. _Th cof skill i th t wil i at h , that th
Loncent & oMBLHTEmIs e SEOPEIOY SrANian oL D SRBEH I tny e abpl 1 od {6 of her

forms of quantum pr oge8gesishBRWHRAL It Stdh Meflodd Wil dppaaeat um

anneal ing may be inplenmented In a variety of rent ways, e end
goal is gememew pyotbbel araoreceds fodl qgaahtum enaeglingisatescrivedh Tas farmrafund
state, of a system Ham |tonian where the system Ham | toni an encodes a
conput at i oRAENBIBBNBRALNISREETRMhRIEHY A% tandralled orgatng apnealing i t o t he

conput at i or I ¥ t ] ' referred to
as a "pr obﬁggh?'ﬁggn@r&%?lggﬁtﬂ%e@éeqxng@t té‘?érg ggng?'eq%é;\@gﬁ{e%ro‘ég%f?rt oni an may
vary degendontpridihg Sigpdresnadtiag foxrguiitsc THoseiof shitliinghé aptl vilreppestiatdés an

exanpl e, a quantum processor conpri sing superconducting flux qubits may be
used to enthowevarghabihersansaprisernbadiedunsoatiolied ayantym agnealing reay 8e2-1 ocal

5100, e AT B ol SFA A skt ot offf BARERA"LS S
11 qubits.
Quantum annealing may be implemented in a variety of different
15 ways, but the end goal is generally the same: find a low-energy state, such as a
ground state, of a system Hamiltonian where the system Hamiltonian encodes
a computational problem and the low-energy state represents a solution to the
computational problem. The system Hamiltonian may therefore be referred to
as a “problem Hamiltonian.” The exact form of the problem Hamiltonian may
20 vary depending on the hardware upon which it is being implemented. As an
example, a quantum processor comprising superconducting flux qubits may be
used to embody a problem Hamiltonian substantially in the form of a 2-local

Ising Hamiltonian given in equation 1:

H,= ;hiaf +Y J,ol0" (1)

i,j=1
25 Here, n represents the number of qubits, o; is the Pauli Z-matrix
for the ™ qubit, and h; and Jj are dimensionless local fields coupled to each
qubit. The h;terms in equation 1 may be physically realized by respectively
coupling flux signals ®x to the qubit loop of each M qubit. The Jjterms in

equation 1 may be physically realized by respectively coupling the qubit loops
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are dinmensionless local fields coupled to each qubit. The h, terns in
equation 1 may be physically realized by respectively coupling flux signals
Fc to t hewqubiwi4swep of each / qubit. The J 11 terns i nPequskecon4d3Tay be
physically realized by respectively coupling the qubit | oopsof pairs of
qubits (qubits / andy, respectively) together with a coupling strength that
i s at | eastof pairs iohubitstoubitsd éndy, spepivalydogeinsr avithfa aquplingsstringth

Det erm ni n | oy energy. state, such as a ground state, . of the 2-|ocal
'sing Ham Regkis 2hisav Betialy Grvarmed nanaPPled COWRREIVEPIESHR 'y i f1icul t.
Q her pr oblAE R Quéh laQ%PhrduPdNdatda Bt tHePlid Idiky!'s, this
Ham | t oni an nagH@egﬁigﬁﬁgggﬁﬂgﬁagﬂeyé apro ﬁen1H§ﬁ??tonian I n alﬂ%antum

processor tHaahiltonindmeguatigndris knoanrte dle campUtatianaibadiifficod. I@thet t oni an

descri bed by equation 1, a disorder_termnmay be added as previously
descri béd, ProRIEESyMA% Qe PRRREAH &ﬁo?-jﬂqab!?'m%h'@m'm'aﬂ: @'P%W'eby equation 2 :

where s, | | q gactaf' i | 3 | Rol e qubit
tunnel spl ﬁ%rﬁ%ﬁ%ﬁ uggg [ ns¥ ﬁ%ftt?é ﬁéﬂﬁtﬁ P&%iﬂ%ﬂgﬁﬂﬁ 'l?]n%as?rzﬁejn?unnel

splitting AtbGesponthitlimnplaneents ediantinm lanpehling. "o phakhEtmeHdamiltonidran gi ven
by equation 1 remains. A brief description of how fixed quantum anneal i ng

of the 2-1 ¢lesrribed Ry emuation dna sisarder tgsmrragy beasldesl afyPrVIRYSHt um pr ocessor

cchomati o dEaBTa SpeEny3Haad s el iR S8R oy B2 quant um
processor 100 designed for fixed quantym annealing (and/or adiabatic

quant um conput ati on). The gyort S tN want um processor, 100
Be i Xl Adudet Y flonned 102 4RY a

shown i% Figure 1 includes”£woZsdper coh Gx“gubirts 101 ,
tunabl e ZZ-coupl er 111 coupl i ng'i nf or fdt'i on t her eBet ween. Wil e the portion

O D OO e SOl PR e RSP Bl ahet W0 LRS! |
1" ERRO8SS Aol Aabe 8B DUPBET el bl any nuhe
splitting 4; is gradually removed until only the problem Hamiltonian given by
equation 1 remains. A brief description of how fixed quantum annealing of the
15 2-local Ising Hamiltonian may be realized using a quantum processor
comprising superconducting flux qubits is now provided.
Figure 1 is a schematic diagram of a portion of a conventional
superconducting quantum processor 100 designed for fixed quantum annealing
(and/or adiabatic quantum computation). The portion of superconducting
20 quantum processor 100 shown in Figure 1 includes two superconducting flux
qubits 101, 102 and a tunable ZZ-coupler 111 coupling information
therebetween. While the portion of quantum processor 100 shown in Figure 1
includes only two qubits 101, 102 and one coupler 111, those of skill in the art
will appreciate that the full quantum processor 100 may include any number of
25 qubits, and any number of coupling devices coupling information therebetween.
The portion of quantum processor 100 shown in Figure 1 may be
implemented to physically realize the Hamiltonians described by equation 1 and
equation 2. In order to provide the 0° and ¢* terms in these Hamiltonians,

guantum processor 100 includes programming interfaces 121-125 that are used
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The portion of quantum processor 100 shown in Figure 1 may be inpl enented
to physically realize the Ham | toni ans descri bed by equation 1 and equation
2 . I n orwenrowo4preevi de the cf and s terns in these HampCTarsc@a®445quant um
processor 100 includes progranm ng interfaces 121-125 that are usedto
configure and control the state of quantum processor 100. Throughout this
speci f i cat toroafiglre lendaggrdred fte state abquantent rmoneswro‘d}(hrﬂﬁhr@gghﬂwethfsace is

used to refer to a structure that d/
control st SREPECREPRAES B pirerifest ¢iingh. T8 FBh P SN B e b oeasor
In the ill 1-125

real i zed by%%a%g%ggﬁggtl n%g{dﬁlﬁ@g Ei)aq{léh)gf mgg’&?@%ﬁ@?@@d&?}%t roll 23 by

a pr ogr amricogtrelysigeals (o at speefiond eviciohcampooegmtaofra quardyst mmeagorbdnsepar ate
from quant um pr ocessor

with quant &g B BP§H@E€§’cﬁmég&“e§é %&brrg Fﬂfggrérﬁg‘h&de ?'léqoﬁceasl {ﬁvﬁ]l |é§fsi ’(lﬂ??zeghl g
2008- 02158%?/231}&859%391%{1%@)9% l Lﬁﬂ}éﬂ'%meﬁﬁgfzg%?l'iroﬂi@@b (%{I VQWI gnal

i nterfaces eac e-use 0 couple a resp

FQJJ into %yst@ﬁpetdtls%evm)rrmuh(é Progeahsnmg fystetn may balsepatdte febmqubi ts 101
and 102, thereby reali zi ng the D, terns in the system Ham | toni an. This
coupl i ng pAYANHER PreEessor PP0ldt May ke inshided @F@R/ (&BE1, PN-¢hie it ng

terf t I I
P into o CeeBuBtPrdctaBrOPEas BFREl S SR G B EROR 0L DreBeS: o
the h, fgernms in the syHeopéiativhiodguantunt brscesstpl 00ppYAMMMESY t he s2 terms
of equatlons 1 and 2. Programm ng interface 125 may be used to control the

coupl i ng bétedenesy bl te@dl‘l?ﬂ may eBoh behvsadyie Guple arespactiveribixaignaleal i zi ng

the J 11 t h h
Lerns of edtan INi1e SRR CpRn vaseptah kil T g HBHERGN o "cacn
of Pr 0gr aMmgAd 4 tkdreBg fealling thel&3elfs eSSl HEitohRA. aMhis s | ndi cat ed

in boxes 121a-125a, respectively. mal | -scal e, two-qubit quantum
anneal i ng @oupllmgaprcmdeaaly\etcé‘ tpems of aqdatum Ag Saméarﬂmrrxro@narrammuatﬂrta@es

Pr ocess%r ]1%% do ){\93 ImnayFel-,egc% be useJ ?o couple a respective flux signal @x into a
respective qubit loop of qubits 101 and 102, thereby realizing the h; terms in the
system Hamiltonian. This coupling provides the ¢* terms of equations 1 and 2.
Programming interface 125 may be used to control the coupling between qubits
101 and 102 through coupler 111, thereby realizing the J; terms in the system

20 Hamiltonian. This coupling provides the o”c” terms of equations 1 and 2. In
Figure 1, an exemplary contribution of each of programming interfaces 121-125
to the system Hamiltonian is indicated in boxes 121a-125a, respectively.

A small-scale, two-qubit quantum annealing computation may be
performed using the portion of quantum processor 100 shown in Figure 1. The

25 problem Hamiltonian described by equation 1 may be realized by using
programming interfaces 122 and 123 to establish the hjo” terms and coupler
111, as controlled by programming interface 125, to establish the Jy,0%c” term.
During annealing, the disorder term I'H,, may be realized by using
programming interfaces 121 and 124 to establish the A,0* terms. This induces

30 tunnel splitting in qubits 101 and 102. As the system evolves, the A0” terms

established by programming interfaces 121 and 124 may be gradually removed
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probl em Ham | t oni an descri bed by equation 1 nmay be realized by using
programm ng i nterfaces 122 and 123 to establish the terns and coupler 111,
as contr ovbedodp3wsogr anmm ng i nterface 125, to establi skrcrhms2000@337t er m
During annealing, the disorder term YH may be realized by using progranm ng
i nterfaces 121 and 124 to establish the D,c/ terns. This induces tunnel
splitting ishchdiat st theienshef theannasaling eragesseanly o terg)s thakdefire t er ms

est abl i shed bﬁ' [9 ranm ng i nterfaces 121 and 124 may be gradual |y

r emovedsucFH B‘?n g?"l% end of the annealing process, only the ternms that

define equation 1 ren® grevidtisR f4cABEYYa f8htBRMardcairoac9td §eamant
approach to quantum anneal ing"w th superconducting flux qubits is to use

fixed fl uxabnaalsg ajiplsupdraomdubting) flox qubive fssto(use) fixdar fhugbiape gpplied tog
interfages 122 and 123 and to the coupler (Fj 1 t hr r ]
o f ke 1138 bt fhop a0 fieugh FrasrAm oo ek TR b 55 ahf AT 09 1,
however, d f A i,O : I

si gnal appfalsgg%? &cb?ﬁgpgg{rn%% nBFﬁgmégﬁlﬂj@Hﬁ%ﬁgﬁqﬁglﬂqoé)ﬁ)ééd;ﬁeiﬁngtgit 101
(e.g., thrangbalngpraocolhgThistappreach, hdever,rddasavat exccobontfot tres facbthdts

tunnel splitting and the qubit's persistent current. Therefore, adjusting
the CJJ bi &Redulatpn eltheconte! §'8Pﬁ€a@ﬂ’l@d t@rtWéOf‘TRQUQﬁn@&PPhﬁo%MCH?%‘on may

al 50, undesiysahiny GUBASEOhH1TBYP 6l locharodfd itelrid ho1 PrABLASS

Ham | t oni an.” 'I'n ‘accor dance w ne s and appar at us,

a prot ool boe theoqlbits tuethelBpiittingnant nee Gub swWersistempeurend UTiérafore| ux
qubits is described. Controlled guant um anneal i ng can be advant ageous over
€

fi xed quantdivsiingdae Gl hiesesiioaredtice the Udesmabatdbivedthe ave@lingons f or

Ctate) dur g LBTTRY BlsodrRienlolfnebeiF it ReS of PR Pontod quant um
anneal i ng, prdWefd H¥ntR&s (Fx and Fj ) that are applied to the qubits
(e.g., qubits 101 and 102) and/or couplers (e.g., coupler 111) are

control I ed dynani cal lliy ageordppoe adtht theqarasentslystiems, imethiogs g, appasatus ux
bi ases 1rgay abpero oacroil ?oq cto%tr%ﬂgg %Ggﬁ u?n ta%eélpn% \%{tr?\’swugeric%ngngtirpgeﬁ&} 8&&?& is
described. Controlled quantum annealing can be advantageous over fixed
quantum annealing because it provides appropriate conditions for continuous
convergence to a target low-energy state (such as a ground state) during
evolution of the system Hamiltonian.
20 In controlled quantum annealing, the flux biases (®x and ®,) that
are applied to the qubits (e.g., qubits 101 and 102) and/or couplers (e.g.,
coupler 111) are controlled dynamically as opposed to statically. In this way,
the flux biases may be varied to compensate for the growth in the persistent
current in each qubit as the disorder term I'H , is gradually removed from the
25 system Hamiltonian. In some embodiments, the dynamic flux biases are varied
to maintain a substantially constant ratio in the system Hamiltonian while the
disorder terms A,0* coupled into each qubit are reduced.
In some embodiments, controlled quantum annealing may
accommodate evolving @¢,y terms in the annealing schedule by maintaining a
30 substantially fixed dimensionless target Hamiltonian. The “target” Hamiltonian

is the problem Hamiltonian (e.g., equation 1) and the ground state of the
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current in each qubit as the disorder termTHD is gradually renmoved from
the system Ham I tonian. In sone enbodi nents, the dynam c flux biases are
vari ed towoanewsrsea substantially constant ratio in thecTysteuoksat |t oni an
while the disorder terns D's coupled into each qubit are reduced. In sone
enbodi nents, controll ed quantum anneal i ng may accomobdat e evol ving FCJJ
terms in tipeotslemeldamiltpréarm sdntdepdnyderdiofitte avergll absalde anergyl doald.i ked

di mensionl ess target Ham | tonian. _The "target" mltonian is the problem
Hani | t oni afhip&egson, agrralaroreiactenbs May R eifRFied 4o8 Hie RREKIBLI em

Ham | t oni any 4,S:l & Qg:&g For this
reason, a sl_lcéarﬁ'zlitlr)mérﬁgﬁg%?@pe%ﬂ)m%ﬂgoﬁreégé%%gct e é%%gnm%taﬁéﬂ%r} Zgﬁéﬁoﬁém | t oni an
to provide dinensionless coefficignts as in eqyti on 1 bel ow. where h,|

Ep and J11 | Ep are di nensignle rﬁnihfps ;hag jtimately define the energy
state configuration (includfng ngr_ i fguéﬁ s the ground ét.4)e).
In accordance with the present systientsy net hgds'mand apparatus, sone

enbodi ments of controll ed quantum anneal i ng i nvol ve dynam cally varying the
flux bidses during theherarmeat] and gf/dEcare dimehsiohisstratios Hiatadtirodtely, | J11
remai n substantially constant throughout the ?vol ution tt@?eéjr ovi de

cont i nuous d@@ﬁ@é'ﬁ%@ﬁe@)’t%?@ ¢Qlfigaratin dngleding law-gnergys HALRARING at e) of
the system r{)ﬁhosgﬁe).er@%m;e WilEHRS e§éntp§)%frt§flggrﬁwemsb§1@ conmon

coupling factor as ftor exanple one-u antiferromagnetic

coupl i ng JApMaratussdrhelentiibdiméAtsrdfiidontrollod loeemtdmviahhealirnindelver i bed in
equation 1 has two types of variables; h, and J11 . Both of these terns are
i nf | uenced dypantieallyetasying dne flux biases duringdha@anngaling prreegssueh toaighe The

i nflue of,.t he rSsi nt [ i i i I e, 3B
0! LU SLsL8 AT IR B iply hapSBE e RS AR B
magni t ude QontiRGoREESHVErgShcEty & wﬁet w-BRegyitatel (@R, Glounbestiteyobide dFX'
represents at least a portion of the flux bias Fx coupled into the qubit
| oop of thesystegubin stypeerpbedjmennts, dige ispaler perfactos mgy kg a common

coupling factor Jj, such as for example one unit of antiferromagnetic coupling

JAFM, such that Ep = JAFM-

15 The problem Hamiltonian described in equation 1 has two types of
variables: h; and J;. Both of these terms are influenced by the persistent
current circulating in the qubit loop. The influence of the persistent current is

described in equations 3A and 3B below:
h, = 2001 (3A)
20 J,=MTI 1 (3B)

Here, I, represents the magnitude of the persistent current in the
qubit loop of the " qubit, 5@, represents at least a portion of the flux bias ®x
coupled into the qubit loop of the " qubit by a programming interface (such as
programming interface 122 coupled to qubit 101), and M,f” represents an

25 effective mutual inductance between the i and /" qubits realized by a coupler
(such as coupler 111 between qubits 101 and 102). For simplification, one may
assume that the persistent currents are uniform amongst all of the qubits, such

that /,' = I = I,. Thus, from equations 3A and 3B it is apparent that h; is directly
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programm ng interface 122 coupled to qubit 101 ) , and ,y eff represents an
effective nmutual inductance between the h and f h qubits realized by a
coupl er (wWochosa3weupl er 111 between qubits 101 and 102PCTHRISR009/044537
sinplification, one may assunme that the persistent currents are uniform
anongst all of the qubits, such that Ip =1P J 5 1 p. Thus, from equations
3A and 3B ipropartiapaldodnand Hats direatly mm@ﬁonglptadporﬁpqrdb@d armeafingiy J11 i s
directly pr riional l . .For fixed anneal jng.{.n which.F nd t. are
Lypi cal 1y Glidt aifeand b e Fipiclv oansiamSBeTalie 8 i 0 Vatiatie Bimstinem
Hami | t oni apmglgraiébadaMitopftidéstiibedity dUAtione] ¥ iRVEREN propational 109, as

I ndi cated in equation 4. |In sone enbodi nents of the présent systens,

met hods andisapgieateidue,equiatios 4desi rabl e to maintain a substantially constant
ratio while the disorder terns A cf coupled into each qubit are reduced. An
exanpl e of a particularly beneficial rfatiolto be held substantially

constant® is the ratio of h, to Ji11 (fg“ﬁﬁ ven value of J11 , such ad4h11
= JAFM for one unit of antiferromagnetic cadupling, though those of skill in

the art will appreciate that other val yes of Jl simlar be used),
which is shown in qu‘&?Pm?Qf“ Bd'HE%EﬁE?Pg}? Pifeep ?g%mén?‘e@dﬂrsye?ﬁde/ p i n) each
qubit. Thu ' : AN el ' onst ant
by ensuri n%‘pf’ EEE{ u%,ﬁ%isébeér%irlag{eettr?ﬂn émfarlgrl\é[%t%l%@?ﬁ%@?ﬁtﬁh@!l%?&

subst ant i aldigordentetrastAaScdupdedintd etieh aEibi mee redumeeld. Aflcesamplegottdnat t he
ratio of h, to JAFMrennins substantially constant facilitat e,slog nt i nuous
a ?’i Wufii ng

conver genc®afiEuiaryabepalidialiatin & B hetdedstantialy songtagt suthte refl .
LR, SO Y0BTSR ae A 2 B R h < he
i nduct ance ob\ll‘{)h'(n%{tﬁoﬂ@rﬁﬂio%@cbflskimih_Qh@@ttphiﬁrapliwe’ci@le thatpbies ableshy Jp fact or
proportional to p, or the flux bias d<P c coupled to the qubit |oop of
each qubi t mgysipdlaglyiseusast) ewhieh is shawndp equation 4 to depend on the
persistent current I, in each qubit. Thus, the ratio of h; to Jarw may be held
substantially constant by ensuring that the persistent current /, in each qubit
15 remains substantially constant as the A;0" terms are removed. Ensuring that
the ratio of h; to Jasy remains substantially constant facilitates continuous
convergence to a target low-energy state (such as a ground state) during the
annealing process.
Equations 3A and 3B provide two means by which the ratio of h; to
20 Jarm (equation 4) may be held constant: the mutual inductance M,f” realized by
the coupler may be compensated by a factor proportional to 1//p, or the flux bias
d®,’ coupled to the qubit loop of each qubit may be compensated by a factor
proportional to /». In some embodiments, both the mutual inductance M,-,-effand
the flux bias ®, may be compensated to provide a constant ratio of h; to Jarm.
25 While control of the mutual inductance M;®" realized by the
coupler may theoretically be used to compensate for the growth of /» during the
annealing process, in some implementations this form of control can be

particularly difficult to achieve. Thus, in some embodiments it may be preferred

to compensate for the growth in the qubit persistent current /p that is induced by
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proportional to Ip. In sone enbodi nents, both the nutual inductance MJ eff
and the flux bias Fx may be conpensated to provide a constant ratio of /7?2,
t o JAFMNWDeooonsreel of the nutual inductance Ml eff rea&Cirasdooow44she
coupler may theoretically be used to conpensate for the growmh of IP during
t he anneal ing process, in sone inplenentations this formof control can be
par]'E i cul ar ke dhérdigecin © ¢l dbyaadtoediaglyddigstingthediux bab dtlicoaples! totthemublie
preferred to conpensate for the growh in the. it persistent current IP
that is i ntRRRSQ m@u%aﬁ@@n pﬁugme%aa&%,dﬁf‘ﬁzﬁwsﬁ'a?tasu ng the flux bias
Fx coupled to the qubit | oop of each qubit. From equations 3A and 3B, it
follows that: h. 2<5F (5) JJ AFM nf?lj _AFIQ@]‘;P Thus, the ratio of /7, éo
JAFM nay be hel d substantially congtant™ gsfp; grows by making the fl uk°bi as
Fx coupled to the qubit |oop of eacHW™ubit? grdw in proportion to the growh

of M FM P. Thus, control|ed gquantum anneal i e.realized varying
the total effective flhyR Hedalieef fotoniasw MRy B%@ggﬁwbqstgmfy&ong 8§ubit in

proportizon t 3 F@(% . i I ' x one
enbodi mas(r)l_t sl’? 8@@??1‘8 e fsPTft(JarﬁeY‘rren E(%xac&u‘g%ac% th%dgggﬁ&’aﬁgP?Eh guglltjbrblvgl ent
to establi shpropoenén @ thedgrantieat Myl . oTimegIcontroled ybastusi aghealmgasayenent ,
one may scale the result by the target value of hlJ FMin order to maintain

cont i nuous bGIRPUFESEAL RN NESloe! BHEGE flowbiasePosOused o 1N4#ILSOR Gy ound
t at : . . _ ot & :
Those) of L BN BB hPioh R vRGHE ST R Ruo e In e o'

coupling state ("AFM') is used as an eza | e here and that, in practice,
any specific coupling state (sugipias ferr. fi&t/i ¢ coupling, or any (6)
non-zero coupling in between conplete/ferrdmagnetic and conpl ete
antiferromagnetic

10 In some embodiments, a single measurement of M;™Is for each

qubit is sufficient to establish a controlled annealing protocol. From this single
measurement, one may scale the result by the target value of hi/Jary in order to
maintain continuous convergence towards a target low-energy state (such as a
ground state) during evolution of the system Hamiltonian. As mentioned

15 previously, those of skill in the art will appreciate that the antiferromagnetic
coupling state (“AFM") is used as an example here and that, in practice, any
specific coupling state (such as ferromagnetic coupling, or any non-zero
coupling in between complete ferromagnetic and complete antiferromagnetic
coupling) may be used as the basis for establishing the ratio of h; to J;.

20 The various embodiments described herein provide systems,
methods and apparatus for an improved approach to quantum annealing called
controlied quantum annealing. Figure 2 is a flow-diagram of an embodiment of
a method 200 for performing controlled quantum annealing with
superconducting flux qubits. Method 200 comprises three acts 201-203 and

25 incorporates dynamically-varying flux biases during the annealing process. In
act 201, the evolution Hamiltonian is established by applying the appropriate
flux biases and disorder terms. In some embodiments, the evolution

Hamiltonian may be established by configuring a superconducting quantum
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coupling) may be used as the basis for establishing the ratio of ht to Jy.
The various enbodi nents descri bed herein provide systens, nethods and
appar at uswbanosarazicapr oved approach to quant um anneal i ngpcalusearsoess37 ol | ed
guantum annealing. Figure 2 is a flowdiagramof an enbodi nent of a nethod
200 for perform ng controlled quantum annealing with superconducting fl ux
qubi ts. Meiphoeess00 stohmEs thatshowe én Riguse 20to Wstaniialiyrreslizaothet @wlution

d i cal | y- ' I bi dur i th i . t 201 ,
dynart ol Yo vaLAR L BLBSSS, Sk 00 e Aneal o REokessploct 201
bi ases and rﬁ@ﬁgﬁh&ﬁé%? iﬂlg‘;% PF&HT&n%ﬂﬁﬂo’ﬁ%ﬂ éeséri%%d%c?ﬁét% gk t oni an

may be esta con I ng a superconducting q unprocessor, such
as that shdivst benedtablishedlby dccodingtyeanplaihb fluxdadseasetotthe qebitl loopof the
Ham | t oni an descri bed by equation 2. In sone enbodi nents, the groblem

Hari | t oM afuPds@nRdde theEoppsr, aRdHBeD theAISQFI.IdSETS May b adge@dPyon 1) nay
first be e : | ] i Pl ' 0, | & | oops
of ' the quorPEOLIG TIPS sBaRIEInF eBMob ARt B s Mclbfe BPeiCaddle, MR Gata
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met hods andhegphit aetsistenheyrents avhieh edsudidn a diseantingedseyolulignipaht he

anneal i ng process, varying the flux biases that define the . .prqgblem

Hami | t ont aRCERRBRB ML hrBrShtrysiarngRetadsang datetse i aB¥REetur r ent s
i nduced by e‘i‘ﬁé%thi%rd%?déd@y, dubingahB a?fﬁ‘é@ﬂh@?%o‘ées,t Var§irfgARBIRXaiASES that
controlled such that the'ratio of h,- to for a given formof coupling

(i.e., ferdefiagiee pogblemtémiltommeryicetdropensats doretherhangedirathe §uim of

couplin remai ns, substanti al |l y cgnstant thrqughout the annealin r ocess.
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may i nvol veoheahsBoR i cddtfortiaiRhhaftnk rafio 3f AL, 38 2GiveheofHRifts 1n the

guant um
coupling (i.e., ferromagnetic, antiferromagnetic, or some intermediate form of

coupling) remains substantially constant throughout the annealing process. In
act 203, a state of the system is measured. In some embodiments, this may

20 involve reading out the state of all or a portion of the qubits in the quantum
processor by, for example, using a DC-SQUID to measure the persistent
current state of each qubit. Further descriptions of systems, methods and
apparatus for qubit readout are described in US Patent Publication 2006-
0248618 and US Patent Publication 2009-0078931.

25 As previously described, controlled quantum annealing may be
implemented by varying the local flux biases ®y in proportion to the growth of
M#™i5 as described by equation 6. It is thus useful to understand the evolution
of M?*I» through the annealing process, and to understand how this
characteristic is influenced by variations in @, and ®¢y. Once M™Ip has

AFM

30 been measured for each qubit (and assuming that M;/"™ is nominally the same

for all couplers), the couplers may then be set to any arbitrary coupling strength
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processor by, for exanple, using a DC-SQUI D to neasure the persistent
current state of each qubit. Further descriptions of systens, nethods and
appar at uswbanosguebics r eadout are described in US Patent Pabltisc@amiost332006-
0248618 and US Patent Publication 2009-0078931 . As previously described,
controll ed quantum anneal i ng may be inplenmented by varying the |ocal flux
bi ases Fx iand@Enyparbitiaoy hd mdyebeyapplidd tof eagh quiriv In stemelepthadiedntsy equat i on
6. It is thus useful to understand the evol ution of F t hrough t he
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by vari ati i ¢ i ; o 0 ach
qubi t (and%@gl?ﬁidﬁig% gﬁ%rﬁﬁfq]tqgﬁﬂmiﬁgs%% rﬁytﬁgglﬁlﬁg%;%gﬁnggfgﬁ z;? I? cié’b%%(?ers),

t he coupl e nain suutnerpbodieterits, theyratio bf tirtard; ncaupé helyl substagtidiignd any
arbitrary hJ- J may be applied to each qubit. In some enbodi nepts, each

q]tcjbij ti dt sengiaah by ksodbedeeiumiableto asrgny araropsate valpes & the 1Wokup tabl e
t i hi j i P, F d
R T e bise], BPab Mo BRASH ek il ARBPLRbABERYRETa Khiodit! T - T° =0

const ant byheabm@nbhg)ida dlnpichahhe beusasisb din tathey datai oitlee \lkuptable, t he fl ux
bi ases Fx as the system anneals. In other enbodi nents, a snpoth

phenonenol @égddhis funetian mayrkecaliedudan when geneetingevanafarmas fardBe| ookup
table, and _this.functi y be cal |l ed upon when generating waveforns for
t he anneal iaHBeﬁpQ)%B'%’L?Pgﬂrﬁ sonme enbodi nents of controlled quantum

anneal ifpg, the anneallh BemeCeIABLditeY obEorktedlicdieglidntumnaraez@ay) the wavef orm
that is applied to the conpound Josephson junction of each qubit. The

vari at i ons annegiihg Schetle swnye dafiredvay ehanneatisg Waveforonthiakis aprliedriot he

Comensat i 1 RTBPYRr BRcpRE ki S edt il o FedBMBRORENRsRY Moop or

each qubit | t bt VS i ensation
md%eea%hgfg@ggﬁgp result in Varidtdnain S pEsistontdlitoht f €8BR

waveformto t ases Fx that conprises the nodeled Mf FMIP
evol uti on mubitj phd tis mayt e compgasated| hyeadding a-campansatidhiveavedompetsat i on
wavef or1r,rs1 mét1 e HSX % a%%grchnégpﬁ%d to the qubit loop of each qubit. In some
embodiments, it is advantageous to apply a compensation waveform to the
qubit flux biases ®y that comprises the modeled M;”*"™Ir evolution multiplied by
the target value of h/Jasy. This compensation waveform may be synchronized
with the annealing waveform applied to the compound Josephson junction of
20 each qubit. Thus, in some embodiments it may be advantageous to establish
the annealing waveform and then use the modeled M;"™Ip evolution to
generate the compensation waveform.
The controlled quantum annealing protocol as described herein is
an example of a method that incorporates active compensation for unwanted
25 fluctuations in the elements of a quantum processor during a quantum
computation. In some embodiments, such active compensation may be
advantageously achieved by providing systems for programming and
administering the desired compensation signals. The present systems,
methods and apparatus describe scalable hardware architectures for
30 administering the dynamic compensation signals useful in, for example, the

controlled quantum annealing protocol.
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wi th the annealing waveform applied to the conmpound Josephson junction of
each qubit. Thus, in sone enbodinents it nmay be advantageous to establish
t he anneawvongov@aswstor m and t hen use the nodel ed evol uti eoTius2@enessat e t he
conpensati on waveform The control |l ed quantum anneal i ng protocol as
described herein is an exanple of a nethod that incorporates active

conpensation for unwApphing bulyhaatic cospensativn sigaakte! foraxampieagdam
processor during a quantum conputation. In some e_r_rbo%i ments, such active
conpensat | QDY AR IALRSSOS WP Uit R gURAILYMRBSH Hithg S8y daeak or
progranmm n L i ] | - C [ | .~ The present
yatems, nepRodS AR IS AEEPE e S RfoBE AR GoBl, B deBhano AT Fee T or

adm ni st er isigld bl%bdl’@igﬁbﬂ_ir@d%lﬂ@%&ﬁm?m ¢aUpies direetiydo éath dubit anchnpl e, the
control | ed quantum anneal i ng protocol . Appl gi ng a dynam c conpensation
si gnal o, coawessaign eouldhehachieyed by ugingubatsingle e signahng i sRURC eat | y

inplified,if th ignal .could b ' '
cvery qubi e PAMBEREPN IR LS ruf Gt BB RI plied Ul a st mpl y. e
coupl ed di geerdpardesasibt eticenafibite UTRERRItLIPProegssbrijguatdifered by using

the single global signal line to couple the sanme conpensation signal to
every qubi examplefabricationpraxiations anid&r mepanacreingésdniigupdionedffepmeess of a
qguant um processor (dye to,, for exanple, fabricati variations and/ or

pr ogr anm ng _@hmagdPﬁle?Qﬁ? r&‘?‘?’@@?éﬁgvggﬁb\ﬂlﬂggﬁeﬁ%@qoﬂp! %ﬂ%@'%ﬂgw each

speci f i1 dBiripenRalion dRynkP ?nes'fegeisbﬁ%aﬁer&wéc%sﬁamﬂb-atheét%n of

di screpanci es can necessitate the application of device-specific dynamc
conpensat i deviceegspaEciic dyrandio mongsEnsatien sigeatpiecaddomrbetialel daviceFapeciiic,
because fabrication vari St i ons and/ orchro ramm ng/ configuration differences

may cause OBAVIQLLITDALE: PECHbIRIaPHCAQY tipay & /‘Erhanges in the CJJ bias
Curt 9, o0 BRI ARGRABA AR e st 58 AT g8 B RSEABSFILY {1
same gl obalowrowag s ahangesinghelCJhnbias eacihg gubarinealing gvokaient theydes siresl,
met hods and apparatus provide scal able techni ques for
compensation prescribed by the controlled quantum annealing protocol may not
be achieved by coupling the same global compensation signal into each qubit.
The present systems, methods and apparatus provide scalable techniques for
locally programming the various elements of a quantum processor with device-
specific dynamic signals. These scalable techniques are particularly well-suited
20 for implementing controlled quantum annealing using a quantum processor
comprising superconducting flux qubits. Those of skill in the art will appreciate,
however, that the concepts embodied in the present systems, methods and
apparatus may be adapted for use in applying other forms of control signals to
the elements of any type of quantum processor.
25 Those of skill in the art will appreciate that the set of device-
specific dynamic signals that achieve the compensation required for controlled
quantum annealing may be applied by introducing compensation signal lines
such that at least one unique compensation signal line communicates with each
device. However, as the size of the superconducting quantum processor
30 increases this approach can quickly necessitate an impractical and

unmanageable number of signal lines. The various embodiments described
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| ocal |y programm ng the various el enents of a quantum processor wth

devi cespecific dynam c signals. These scal abl e techniques are particularly
wel | - sui two 2bev1481epl ement i ng control | ed quant um anneal | RGTOSR2009/0845GUaNt UM
processor conprising superconducting flux qubits. Those of skill in the art
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Pat ent 14pplasaRdédeSaiied inNS PhiémTuAication 200910082008r amgbn@ t he el ements
of a superconducting quantum processor may involve the use of

super conduembagimegts, gt laast ana AL owrw/e cenigyredigcsommenieably Souplsste

d i bed i Li cat.i or - L ' ,
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Application Seria : 8,494, filed June 3, 2008, entitled "Systens,
Met hods andiethpds and Apfparatss fer SuptucendustiDg egmulbiptexer Caicuigsi tlp.somen sone

o e s e e ENG P B oM a8 SRR SR L, o1
shift at least one superconducting shift register, such as a single flux quantum shift
register or a shift register comprising latching qubits as described in US Patent
Application Serial No. 12/109,847. For example, in an embodiment of a
superconducting quantum processor that employs local programming, each of
20 programming interfaces 121-125 from Figure 1 may include or couple to a
respective DAC.
In typical applications of fixed quantum annealing, the only time-
varying signal is the disorder term that is applied to the CJJ (e.g., CJJs 131 and
132 from Figure 1) of each qubit. However, in controlled quantum annealing at
25 least one time-varying compensation signal may be applied to the qubit loop of
each qubit to compensate for the changes in the persistent current that result
from varying the disorder term. As previously described, the exact form and
magnitude of an appropriate dynamic compensation signal may depend on the
characteristics of the particular qubit to which it is being applied, and these

30 characteristics may be inconsistent from one qubit to the next as a result of
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register or a shift register conprising latching qubits as described in US
Patent Application Serial No. 12/109,847. For exanple, in an enbodi nent of
a super comdrotymgisquant um processor that enpl oys | ocal progrsamgiong37 each of
programm ng interfaces 121-125 fromFigure 1 may include or couple to a
respective DAC. In typical applications of fixed quantum annealing, the
only ti nmevarviationsdgting fabsicatien or perataetricalisarepaincies irapesadely the syséernlJ
(e.g., ClJs 1§1 and 132 from Figure 1) of each qubit. However, in
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mul tiplier that provides independent I% tunabl e scalar nmultiplication of a
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Throughout this specification and the appended claims, the term
“multiplier” is used to refer to a structure that is configured to mediate a
communicable coupling between a first device and a second device, and
operable to apply a gain to a signal coupled from the first device to the second
20 device. Furthermore, the term “global signal line” is used to refer to a signal
line that is configured to communicably couple to multiple elements (e.g., qubits
and/or couplers) in a quantum processor.
In some embodiments, a multiplier may be used to couple a signal
from a global signal line to the qubit loop of a superconducting flux qubit. For
25 example, a multiplier may be coupled to the qubit loop of a superconducting flux
qubit in order to provide the compensation signals prescribed by the controlled
guantum annealing protocol.
Figure 3 is a schematic diagram of a portion of an embodiment of
a superconducting quantum processor 300 that is adapted to incorporate local

30 administration of device-specific dynamic control signals. Such dynamic control

signals may be used, for example, as compensation signals to implement
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"multiplier" is used to refer to a structure that is configured to nediate
a communi cabl e coupling between a first device and a second device, and
oper abl e wo 2appi4yi6a gain to a signal coupled fromthe fiPCItUSd@vioess31 o the
second device. Furthernore, the term"global signal line" is used to refer
to a signal line that is configured to communicably couple to nultiple
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qubit in order to provide the conpensation signal's prescribed by the
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of super coifgrtiNigclides ttwoqubits 8940602 @Mdi drieutsmableecbupter3 iy tieotdyh ncl udes
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super condudtesaPigidhinthabadsalk appreciate that iy anaber of gukiigrandqulitk cept t hat
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super capdugfddebspr.ocessor 300 illustrated in Figure 3 includes two qubits

301 , 302 and one tunable coupler 3 11, though those of skill in that art
wi || appreciate that laggnirastiesuperepmoucting adagiypy PrasespPi HeP.devi ces may be

included in a conmpl ete superconductin ant um.pr oc o 1N ntrast to
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global signal line 360 may carry a dynamic compensation signal to compensate

for changes in the qubit persistent currents induced by changes in the single
qubit tunneling splitting in accordance with the controlled quantum annealing
protocol. Global signal line 360 is coupled to each of qubits 301 and 302 by a

20 respective multiplier. Multiplier 371 couples global signal line 360 to qubit 301
and multiplier 372 couples global signal line 360 to qubit 302. Multipliers 371
and 372 may each take the form of a variety of different coupling devices,
including but not limited to those described in US Patent Publication 2006-
0147154, US Patent Publication 2008-0238531, and US Patent Publication

25 2008-0274898, though it may be advantageous to ensure that each of
multipliers 371 and 372 includes a respective CJJ. In some embodiments,
multipliers 371 and 372 are respectively controlled by programming interfaces
326 and 327, each of which may include or be coupled to a respective DAC. In
the illustrated embodiment, programming interface 326 is configured to

30 communicably couple to the CJJ of multiplier 371 and programming interface

327 is configured to communicably couple to the CJJ of multiplier 372. Control
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gl obal signal line 360 may carry a dynam c conpensation signal to
conpensate for changes in the qubit persistent currents induced by changes
i n the siwgl2e0au4bics t unneling splitting in accordance wprCh/ush@ooesssT ol | ed
guantum anneal i ng protocol. d obal signal Iine 360 is coupled to each of
qubits 301 and 302 by a respective nmultiplier. Miultiplier 371 couples
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Thus, in some embodiments, a single global signal line 360 may carry a
dynamic compensation signal embodying the general time-varying shape
necessary to compensate for changes in the qubit persistent currents, and this
20 signal may be coupled to each qubit (e.g., qubits 301 and 302) through a
respective multiplier (e.g., multipliers 371 and 372, respectively) to provide the
desired scaling. This approach is readily scalable for use in a quantum
processor comprising any number of qubits. For example, any number of
qubits may be coupled to global signal line 360, each through a respective
25 multiplier. In this way, device-specific dynamic compensation signals may be
locally applied to each element of a quantum processor without necessitating
the implementation of an impractical or unmanageable number of control signal
lines.
In some embodiments, a further degree of customizability in the
30 dynamic signals applied to each qubit may be desired. For example, in some

applications simply scaling a single global signal waveform may not be
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t he dynam c conpensation signal may be substantially simlar for each
qubit, requiring only scaling to accommodate the response of each
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shown) i n @ogpkedttorthe GldesEwrse dfakiil infthe mrtewill uipirécistautbbtasy Aumbeantl 412
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architecture of the quantum processor. Qubit control system 400 also includes
two multipliers 471 and 472, each of which is coupled to qubit 401 and a
respective global signal line 461 and 462. Multiplier 471 is configured to
communicably couple global signal line 461 to qubit 401 and multiplier 462 is

20 configured to communicably couple global signal line 462 to qubit 401. Each of
multipliers 471 and 472 is also include a respective CJJ that is coupled to a
respective control DAC 481 and 482. DAC 481 influences the scaling that
multiplier 471 applies to the dynamic signal carried by global signal line 461
before coupling this signal to qubit 401. Similarly, DAC 482 influences the

25 scaling that multiplier 472 applies to the dynamic signal carried by global signal
line 462 before coupling this signal to qubit 401. The respective signals
coupled by multipliers 471 and 472 may be combined (i.e., effectively summed)
in qubit 401. Each of global signal lines 461 and 462 may contribute any shape
of time-varying waveform which may be respectively scaled by multipliers 471

30 and 472 before being combined in qubit 401. Depending on the relative scaling

factors of multipliers 471 and 472 and the relative waveforms of the signals
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coupled to the CJJ. Those of skill in the art will appreciate that any
nunber of inter-qubit couplers may simlarly be enpl oyed dependi ng on the
gubi t - cowubizogp/@aBwhi t ect ure of the quantum processor. QrbrtUuSc@atn4sB7 syst em
400 also includes two nmultipliers 471 and 472, each of which is coupled to
qubit 401 and a respective global signal line 461 and 462. Miltiplier 471
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481 influences the scali'ng that nultiplier 471 applies to the dynamc
si gnal car iqubi 46y, ghcib Hirosglymailespectiveddtltipiénr e coupling this signal to

qubit 401 . Simlarly, DAC 482 infl t he, i hat | tipli 472
appl : eso the dynamX'ESQ'FT‘&r%mge‘léﬂrf}?q %qﬁgségmﬁ@%c irlﬁﬂgpltel‘?%%gﬁﬁlngg g;e
coupling t | | ; ¢ ' ' : led b

ol F1 pi er 15485 3Kfteybg ol of d qubit SUURAESAY i STHiR] SOREHE. S 1 qubi
401 . Each coliplgddabahe subitalFor erampis In atidrnétife mmybadimentsqulst eontradhape of

time-varying wavef orm whi ch may be respectively scaled by nmultipliers 471
and 472 bef¥stenbaPAMainslusiesn adQﬁth@P m@ﬁrruptgi'&ﬁavwgoﬁeww& ative

T L b O e L

t he signal scarfie nes ety of

ef fectinge wavelmr 482 BrRY chabiredihete bddaubéford fhey. arbuduptsdor qubit 4@ke of
skill in the art will appreciate that any nunber of global signal |ines may

simlarly J&osewhiskd inéheapivill appreciaigdhat 3 adder may &opyiseviTmul tipli er.

achi eved oGRBTRe Gt oghg st atiatfBlind M e 2 s8s " PBRIM . ovot ea <0
the qubit. jkfictio¥a@hentsitd fééiﬁt%té‘@éthmmgqﬁhﬁdllimﬂﬂuhw gHRNGubsH 4Gy, st em 400

may i nclude an adder that interrupts the coup between multipliers 471 ,

472 and qubit 401 so|mkatarchitectingrefl sqeanitim pioceasyycanprising middplazl and
8 R e ) L e
exanpl e, a g 1iRks, REMARIUGHCE F¥pFRVE MMipher! rhusNtheqsresentadtemaL s,
methods and apparatus provide a mechanism for locally applying dynamic
signal waveforms to the various elements of a quantum processor using a
limited number of signal lines, while still providing a degree of customizability to
20 accommodate the individual characteristics of each qubit resulting from, for
example, fabrication variations. In some embodiments, dynamic compensation
signals may be used to correct for unwanted fluctuations in qubit parameters
due to the interrelatedness of some qubit parameters. For example, in some
embodiments, dynamic compensation signals may be used to compensate for
25 unwanted fluctuations in qubit persistent currents throughout the evolution of a
quantum processor. In some embodiments, dynamic and/or static
compensation signals may be used to accommodate unwanted discrepancies
in qubit characteristics due to fabrication variations. For example, in some
embodiments dynamic and/or static compensation signals may be used to
30 compensate for asymmetry in the Josephson junctions that comprise a CJJ
(e.g., CJJs 131 and 132).
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I nductive elenents to facilitate coupling to nmultipliers 471 , 472 and

qubit 401 . In an architecture of a quantum processor conprising multiple
qubits, aw~g2oentagre6of qubits may simlarly be coupl ed t@®@cang200m0ipe37 of
gl obal signal |ines, each through a respective nultiplier. Thus, the

present systens, nethods and apparatus provide a nechanismfor locally

appl yi ng dynani ¢ si grigures 3edrut dprovide Heistrativeambedimentsofof a quant um
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In some en%@%?%hn‘?cgf"gyﬁ%to@qa olrﬁasiqg?}t'c conpensation signals may be used

to accommodat e unwaniFgglrdissiereepetiematic diagramiof anbterentiodimensofdaie to
fabrication variations. For exanple, in sone enbodi nents dynam c and/or
static comperim olch supefisandueing geanigedrrogesshpdidsthetimpiemenisdesal y in the
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multiplier is used to couple a signal froma global signal line to the
qubi t | oop poftian efesyperconauctnpiprocassme e showndnldgurend bdthat iircludes

mul tiplier _nmay d coupl.e a signal .froma al obal. si LA th
G0 o any 66 HuBs 2D b2 st ve cBptplen by BRadteBrBitG Bt Ry e ° 1
anot her entsodi dRNEoRfledtdiithérRrdlighta SHASHHPAEHES BRY tRaa8 cBRtrBNIQsBpsor 500
that inplenents |ocal progranm ng of a gl obal signal coupled to the CJJ of

each qubi t pragranpoingi ioterfaiced25u pdowevety it thegoartian blisupercosdsdings00 shown i n
T IR o i $roestenabop @nbia Bdialr 5, % obBrGSRAINE s RAfghR 10°0° Shov
communicably couple to the CJJ of each qubit through a respective multiplier
541, 542. For example, global signal line 550 is configured to communicably
couple to the CJJ of qubit 501 through multiplier 541 and to the CJJ of qubit
502 through multiplier 542. Multipliers 541 and 542 are respectively controlled
20 by programming interfaces 521 and 524, each of which may include a
respective local DAC. Each of multipliers 541 and 542 may provide an
independent scaling factor to the dynamic signals coupled from global signal
line 550 to qubits 501 and 502, respectively. Based on the configuration of their
respective DACs, programming interfaces 521 and 524 may each control the
25 effective scaling factors provided by multipliers 541 and 542, respectively, to
the global signal carried by global signal line 550. By using multipliers 541, 542
to mediate the coupling between the global signal line 550 and the CJJ of each
qubit 501, 502, qubit-specific scaling of the global signal is enabled, which may
be advantageous in many different implementations of quantum annealing
30 and/or adiabatic quantum computation. For example, qubit-specific scaling of

the global signal coupled to the CJJ of each qubit is implemented in the
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two qubits 501 , 502 respectively controlled by progranm ng interfaces 522
and 523 and coupl ed together through a coupling device 5 11 that is
cont r ol | estolrgogprsesamm ng i nterface 525. However, in thecparsteoonsasts
super conducti ng processor 500 shown in Figure 5 a global signal |ine 550

is configured to conmuni cablé couple to the CJJ of each qubit through a
respect i ve algarithpsidescaiad in 65 ropisionst faterd, Arplisation SiegabNol i ne 550 i s

fi d ' I I . o]
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si gnal car quadtumy pgbcassbr.sWhilal lotalrenfbdDcirdytry saybarithpleplanted fdsdhe, 542 to

medi ate the coupling between the gl obal signal |line 550 and the J of each
qubit 501 PUBsE %fu%%rt@@fm!@,frpregwam'%S@f'gm@@e@aﬁp?megﬁlgm%s gﬁébl ed,

whi ch s : iy ;
anlngal Fﬁé gﬁﬁﬁ@'ﬁ@hl a%gp F'(':ﬂ'l %buanﬁ u%&c%ﬁ@fﬁ[:%énm Eor ege@a“rr%@@?@gag?w’;%?ci fic
scal i ngQof glcfbalglgwaalinéisgay@icaﬂ;baavmageowm SxbYidy dgrarhicaidndls tsthe

I npl emented in theal gorithns described in US Provisional Patent Application
Serial No. ements dd@squantudraggssar. 2e sopgoembndinegiits.lpeal conjrol eiglitriet hods

Thi's. Spec (19ap8uBRrBdR aMldbugTybRe Ry B YA B A iped i
whi ch was mhgrén%mbatél@qurgﬁ @ﬁal@?%ig’i%. I stiné AibddBmeatry, itdHagdet O _
communi cably couple to multiple elements (e.g., qubits and/or couplers) in
ahquantum prefegedde minimize the aambes of gtsibat sigpal lines brimplementng et ed f or
the pu
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ggggm leg’?gﬁbgagtrﬁg@%)ﬁ%uﬁéé AGkhd £0§ of Sabi BUBRIE ¥n RA4APISBLE WynbMiPT OVi de
signal, thus in some embodiments it may be preferred to use a single global
signal line configured to communicably couple the same dynamic annealing
signal to the CJJ of each respective qubit. In accordance with the present
20 systems, methods and apparatus, the coupling between this global annealing
signal line and each respective CJJ may be mediated through a respective
multiplier to provide a qubit-specific scaling factor to the dynamic annealing
signal that is received by each qubit. The compensation signal that is coupled
to the qubit loop in order to implement the controlled quantum annealing
25 protocol is an example of another dynamic signal for which a dedicated global
signal is preferred.
While implementing a single dedicated global signal line for each
dynamic signal can be advantageous in enhancing the scalability of the system,
such a scheme can make it difficult to isolate and control various subsets of the

30 elements of the quantum processor. Isolating and controlling various subsets
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el ements of a quantum processor. In sone enbodi nents, |ocal control
circuitry may be inplenented to programdigital signals and gl obal signal

| i nes maywbeotwmBwrent ed to program anal og signals. | n gorawsesmbodisaents, it
may be preferred to mnimze the nunber of global signal |ines by
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exanpl e, during systemcalibration. The present systens, nethods and
appar at us desputdteon echuanjuesaningaliogl it brayt begdvardageeunsia calbratg thaant um
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may be theoretica esigned t ehave i n specific ways, a calibration

procedur e iexampie,dhé [pyolrienesaing sotveddnynthierquantenrpracessalr agehiélgr in a
physi cal_ system Specifically, in usi nﬂ{tﬁﬁﬂg%ntum processor to solve a

comput a5 ofeRreseBis tBmPsyPism fopxnich g9 esired.

High precision device calibration generally necessitates high
precision measurement of device parameters. In a flux-based superconducting
guantum processor such as that illustrated in Figure 1, measurements are
typically made using magnetometers, such as DC-SQUIDs. However, DC-

20 SQUIDs may not be appropriate to use as sensors to calibrate device
parameters because the backaction of a DC-SQUID readout device on a qubit
is generally too large for calibrating flux qubits through the critical range of
applied flux in which quantum annealing occurs. Furthermore, measurements
made with DC-SQUIDs may not directly obtain the quantities of interest for

25 device calibration, but rather the measurements may enable calculation of the
quantities of interest after additional measurements are made.

In accordance with the present systems, methods and apparatus,
high precision direct measurement of the parameters of a first qubit may be
achieved by using a second qubit as a sensor qubit. The concept of using a

30 first qubit to sense the parameters of a second qubit is described in US Patent
Publication 2006-0147154, US Patent Publication 2006-0248618, and US
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conput ati on or quantum annealing, it may be advantageous to calibrate the
probl em Ham | t oni an paraneters to high precision in order to ensure control
of the amnweabimgisechedul e and paraneter definition. Thi eCnalspaoessensur e
that, for exanple, the problem being solved by the quantum processor
accurately represents the problemfor which a solution is desired. High
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Publ i cati on 2009-0078931 . Applying this concept in calibrating the
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qubit" is used to refer to a qubit 'that IS operated as a neasurenent device
and t he teamd; frwach rgspéctivei maiucfeglttits, usihgroneoqubittoseansatibe @apametess er s

ZL:bF:is%g rg%% uerhea(\j/iorlo? tﬁg%e(?%%ﬂ.i rlrr?rc])tréér tgréc {efvgcatrl)i\{t%rggllvci)-%hg}ti on technique
manipulations between a given pair of coupled qubits, it is advantageous to
isolate the pair of qubits from the other qubits. This may be achieved by
implementing tunable coupling devices that are capable of providing zero
coupling between qubits. Examples of such tunable coupling devices are

20 illustrated in Figures 1 and 3-6, and described in Harris, R. et al., “Sign and
Magnitude Tunable Coupler for Superconducting Flux Qubits”, arXiv.org: cond-
mat/0608253 (2006), pp. 1-5, Massen van den Brink, A. et al., “Mediated
tunable coupling of flux qubits,” New Journal of Physics 7 (2005) 230, and
Harris, R. et al., “A Compound Josephson Junction Coupler for Flux Qubits

25 With Minimal Crosstalk”, arXiv.org:0904.3784 (2009), pp. 1-4. Furthermore,
achieving arbitrary two-qubit manipulations may be facilitated by enabling
independent or separate control of the parameters of each qubit in a given pair
of qubits. That is, it may be advantageous to enable separate tuning of the
parameters of a first qubit (e.g., the source qubit) and a second qubit (e.g., the

30 sensor qubit) in a given pair of qubits.
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arbitrary interactions between pairs of coupled qubits, with one qubit
acting as a source qubit and the other qubit acting as a sensor qubit. That
i s, high woeotsissrescal i brati on may be achi eved in a quaRCEMUSPEOOSSIDI
conprising a network of inter-coupled qubits by isolating respective pairs
of coupled qubits and, for each respective pair of qubits, using one qubit
to sense the paranet én soavehtiophbhdésign® df siygercohductingbjquantum prodessars

achieve arbitrary two-qubj.t mani pul ati ons, between a gi ven pai.r of coupled
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Super cofduétPatgopdusting guartum grogesse)r 0 st Fiovee 8294bit9pdbpndpp. 1-5,
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qubit (e.g., the sensor qubit) in a given pair of qubits.ln conventional
desi gns of tkatpeakeoddlee qugnyuaptanespebcessors desi gned for adi abatic

guant um conput ati on and/ or ,quantum anneal i |1 qubjts in the gquantum
processor are typi caﬁlrl‘ 9%%9%[‘8%"‘{'@ tﬁﬁ@rg%ﬁ@g‘:‘éﬁ%&?’qﬂ%@a?i%& ARAALS)  ne.
For exanpl i ROkt | i | 86 e tum
processor ?6%&29{)%%) ﬁﬁ&l‘:m#@jlgﬁorﬁ@;é?smé%l a%egygggﬁglr%e coInglgaegﬁtgg t he sane
gl obal anneahibey dirgeadigitatee gidi@l sifmas limessudiethat teentveyquibits thatrimiakeg t he

nunber of signal lines r ired to operate the syste nd ensurin
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a wide-variety of quantum processor operations including, but not limited to,
high precision device calibration. Those of skill in the art will appreciate that the
present systems, methods and apparatus may be applied in systems that
20 include implementations of on-chip DACs and scalar multipliers, similar to the
embodiments shown in Figures 3-5.

Figure 6 is a schematic diagram of a portion of a superconducting
quantum processor 600 that is adapted to facilitate arbitrary two-qubit
manipulations. Quantum processor 600 is similar in some respects to quantum

25 processor 100 from Figure 1, except that quantum processor 600 includes two
annealing signal lines 651 and 652 such that qubits 601 and 602 are each
respectively coupled to a different annealing signal line. Using annealing signal
lines 651 and 652, separate CJJ bias signals may be applied to each of qubits
601 and 602, respectively. While the ability to apply a unique CJJ bias to each

30 individual qubit provides a high degree of qubit control, it is not currently

practical to implement a large-scale quantum processor (e.g., comprising
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si mul t aneously couple different dynamc signals to the CJJs of multiple
qubits that nmake up the quantum processor. In accordance wth the present
syst ens, wWetheds3wad apparatus, arbitrary two-qubit manippuitsteoonsssany be
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to enable | i |t: ' ' i ] ' idn Of
coupl ed qu%:a%l S&bgg%@fg%ﬁg%@gg %%u@hg?l%l%lééﬁtmﬁs g‘?%ivﬁitoe(/;ﬁ@ibgﬁ@t ed

gl obal anndinks fgr Gandtypl FoF eesmplEhgobiyA0dts tinestyseraléd tmbulin 782 dthroigh

appended cl ai ns, erm"interdigitated" | sed to_refer to an
Grlactiamuih7al

ar r angeifentcodpling tgggpé Jildnavbit YRR ds dirggtlyi co fnigih7 Qi HorgR coHRiNg wo
qubi ts thaty3re £AURLEth OGEYHSthRLEH R_EBIISPHRYED 712, qubit 703 is directly
coupled to qubit 702 through coupling device 712 and to qubit 704 through
coupling device 713, and so on. In linear chain of qubits 700, any pair of two
directly coupled qubits (e.g., successively adjacent qubits) may be isolated by
20 deactivating any coupling between the pair of qubits and the other qubits. For
example, qubits 702 and 703 may be treated as an isolated péir of qubits by
deactivating couplers 711 and 713. Arbitrary two-qubit manipulations may then
be achieved with the pair of qubits comprising qubits 702 and 703 by using
global signal line 751 to control, for example, the CJJ bias of qubit 702 and
25 global signal line 752 to control, for example, the CJJ bias of qubit 703. To
calibrate the pair of qubits, qubit 702 may first be used as a source qubit and
qubit 703 may first be used as a sensor qubit to measure the parameters of
qubit 702. Thus, the behavior of qubit 702 in response to various control
signals may be monitored using qubit 703. Qubits 702 and 703 may then
30 reverse roles, with qubit 703 serving as the source qubit and qubit 702 being

used as the sensor qubit to monitor the behavior of qubit 703. Whether a
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to a different global signal line. Figure 7 is an illustrative diagramof a
sinple linear chain of nearest-nei ghbor-coupled qubits 700 with two

i nt erdi giwatea@/gBwbal signal |ines 751 and 752. Linear ebaius2ab/ogsbits 700
i ncludes six qubits 701-706 where each qubit is directly coupled to at

| east one ot her successively adjacent qubit in the chain by a coupling
device 7 1Davtikfule(rcmmih'3\Msed asra keurcei qubit drar sensariqupjt.dependexatiigastinqubi t
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directly coupl ed Ublt successi ve cent qubits) may be

i sol at ed? bﬁ%ﬁeﬁ %ﬁl %%@Mﬂemf 6@?‘@%@%5‘9 @%’é‘i’%uéprﬁﬂgﬁs and the

ot her qubi {ﬁém gsol at ed
pair of qu%’ﬁt S @;atgé(%gﬁn@a [ ngé %ﬁ@éﬁﬁ’ﬂ%ag’bﬁéan "P%Ps éi@ﬁ%ﬁ?éﬁvm qubi t
mani pul at i gobitroypting ardiiteatlresMadraert to linietheanumbér oflédditoread obasi ng

qubits 702 and 703 by using gl obal signal line 751 to control, for exanple,
the CJJ b| @@nsﬂirdﬂjﬁ'lﬂa'?'ﬂlesdﬂﬁﬁdgﬁdotﬁaﬁn IgyARitranyfworagsbit Haphuiat @ns f or

exanpl e, t To calibrate the pair of qubits, qubit
B g ob ol e

702 may f e qubit and qubit 703 may first be used as

a sensam qul t to mesEglire 8 RarPHusthEiver GiagfarflePbh ek@mpldiylfuantiird behavi or
of qubit 702 in resgonse to various control signals may be nonitored using

qubit 703. PEAsSSer 300 camprisi® aﬁyuamlﬁttrc@\ﬁéﬁ@éee@nggrestmrlelghixmcpup@

d b
contol o aublin BONLES MK he BFBeRiARel REVE St RER RS of Sl e o bs 4
sour ce qubigho@dssBr SQO%bléﬂh@ﬁté t\%ﬁ@ﬂ-‘l@&r c@&pllr@aééwéé‘s 920 $on|@6né*@:@ll&§3 bi as

being applied to that qubit. Thus, "the inplenentation of nultiple global
anneal i ng outyimathel Figers, e;m‘@rseeteumy bmdxeqdlbesionctiamtybrdheugiptrmsp qfaikill iof

iTer o s A L A R
oo Y A AGREIFBIENR plr i b pEnFBLLABISE g 1o
addi t i onal agdddpgaratus, only two global (e.g., annealing) signal ||nes 851 and 852, are
necessary to enable arbitrary two-qubit manipulations between any pair of
coupled qubits in quantum processor 800. That is, for any two qubits that are
20 coupled together in quantum processor 800 (i.e., any two nearest-neighbor
qubits), one qubit is coupled to global signal line 851 and the other qubit is
coupled to global signal line 852. Only two global signal lines may be needed
in order to enable arbitrary two-qubit manipulations in a similar nearest-
neighbor qubit-coupling architecture implementing any number of qubits and
25 coupling devices. Using two interdigitated global signal lines, high precision
calibration of device parameters may be achieved in a quantum processor
implementing nearest-neighbor qubit coupling. Some embodiments may
employ a greater number N of interdigitated global signal lines, although the
number N will be less than the number of qubits in order to realize the benefits

30 of the above described techniques, and will typically be much less than N, for

instance as described below in reference to Figure 9.
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anneal ing signal lines needed to enable arbitrary two-qubit mani pul ations
bet ween pairs of coupled qubits. Figure 8 is an illustrative diagramof an
exenpl ar ywQuaswgepr ocessor 800 conprising a square | at PCTAISeI09DI4SBEEN

near est - nei ghbor coupl ed qubits 801-816. The nearest-nei ghbor coupling
architecture of quantum processor 800 inplenments twenty-four coupling

devi ces 820 (only onFigurtl9dd aputlustrativeadidgraor of an eperplary egiabturbr oken | i nes
for clarity), thou&h those of skill in the art will appreciate that any
nunber of BIARESSORARO SBMPIISNG Jequaredatlics %él%@%ﬁ@%@sgﬁ%@%?n r pattern.
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arbitrary heargsiicighbenicpupitig armhitbeture enqaamytupaprocessecl ieblgmients i n
quantum processor 800. That is, for any two qubits that are coupled
t oget hed i foryutve aevplingcdaMiens 920 (qnly ene cafled oubinibgriiguren seRIRBBAtEubi t 5)

e o . . gTRbr !
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needed in @hgefurﬁtser%@fmbﬂs@haldoru@nug tevicaypidy baarpnystiivassimharm si nil ar

near est nei ghbor qubit-coupling architecture inplenmenting any nunber of
qubi t s and patiep.i Inpatevdarge with theypresent sysieaisgmedheds gndpapastymanty i nes,

quant b pr RGN G eninang! SeRACRY & EREA BrdRserSeeBish Hesone
enbodi ngnt %r&ﬁﬁrﬁﬁ@-ﬁubiﬁn%rr@&]@ﬁ?ﬁ%g&ﬁreew aHy pait 8f b biéayapitglbal  signal

l'ines, althoug unber N w ess than the nunber of qubits in
order to regabnien phecdssoed0 s That ishby aplemerdingrfobeglobet signgulinss ind wi | |

typically be much | th N, f . Nt d i bed, bel i f
Lo Fiqure enterdigitaed pALeHT the tue GHaHF Tt doan ABneer oLrolRItLadts Huant um

processor %t%?uﬂfei{?wgﬁgéc%s%r 996 gﬁ’a;{lgaéh'ib%%%_ﬁgflég té%&iﬁ‘@%d’t‘%tﬁa‘ﬂs@?@i @hwor and

next - near es _ or couple its e near est - nei'ghbor and
next near estOniy o gtgiobalsigral lings arayhbé aceded irbdrdgnémenablprarbitesy tw@00

Fi gur o.15 o e ERaRBUBYIOBS t e R THAEaest ISRPRLATY ERBUAA CHOSIRROSKT 11 i

the art w lqlubﬁpc%mﬁﬁ#wé‘ta?cﬁit%{ure implementing any number of qubits and coupling
devices. Using four interdigitated global signal lines, high precision calibration
of device parameters may be achieved in a quantum processor implementing
nearest-neighbor and next-nearest-neighbor qubit coupling.

20 Exemplary quantum processors 800 and 900, from Figures 8 and
9, respectively, are intended to illustrate how the techniques described in the
present systems, methods and apparatus may be implemented in alternative
qubit-coupling architectures. However, the present systems, methods and
apparatus are in no way limited to the qubit-coupling architectures illustrated

25 herein. The implementation of a small number of interdigitated global signal
lines may be adapted for use with any qubit-coupling architecture and for any
dynamic signal. Such implementation has the benefit of enabling arbitrary two-
qubit manipulations between pairs of coupled qubits which may be used, for
example, to achieve high precision device calibration.

30 In accordance with the present systems, methods and apparatus,

the concept of replacing a single global signal line with a small number of
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any nunber of qubits and coupling devices may be arranged in a simlar
pattern. In accordance with the present systens, nethods and apparatus,

only fourwgloal43(66. g., annealing) signal |ines 951-954pParTASe@oes4saTy to
enabl e arbitrary two-qubit mani pul ati ons between any pair of coupled qubits
I n quantum processor 900. That is, by inplenenting four global signal Iines

i n an i nt einterdigitated ghehie sigmal times may tpuappliedttbanyf sigmalding grwl is ot coupl ed
qubits in gquantum praocessor. 900. may each be c |l ed_to a different gl obal
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next - near est - nel ghbor qubit-coupling architecture I nplenenting any nunber
of qubits aodpledfpdrmrzogidbai sigsal lideitodhé qubit lodpeofteaiht quilstl( a3l appseditgnal

| i nes, high precision calibration of device paraneters nay be achieved in a
quant umdpr dee Eldofiersh abiasig the saea far s W'namnﬁkﬂe%@ﬁe@f hei ghbor
qubi t couplj I I gures 8
and 9, "r es seRthen SRR R ALUAHBRG HEbBISRIER A orfRds B syom antHls .

described in the presgsbmeyehboBimeants thdsit foubt ape glabalsigmay limes withl enent ed
in alternative qubit-coupling architectures. However, the present systens,
net hods andvhigiparsingle gighal signablingais neplaceddnay beitebegantigwed je icagy

Mt er i gi ¢ SRR ERL R FndRIdfeR Rl BRERER R AeStrodiB ot
qubi t - cl@UPlrésective EARRS BF theaddebstr oBXINAghA liHed Midy bSHaRteRbSUERNt at | on
has the benefit of enabling arbitrary twoqubit mani pulations between pairs

of coupl ed cqutnens loxgitudinahgxisdo isitigatef noise andior erosstalk dhatanay hegh preci si on
device calibratign., I n accordan ith 1he esent. syste .met hods and
Zppar at us, CHBleEgRp At Bt bt dlpal sianal Wirs g abey SERtLeYERe St h
smal | nunmber of i nte”ﬂsﬂ;{;rk@fo‘?ﬁﬂi@&i’éseﬁl Heaimdlémentaidh dten@Bple ed to any

signal line and is not Timte o applications involving anneal i ng signal
| i nes. For irdredigitated isigriah énes naydhtidithte higit precisioredéviog cplilationl Adescri bed

herein, a d m.c _flux bias is coupled froma gl obal signal |line to the
qubit 1'Gop %@qﬁeaa&aaﬁwng(%'bﬁ@é%m% r\o%d@p%b@p. each qubit as is the
case for an anneal i ng; iR is!d G didyr@f¥a hthod 1000 for calibrating a first

qubit in a quantum processor. Method 1000 comprises three acts 1001-1003,

though those of skill in the art will appreciate that other acts may be included to

accommodate alternative implementations. In 1001, a pair of coupled qubits is
20 communicatively isolated from the other qubits in the quantum processor. In

1002, a first signal is applied to a first qubit in the pair of coupled qubits. In

1003, the second qubit in the pair of coupled qubits is used to measure how the

first qubit behaves in response to the applied first signal. In some

embodiments, method 1000 may then be repeated with the respective roles of
25 the first and second qubits reversed.

In 1001, communicatively isolating a pair of coupled qubits from
the other qubits in a quantum processor may be achieved by, for example,
deactivating any couplings between the pair of coupled qubits and the other
qubits in the quantum processor. Thus, the influence of the other qubits in the

30 quantum processor on the pair of coupled qubits may be reduced. In 1002, a

first qubit in the pair of coupled qubits may be used as a source qubit. A first
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conpensate for fluctuations in persistent currents as the system anneal s.
In sone enbodi nents, the at |least two global signal lines with which a

si ngl e glwbaboswidgreal |ine is replaced may both be confi guras269/0e487y
substantially the same signal. In such enbodi nents, at |east a portion of
the respective lengths of the at |east two global signal |ines may be

tw sted absignabotkmovem fdromgiay s aw;blieaiﬁbﬁhecﬁrsﬁqﬂb@a.tsmgwaiﬁssi glokrlgigrnal osst al k
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calibration ration 1S now describ

Figure 10 bfceupled\yubitagnanbelised asteheehsbd@ibftdo needsue e bghavidn ofsthequbi t
in a quantum processor. Method 1000 conprjses three acts 1ggl 100? t hough
those of sRIStiqubR in Fespansep ithe firsh cpelied §'9PﬁhtA§@ﬁ€F‘ signal P¥ 1} uded

to accommo upl ed
qubits is ﬁ?ﬁﬁﬁk&%%@ét Vel té%iés&ph?re%ﬁ#tﬂ)gh sel: g’ gaﬁr'lﬁ%ﬁ{etq%ﬁant um
processor. cbipléddad thésétdrid qabigbet ncthSLm@;dnt@dy (@ir@ctrfyb ceMplqdbo the first he pair
of coupled qubits. In 1003, the second gublt In the pair of coupled qubits

i s used tOQH’@&sEﬁhdﬁ sesendhsignalimeay Baisediesantel the S%EWHEQ the seronsbpl i ed

first signa aod e W th
the reapecaibl TS Reb TS Fpbouivagbsnirea B REhE i ARt
comunijeat kdHonhds18!tRé Fifd sfyribf kbwis Potiph.eTtha eBhs6r quisimia®eotdiry toqubi ts in
a quantum processor may be achieved by, for exanple, deactivating any

coupl i ngs bezasere thehsoywsae qubit fooamlum:baqmmgwar&ppﬂlaé fisstraignajsite map eutt he
guant um pr ocessor nfl u e ot her .qubi 0 th guant um
processor @rfeﬁﬂ%n%?‘r'NSfOf&B%ﬁP%Weqq}Eﬁ nl?ep?@ @Ofttﬁei'ﬁ%}é‘ UBE s v st
qubit int lils@tetH Pirf sorfle
firstsi gna:ﬂ‘évg@m%so%erﬁﬁﬂ% ﬂt)égﬂrggp gggfgﬁ?ﬁﬁ;/ef??ﬁteﬁggs@? usi ngsoa first

gl obal si geatbddimentshatethsd dGOﬁIrmiy tm;rttbmrefpae&ebd thblthe bespentive solestadint i al | 'y

1003, (18 4RI SGISPEONY CLRS BRYeTSBH. Tbabemermord gHit By fadtibes s |
sensor  qubi kel s TRaLLRcd E'L?oipgﬁ'@‘l’ﬁé)ﬁrs%uﬁﬁ"ﬁway then be used as the sensor
qubit. Furthermore, because the sensor qubit interacts with the source qubit
through a coupling device, some embodiments of method 1000 may be
adapted to focus on calibration of the coupling device itself. In such
20 embodiments, the sensor qubit may be used to measure the effect of applying
various control signals to the coupling device for a specific configuration of the
source qubit.
In some embodiments, all of the qubits that comprise a quantum
processor may be calibrated in pairs by implementing method 1000. In some
25 embodiments, this process may be automated and controlled by a calibration
algorithm run on a digital computer.
In the various embodiments described herein, a pair of coupled
qubits is described as being “communicatively isolated” from the other qubits in
a quantum processor by deactivating any couplings between the pair of qubits
30 and the other qubits in the quantum processor. For example, qubits 702 and

703 in Figure 7 may be treated as a communicatively isolated pair of qubits by
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first qubit in response to the first applied signal. A second signal of
known formmay be applied to the second qubit using a second gl obal signal
| i ne thatwoowodpieed to t he second qubit but not subst arCiraisk§ooaissect | y)
coupled to the first qubit. This second signal nay be used to control the
sensitivity of the second qubit. In this way, the second qubit nmay be used
t o noni t or agtivatingecqupien 7 iand deasth@ting qoyptare 71 rand §15§ng|pw@f\/ekri’@)vm form
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quant um prgh%%éﬁét%%aﬂgoﬁfﬁécﬁﬁrﬂgtﬁggﬂeé' gfaqatrt?llo@g?ﬂr?%feeﬁr}gﬁll ng rr@ltcﬁgﬁlooo.
| n sone cenaddantgedus tdeAsirethatthenasuphsr cotroirine thatvontrolsttheldoegliby a

calibration algorithmrun on a digital conputer. In the various enbodi nents
descri bed Keviseithatcgitles betwasnpihedwguanbits that make uprny Rartiglan gair of

deact tvat | AYPER 2 o0 orodsRob ABeRLBEEn Mg dife CodUtibHB BieEe ol
in the quapbuplcRteERREPENE BPthewmBlISits At arliddlaapdir PJubs FTaIlyie 7 may

be treated as a communicatively isolated pair of qubits byactivating
coupl er 712kimie areacangementincaghigh@ashTouplingdevics thalosaipies aiparticoar

AR g S B T T
arrangement can facilitate the communicative isolation of pairs of coupled
qubits. For example, in Figure 7 coupling device 712 couples between the pair
of qubits comprising qubits 702 and 703. If the coupler control line that controls
coupler 712 also controls coupler 711 and/or coupler 713, then it is not practical

20 to communicatively isolate the pair of qubits that comprises qubits 702 and 703
while simultaneously activating coupler 712. Thus, it can be advantageous to
implement a small number (i.e., two in this example) of global signal lines such
that control of coupler 712 is independent or separate from control of couplers
711 and 713. The same principle may be applied to any architecture of inter-

25 qubit couplings in a quantum processor, including the arrangement of nearest-
neighbor couplings shown in Figure 8 and the arrangement of nearest neighbor
plus next-nearest-neighbor couplings shown in Figure 9. In general, any
particular qubit in a quantum processor may be coupled to a set of other qubits
(where a set of other qubits comprises at least one other qubit) with each

30 coupling being achieved through a respective coupling device. In accordance

with the present systems, methods and apparatus, the communicative isolation
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enbodi nments, it may not be possible to independently or separately control
a particular coupler while deactivating other particular couplers. Thus,

t he technvQue®/dameri bed herein for arranging a small necivas2ab/ogisebal
signal lines in such a way that any two coupled qubits are each
respectively controlled by a different global signal line may simlarly be
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“Systems, Methods and Apparatus for Controlled Quantum Annealing Towards
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respective coupling device that couples the particular qubit to another
qubit in the set of qubits is independently or separately controlled by a
respect i weoan®/asiebhe gl obal signal |ines. The above de®cTiysteoon44s87
illustrated enbodi nents, including what is described in the Abstract, is
not intended to be exhaustive or to limt the enbodinments to the precise
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Sheet, i ncPubiieafianu200b027 4898, ee ircausomtes hefain By referenge, Apeicat i on
Serial No. 61/054,740,.. fil.ed 20, 2008 ifled " d
Snd Appar aEDLTE ABERRts s K e bba Tan Rt Mgt Moo YN B ety 08
Ham | t gy aagstggé,E%(r)rguiisSéﬁ@ebnE@ﬁst@@tftr@%ﬂiafﬁwenf@%baﬁcdﬂ@ns@l{d092, 665,

filed Augus 8 and entitled "Systens, Methods and Apparatus to Avoid

Local M ni pablicat@nario pmoddeyet turihen'embgdirreots. si onal Pat ent Appl i cati on
Serial No. 61/094, 00 file % t ember 3 008 a titled." tens,

Met hods and ar at us NE8F aﬂgtq Sgr %Eﬁﬂ?@ﬁs‘%ﬁ”iz%‘?w”@dne%?;ﬁ?@m@dd g\égso'P

El ement s”; -ggp 5& DoQBalotAER SARRbAC & bHer3RIhahe Miowhid 4fins&Re 111 ed
Sept enber E , Ogé ang entitled "Systens, - Met ho’ds and Apparat us for

Cal i br at i n¢emireusdcsiould not be dQustruedntdlimitdbs ctdims S tiaspetifiCubl i cati on No.

2006- 0225165; US Patent Publication 2008-01 76750; ' US Pat ent lication
Seri al 1Ro. emhosimentaadisgieseshinie sRes IC@HPP@Hdéeﬁicéﬁ'mﬂoguﬁ%Wégg/ 37984; US

Pat ent  No. cgng't:ﬁéeg RlinciudR all possible embodiments along with the full scope of
equivalents to which such claims are entitled. Accordingly, the claims are not

limited by the disclosure.
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Pat ent Publication 2008-0215850; US Patent Publication 2006-0248618; US
Pat ent Publication 2009-0078931 ; US Patent Publication 2009-0082209; US
Provi si oD 2Pav@stee Appl i cation Serial No. 61/058, 494, fipcedsiue4437 2008,
entitled "Systens, Methods and Apparatus for Superconducting Denul tipl exer
Crcuits"; US Patent Application Serial No. 12/109, 847; US Patent

Publ i cati on 2008-0238531 ; US Patent GieiMSati on 2006- 01471 54; and US
Pat ent Publication 2008-0274898, are incorporated herein by reference, in
their entirety. Aspects of the enbodi nents can be nodified, if necessary,

T oy e ol St PEmBObF SRR S eafing RSl sBBLEBhGucting

applications and publications e ye er “enbo

ot her changeantam pme@decémptiﬁﬁ?@m"@@cﬁmmﬁng flux qgbits,ahe hiigthebove- det ai | ed
description. In general, in the following clains, the terns used shoul d not

be constru€@MPHSINGrit the clains to the specific enbodi nents disclosed in

possi bl e embodi ment  SBPBY kR et Ll SR FBLat 7R ekEYS whi ch such
cl ai ms ar e defhingl £erobfsii MatinBhian; t he clains are not limted by the

di scl osure. CLAI 1. A nmethod of quantum annealing using a superconducting
quant um processor compplyiNgg dinaséerciendetsash dqubitx thaueby 8t leesbpartiaiyd

conpri si ng; Dl yin flux bi.as .to each qubit, thereby at |east partially
defi ni ng adﬁﬁ'g'g‘pérﬂ %VH'Q%E'PHHEO%%’&I ying a disorder termto each qubit,

thereby at |east pargiadially¥8HioRingandrisorabridrRNapiiEd @A uL adual 1y
renmovi ng the disorder termapplied to each qubit, thereby inducing a change

in a persi $hareby inducing aicharge in giersistend oprestanieaghfqubitt he change in the
persistent current in each qubi dynam cal |y varyi t he, fl ux bias
applied to each qubi pg%@sa%fgrﬁﬁ%C\Q/agg%{rﬁf‘gp%{'ﬁlﬁl %l“"@ﬁé”h?l%(fr} in the
quant um pr ae6E $9'dynamically varying the flux bias applied to each qubit; and

measuring a state of at least one qubit in the quantum processor.

2. The method of claim 1 wherein gradually removing the
disorder term applied to each qubit includes gradually removing the disorder

term according to a time-varying annealing waveform.

3. The method of claim 2 wherein compensating for the
change in the persistent current in each qubit includes adjusting the flux bias

applied to each qubit according to a time-varying compensation waveform.

4. The method of claim 3 wherein the annealing waveform

and the compensation waveform are substantially synchronized.
5. The method of claim 1 wherein compensating for the

change in the persistent current in each qubit includes maintaining a

substantially constant ratio in the evolution Hamiltonian.
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2. The nethod of claim1 wherein gradually renoving the disorder term
applied to each qubit includes gradually renoving the disorder term
accor di ngvoao@/148168- var yi ng anneal i ng waveform 3 . ThePogtuseaoofsset ai m 2
wherei n conpensating for the change in the persistent current in each qubit
i ncl udes adjusting the flux bias applied to each qubit according to a

ti me-varyi ng conpensé#ti on Thevwaéthonoh of&laitht wherdiodpplyicd aiflaxdiatér each t he

anneal i ng waveform and t he conpensation waveform are ,sulbat ant% E’ltcl i/
synchr oni z&84bit5t leagh papially slgfipes @ RiPRieM feerkeniag HAcHEES g 498 he change
in the persist eRnifidhi [ h Lt 4 el udes maintaining a

subst anti a? '@éconslﬁgﬁ'%ﬁ;ggtb:s%nﬁ%ﬁ)( Hgggj\i/%ﬁdu ‘on Ham | tonian.6 . The nethod of
claim1 wherein applying a flux bigs to eagh qubit at |east partially
defines a probl em Ham | t oni angt hat\i u zl@cal |sing Ham | tonian
substantial |y described by: 7. Whez_;r&%*:io%zﬁ% h%’?nﬁ wherei n conpensati ng
for the change in the persistent carrent ' each qubit includes maintaining
a substantially constant ratio of h,\ J 11 in the problem Ham Itonian. 8 .
A met hod of quantum anneal i ng using a quantum processor conprising a set of
qubits, the method cdnpri Jihegnethodaifldlain 6yherginasinepensaitngfonthgn by

appl ying at | east 9n I i | t . bjt: bl ishi

SOl i 20 s i PSRl P o SO BRI B RGEST g T cacr
bit; i ; . i i ; I i th

0 vor deri noterBiaRyedaat oo U I IEACBRADHABIRGNEN ¥ T onti al Ty 11 xed

di mensi onl ess target Ham | tonian by adjusting the at |east one control

signal appliedt h bi t ' th li ng.
g PRIt e © ea%' quﬁl meﬂ'vord (r)]fgquane'tur6r11nannenaealli%J using a quantum

processor comprising a set of qubits, the method comprising:

establishing a problem Hamiltonian by applying at least one
control signal to each qubit;

establishing an evolution Hamiltonian by applying at least one
disordering signal to each qubit;

annealing towards a target Hamiltonian by gradually removing the
disordering signals from each qubit; and

maintaining a substantially fixed dimensionless target Hamiltonian
by adjusting the at least one control signal applied to each qubit during the

annealing.

9. The method of claim 8 wherein annealing towards a target
Hamiltonian includes annealing towards the target Hamiltonian that is

substantially similar to the problem Hamiltonian.

10.  The method of claim 8, further comprising:

extracting a scalar prefactor from the problem Hamiltonian.

11.  The method of claim 10 wherein maintaining a substantially

fixed dimensionless target Hamiltonian includes adjusting the at least one
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9. The nethod of claim8 wherein annealing towards a target Ham | tonian

i ncl udes annealing towards the target Hamiltonian that is substantially

simlar twoth@/@swbl em Hami | toni an. 10. The method of clpairms8joshusssher

conprising: extracting a scalar prefactor fromthe problem Ham |tonian. 11.

The met hod of claim 10 wherein maintaining a substantially fixed

di nensi onl esstroksigeal agpiied toeaah gubiisude$hatdj atioi bejwehs the af least obaecont r ol
it such

i I | i t h t ti o bet .th t 1 t
cont rol o1 gRALana cpelEd 18 RCh abH arine ReaBe draffcir &t agegentdl "
subst ant i a'cFMst%\ﬂ{"é ﬁrﬁ}tr@%ﬁﬁ%lﬁ\ e anneal ing. 12. The nmethod of claim38
wherein applying a control signal to each qubit includes applying the

control signal to each of a nunber of qubits in a superconducting quantum
processor. 13. A qubit control iﬂi‘ystem coné)ri sing: a first qubit; a second

qubit: a first multip@ier,l of qficdairm 3 whereinapRIYiRg ajcorgghsiggal®d o
i cabl st AR tjpli ein th
COMTUN € bbcBlhc Qb5 Wb SpRECBUAIMIL Al oIBRIR L1

and a gl obal supesteriducting quahineipnoddssogl obal signal line is configured to
comuni cably couple to both the first nmultiplier and the second multiplier
such that the first nmultiplier nediates a coupling between the gl obal

signal line and the f1i3rst ﬁq@l{ Cmpql}sggteﬁggt ig}élgti plier nediates a

coupl i ng between the gl oba i'ghal A cond qubit. 14. The qubit
control system of cl aifirstlgutifierein the first nultiplier is tunable to
provide a first scaling factor to a dynam c signal carried by the gl obal
signal line, and wheelgatondgiubfcond nultiplier is tunable to provide a

Fecond, scal 1n. ot o 8 R R PRk LR BB,

communicably couple to the first qubit;

a second multiplier, wherein the second multiplier is configured to
communicably couple to the second qubit; and

a global signal line, wherein the global signal line is configured to
communicably couple to both the first multiplier and the second multiplier such
that the first multiplier mediates a coupling between the global signal line and
the first qubit and the second multiplier mediates a coupling between the global

signal line and the second qubit.

14.  The qubit control system of claim 13 wherein the first
multiplier is tunable to provide a first scaling factor to a dynamic signal carried
by the global signal line, and wherein the second multiplier is tunable to provide

a second scaling factor to the dynamic signal carried by the global signal line.

156.  The qubit control system of claim 14, further comprising:

a first programming interface that is configured to communicably
couple to the first multiplier, wherein a controllable signal from the first
programming interface operates to tune the first scaling factor of the first

multiplier; and
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a first programmng interface that is configured to comunicably couple to
the first multiplier, wherein a controllable signal fromthe first

progr ammiwg 200w sfeace operates to tune the first scal i ngcrastan/oefs3t he
first nultiplier; anda second programm ng interface that is configured to
comuni cably couple to the second nultiplier, wherein a controllable signal
fromthe second progeaatond progranining ivjssfesedbat is aonfigutadetosecond scal i ng

fact f th t 16. Th bi t trol f | im15
wher 61 n_t hESTIT GRS GPRR RhF seEr A ELTIRIE USRI ool R il anai og
conver ter i IHaes RSB ARHTNETISHAGH GdraRR EhY 85 sBcdRF&eling

digital -to-anal og convert 17.” The qubit control systemof claiml15
wher ei n t héadtor sftthgudeicond snutigligrer conducti ng flux qubit conprising a qubit

| oop and a conpound Josephson junction, and wherein the second qubit is a
super conducting flux qubit conprising a qubit |oop and a conpound Josephson

junction, 18 The qubiel OGS HioRl 58 il 14 hesird st

multiplier is a superconducti coupler” conpri sing

super condupmgrgmmhgnntalrfaceﬁmlud@ adirdt\digital-aoraoaing dcm@pﬂesandjtb@ct ion and
the first programmng interface is configured to comunicably couple to the
conpound J&§SEPMEBFPgramering intgrface éngludeas a gaeendricnl-toaatalaa &PBVertehe second
mul tiplier is a superconducting coupler conprising a | oop of
superconducting material interrupted by a conmpound Josephson junction and

the second programi ng. i ntreef@est dontePBYdtenT efclaien ¢9WREIEIRABEYirstaaLite to
t he conpound Josephson junction of the second nultiplier. 19 . The qubit

control syt @@uperwlndumlngaflumgul@lt nommsmrasqumquppamcba cogresidi gur ed t o

comn oo0 X SOHRL RS bk R 8 BB REE T

second qu'qhblt%gmp-FEmg%'QUblt%UBéﬁdi a%o?ﬁ&mrfamée@hgbﬂ%mi@hel n the first

mul tiplier is configured to comunicably couple to the conpound
Josephsonj unction of the first qubit and the second nultiplier is
configured to 18.  The qubit control system of claim 17 wherein the first
multiplier is a superconducting coupler comprising a loop of superconducting
material interrupted by a compound Josephson junction and the first
programming interface is configured to communicably couple to the compound
Josephson junction of the first multiplier, and wherein the second multiplier is a
superconducting coupler comprising a loop of superconducting material
interrupted by a compound Josephson junction and the second programming
interface is configured to communicably couple to the compound Josephson

junction of the second multiplier.

19.  The qubit control system of claim 18 wherein the first
multiplier is configured to communicably couple to the qubit loop of the first
qubit and the second multiplier is configured to communicably couple to the

qubit loop of the second qubit.

20.  The qubit control system of claim 18 wherein the first

multiplier is configured to communicably couple to the compound Josephson
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comuni cably couple to the conmpound Josephson junction of the second qubit.
2 1. The qubit control systemof claim 18 wherein the first programm ng

i nt erf acewonotudaséa first superconducting digital-to-amraras2@onvesst er and
t he second progranmm ng interface includes a second superconducting

digital -to-anal og converter. 22. A nethod of applying a dynamc signal to
at | east t yunctieniof éise first gubitantihe seoocrd suitiplichés cenfigpred dopri si ng:

programming a first nmultiplier to apply. first scalin actor to th

oS! SRR SPUDE Bdbs B RSCRERR RECTRR 05 g FEroriEostit |
t he quantum processor; programming a second nultiplier to apply a second
scaling factor to the dynamic signal in order to acconmobdate the behavi or

of a second devi ce i 21t he Tgeanibitregntat egsten oft ¢lains 8 vhergintthe figtnam c
signal through a global signal line; configuring the first nultiplier to
communi cabPyo@aupniagtineriges iagludesa dirst supereandugting digiial-tesanaledi n t he

quant um pr t ] ol t R I irst signal to
duant um pr B8 G850 A fhe' Wt ol B e RBHR BBl ot ot onal Lo
dynam c si gnpércosalieshdiigithetolanslbg seavéner. f act or; and simul taneously

configuring the second nultiplier to comruni cably couple the gl obal signal

line to the second device in the quantum processor such that the second
mul tiplier couples a,gecond signal,to the seco i L t antum
processor, wherein tlg -seréb'ﬁﬁ*@?og‘ﬁfa?pﬁ'%'”?ﬁe‘?ﬁﬂiﬁz@&%@‘y’iﬁqg%sp'e$gg ed by the
second ScabeE:e&%beuan%ﬁn pFOEedWr Npd rRéthebalomprkingier ein the first device

is a first superconducting flux qubit and the second device is a second
super conduct i ng fl ux poedremrging aAfingti amvtitipliep to epplyar firsb apaling fagtordo pheural i ty

R A R R N iy N TR

quantum processor,

programming a second multiplier to apply a second scaling factor
to the dynamic signal in order to accommodate the behavior of a second device
in the quantum processor;

transmitting the dynamic signal through a global signat line;

configuring the first multiplier to communicably couple the global
signal line to the first device in the quantum processor such that the first
muitiplier couples a first signal to the first device in the quantum processor,
wherein the first signal is the dynamic signal scaled by the first scaling factor;
and

simultaneously configuring the second multiplier to communicably
couple the global signal line to the second device in the quantum processor
such that the second multiplier couples a second signal to the second device in
the quantum processor, wherein the second signal is the dynamic signal scaled

by the second scaling factor.
23.  The method of claim 22 wherein the first device is a first

superconducting flux qubit and the second device is a second superconducting

flux qubit.
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the inter-coupled network; and at |east two gl obal signal |ines, wherein
each qubit is configured to comuni cably couple to one of the gl obal signal
| i nes andwotreseidgicbhe at | east two gl obal signal |ines a&ce/aseocngsdr i n an
interdigitated pattern such that any two qubits that are configured to
comuni cably coupl e together are each configured to comruni cably couple to

a different one of tRd. gl dbaargugn@ocessrcondiirisinidie quant um processor of
claim 24 wherein the at |east two global signal |lines are both annealing

signal lines that ar@ RIiNgRr@PisFRrEanged inmeRiarmURIghReWOre SEG A ¢ he
G 1 B o R 90

quant um an ng comfpu M processor

wher ei n eaghe mr-dodpled Retwdrki ahd ty of qubits is a superconducting flux
qubit conprising a co%nd Josephson junction, and wherein the conpound

Josephson junction of htwiplobaj sigaahlinesumdereio eashrvbitdaisepfigwsgite to

f th W i gqnal, || . . '
wher oi n cachMRiEAT EoHBR P A et 8 Srord sighe S Bh SRR Hine at b
conpri si ng o gyl sigfh(épliné@‘é’fe?ér'i‘a@@é“d(;inoélbirﬂeﬂdfg?@técﬁpé@ér’ﬁiﬁébclh)/that agppective

| oop of superconducting material, and wherein the qubit |oop of each qubit
i s confi gutwad qubite tahane cabfigurediplcomrounigablyfcoupte Wioeter asegagh | i nes. 28.

Th t : f claim 24 in..th ' I | i, bet
any thp quBPPEOTRE SPETEGER BMceP oA B St e a R P o "
achi eved through a respective coupling device, and further conprising at

| east two additional global signal |ines such that any two coupling devices
that are configured 26. coffimergu=amiliny procgdsorod Cladm2hwherdin theaakleasic h

separately controlled by a respective gne of the at |east tyw additional

gl obal si gf¥P 9’9@?&@”@@%"% ALealRt rﬁ’b}e@g@%ﬁ%aig'rﬁﬁﬁ?it L C%nftﬂlﬁ?‘g?(?t y of

qubits; a i : r i inBYREUSY 5ably coupl e

respecti velap%l(:{’;l?alsnl n%%éln?igfg@%ﬁ @Sé{oﬁ;%werﬂ%ﬁﬁgﬁg%éoxg{%@k suchéﬁ?hat each
adiabatic quantum computation and a quantum annealing computation.

26. The quantum processor of claim 25 wherein each qubit in
the plurality of qubits is a superconducting flux qubit comprising a compound
Josephson junction, and wherein the compound Josephson junction of each

qubit is configured to communicably couple to one of the annealing signal lines.

27.  The quantum processor of claim 24 wherein each qubit in
the plurality of qubits is a superconducting qubit comprising a qubit loop,
wherein each qubit loop is formed by a respective loop of superconducting
material, and wherein the qubit loop of each qubit is configured to

communicably couple to one of the global signal lines.

28.  The quantum processor of claim 24 wherein the
communicable coupling between any two qubits that are configured to
communicably couple together is achieved through a respective coupling
device, and further comprising at least two additional global signal lines such

that any two coupling devices that are configured to communicably couple to
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qubit is configured to conmunicably couple to at | east one other qubit in
the inter-coupled network; and at |east two global signal |ines including

i nt er f acesoxede@sicéel y operable to couple signals to reppEaiseae/oessas of
pairs of the qubits wherein any two qubits that are configured to

comuni cably couple together by a respective coupler are each configured to

comuni cablhe samplqubitars edichfsepardtelynsonfolied by msplectivggont of theeat  30. The
qguant um processor of claim?29 wherein the interfaces are inductive coupling
st r uct ur es least {wo peditignahglohplsigealdes. of claim 29, further conprising: a
set of global coupler control |lines, wherein any two couplers that are
configured to communi cably couple to the sane qubit are each configured to

comuni cably couple pg a @ ghsitemt prosessdr dopspridiedpal coupl er control |ines.
32. A nethod of calibrating a qubit in a quantum processor conprising a

plurality of qubits arplaragedof gukils: i nt er - coupl ed network, the nethod
conprising: communi cati,vel.y isolating a pair of coupled qubit omt he

ot her qubits in the aLfHW[alIJYX %ﬁ@d@i@ﬁ%ra@&gé&ﬁel 'ivﬁlléfc @NHBW%P[ ngs between
the pair ofoglirkSpéitiie frsBiBE UBRE §S ah IntbRBoGHIBAHERVEACHRSSIAEL cdbter ei n
the pair of qubits conprises a first qubit and a second qubit;applying a
first signqubitis conrfiguredto qamimunicahlyeoppliertoatt leash phedtihemdulit indhe
measuring w,th th!ﬁ aec nd, qubi,t in the pair of coupled qubits a behavior of
the first JUBFEouRied 8eh¥&eaPd the first signal. 33. The method of claim 32

wherein the first qubifed I i irfiiBtdrfd ddesctigerond qubit

is operated as a sen?gﬁedgﬁﬁ.ﬁ d%??gl?ﬁél mﬁggﬁg*@'hﬁ m 32, furt hg(r)

conpri si ngopergbly tongouple signads & wpective dbhes sEpainsiofine qubits winerepaamy of

coupl ed qubits; and measuring with the first ubi? in the pair of %oupl ed

qubits a two qubits that are configured to communicably couple together by a respective
coupler are each configured to communicably couple to a different one of the

global signal lines.

30. The quantum processor of claim 29 wherein the interfaces

are inductive coupling structures.

31.  The quantum processor of claim 29, further comprising:
a set of global coupler control lines, wherein any two couplers that
are configured to communicably couple to the same qubit are each configured

to communicably couple to a different one of the global coupler control lines.

32. A method of calibrating a qubit in a quantum processor
comprising a plurality of qubits arranged in an inter-coupled network, the
method comprising:

communicatively isolating a pair of coupled qubits from the other
qubits in the quantum processor by deactivating any couplings between the pair
of qubits and the other qubits in the quantum processor, wherein the pair of

qubits comprises a first qubit and a second qubit;
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behavi or of the second qubit in response to the second signal. 35. A

super conducti ng quantum processor conprising: a plurality of qubits; a

pl ural i t ywof2o@odpieer s confi gured to provi de conmuni cabl eCcTaispémogisbet ween
at | east some respective pairs of qubits; a first set of programm ng
interfaces operable to apply a flux bias to each qubit; a second set of
progranmm ng 1 nt er f acepplypw alfirs signal tpthe frstigubitirctherpaiadt eapdedaubits;o each
qubit; and a third set of progranmmng interfaces operable to apply a

dynami c coﬁﬁgnsation signal to each qubit, wherein each progranmm ng
interface in the thi rnﬁ’eés‘%ﬁrin%fwiﬂfW@t{@@nﬂ%dﬂﬂ?iﬁrﬂﬁé‘ﬁﬁﬁ df%hgféasqmg%spect! ve
mul tiplier, and wherein each respective nmultiplier is configured to nedi ate
a communi chhavioooptherfirsbeubitrrespghebtd thei fgssighalne and a respecti ve
qubit. 36. A superconducting quantum processor conprising: a plurality of
qubits;a plurality of couplers configured to provide comuni cabl e coupling
bet ween at | east so res td Lel S It Sir ; anm ng
i nterfaces configure 3f0:ﬁ§§J2%ﬁF§ﬁhéﬁ%ﬁﬂ ?gﬁ?hgﬂﬁﬁggﬁ?a E§QQB§$§§%g at

| east one aerd salrcsigubitlaridatheastondligubit i=eparated s @asensor gubibn Hani | t oni an
by applying at |east one disordering signal to each qubit; anneal towards a
target Ham | tonian by gradually renoving the disordering signals from each
qubit; and maintain sub [ 1R YAR: e i i . target Ham | tonian
by adjusting the at f%g'ast%%%g%%@r?tdrogld%ﬁg%%lfugg%#?@hsﬁ%n ach qubit during

the annealing. 37. Aapphingasptosesimal tothersebond qubitfintisé painlaf coupletii r st
programm ng interface configured to apply a first signal to the first
qubi t; and g4bégic qubit configured to nmeasure a behavior of the first
qubi t measuring with the first qubit in the pair of coupled qubits a

behavior of the second qubit in response to the second signal.

35. A superconducting quantum processor comprising:

a plurality of qubits;

a plurality of couplers configured to provide communicable
coupling between at least some respective pairs of qubits;

a first set of programming interfaces operable to apply a flux bias
to each qubit;

a second set of programming interfaces operable to apply a
dynamic annealing signal to each qubit; and

a third set of programming interfaces operable to apply a dynamic
compensation signal to each qubit, wherein each programming interface in the
third set of programming interfaces includes a respective multiplier, and
wherein each respective multiplier is configured to mediate a communicable

coupling between a global signal line and a respective qubit.

36. A superconducting quantum processor comprising:

a plurality of qubits;
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In response to the first signal.

WO 2009/143166 PCT/US2009/044537

a plurality of couplers configured to provide communicable
coupling between at least some respective pairs of qubits; and

a set of programming interfaces configured to: establish a
problem Hamiltonian by applying at least one control signal to each qubit;
establish an evolution Hamiltonian by applying at least one disordering signal to
each qubit; anneal towards a target Hamiltonian by gradually removing the
disordering signals from each qubit; and maintain a substantially fixed
dimensionless target Hamiltonian by adjusting the at least one control signal

applied to each qubit during the annealing.

37. A quantum processor comprising:

a first qubit;

a first programming interface configured to apply a first signal to
the first qubit; and

a second qubit configured to measure a behavior of the first qubit

in response to the first signal.
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