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AUTOMATIC QUANTUM PROGRAM the quantum - computing device uses one or more idle qubits 
OPTIMIZATION USING in response to the one or more adjoint - via - conjugation 

ADJOINT - VIA - CONJUGATION annotations . In some implementations , one or more idle 
ANNOTATIONS qubits replace a respective one or more qubits that are in a 

5 clean state , thereby reducing a total number of qubits 
CROSS - REFERENCE TO RELATED required to implement the quantum program . In certain 

APPLICATIONS implementations , the method further comprises implement 
ing the lower - level program in the quantum - computing 

This application claims the benefit of U.S. Provisional device . In some implementations , the compiling comprises 
Application No. 62 / 925,585 entitled “ AUTOMATIC 10 matching code fragments that correspond to conditional 
QUANTUM PROGRAM OPTIMIZATION USING adjoint statements ; in some examples , the matching uses 
ADJOINT - VIA - CONJUGATION ANNOTATIONS ” filed information given in the one or more adjoint - via - conjuga 
on Oct. 24 , 2019 , which is hereby incorporated herein in its tion annotations . In certain implementations , the one or 
entirety . more idle qubits are in an unknown superposition state . In 

15 some implementations , the compiling comprises performing 
FIELD one or more replacements of one or more references to 

controlled operations in the high - level description of the 
This application concerns quantum computing devices quantum program with references to the one or more con 

and their programming . ditional - adjoint statements . In some examples , the perform 
20 ing of the one or more replacements is conditional on 

BACKGROUND whether there are enough available qubits in the quantum 
computing device when operated in accordance with the 

None of the existing quantum programming languages lower - level program . In certain examples , the lower - level 
provide specialized support for programming patterns such program implements a reversible multiplier in the quantum 
as conditional - adjoint or adjoint - via - conjugation . As a 25 computing device using conditional - adjoint additions 
result , compilers of these languages fail to exploit the instead of regular controlled additions . 
optimization opportunities described in this disclosure . Fur- Any of the disclosed embodiments can be implemented 
ther , none of the available quantum programming languages by one or more computer - readable media storing computer 
provide support for automatic translation of circuits using executable instructions , which when executed by a computer 
clean qubits to circuits that use idle qubits . Thus , the 30 cause the computer to perform any of the disclosed methods . 
resulting circuits oftentimes use more qubits than are The foregoing and other objects , features , and advantages 
required . of the disclosed technology will become more apparent from 

Embodiments of the disclosed technology , allow one to the following detailed description , which proceeds with 
run said circuits on smaller quantum devices . Previous reference to the accompanying figures . 
multiplication circuits make use of ( expensive ) controlled 35 
additions . Embodiments of the disclosed technology employ BRIEF DESCRIPTION OF THE DRAWINGS 
multipliers that work using conditional - adjoint additions , 
which are cheaper to implement on both near - term and FIG . 1 illustrates a generalized example of a suitable 
large - scale quantum hardware . In some examples , the sav- classical computing environment in which aspects of the 
ings lie between 1.5 and 2x in circuit depth for larger 40 described embodiments can be implemented . 
numbers of qubits . FIG . 2 illustrates an example of a possible network 

topology ( e.g. , a client - server network ) for implementing a 
SUMMARY system according to the disclosed technology . 

FIG . 3 illustrates another example of a possible network 
The disclosed methods , apparatus , and systems should not 45 topology ( e.g. , a distributed computing environment ) for 

be construed as limiting in any way . Instead , the present implementing a system according to the disclosed technol 
disclosure is directed toward all novel and nonobvious ogy . 
features and aspects of the various disclosed embodiments , FIG . 4 illustrates an exemplary system for implementing 
alone or in various combinations and subcombinations with the disclosed technology which the system includes one 
one another . Furthermore , any features or aspects of the 50 or more classical computers in communication with a quan 
disclosed embodiments can be used in various combinations tum computing device . 
and subcombinations with one another . For example , one or FIGS . 5-6 are flow charts for performing example 
more method acts from one embodiment can be used with embodiments of the disclosed technology . 
one or more method acts from another embodiment and vice FIGS . 7-8 are schematic block diagrams illustrating 
versa . The disclosed methods , apparatus , and systems are 55 example embodiments of the disclosed technology as quan 
not limited to any specific aspect or feature or combination tum circuit diagrams . 
thereof , nor do the disclosed embodiments require that any FIGS . 9-10 are flow charts for performing further example 
one or more specific advantages be present or problems be embodiments of the disclosed technology . 
solved . 

In some embodiments , a high - level description of a quan- 60 DETAILED DESCRIPTION 
tum program to be implemented in a quantum - computing 
device is received ; the high - level description of the quantum I. General Considerations 
program can be compiled into a lower - level program that is 
executable by a quantum - computing device . In particular The disclosed methods , apparatus , and systems should not 
implementations , for example , one or more adjoint - via- 65 be construed as limiting in any way . Instead , the present 
conjugation annotations in the high - level description are disclosure is directed toward all novel and nonobvious 
recognized ; and the lower - level program is generated so that features and aspects of the various disclosed embodiments , 
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alone or in various combinations and subcombinations with ditional - adjoint means that the given unitary operation is 
one another . Furthermore , any features or aspects of the executed , or its inverse ; the choice being conditional on one 
disclosed embodiments can be used in various combinations or several other quantum bits . In pseudo code : 
and subcombinations with one another . For example , one or 
more method acts from one embodiment can be used with 5 If control_qubit : one or more method acts from another embodiment and vice U ( target ) ; 
versa . The disclosed methods , apparatus , and systems are Else : 
not limited to any specific aspect or feature or combination Inverse ( U ) ( target ) ; 
thereof , nor do the disclosed embodiments require that any 
one or more specific advantages be present or problems be 10 Upon encountering such a code fragment , the compiler solved . may check whether the operation U supports “ adjoint via Various alternatives to the examples described herein are conjugation ” , which would allow it to rewrite the above as possible . The various aspects of the disclosed technology 
can be used in combination or separately . Different embodi 
ments use one or more of the described innovations . Some 15 If control_qubit : 
of the innovations described herein address one or more of V ( target ) ; 
the problems noted in the background . Typically , a given U ( target ) 

If control_qubit : technique / tool does not solve all such problems . Inverse ( V ) ( target ) ; As used in this application and in the claims , the singular 
forms “ a , " " an , ” and “ the ” include the plural forms unless 20 
the context clearly dictates otherwise . Additionally , the term where V is the quantum operation that inverts U when U 
“ includes ” means “ comprises . ” Further , as used herein , the is conjugated with V ( i.e. , Inverse ( U ) = Inverse ( V ) U V ) . 
term “ and / or ” means any one item or combination of any Oftentimes , Vis much cheaper to implement than U which , 
items in the phrase . in turn , also makes it cheaper to execute conditionally . 

In addition to this optimization , this disclosure discloses 
II . Brief Overview how this annotation allows to automatically perform the 

following nontrivial optimizations , including one or more 
The disclosed technology involves replacing controlled of : ( 1 ) reducing qubit requirements by automatically trans 

operations by conditional - adjoint ( or " conditionally forming an implementation using clean qubits to an imple 
inverted ” ) operations . These can be implemented more 30 mentation that may use qubits that are idle but not neces 
cheaply if adjoint - via - conjugation information is available sarily in a definite state ( qubits that hold intermediate 
for the given operation . As discussed herein , an adjoint - via- results ) ; or ( 2 ) reducing the circuit depth for various appli 
conjugation operation is one way to invert certain quantum cations by using conditional adjoints instead of controlled 
operations . In some embodiments of the disclosed technol- quantum operations . 
ogy , the adjoint - via - conjugation information information ( which 35 In a previous work ( Häner , et al . , “ Factoring using 2n + 2 
describes how to invert using conjugation ) can be added as qubits with Toffoli based modular multiplication , ” https : // 
annotations to quantum operations described by the pro- arxiv.org/abs/1611.07995 ) , it was shown how addition by a 
grammer of a quantum program . Further , embodiments of constant to a quantum number can be performed more 
the disclosed technology further apply a conditional - adjoint efficiently using idle qubits . Here , it is shown how this can 
of an operation “ U ” when available . In an exemplary manner 40 be generalized and brought into a form where “ adjoint via 
of expression this conditional operation is succinctly stated : conjugation " can be used to automatically arrive at an 
“ If the control_qubit is 1 , apply the inverse of U , else apply implementation that uses idle qubits . 
U ” . The use of conditional - adjoint can use the adjoint - via- Specifically , the quantum circuit for executing the original 
conjugation information in order to use fewer quantum- circuit is illustrated in schematic block diagram 700 of FIG . 
computing resources . 45 7. With an idle qubit , denoted by Ig > , in its most general 

form appears as shown in schematic block diagram 800 of 
III . Detailed Embodiments of the Disclosed FIG . 8 . 

Technology The first circuit executes U if and only if W flips the 
second qubit ( initially 0 ) . To see that the second circuit does 

Some quantum programming languages support special- 50 the same , note that if W flips g , then either U , V , and 
ized , modifier - specific implementations of user - defined Inverse ( V ) get executed , or just the middle U. Both cases 
quantum operations , where the modifier turns the original simplify to just U. If , on the other hand , W does not flip g , 
quantum operation into its controlled , inverse , or controlled then either no operations are executed on qi , or the entire 
inverse . Thus , the programmer may provide optimized sequence U , V , U , Inverse ( V ) is executed . Since Inverse ( U ) 
implementations that should be chosen by the compiler 55 = Inverse ( V ) UV , the entire sequence amounts to performing 
whenever ( e.g. , the user - defined quantum operation is no quantum operations whatsoever , as desired . Thus the two 
executed conditionally on other qubits ) . circuits are equivalent , but the latter uses an idle qubit . 

Such language support allows for various optimizations Therefore , with the extra information of the “ adjoint via 
that previously had to be carried out manually . And while the conjugation ” annotation , the compiler can automatically 
four versions regular , controlled , inverse , controlled - in- 60 transform the first circuit into a circuit that uses idle qubits 

cover a wide range of cases , a fifth version is by repeatedly applying the rewrite step above . 
presented that allows reduction of circuit depth and width . It will now be detailed how the " adjoint via conjugation ” 
Specifically , the “ adjoint - via - conjugation " annotation is annotation helps the compiler to reduce the depth of the 
introduced , which expresses that the operation being anno- resulting quantum circuit . By recognizing the code fragment 
tated can be inverted by conjugating it with another quantum 65 stated in the introduction and replacing it directly with the 
operation . Such annotations allow the compiler to imple- optimized implementation , a reduction in circuit depth of 
ment conditional - adjoint operations more efficiently . Con- more than 2x is possible : The circuit for U does not have to 

a 

verse 
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be applied twice ( once regular , once inverted ) and no control where c denotes the control qubit ( 0 or 1 ) and x and y 
qubits are required for the U operation . Thus , if the con- denote n - bit input numbers to be added . Therefore , the 
trolled version of V can be cheaply executed , significant controlled addition can be performed using a conditional 
savings are possible via pattern matching . adjoint addition of 

Furthermore , several quantum subroutines can get away 
with the conditional - adjoint of U instead of the regular 
controlled version of U. In such cases , the above savings can 
be achieved even if there was no such conditional - adjoint 
pattern in the original code . Two examples are now given 
where such savings are possible . and a regular addition of 
As a first example , consider phase estimation . Standard 

phase estimation requires a controlled unitary U , of which it 
estimates the eigenphase ( s ) and prepares the corresponding 
eigenstate ( s ) . This works using the effect of quantum inter 
ference , where the phase estimation qubit is initialized to a 
superposition , the unitary U is applied to the target quantum On its own , this is not useful as it does not help to reduce the 
register only if the phase estimation qubit is in 11 > and cost . However , because the entire multiplication consists of 
finally , the phase estimation qubit is measured in the X - ba- n such controlled additions , one can collect all regular 
sis . However , instead of requiring the mapping : addition of 

10 

sia 
15 

20 

1 
( 10 ) + | 1 ) | 4 ) ( 0 ) | 4 ) + | 1 ) U | V ) ) V2 ( 103W ) 190/15 ) 

25 

and perform them in a single step by adding The following mapping also works for the phase estima 
tion procedure ( see , e.g. , Reiher et al . , “ Elucidating Reaction 
Mechanisms on Quantum Computers " haps : //arxiv.org/pdf/ 
16050.03590.pdf ) : ( 2 – 1 ) y 

2 " 30 

1 ( 103 + 1 10 
35 

NIE 

which is equivalent to first adding y , shifted by n - 1 posi ( 10 ) + | 1 ) | V ) ( 10 ) U * | ) +11 ) U | V ) ) V2 tions , and then subtracting y / 2 . 
In summary , one can thus carry out the entire multipli 

cation using n - 1 conditional - adjoint additions , 1 regular Which is exactly the conditional adjoint : If the phase addition of y shifted by n - 1 positions , and 1 controlled estimation qubit is 1 , then apply U ; else , apply the inverse 
of U , denoted by Ut . addition which merges the first conditional - adjoint addition 
As a second example , consider multiplication . Many with the final correcting subtraction of 

quantum applications require evaluation of classical func- 40 
tions on a superposition of inputs . These cannot be evaluated 
on a classical device as it would require reading out the 
quantum state , thus collapsing the superposition and 
destroying any quantum speedup . One example for this is 
multiplication which , in turn , can be used to build circuits 45 For large n , this allows for savings between 1.5 and 2x , 
that evaluate higher - level functions such as sin ( x ) , exp ( x ) , depending on which ( controlled ) addition circuit is used . 
etc. via polynomial approximation . Further example embodiments are illustrated in FIGS . 5 

The standard way to implement a multiplication of two and 6 , which are flowchart 500 and 600 , respectively , 
n - bit numbers reversibly ( and thus quantumly ) is to have n illustrating methods for using adjoint - via - conjugation anno 
controlled additions , where each addition is conditioned on 50 tations to achieve the described reductions in qubit usage . 
one of the n input bits . While implementing a controlled The particular operations and sequence of operations should 
version of an addition is expensive , the conditional - adjoint not be construed as limiting , as they can be performed alone 
of an addition can be implemented using zero additional or in any combination , subcombination , and / or sequence 
non - Clifford gates -no further expensive gates are required . with one another . Additionally , the illustrated operations can 
Specifically , the addition can be inverted by placing Pauli - X 55 be performed together with one or more other operations . 
operations before and after the addition . Thus , a conditional Flowchart 500 of FIG . 5 shows a process for using 
adjoint can be performed by controlled these Pauli - X opera adjoint - via - conjugation annotations that results in convert 
tions on the control qubit , turning them into CNOT gates . ing clean qubits in quantum circuits that use idle qubits in an 

To see that this construct can be used to build a multi- unknown state . The process of FIG . 5 is conditional on the 
plication circuit , note that the controlled addition can be 60 availability of qubits that can be maintained in such 
rewritten in terms of a conditional - adjoint : unknown states . 

Flowchart 600 of FIG . 6 shows a process for using 
adjoint - via - conjugation annotations to replace one or more 

( -1 ) ºy quantum if / else constructs by quantum - conditional “ either x + c.y = x + 2 65 apply - U else apply - inverse - of - U ” , which is the same as 
conditional - adjoint , since the adjoint of a unitary is its 
inverse . If the given if / else construct can be rewritten in this 

? 
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manner , then this is done using additional information about of the quantum program into a lower - level program that is 
U which specifies how U can be inverted via conjugation . executable by a quantum - computing device . 
I.e. , this additional information specifies V such that execut- As shown at 1010 , the exemplary method comprises 
ing V , U , and inverse ( V ) is equivalent to just executing converting statements in the high - level description into one 
inverse ( U ) . or more conditional - adjoint statements ; and , at 1012 , gen 

If , in the original code , there are ( quantum ) controlled erating the lower - level program so that the quantum - com operations , then these can sometimes be replaced by ( quan puting device uses one or more idle qubits in response to one 
tum ) if - then - else constructs . The examples above with or more adjoint - via - conjugation annotations rather than one respect phase estimation and multiplication illustrate this or more clean qubits . process . The quantum if - then - else constructs can then be 10 In some implementations , the one or more idle qubits explained above . Once one or more of the rewrite opportu 
nities have been handled , the program can be mapped to the replace a respective one or more qubits that are in a clean 
target architecture for execution . state , thereby reducing a total number of qubits required to 

FIG . 9 is a flow chart 900 illustrating a method in implement the quantum program . In further examples , the 
accordance with the disclosed technology . The particular is method comprises implementing the lower - level program in 
operations and sequence of operations should not be con the quantum - computing device . In some examples , for 
strued as limiting , as they can be performed alone or in any instance , the compiling comprises matching code fragments 
combination , subcombination , and / or sequence with one that correspond to conditional - adjoint statements . The 
another . Additionally , the illustrated operations can be per matching can use information given in the one or more 
formed together with one or more other operations . 20 adjoint - via - conjugation annotations . In some implementa 

In some embodiments , the method is a computer - imple- tions , the one or more idle qubits are in an unknown 
mented method , comprising receiving a high - level descrip- superposition state . In certain implementations , the compil 
tion of a quantum program to be implemented in a quantum- ing comprises one or more replacements of one 
computing device ; and compiling the high - level description or more references to controlled operations in the high - level 
of the quantum program into a lower - level program that is 25 description of the quantum program with references to the 
executable by a quantum - computing device . one or more conditional - adjoint statements . In further 

In particular embodiments , and at 910 , one or more embodiments , the performing of the one or more replace 
adjoint - via - conjugation annotations in the high - level ments is conditional on whether there are enough available 
description are recognized . At 912 , the lower - level program qubits in the quantum - computing device when operated in 
is generated so that the quantum - computing device uses one 30 accordance with the lower - level program . 
or more idle qubits in response to the one or more adjoint 
via - conjugation annotations . IV . Example Computing Environments 

In some implementations , one or more idle qubits replace 
a respective one or more qubits that are in a clean state , FIG . 1 illustrates a generalized example of a suitable 
thereby reducing a total number of qubits required to imple- 35 classical computing environment 100 in which aspects of the 
ment the quantum program . In certain implementations , the described embodiments can be implemented . The comput 
method further comprises implementing the lower - level ing environment 100 is not intended to suggest any limita 
program in the quantum - computing device . In some imple- tion as to the scope of use or functionality of the disclosed 
mentations , the compiling comprises matching code frag- technology , as the techniques and tools described herein can 
ments that correspond to conditional - adjoint statements ; in 40 be implemented in diverse general - purpose or special - pur 
some examples , the matching uses information given in the pose environments that have computing hardware . 
one or more adjoint - via - conjugation annotations . In certain With reference to FIG . 1 , the computing environment 100 
implementations , the one or more idle qubits are in an includes at least one processing device 110 and memory 120 . 
unknown superposition state . In some implementations , the In FIG . 1 , this most basic configuration 130 is included 
compiling comprises performing one or more replacements 45 within a dashed line . The processing device 110 ( e.g. , a CPU 
of one or more references to controlled operations in the or microprocessor ) executes computer - executable instruc 
high - level description of the quantum program with refer- tions . In a multi - processing system , multiple processing 
ences to the one or more conditional - adjoint statements . In devices execute computer - executable instructions to 
some examples , the performing of the one or more replace- increase processing power . The memory 120 may be volatile 
ments is conditional on whether there are enough available 50 memory ( e.g. , registers , cache , RAM , DRAM , SRAM ) , 
qubits in the quantum - computing device when operated in non - volatile memory ( e.g. , ROM , EEPROM , flash 
accordance with the lower - level program . In certain memory ) , or some combination of the two . The memory 120 
examples , the lower - level program implements a reversible stores software 180 implementing tools for performing any 
multiplier in the quantum - computing device using condi- of the disclosed techniques for operating a quantum com 
tional - adjoint additions instead of regular controlled addi- 55 puter as described herein . The memory 120 can also store 
tions . software 180 for synthesizing , generating , or compiling 
FIG . 10 is a flow chart 1000 illustrating another method quantum circuits for performing any of the disclosed tech 

in accordance with the disclosed technology . The particular niques . 
operations and sequence of operations should not be con- The computing environment can have additional features . 
strued as limiting , as they can be performed alone or in any 60 For example , the computing environment 100 includes 
combination , subcombination , and / or sequence with one storage 140 , one or more input devices 150 , one or more 
another . Additionally , the illustrated operations can be per- output devices 160 , and one or more communication con 
formed together with one or more other operations . nections 170. An interconnection mechanism ( not shown ) , 

In some embodiments , the method is a computer - imple- such as a bus , controller , or network , interconnects the 
mented method , comprising receiving a high - level descrip- 65 components of the computing environment 100. Typically , 
tion of a quantum program to be implemented in a quantum- operating system software ( not shown ) provides an operat 
computing device ; and compiling the high - level description ing environment for other software executing in the com 
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puting environment 100 , and coordinates activities of the computer but can comprise other computing hardware con 
components of the computing environment 100 . figured to connect to and communicate with a network 212 

The storage 140 can be removable or non - removable , and ( e.g. , smart phones , laptop computers , tablet computers , or 
includes one or more magnetic disks ( e.g. , hard drives ) , solid other mobile computing devices , servers , network devices , 
state drives ( e.g. , flash drives ) , magnetic tapes or cassettes , 5 dedicated devices , and the like ) . Further , the computing 
CD - ROMs , DVDs , or any other tangible non - volatile stor device 220 can comprise an FPGA or other programmable 
age medium which can be used to store information and logic device . In the illustrated embodiment , the computing which can be accessed within the computing environment device 220 is configured to communicate with a computing 100. The storage 140 can also store instructions for the device 230 ( e.g. , a remote server , such as a server in a cloud software 180 implementing any of the disclosed techniques . 10 computing environment ) via a network 212. In the illus The storage 140 can also store instructions for the software 
180 for generating and / or synthesizing any of the described trated embodiment , the computing device 220 is configured 

to transmit input data to the computing device 230 , and the techniques , systems , or quantum circuits . 
The input device ( s ) 150 can be a touch input device such computing device 230 is configured to implement a tech 

as a keyboard , touchscreen , mouse , pen , trackball , a voice 15 nique for controlling a quantum computing device to per 
input device , a scanning device , or another device that form any of the disclosed embodiments and / or a circuit 
provides input to the computing environment 100. The generation / compilation / synthesis technique for generating 
output device ( s ) 160 can be a display device ( e.g. , a com quantum circuits for performing any of the techniques 
puter monitor , laptop display , smartphone display , tablet disclosed herein . The computing device 230 can output 
display , netbook display , or touchscreen ) , printer , speaker , or 20 results to the computing device 220. Any of the data 
another device that provides output from the computing received from the computing device 230 can be stored or 
environment 100 . displayed on the computing device 220 ( e.g. , displayed as 

The communication connection ( s ) 170 enable communi a graphical user interface or web page at the 
cation over a communication medium to another computing computing devices 220 ) . In the illustrated embodiment , the 
entity . The communication medium conveys information 25 illustrated network 212 can be implemented as a Local Area 
such as computer - executable instructions or other data in a Network ( “ LAN ” ) using wired networking ( e.g. , the Ether 
modulated data signal . A modulated data signal is a signal net IEEE standard 802.3 or other appropriate standard ) or 
that has one or more of its characteristics set or changed in wireless networking ( e.g. one of the IEEE standards 
such a manner as to encode information in the signal . By 802.11a , 802.11b , 802.11g , or 802.11n or other appropriate way of example , and not limitation , communication media 30 standard ) . Alternatively , at least part of the network 212 can include wired or wireless techniques implemented with an be the Internet or a similar public network and operate using electrical , optical , RF , infrared , acoustic , or other carrier . 
As noted , the various methods and techniques for per an appropriate protocol ( e.g. , the HTTP protocol ) . 

forming any of the disclosed technologies , for controlling a Another example of a possible network topology 300 
quantum computing device , to perform circuit design or 35 ( e.g. , a distributed computing environment ) for implement 
compilation / synthesis as disclosed herein can be described ing a system according to the disclosed technology is 
in the general context of computer - readable instructions depicted in FIG . 3. Networked computing device 320 can be , 
stored on one or more computer - readable media . Computer for example , a computer running a browser or other software 
readable media are any available media ( e.g. , memory or connected to a network 312. The computing device 320 can 
storage device ) that can be accessed within or by a com- 40 have a computer architecture as shown in FIG . 1 and 
puting environment . Computer - readable media include tan- discussed above . In the illustrated embodiment , the com 
gible computer - readable memory or storage devices , such as puting device 320 is configured to communicate with mul 
memory 120 and / or storage 140 , and do not include propa- tiple computing devices 330 , 331 , 332 ( e.g. , remote servers 
gating carrier waves or signals per se ( tangible computer- or other distributed computing devices , such as one or more 
readable memory or storage devices do not include propa- 45 servers in a cloud computing environment ) via the network 
gating carrier waves or signals per se ) . 312. In the illustrated embodiment , each of the computing 

Various embodiments of the methods disclosed herein can devices 330 , 331 , 332 in the computing environment 300 is 
also be described in the general context of computer - execut- used to perform at least a portion of the disclosed technology 
able instructions ( such as those included in program mod- and / or at least a portion of the technique for controlling a 
ules ) being executed in a computing environment by a 50 quantum computing device to perform any of the disclosed 
processor . Generally , program modules include routines , embodiments and / or a circuit generation / compilation / syn 
programs , libraries , objects , classes , components , data struc- thesis technique for generating quantum circuits for per 
tures , and so on , that perform particular tasks or implement forming any of the techniques disclosed herein . In other 
particular abstract data types . The functionality of the pro- words , the computing devices 330 , 331 , 332 form a distrib 
gram modules may be combined or split between program 55 uted computing environment in which aspects of the tech 
modules as desired in various embodiments . Computer- niques for performing any of the techniques as disclosed 
executable instructions for program modules may be herein and / or quantum circuit generation / compilation / syn 
executed within a local or distributed computing environ- thesis processes are shared across multiple computing 
ment . devices . The computing device 320 is configured to transmit 
An example of a possible network topology 200 ( e.g. , a 60 input data to the computing devices 330 , 331 , 332 , which are 

client - server network ) for implementing a system according configured to distributively implement such as process , 
to the disclosed technology is depicted in FIG . 2. Networked including performance of any of the disclosed methods or 
computing device 220 can be , for example , a computer creation of any of the disclosed circuits , and to provide 
running a browser or other software connected to a network results to the computing device 320. Any of the data 
212. The computing device 220 can have a computer archi- 65 received from the computing devices 330 , 331 , 332 can be 
tecture as shown in FIG . 1 and discussed above . The stored or displayed on the computing device 320 ( e.g. , 
computing device 220 is not limited to a traditional personal displayed as data on a graphical user interface or web page 
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at the computing devices 320 ) . The illustrated network 312 quantum computer circuit description in one or more 
can be any of the networks discussed above with respect to memory or storage devices 462 and transmits the quantum 
FIG . 2 . computer circuit description to the computing environment 

With reference to FIG . 4 , an exemplary system for imple- 400 for implementation in the quantum processing unit ( s ) 
menting the disclosed technology includes computing envi- 5 402. Still further , the remote computer 400 can store the 
ronment 400. In computing environment 400 , a compiled high - level description in the memory or storage devices 462 
quantum computer circuit description ( including quantum and transmit the high - level description to the computing 
circuits for performing any of the disclosed techniques as environment 400 for compilation and use with the quantum 
disclosed herein ) can be used to program ( or configure ) one processor ( s ) . In any of these scenarios , results from the 
or more quantum processing units such that the quantum 10 computation performed by the quantum processor ( s ) can be 
processing unit ( s ) implement the circuit described by the communicated to the remote computer after and / or during 
quantum computer circuit description . the computation process . Still further , the remote computer 
The environment 400 includes one or more quantum can communicate with the QP controller ( s ) 420 such that the 

processing units 402 and one or more readout device ( s ) 408 . quantum computing process ( including any compilation , 
The quantum processing unit ( s ) execute quantum circuits 15 verification , and QP control procedures ) can be remotely 
that are precompiled and described by the quantum com- controlled by the remote computer 460. In general , the 
puter circuit description . The quantum processing unit ( s ) remote computer 460 communicates with the QP 
can be one or more of , but are not limited to : ( a ) a controller ( s ) 420 , compiler / synthesizer 422 , and / or verifica 
superconducting quantum computer ; ( b ) an ion trap quantum tion tool 423 via communication connections 450 . 
computer ; ( c ) a fault - tolerant architecture for quantum com- 20 In particular embodiments , the environment 400 can be a 
puting ; and / or ( d ) a topological quantum architecture ( e.g. , cloud computing environment , which provides the quantum 
a topological quantum computing device using Majorana processing resources of the environment 400 to one or more 
zero modes ) . The precompiled quantum circuits , including remote computers ( such as remote computer 460 ) over a 
any of the disclosed circuits , can be sent into ( or otherwise suitable network ( which can include the internet ) . 
applied to ) the quantum processing unit ( s ) via control lines 25 
406 at the control of quantum processor controller 420. The V. Concluding Remarks 
quantum processor controller ( QP controller ) 420 can oper 
ate in conjunction with a classical processor 410 ( e.g. , The disclosed methods , apparatus , and systems should not 
having an architecture as described above with respect to be construed as limiting in any way . Instead , the present 
FIG . 1 ) to implement the desired quantum computing pro- 30 disclosure is directed toward all novel and nonobvious 
cess . In the illustrated example , the QP controller 420 further features and aspects of the various disclosed embodiments , 
implements the desired quantum computing process via one alone and in various combinations and sub combinations 
or more QP subcontrollers 404 that are specially adapted with one another . The disclosed methods , app 
control a corresponding one of the quantum processor ( s ) systems are not limited to any specific aspect or feature or 
402. For instance , in one example , the quantum controller 35 combination thereof , nor do the disclosed embodiments 
420 facilitates implementation of the compiled quantum require that any one or more specific advantages be present 
circuit by sending instructions to one or more memories or problems be solved . 
( e.g. , lower - temperature memories ) , which then pass the In view of the many possible embodiments to which the 
instructions to low - temperature control unit ( s ) ( e.g. , QP principles of the disclosed technology may be applied , it 
subcontroller ( s ) 404 ) that transmit , for instance , pulse 40 should be recognized that the illustrated embodiments are 
sequences representing the gates to the quantum processing examples of the disclosed technology and should not be 
unit ( s ) 402 for implementation . In other examples , the QP taken as a limitation on the scope of the disclosed technol 
controller ( s ) 420 and QP subcontroller ( s ) 404 operate to ogy 
provide appropriate magnetic fields , encoded operations , or What is claimed is : 
other such control signals to the quantum processor ( s ) to 45 1. A computer - implemented method , comprising : 
implement the operations of the compiled quantum com- receiving a high - level description of a quantum program 
puter circuit description . The quantum controller ( s ) can to be implemented in a quantum - computing device ; and 
further interact with readout devices 408 to help control and compiling the high - level description of the quantum pro 
implement the desired quantum computing process ( e.g. , by gram into a lower - level program that is executable by 
reading or measuring out data results from the quantum 50 a quantum - computing device , 
processing units once available , etc. ) wherein the compiling includes : 

With reference to FIG . 4 , compilation is the process of recognizing one or more adjoint - via - conjugation anno 
translating a high - level description of a quantum algorithm tations in the high - level description ; and 
into a quantum computer circuit description comprising a generating the lower - level program so that the quan 
sequence of quantum operations or gates , which can include 55 tum - computing device uses one or more idle qubits 
the circuits as disclosed herein ( e.g. , the circuits configured in response to the one or more adjoint - via - conjuga 
to perform one or more of the procedures as disclosed tion annotations . 
herein ) . The compilation can be performed by a compiler 2. The method of claim 1 , wherein the one or more idle 
422 using a classical processor 410 ( e.g. , as shown in FIG . qubits replace a respective one or more qubits that are in a 
4 ) of the environment 400 which loads the high - level 60 clean state , thereby reducing a total number of qubits 
description from memory or storage devices 412 and stores required to implement the quantum program . 
the resulting quantum computer circuit description in the 3. The method of claim 1 , further comprising implement 
memory or storage devices 412 . ing the lower - level program in the quantum - computing 

In other embodiments , compilation and / or verification can device . 
be performed remotely by a remote computer 460 ( e.g. , a 65 4. The method of claim 1 , wherein the compiling com 
computer having a computing environment as described prises matching code fragments that correspond to condi 
above with respect to FIG . 1 ) which stores the resulting tional - adjoint statements . 

atus , and 



5 

10 

15 

US 11,537,376 B2 
13 14 

5. The method of claim 4 , wherein the matching uses 14. The method of claim 13 , wherein the matching uses 
information given in the one or more adjoint - via - conjuga- information given in the one or more adjoint - via - conjuga 
tion annotations . tion annotations . 

6. The method of claim 1 , wherein the one or more idle 15. The method of claim 10 , wherein the one or more idle 
qubits are in an unknown superposition state . qubits are in an unknown superposition state . 

7. The method of claim 1 , wherein the compiling com 16. The method of claim 10 , wherein the compiling prises performing one or more replacements of one or more 
references to controlled operations in the high - level descrip comprises performing one or more replacements of one or 

more references to controlled operations in the high - level tion of the quantum program with references to the one or description of the quantum program with references to the more conditional - adjoint statements . one or more conditional - adjoint statements . 8. The method of claim 7 , wherein the performing of the 17. The method of claim 16 , wherein the performing of one or more replacements is conditional on whether there 
are enough available qubits in the quantum - computing the one or more replacements is conditional on whether 
device when operated in accordance with the lower - level there are enough available qubits in the quantum - computing 

device when operated in accordance with the lower - level program . 
9. The method of claim 1 , wherein the lower - level pro program . 

gram implements a reversible multiplier in the quantum 18. A system , comprising : 
computing device using conditional - adjoint additions a quantum computing device ; and 
instead of regular controlled additions . a classical computing device in communication with the 10. A computer - implemented method , comprising : quantum computing device , 

receiving a high - level description of a quantum program the classical computing device being programmed to to be implemented in a quantum - computing device ; and perform a method comprising : compiling the high - level description of the quantum pro 
gram into a lower - level program that is executable by compiling the high - level description of the quantum pro 
a quantum - computing device , gram into a lower - level program that is executable by 

wherein the compiling includes : a quantum - computing device , wherein the compiling 
includes : converting statements in the high - level description into 

one or more conditional - adjoint statements ; and recognizing one or more adjoint - via - conjugation anno 
generating the lower - level program so that the quan tations in the high - level description ; and 

tum - computing device uses one or more idle qubits 30 generating the lower - level program so that the quan 
in response to one or more adjoint - via - conjugation tum - computing device uses one or more idle qubits 
annotations rather than one or more clean qubits . in response to the one or more adjoint - via - conjuga 

11. The method of claim 10 , wherein the one or more idle tion annotations . 
qubits replace a respective one or more qubits that are in a 19. The system of claim 18 , wherein the one or more idle clean state , thereby reducing a total number of qubits 35 qubits replace a respective one or more qubits that are in a required to implement the quantum program . clean state , thereby reducing a total number of qubits 12. The method of claim 10 , further comprising imple required to implement the quantum program . menting the lower - level program in the quantum - computing 
device . 20. The system of claim 18 , wherein the compiling 

13. The method of claim 10 , wherein the compiling 40 comprises matching code fragments that correspond to con 
comprises matching code fragments that correspond to con ditional - adjoint statements . 
ditional - adjoint statements . 
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