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CLASSICAL OPTIMIZER FOR QUANTUM CHEMISTRY CIRCINT SYNTHESIS
TECHNICAL FIELD
[0001] The embodiments described herein pertain generally to generating optimized guantum

circuits for simulation of quantum system for a chemical entity.

BACKGROURND

{00021 A quantum computer i5 a computational system which uses guantum-meachanical
phenomena, such as superposition and entanglement, to process data. Uniike digital computers, in
which datz is encoderd info hinary digits {bits} in one of two definite states ("0" or "1"}, quantum
computation requires data to be encoded into quantum bits {hereafiar “qubits”}, for which a single
qubit may represent a "1,” a "0, or any quantum superposition of the two qubit states. In genaral, 8
guantum computer with N qubits may be in an arbitrary superposition of up 2V different states
simultaneocusly, i.e., a pair of qubits may be in any quantum superposition of four states, and thres
gubits may b in any superposition of eight states.

[0003] Quantum computers are able to solve certain problems much more quickly and
efficiently than digital computers {alternatively referred 10 herein as “classical computers”). In the
operation of 2 quantum computsr, computations may be initialized by setling gubits in a controlied
initial state. By manipulating those qubits, predetermined sequences of guantum logic gates are
realized that represent the solution to a problem to be solved, called 2 guantum algorithm. Quantum
algorithms, such as Shor's algorithm, Simon's algorithm, etc., run faster than any possible probabilistic

classical algorithm,
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10004}  Based on the inherent advantages in quantum computers in solving certain problems,
the challenge is in programming gquantum computers to take advantage of their strengths in solving
I prog 4 £ g g

those problems,

SUMBMARY

[0002] In one example embodiment, a computer-implemented method for optimizing a
quantum circult includes receiving one or more parameters for simulation of svolution of at least one
guantum state of a chemical entity 1o be simulated; generating a quantum circult for simulation of
eveiution of the at least one quantum state of the chemical entity; performing one or more operations
to minimize quantum resources o be used for the genarated quantum circuit based on the one or mare
parameters; and placing quanium resources among one or more elementary logical units (ELUs) based
on any one or more of! frequency of occurrence of the guantum resources in the generated guantum
circuit, order of occurrence of the guantum resources in the generated quantum circul, connectivity
parameters between one or more quanium resources, efficiency of gates between specific quantum
resources, quality of gates between specific quantum resources or a combination thersof.

[0008] In another example embodiment, a system for optimizing 2 quantum circuit comprising
at least ane processar and a memory whereln the memory stores executable instructions for optimizing
8 guantum circuit that, upon execution by the processor, cause the processor to perform functions
including recaiving one or more parameters for simulation of evolution of at least one guantum siate of
a chemical entity to be simulated; generating 2 quantum circult for simulation of evolution of the at
least one quantum state of the chemical entity; performing one or more operations to minimize
guantum resources 1o be used for the generated quantum circuit based on the one or more parameters;

and placing quanium resources among one or more elementary logical units (ELUs) based on any one or

o8]
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more of: frequency of occurrence of the guantum resources in the generated quantum circult, order of

occurrence of the guantum resources in the generated gquantum circull, connectivity parameters

betwaen one or more guantum resources, efficiency of gates Detween specific quantum resources,
quality of gates betweean specific quantum resources or a combination thereof.

(0007} In yet ancther embodiment, & compuler-readable medium storing  executable
instructions for optimizing 3 quantum circult that, upon execution, cause a digital computing procassor
to perform functions including receiving one or more parameters for simulation of evolution of at least
one guantum state of 2 chemical entity to be simulated; generating a guantum circull for simulation of
evolution of the at least one guantum state of the chemical entity; performing one or more operations
to minimize guantum resources to be used for the generated guanium circult based on the one or more
parameters; and placing quantum resources among one or more elementary logical units {(ELUs) based
on any ane or more of: frequency of occurrence of the quantum resources in the generated guantum
circuit, order of occurrence of the guantum resources in the generated quanturm circull, connectivity
parameters between one or more guantum resources, efficiency of gates between specific quantum
resources, quality of gates between specific quantum resources or 2 combination thereof,

{0008} The foregoing summary is illustrative only and is not intended to be in any way limiting.
in addition to the illustrative aspects, embodiments, and features described above, further aspects,
empodiments, and festures will become apparent by reference 1o the drawings and the following

detailed descrigtion,

BRIEF DESCRIPTION OF THE DRAWINGS
10007 in the detailed description that follows, embodiments are described as illustrations only

since various changes and modifications will become apparent to those skilled in the ant from the

w
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following detalled description. The use of the same reference numbers in different figures indicates
similar or identical itemes,

[0010] FIG. 14 Hllustrates a portion of an exemplary guantum system architecture in accordance
with at least some embodiments described herein,

{0021] FIG. 1B iflustrates an exemplary elementary logic unit of the guantum system
architecture in accordance with at lesst some embodiments described herein;

[0012] FiG.s 2A and 2B show an example processing flow by which at least portions of the
method for optimizing & quantum circult are implemented, in accordance with at least some
embodiments described herein;

[B013] FiG.s 34 and 3B show different methods for performing gate operations using guantum
circuit, in accordance with at least some embodiments described herein:

[G014] FIG.s 44, 48 and 4C show an example processing flow by which at least portions of the
method for optimizing a quantum circuit are implemented, in accordance with st least some
embodiments described herein;

[0015] FIG. 4D shows an example processing flow by which at lsast portions of the method for
optimizing a gquantum circult are implemented, in accordance with at least some embodimeants
described herein;

[0016] FIG. 4E shows an example processing How by which at least portions of the method for
optimizing & quantum circuit are implemented, in accordance with at least some embodiments
described herein;

{0017} FIG. 4F shows an example processing flow by which at least portions of the method for
optimizing a guantum cireult are implemented, in accordance with &t least some embodiments

dascribed herein;
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0013} FIG. 5 shows a sample circuit created by at least portions of the different embodiments
of the method for optimizing 2 quantum circult, in accordance with at least some embodiments
described herein;

[0019] FG. 6 llustrates an example guantum computing system used to grovide quantum state
measurements for a chemical entity chose for which the quantum circuit is optirmized using method and
system for optimization of guantum circuit according to one or more embodiments describad herain;
and

{0020] FIG. 7 shows an example classical computing systern including an example computing
embodiment, in which any of the processes and sub-processes for optimization of quantum circuits may

be implemented as computer-readable instructions stored on g computer-readable madium,

DETANED DESCRIPTION

{0021} In the following detailed description, reference is made to the sccompanying drawings,
which form a part of the description. In the drawings, similar symbols typically idantify simitar
Components, unless context dictates otherwise. Furthermore, unless otherwise noted, the description
of ezch successive drawing may reference features from one or more of the previous drawings to
provide clearer context and a more substantive explanation of the current example embodiment. Still,
the example embodiments described in the detailed description, drawings, and claims are not meant to
be limiting, Other embodimentis may be utllized, and other changes may be made, without departing
from the spirit or scope of the subject matter presented herein. it will be readily understood that the
aspects of the present disclosure, as generally described herein and itustrated in the drawings, may be
arrenged, substituted, combined, separated, and designed in a wide variety of different configurations,

all of which ars explicitly contamplatad herein.
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10022} Described herein are approaches embodied in one or more of systems, apparatuses,
applications, programs, and methods by which quantum hvbrid computation including both classical and
quanium computing are securely-and efficlently implemented by, e.g., apporticning computing between
co-located computing devices in disparate computing environments.

[0023] In the present description, the following terms may be used, in addition to their
accepted meaning, as follows:

{0024] “Classical computing,” “classical program,” “digital computing,” “digital program,” or
varigtions thereof may refer 1o computing/processing of data that has heen converted into binary
numbers, Classical computing processors may includs, but not be limited to, 3 central processing unit
{CPU}, a graphical processing unit {GPUJ, & tensor processing unit {TPU), application-specific intagrated
circuits (ASICs), field programmable gate arrays, etc, and unbound permutations thereof, Non-limiting
examples thereof may include a classical optimization function that may be paralielized and run on a
multicore classical computer; a classical computer with a GPU for performing paralle! calculations, efc.

{0025] "Quantum computing,” or variations thereof, may refer to computing/processing of
data that has been encoded into qubiis. Quantum computing utilizes qublts to perform high-level gating
functions to produce results that are faster than classical computing for a specific class of computational
problems,

{0028} “Environment” may refer t0 a computing environment in which are found components
that when executing program may utilize, e.g., utilities such as libraries, other programs, othar hardware,
etc. Thus, reference may be made herein to a classical computing environment, a quantum computing
environment, eic,

{00277 A “circuit” may refer to one or more quantum functions.
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[0028] in sccordance with the example smbodiments describad herein, quantum computing
includes executing terative processes by which a quantum circuit may be written in g classical
computing environment for execution in a quantum computing environment. Non-limiting examples of
such classical computing environment that can be used include a desktop computer, a laptop computer,
mobile davice, etc. The quantum circuit may be submitted via a network, e.g., the internet, to a
quanium computing device at which the quantum circuit may be gueued with other quantum circuits, in
the same manner as, for example, batch processing for a mainframe computing device, The queued
guantum circuits may be executed in turn.

0029] fterative, or cumulative, results of the computing of the guantum circuit may be
received and coliated in either the ciassical computing environment in which the quantum circult was
written or in a different classical computing environment In which the execution of the guantum circuit
is managed. Whichever classical computing environiment, the quantum circuit may be updated or
rewritten based upon results of the maost recent iteration or upon cumulative resulis of the computing
up ta that point.

{0030} Quantum chemistry problems are considered to be one of important applications of
quantum computers. The embodiments described herein disclose a mathod, a system and 3 computer
program product to synthesize efficient quantum circuits that are used to simulate an atom, a molecule
and/or an fon evolving according to its particular evolution operator. The evolution operator at 3 given

" tay be derived by using a tme dependent or time independent Schrisdinger’s Equation. The

time &'
embodiments described herein improve the efficiency of guantum circuits, maximize savings of
quantum resources and leverage unique capabilities, such as global gates that offer 3 move efficient

implementation when compared to efficiency offered by usage of local entangling gates. The global

gates may be provided by, e .g., lon-trap quantum computers, to further save guanium resources. Other

~
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computers that provide global gates may also be used. Quantum resources are defined as guantum biis
also known as gubits required for computations.

I0033] FIG. 14 llustrates a portion of an exemplary quantum system architecturs in accordance
with at least some embodiments described herein, As Hlustrated in FIG. 1A, the sxemplary system
architzcture includes a number of extended elementary logic units {EELUs) 110%110% 11281127, 1145
1147 ... ete. Each EELU further includes a number of N-qubit registers, also known as elementary logic
units (FLUS) 120%120", 122%-122°, 124%124"... etc., which further include trapped ion qubits as shown in
FiG. 18. Controlling the siates of these qubits by applving adequate control signals, for example, via
laser beam, o gne or more subsets of these gubits, quantum gates between the subset of gqubits may
be realized. The gublts from different E8LUs and ELUs are Interconnectad or entangled through photonic
guartum channels 1267-128" using reconfigurable optical or photonic switch 128, in this approach, a pair
of entangled gubits can be gensrated between two EELUs, where one gubit from the pair resides on
gach EELU being connected. Such an entangled pair can be generated by an ion from each EELYU emitting
a single photon whose internal degree of freedom {such as the polarization, frequency, or a position in
timea} serves as a photonic qubil thet is entangled with the lon that b emBlting this photon. Two photons
emitted by sach ion in the two EELUs are brought together at a 50/50 beam splitter 132%..132%%, and
subsequently detected at the two oulpul ports 134%..134% of the heam splitter, When a specific
outcome Is achleved {such as each oulput port of the beam splitter detecting one photon
simultanecuslyl, this slgnals g sugcesstul oreation of an entangled fon pair between the EELUs. Use of an
optical crossconnect switch {or a photonic switch) 128 allows photons from arbitrary pairs of the FELUs
in the system to be brought together via photonic guantum channels 126°..126° enabling the
generation of entangled ion pairs betwesn an arbitrary pair of EELUs in the system. Once the entangled

pair is generated, it can be used a3 a resource o either teleport a qubit from one of the EELUs 1o the
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other {known as quantum teleportation process), or apply two-gubit entangling gate bstwesn an ion
gubit in one TELL and another ion qublt in the other EELU (known a3 teleporting 5 gate).

00331 FIG, 1B llustrates an exemplary elementary logic unit of the guantum system
architecture in accordance with at least some embodiments described herein, As Hlustrated in FIG. 14,
exemplary system architecture inciudes & number of extended eslementary logic units (EELUS), for
example, 110, As Hustrated in FIG. 1B, sach EELU further includes a number of registers, also known as
elementary logic units {ELUs} 120™-120", which further include trapped fon gubits 130%130° referred to
as trapped lons or gubits and also as guantum resources. Controlling the states of these qubits 130%
1307 by applying adequate control signal, for example, via laser beam, to one or more subsets of these
qubits 130%-130" guantum gates between the subset of qubits 1301307 may be realized viz local
Coulomb interactions betwaen qubits 140, The number of trapped ions in an ELU may change over time,
as trapped ions are shuttled from one ELU to another to realize quantum functions.

f0033] Details of the scalable guantum system architecture described in G, 18 and 18 are
provided in US Patent Number 9,858,531 entitled "FAULT TOLERANT SCALABLE MODULAR QUANTUM
COMPUTER ARCHITECTURE WITH AN ENHANCED CONTROL OF MULTHMODE COUPLINGS BETWEEN
TRAPEED 1ON QUBITS”.

{00341 In one sxample embodiment, a compuier-implemented method for optimizing 2
guantum croeult includes receiving one or more parameters for simulation of evoiution of 81 least one
guantum siate of a chemical entity to be simulated: generating 3 quantum circuit for simulation of
evpiution of the at ieast one guantum state of the chemical entity; performing one or more operstions
1o minimize guanium resources to be used for the generated guantum circuit based on the one or more

parameters; and placing quantum resources among one or more elementary logical units {ELUs) based

on any ong of more of: frequency of occurrence of the quantum resources in the generated guantum

3+
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circuit, order of ocourrence of the guantum resources in the generated guantum circuit, connactivity
parameters between one or more quantum resources, efficiency of gates between specific guantum
resources, guality of gates between spacific quantum resources or a combination thereof,

{00357 The computer-implementad method for eptimizing a gquantum circult includes receiving
one or more parameters for simulation of evolution of at least one guantum state of a chemical entity to
be simulatad; deriving a time evolution operator & for the chemical entity, wherein deriving evolution
operator for the chemicsl entity further comprises: deriving fermionic Hamilionian for the chemical
entity, and tansforming fermionic Hamiltonlan 1o & qubit Hamiltonian using one or more
transformation algorithms, wherein the one or more transformation algorithm comprises any one or

more of: Jordan-Wigner transformation, Parity transformation and Bravyi-Kitaev transformation. The

B

method further includes converting the derived evolution operator to an evolution operator for a
guantum compuler to be used for simulation of the evolution of the at least one guantum state
according to the evolution operator and the one or more parameters; and generating a gquantum circult
for simulation of the quantum system for the chemical entity, which is optimized by performing one or
more gperations {o minimize guantum resources o be used for the generated quantum circult based on
the one or more parameters; and placing quanium resources among one or more elementary logical
units {ELUs) based on any one or more of: frequency of oocurrence of the quantum resources in the
generated quantum circult, order of occurrence of the quantum resources in the generated quantum
circuit, connectivity parameters between one or more quantum resources, efficiency of gates betwesn
specific guantum resources, guality of gates between specific quantum resources or a combination

thereof,

[
<
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[0038] The compulerdimplemenied mathod, system and computer-readable medium storing

executable Instructions for optimizing a quantum circuit are described in detall below and illustrated in
accompanying figures,

{0371 FIG.2A and FiG, 38 fllustrate at least some portions of an exemplary method for
optimizing & quaniwm circult, the method includes recelving one or more parameters for simulation of
evolution of al least one guantum state of a chemical entity 1o be simulated vis step 202, The one or
maore parameters for simulation of evolution of the a1t least one guantum state of the chemical entity
include optimization parameters, whereln the optimization paramesters include any one or more of: an
error tolerance for the guanium circull, a number of gates permitted for the guantum circuit, 3 number
of gublits permitted for the quantum drat; and stomic information for the chemical entity including
atomic coordinates and atomic number etc, The molecular orbital calculstions are performed for the
chemical entity chosen, e.g., conversion of Slater Type Orbitals to Gaussian Type Orbitals (STO-3G) is
performed via step 208 as depicted in FIG.2A and vizg step 208 as depicted in FIG.28. These calculations
further involve deriving evolution operator &' for the chemical entity from Schriidinger's Equation via
step 204,

[0038] In an embodiment, the evolulion operator for the chamical entity is derived from
Schrédinger’s Equation, which may be time dependent or time independent, where W is 3 wave function
for electron system for the chemical entity, H is 2 Hamiltonian operator and £ Is energy of the electron
for the electron system for the chemical entity. The evolution operator ™ may be derivad from time

independent Schridinger’s Fquation: Fb=Ed;
=]

or time dependent Schridinger’s Equation:

% B, ) = H1¥(r, 1))

Py
st
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f002%] The Hamilionian coefficlent or coverlap Integral calculated by the one or more of the
above-mentionad methods, e.g., using the Schrédinger's Equation, for the chemical entity, is known as a
fermionic Hamiltonizn.,  For sxample, numerical values of the coefficient hyy and hy,, based on the
chosen chernical basis for a chemical entity, 2.2, a molecule, may be cakulated using an eguation:

------ = hpofifot D hparsfi i I fs
[ p.g.7.3

Whersein Tz Creation operastor, and {2 Anndhilation operator; and wherein the first term

represents Kinetic energy plus electron-corg interaction and the second term repressnts electron-

glectron interaction; and wherein Overlap Integrals are represanted as

f »
o= | dF @ (T +
h‘pﬁ 5 ‘ }\P\ \ | Leefnuc I
, [ XX (F2)xe () X6 (71)
h’}’)é’j‘?‘é‘f - {5?“‘},4, 2 )
‘ T2

X{\ff} == Orbital
Slater type orbitals {(STQ) - Gaussian type orbitals (GTO)

{60487 The numerica! values of the coefficiant hy, and hy.. based on the chosen chemical basis

thus computed are siored in a memory and used further for conversion from natural basis o qubit basis

H
H

The processor may be provided with rules to decide which chemical basis to choose based on atomic

information, e.g., coordinates, atomic numbers, and optimization parameters and hardware constraints,

2.g., an error tolerance for the gquanium circult, a number of gates permitied for the guantum circult, a

number of qubits permitted for the quantum circult, connectivity paramaters betwean the qubits, speed,

».«

WS L

afficiency and quality of gates between specific pairs {or sets) of qubits In the system, ete. provided.

1z
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{0041} The generation of the optimized guantum circult for simulation of the guantum system
for the chemicsl entity, which may be an atom, a molecule or an fon, includes choosing a chemical basis.
Although embodiments of the system and process described herein are explained using an exemplary
chemical basis 5TO-3G for hydrogen-like atom since 1t s the simplest minimal basis set, other chemical
bases may also be chosen.

[0042] The chemical basis chosen comprises atomic orbitals, e.g., Gaussian-type orbitals, Slater-
type orbitals, or numerical stomic orbital. The chemical entity for which the chemical basis is chosen
may be as simple as hydrogen atom {one basis function for minimal chemical basis) or may be any other
complex molecule or fon for which atomic information/parameters, e.g., coordinates, atomic numbers is
known and may be provided as user Inpub. The user input may also includs hardware constraints along
with optimization parameters, e.8., error rate of each guantum gate, error tolerance for the guanium
circuit, number of gubits avaiiable in the hardware, connactivity between the gubils, maximum number
of gates permitted for the quantum circull, maximum number of gublts permitted for the guantum
circuit, and maximum duration of time allowad for the simulation, stc. Other constraints may also be
provided.

100431 The Hamilionian of interest includes the Hamiltonian coefficients h's, which entail the
information about the energy of the sysiemn writlen in some chemical basis, e.2., a8 hydrogenic-like
slater-type orbital basis. If this orbital is then approxdmated using three Gaussian funclions (5T0-38),
Hamiitonian coefficlents b may be explicitly calculated. Hydrogenic-like slater-type orbital basis is
chosen here as an example only and other bases may alsc be used, similarly, ST0-3G is chosen here as
an example, since it is a minimal basis, however, other combinations of functions may also be used, as

describad above.

Py
W
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{0044] The derived fermionic Hamiltonian thus oblained is then converted to a qubit
Hamiltonian using ons or mors transformation algorithmes via step 206 az depicted In FIG, 24 and via
step 2107 as depicted In FIG. 28. The transformation algorithm used for such transformation may include
any one or more oft Jordan-Wigner transformation, Parity transformation and Bravyi-Kitaey
transformation. Other sultable transformation aigorithms, or g combingtion of more than ons
transformation methods, may also be used. For example, Jordan-Wigner transformation, which may be
reprasented by the following eguation:

TE g ‘3, T !} g op
How 'é'\?{ff‘sj; + g% ';’!Jghi irfs

F4% Ps‘?{iv&

g ?zq,}aw{.e"%» g i;;.wsa @w@g
g

Dol

[0045] The caiculated and converted time evolution operator ™ is then approximated using
Trotter formula for approximation via step 206 as depicted in FIG, 24 and via step 2127 as depicted in
FiG. 28. Other suitable methods for approximation may also be used, e.g., algorithms based on high-
order product formulas {PFs), direct appiication of the Tavlor series {TS), quantum signal processing
method {0SP) etc. The cholce of approximation parameters depends on optimization parameters
including any one or more oft error tolerance for the quantum clrcuit, number of gates parmiited for the
quantum circult, number of qublts permitted for the guantum circult etc. The optimization parameters
may also include minimization of number of guantum resources used in the generated quantum circuit
so a5 to minimize errors, as use of more guantum resources may induce more arrors. The Trotter

formula used to approximate the time evolution of the guantum system, or used o create the

o

sariztional trial wavefunction {also known as the ansatz function) may be represented as follows:

«
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Wherein the first order formuls may be represented as
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[0048) The approximated evolution aperator thus obtained and the calculpted Hamiltonian
coefficiant for the chemical entity under censideration Tor the simulation are then used as an input to
the clrcult synthesis toolkit to gensrate a generic circult that simulates the quantum systern Tor the
chemical entity via step 214 and 218" as depicled in FiGs 28 and 2B respeciively. The genserated
guantum circuit is then optimized by using one or more of: mapping and placement of quantum
resouress, paraliel processing, scheduling, and using heuristic optimization, etc. and is further Hlustrated
in FiGs, 34, 38, 4A, 48, 40, 40, 4€ and 4F, and description accompanying FiGs. 34, 3B, 44, 48, 4C, 4E
and 4F,

I004TY GQuantum chamistry caloulations are very complex and hence require a large number of
guantum resources for @ guantum computer to perform those computations. As discussed above in the

description accompanying FIG, 1A and FIG, 18, exemplary system architecture includes a number of
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extended elementary logic units {EELUs). Each EELU further includes a number of registers, also known
as elementary logic units {ELUs), which further include trapped fon qubits, Controliing the states of these
gubits by applying adeguate control signal, for example, via laser beam, to one or more subsets of these
gubits, quantum gates betwasn the subset of qubits may be realized via locsl Coulomb interactions
between gubits. The gubits from different EELUs and ELUs are interconnected or sntangled through
photonic guanium channels using reconfigurable optical or photonic switch.

i0048] Therefore, the resources may he arranged within different ELUs based on the frequency
of appearance due to different levels of connectivity for qubits that are within the same ELU,; for gubits
that are within different ELUs but within the same EELY; and for qubits that are within different EELUSs.
For example, the elementary logic units (FLUS) shown in FIG. 14 and FIS, 18 include 3 number of gubits.
it is difficult to grow the ELUs beyond certain number of qubits, for example 30 qubits per ELU and still
maintain connectivity among the gubits included in that ELU. One of the ways to overcome this issue s
by creating more ELUs with 3 certain number of gubits, for example ten ELUs per one EELY, where sach
ELU includes, for example, 30 gubits, and providing connections between different ELUs. The number of
qubits lllustrated here are for example only and a smaller or larger number of gubils per ELU may be
used 1o allow for a technicslly feasibie and efficient system. Also, the number of gubits in each ELU and
the number of ELUs in each EELY may not be all identical: one can imagine ELUs with different numbers
of qubits in sach ELY, or EELUs with different number of ELUs In sach EELU. Furthermore, the number of
qubits in each ELU and the number of ELUS in each EELU can be dynamically reconfigured by software
control, e.g., the number of quantum resources in sach ELU, the number of ELUs in each FELU and the
number of EELUs used in the computations can be variad ovar the duration of the computation. The
gate operation between the qublts included in the single ELU are simpler than the gate operstions

between the qubits from different ELUs, since it involves moving a subset of gubits from one ELU 1o



WO 2020/118285 PCT/US2019/065115

another ELL. Howevsr, since the EELUs reside on a chip, there are lmitations as to the number of FLUs
that can be accommodated within 3 single EELU. Therefore, 3 number of EELUs, sach with 2 number
ElUs contained within them, are manufactured. The photonic or optical switch network shown in FIG.
1A allows the connection between one or more qublts from one EELU with one ar more gqubits from
another EELU, forming pairs of entangled qubits between the EELUS, as required to perform the
gquantum circult operations. The process of connecting a qubit from one EELU with a gubit from another
EELU §s also known as teleportation {of either qublts or gates, which in this case is achleved via
generating shaved entangled palrs of gubits, rather than physical movement of gubits which is done
when a qubit from oneg ELU is entangied with a qubit from another ELU within the same EFLUL

{00498} Since the gubits within the ELU are very well connected, qubits from differant ELUs on
the same EELU are well connected and qubits from different EELUs are somewhat connected, it is
important to arrange or map the qubits in an efficlent way 1o accommuodate specific circuit blocks that
show up in the guantum chemistry calculations based on the freguency of appearance/occurance of
gubits within that circult block, The placement of qubits may additionally or alternatively be based on
the sequence of appearance of gubil gates among them to accommodate specific circult blocks that
show up in the gquantum chemistry calculations. The process of placing of specific qubits on specific FLUs
based on freguency of appearance and/or order of appearance can be automated using 3 software tool,
that takes into account the constraints of the underlying quantum computer hardware.

{0050] Additionally, the qublts where maximum interaction Is required to perform quantum
operations may be placed close to each other, for example, within a single ELU and close to sach other
within the single £LU, thereby saving gates utilized for connecting the two qubits that are placed next to
or close to each other. This may resull in placement of other gubits far from each other, however, since
connecting the qubits that are placed far from each other may be required fewer times, even though
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that connection may require more time or other resources like more guantum logic gates, It will still
result in overall smaller number of gates being used and thus utilization of less quantum resources or
reduced execution time. The methods for optimization vis efficient mapping and placement of quantum
resources using different techniques is described herein and also Hlustratad by example circuits shown
in Fifis. 34, 38, 44, 4B, 4C, 4D, 4E and 4F, and described in detall in the description accompanying FiGs.
348, 38, 44, 48, 4, 40, 4E and 4F.

(00521 Due to inherent limitation as to number of qubits that can be accommaodated within a
single ELU and number of ELUs that can be accommodated within 2 single EELL, additional optimization
using other technigues such as but not limited to scheduling as well as paralle! processing and storing
the results of the paralie] processing may also be employed. For example, different computations may
e performed on different EELUs in paraliel and the results may be stored until they are required for
further processing. Quantum teleportation process is discussed in US Patent #9,858,531 and discussed
above in the description accompanying FIGs. 14 and 1B, may be used to carry oul communication
betwean the parallelly processed computations, For example, the various terms in the Trotter formula
can in practice be re-ordered and executed while keeping the errors within the aliowed bound. if thers
are several terms in the Trotter formula that do not involve overlapping qubits, their order can be
shifted without any penaliies. Therefore, each group of terms in the Trotter formula that do not share
common gubits between the groups can be mapped on to a single £LU (or EELUY, and the operations can
be executed in parailel. Then, those terms that share common qubits betwsen the groups can be
executed, by exercising communication mechanism of qubits between FLus (such as shuttling of ion
quitits) or between EELUs {such as photonic interconnect}) which ave connected by a qubit

comwmunication bus. Such methods for optimization vis mapping and placement of gubits, parallel

e
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processing, gate scheduling and teleporting are illustrated by FiGs. 34, 3B, 4D, 48 and 4F and described
in detail In the description accompanying Fitis. 34, 38, 4D, 48 and 4F.

{00523 The generic circult generated for chosen chemical basis as Hustrated in FiGs. 24 and 28
and described in the description accompanying FIGs. 24 and 28 is thus mapped to generate guantum
circuit via step 214 as Hlustrated in FIG. 3A and 2147 as illusiretad in FG. 2B where the guantum
resources used in the guanium circults are optimized or minimized via step 216 as Hlustrated in FIG. 24
and 216" as Hiustrated In FIG, 2B. This optimization or minimization of guantum resources is further
Hiustrated in FiGs. 44, 48 and 4€ and described in detall in descriptions accompanving FiGs. 44, 48 and
4C.

{00531 The guantum cdreuit for simulation of the guantum system for the chemical entity is
then further optimized by using different techniques including any one or more of mapping and
placement of quantum rescurces, paralle! processing, gate scheduling, heuristic optimization, etc. via
step 218 as lustrated in FIG, 24 and 218 as Hliustrated in FIG. 2B. This further optimization of guantum
circuit using mapping and placement of quantum resources, paraliel processing and gate schedufing is
further ustrated in FiGs. 34, 3B, 4D, 4E and 4F and described in detall in descriptions accompanying
FiGs, 34, 3B, 4D, 4F and 4F,

{0054] The quamium resources for optimization of the quantum circult may include any one or
mare of: quantum computations used for simulation which may further include number of gubits used
in a circult block as well as number of quanium gates, error telerance for the guantum circult and time
taken o provide results of the simulation. The optimized guantum drcuit thus produced may provide
time evolution of the chosen chemical entity which may not be limited to a short-term evolution, for
example, timescales corresponding to establishment of the steady-state energy spectrum, but rather
over an axtended period of time, such as the timescales corresponding to propagation of an excitation

18



WO 2020/118285 PCT/US2019/065115

above the ground-siate of the energy of the system, or the timescale to control external parameters to
force the time-evolution of the system {such as in adiahatic time evolution of a guantum system}.

I0088] The core of circuit optimization lles In revealing the repeated pattern of Paull string
prefix in the individual gubit-Hamiltonian terms represented in the Pauli-matrix basis that may arise
from the transformation of the physical-level Hamiltonian, For example, for typical chemistry problems,
the Wigner-jordan transformation represents the fermion creation operator d; and the annihilation

T

oparator ﬁi in the Pauli Matrix basis are represented as:

4= [2" s
§+ = Tiakt %68 g;\:-m

{00S§] Using this transformation and noting that &, = &, 1 {4, the terms in the Hamilionian
of the chemical entity, h;iﬁz?&i or &;grsiﬁ;&?&rﬁs; will be exprassed as a product of Paull operators. In
general, the products of two or four §,'s lead to a two- or four-fold product of &, and &, operators
corresponding to the electron occupation in the molecular orbital represented by the gubit,
accompanied by a series of &; operators “connecting” the terms that involve the 8, and 3, operators to
reflect the proper anti-symmetry of the electron-electron sxchange. This serles of 4, operators is often
referred to a5 the fordan-Wigner strings.

IGG587] Thus, for soiving chemistry problems by performing operations using guantum circuit,
connections between certain qubits may be required. FiGs. 34 and 3B show two different [yet
squivalent} methods of implementing representative clrcuits corvesponding to two terms of the
Hamiltonian in the Trotter expansion, for example, FIG. 34 shows one term 302 involving qubits 1, 2, 3
and 4, followed by another term 304 invelving qubits 4, 5, 5 and 7, similarly, FiG, 38 shows one term 302

involving qubits 17, 2°, 3" and 4, followed by another term 304° involving gubits 4, &, & and 7.
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Although 7 qubits are shown here as an example, the person skilled in the art mavy readily recognize that
a smaller or farger number of gubits may be used.

(D058} The method shown FIG. 38 shows the implementation of the four-product Paull
matrices using a series of controlled-NOT {CNOT) gates each connecting two qubits {whears the target
qubit , e.g.,306 denoted by & is flipped between (0} and {1} if and only if the control qubit, e.g., 308,
denoted by the filled doi, is in the {1} state}, followed by shifting the re%ativé phase of the 4" qublt by
the angle 0 {denoted by H.{8) 310, where the phase of the [1) state is shifted by 2” relative to the [0}
state}, followed by the Inverse sequence of the CNOTs applied earlier in the seguence, in this circult,
the CNOT gates in the series are applled batween arbitrary pair of qubits in the system, and share 3
common target qubit 306, This is referred o as a “jump-type” Implementation of the Hamilionian
evolution. in the presence of lordan-Wigner strings, the sequance of the CNOT gates can be significantly
longer,

{0059 FIG. 3B represents an alternative way of implementing the circuit corresponding to the
time evolution due to the same Hamilionian term. The method shown FIG. 38 shows the
implementation of the four-product Pauli matrices using a series of controiled-NOT {CNOT) gates each
cornecting two gubits {where the target qubit | e.g.,306" dencted by € is flipped between [0) and |1} if
and only if the controi qubit, 2.5, 308, denoted by the filled dot, is iy the [1) state], followed by shifting
the relative phase of the 4% gubit by the angle 8 {denoted by RAA8) 310, where the phase of the |1}
state is shifted by & relative to the [0) state), followed by the inverse saguence of the CNOTs applied
earlier in the sequence. In this method, the CNOT gate sequences are applied in series between nearast-
neighbor qublts, This is referred 1o as 2 “step-type” implementation of the Hamiltonian evolution,

{00607 Two identical CNOT gates applled back-to-back leaves the initlal state to be the same as
the final state. In that sense, application of two CNOT gates back-to-back is equivalent to doing nothing
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at ali, and so two CNOT gates cancel each other out if they are applied back-to-back, Proper scheduling
of gates may result in more instances of gate cancellations and hence minimization of quantum
resources leading to error minimization. Gate scheduling Is a process by which the sequence of guantum
togic gates that constitute the guantum computation process, for example, for a chemistry calculation, is
applizd to the qubits once they are placed onto the physical qubits in the quantum computer hardware.
The circults shown in Figs. 3A and 38 are examples of scheduling of gates on qubits that are assigned or
mapped to represent the electron populations for molecular orbits. Optimized gate scheduling can lead
to better cireult performance, due to gate cancellations and/or parallel processing.

{0061] For computing the properties of a complex chemical entity, the time evolution due to a
farge number of Hamiltonlan terms have to be simulated using the Trotter expansion. By carefully
ordering the Hamiltonian terms in the Trotter expansion, many of the lordan-Wigner strings can be
cancelied out. The process of mapping of specific qubits representing the molecular orbitals in the
Harniltonian to physical gubits In an ELU on the guantum computer is known as qubit mapping. In order
to take advantage of the full connectivity within an ELU, the Hamiltonian terms in the Trotter expansion
may be divided into groups, where each group contains many of the qubits that are used repetitively in
those terms, and assign them on o the physical qubits in a single ELU. The efficient mapping of specific
gubits representing the molecular orbitals in the Hamiltonian to physical qubits and efficient placement
of physical gubits {gubits) alfows for the simulations in each group to be started in parallel in each £LU
or EELU. Thers inevitably are gubits that are shared between different groups: thése qubits are placed in
one ELU first, and once all the simulations involving that qubit is completed in the group, it may ba
either shuttled to another ELU in the same EELY, or teleported to the proper ELU in another EELY, so
that further simulation involving this qubit in a different group may continue. The shuttling of qubits

from one LU to another ELU within the same EELL provides a connection between the different ELUs of

Ny
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the same EELU via a qubit communication bus. in order 1o minimize the communication costs between

1y

Lus and EELUs, the placing of the qubits to the lons in the ELUs are done in such 2 way that the number
of shuttling batween ELUs within the same EELU and teleportation between EELUs are minimized. Thus
mapping and placing of quantum resources or gubits among one or more elementary logical units {FLUs)
is based on any one or more of: frequency of occurrence of the guantum resources in the generated
quantum clrcuit, order of occurrence of the quantum resources in the generated guantum circuit,
connectivity parameters between one or more quanium resources, efficlency of gates between specific
guantum resources, guality of gates between specific guantum resources, e,

[0062] Various circult optimization techniques may be used to reduce the number of gates
needed o implement the Hamiltonian evolution. FiGs. 43, 48 and 4€ show example processing flows by
which at least portions of the method for optimizing 2 quantum circult are implemented, in accordance
with at least some embodiments described herein, eg., different steps involved in Heuristic
optimization. For example, FIG, 44 lllustrates term merging, wherein two Hamiltonian terms with
identical Pauli products may be combined into a single term. FIG. 4B illustrates an exemplary qubit re-

embedding technigue: the two Hamiltonian terms in this example, namely §,5,.8,48, and §,8.5,6,,

l.’ 5

utilize two similar “step-type” Implementation of each Trotter term. Simply by labeling the qubits
differently 50 that the Hadamard (H} gate 407" in between the two terms is applied to the same gqubit on
which the Rx{B) gate is applied, four CNOT gates 403 may be eliminatad in the process, FG. 4¢ Hliustrates
an exemplary merge-sorting process, where the terms in the Trotter expansion are orderad so that the
number of basis changes among the Paull matrices {f, &, &y and §,) between the subsequent terms is
minimized {usually reduced to one or twol. In this case, many of the CNOT gates in the implementation
of each Trotter term cancels cut between neighboring terms, using either the “jump-type” or “step-type”

implemeniation of the terms, Using the wp-type” implementation results in more cancellations of
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the CNOT gates than the “step-type” implementation when the basls for two of the four terms are
changed between d, and &y,

[0063] FIG. 4D shows an example processing flow by which at least portions of the mathod for
pptimizing 2 guantum circuit are implemented, in accordance with 2t least some embodimenis
deseribad herein. As discussed above, due to inherent limitation as to number of qubits that can be
accommodated within a single ELU and number of £ELUs that can be accommodated within a single EELU,
additional optimization using other techniques such as but not limited to qubit mapping, placement of
gubits, gate scheduling as well as parallel processing and storing the results of the paraliel processing for
later use may also be employed. For example, when using Trotter-Suzuki approximation where

repetitive calculations have to be performed, which may be reprasanted as

ei(j‘!’g%‘}f}'?}fz‘)t ot {’je ii‘iet;’:ﬁeE.H]_t/j?"iein C;i?leiff3’;/lﬁ,' . }Tl

{0084} FiG. 4D illustrates an example of using an extra qubit o narallelize the circuit execution,
in the example 410, 2 common qubit 416 is used for two different controlled operations, for example,
controlied-U 412 and controlled-V 414. While aHl other qublts associated with operation U 412 and
pperation V 414 are independent, the sharing of common control qubit 416 prohibits scheduling and
exacuting the two operations operation U 412 and gperation V 414 in paratiel. in the sxample 420, an
entangled pair, for example, 426 and 428, for operation U 422 and for operation V 424 of control qubits,
is created with the CNOT gate, and each gubit in the entangled pair is allowed to control the operation U
427 and operation ¥ 424. At the end of the controlied-U 422 and controlled-¥ 424 process, another
CNOT gate for the pair of control qubits may be used to restore the initial state of the conirol gubits {not

shown). Although the two figures are eguivalent, in 410, the two controlled operations {controlied-U
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412 and controfied-V 414) can be scheduled to run in parallel, as they involve completely independent
set of qubits, that is do not share a commen qubit.

[0085] FIG. 4E shows an example of parallet processing as well as scheduling the gate execution,
where different computations may be performed on different EELUs, 444 and 448, in parallel and the
results may be stored until they are required for further processing. In this example, one qubit must be
sharad between the guanium circuits carried out on EELU 444 and the guantum circuit carried out on
EFLLU 446, This shared qubit is first mappad to gubit 437 placed in EELU 444, and the unitary operation U
432 controlied by this qubit 437 is carried out. After that, the qubit 437 must be ieleported to EELU 448
for further procassing of controlled-V operation 434 involving qublts in EELL 446, This is accommodated
by an entangled pair i), established between a gubit 450 in EELU 444 and 2 qublit 448 In EELYU 445,
through the photonic network. This entangled pair can be established at any time before the qubit
teleportation is needed. Upon completion of the controlied-U operation 432 in EELU 444, the control
qubit 437 is teleported to qublt 448 in EELU 446, through the teleportation process 460 shown in the
dotted rectangle. This invoives a CNOT gate operation between qubit 437 and qubit 450, followed by 2
Hadamard gate 452 applied to gubit 437, Then, these two qubits 437 and 450 are measured in the
computational basis {in |0) and {1)). Based on the outcome of these two measurements, a single qubit
Paull gate of either X 456 and/or Z 458 is applied to the qubit 418, When thase operations are
completed, qubit 448 assumes the exact state of qubit 437 before the teleportation process. Then, gubit
448 can be usad as the control qubit 1o operate the circuit V 434 1o the input qubits 440, A parallel
operation may be performed in this case, for example, as a controfied-W cperation 435 involving qubits
only in EELU 446 {control gublt 439 and the input qubits 440} can be executed while the controlled-U

operation 432 is executed in EELU 444,
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[0066] Although the example circuit shown in FIG. 4E involves a teleported qubit 437 that is
used as a “control” qubit 448 in controlled-U 432 and controlled-V 434 operations, the teleportad qubit
can be used for any function in 3 portion of 5 quantum circuit that spans the two or more EELUs.

10067] FIG. 4F Hlustrates an example of distributing quantum chemistry cireuits over two EELUS,
that share a common gubit, FIG. 4F shows a detalled lustration of the circult illustrated in FIG. 4E and
described in detall in the description accompanying FIG. 4E. The last qubit 437 of the upper circuit 43235
teleported to the lower dircult 434, and used, for example, in the final group of {e“"ﬂﬁﬂ} in the
simmulation of the Trotter term.

[006%] Gate scheduling is a process by which the sequence of guantum logic gates that
constitute the quantum computation process, for example, for a chemistry calculation, Is applied to the
gubits once they are placed onto the physical qubits in the quantum computer hardware. The circuits
shown in FiGs. 34, 3B, 4B, 40, 4F and 4F are examples of scheduling of gates on qubits that are assigned
or mapped to represant the electron populations for molecular orbits,

[0069] Further optimization of quantum resouwrnes and optimization of guantum circuit
generated using optimized or minimized guantum resources may be performed in serfes and teratively
until a specific performance target, 2.g., pre-defined maximum tolerance threshold or tolerance limit for
the error, or minimum gate count, is achieved.

[00F0] A sample circuit using native approach with no merging, no re-embedding and ne
sorting is illustrated in FIG. 5. As configured, this example circuit requires 128,160 CNOT gates and
11,716 R0} gates. The table below shows an example of the reduction of the number of gates when
varicus circult optimization techniques are applied to this circuit. 1t also reduces the number of
Hadamard gates and Phase (3] gates used in the circuit. More improvements can be obtained by further

optimizing the clrcuit,
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Lol



WO 2020/118285 PCT/US2019/065115

 Native Approach: No merging, E\a‘?‘é?gééniy Appméth: pMerging | Greedy Ap;’smam: kMerging, re- |

no re-ambedding, no sorting but no re-embedding  or | embedding {first order mode}
| sorting " and sorting

# of controfled quantum logic | # of controfled guantum ie:»gié' # of controlied quanmm iogic

gates (CNOT)H 120,160 gates (CNOT): 108,802 gates [CNOT}: 30,558

# of R,{8) gates: 11,716 §# of R7{6) gates: 10,319 # of {8} géte,&;: 10,319

# of Hadamard (N} gates: | % of THadamard (M) gates: i # of Hadamard (H) gates:

86,380 76,812 14,380 _

# of Phase {S) gates: 42,048 i of Phase (S)gates 38,760 | # of Phase (S) gates: 6,864

00711 FIG. & illustrates a quantum computing system used to provide quantum stale
measurements for a chemical entity chosen for which the guantum circuit is optimized using method
and system for optimization of quantum circuit according to one or more embodiments described
herein, For example, variational guantum eigensolver {VQE) mathod, where 2 frial function for the
quanturn state (also known as the ansatz state) is prepared using the guantum circuit 602 utilizing the
Trotter-like approach with a sef of variational parameters. Once the state Is prepared, it is used to
estimate the expectation value of the energy {Hamiltonian). In this method, 3 minimum in the energy is
sought by changing the varigtional parameters, and preparing new trial states utilizing these updated
parameters. The total Hamiltonian is estimated by measuring the expectation values 806 corresponding
to each term that constitutes the overali Hamiltonian. Since a Hamiltonian for a chemical entity includes
a combination of Hamiltonian ferms, the measuremenis are to be carvied out in serigs, resulting in a
number of lterations to measure individual terms in the Hamiltonian. One way to save quantum costis
o measure expectation value of more than one terms simultaneously, For example, for 3 quanium state
with two qubits, the expectation values for the operators {73,421 and {(ZZ) can all be measured
simultaneously from preparation of one triaf function.

16072] In an embodiment, a classical computing system for optimizing & guantum clreult for
simulation of the guantum system for the chemical entity is disclosed as Hiustrated in FIG. 7 and
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described in detail the description accompanying FIG. 7. The system for optimizing a quantum ¢ ircuit
comprising at least one processor and a memory wherein the memory stores executabls instructions for
opiimizing a gquantum circuit that, upon execution by the processor, <a 8 the processor o perform
functions including receiving one or more parameters for simulation of evolution of af lsast one
guanium state of a chemical entity 10 be simulated; generating a quantum circult for simulation of
evolution of the at lzast one guantum state of the chemical entity; performing ene or more operations
to minimize guantum resources or qubits to be used for the generated guantum circult based on the
one or mare paramaters; and placing guantum resources among one or more elementary logical units
(ELUs) based on any one or more of: frequency of occurrence of the quantum resources it the
generated quanium circuit, order of occurrence of the quantum resources in the generated guantum
circuit, connectivity parameters between one or more guantum resources, efficiency ¢ of gates batween
specific quantum resources, quality of gates between specific guantum resources or a combination
thersof.

[0073] The system after receiving one or more parameters for simulation of evolution of at
least one gquantum state of a chemical entity to be simulated, derives a time evolution operalor e e™ for
the chemical entity; converts the derived evolution operator to an evolution operator for & guantum
computer 1o be used for simulation of the evelution of the at least one guantum state according 1o the
svolution operator and the one or more parameters and generates a guantum circuit for simulation of
the quantum system for the chemical entity , which is optimized by performing one or more operations
to minimize gquantum rascurces or gubits to he used for the generated guantum circuit based on the
one or more parameters; and placing quantum resources among one or more elementary logical units
(ELUs) based on any one or more of frequency of occurrence of the quantum resources in the

generated quantum circuit, order of occurrence of the quantum resources in the generated guantum
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circult, connectivity parameiers between one or more quanium resources, efficiency of gates between
specific quantum resources, quality of gates between specific quantum resources or a combination
thereof as described herein, Further optimization of quantum resources and optimization of guantum
circuit generated using optimized or minimized guantum resources may be performed in serles and
iteratively until a specific performance target, 2.g. pre-defined maximum tolerance threshold or
tolerance Limit for the error, or minimum gate count, is achleved. FiG. 7 Hustrates one or more
embodiments of the system used for optimizing a quantum circult for simulation of the guantum system
for the chemical entity using the method depicted in FIGs. 34, 2B, 34, 38, 4A, 48, 47, 41, 4F and 4F.
[0074] Once the guantum resources are optimized, and the guantum circult optimized 1o use
parailel processing and gete scheduling, the resulting optimized quantum crcuft may be further
optimized by using a number of iterations, also known as heuristic optimization, and the results
obtained via guantum circuil are compared to the theoretical results and error tolerance, This
optimization is described In detall in commoniy-owned, co-pending US Application # 16/164,586,
“AUTOMATED OPTIMIZATION OF LARGE-SCALE QUANTUM CIRCUHTS WITH CONTINUOUS PARAMETERS”,
[0075] FIG. 7 shows an example system and an iHlustrative computing ambodiment, In which

any of the processes and sub-procasses of

guantum computation may be implemented as computer-
readable instructions stored on a computer-readable medium. The computer-readable instructions may,
for example, he executed by a processor of a device, as referenced herein, having a network element
andfor any other device corresponding thereto, particularly as applicable to the applications and/or
programs described above for quantum circuit pptimization.

{0076} in an embodiment, a computer-readable medium storing executable instructions for
optimizing a quantum circuit that, upon execution, cause a digital computing processor to perform

functions including receiving one or more parametars for simulation of evolution of at least one

[
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guantum state of a chemical entity to be simulated; generating a guantum circuit for simulation of
evolution of the at least one guantum state of the chemical entity; performing one or more operations
to minimize guantum resources to be used for the generated quantum circuit based on the one or more
parameters; and placing guantum resources among one or more slementary logical units {ELUS) based
on any one or more of: frequency of occurrence of the quantum resources in the generated guantum
circuit, order of occurrence of the quantum resources in the generated guantum circult, connectivity
parameters between one or more guantum resources, efficiency of gates between specific guantum
resgurces, quality of gates between specific guantum resources or a combination thereof.

[0077] In a very basic configuration, 3 computing device or a systerm 700 may typically include,
at least, one or more processors 702, a system memaory 704, one or more input components 706, one or
maore output components 708, a display component 710, a computer-readable medium 712, and 3
transceiver 714,

F078] Processor 702 may refer to, e.g., a microprocesser, a microcontroller, a digital signal
processor, or any combination thereof,

100731 Memory 704 may refer to, eg, a volatile memory, non-volatile memory, or any
combination thereof. Memory 704 may store, therein, operating system 705, an application, and/or
program data. That is, memory 704 may store executable instructions 1o implement any of the
functions or operations described above and, therefore, memory 704 may be regarded as a computer-
readable medium.

[0080] Input component 706 may refer 1o a buillt-in or communicatively coupled keyboard,
touch screen, or telecommunication device. Alternatively, input component 706 may include @
microphone that is configured, in cooperation with 3 voice-recognition program that may be stored in

memory 704, to receive voice commands from a user of compuling device 700. Further, input
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component 706, if not built-in to computing device 700, may be communicatively coupled thereto via
shori-range communication protocols including, but not limitation, radio frequency or Blustooth,

{0081} Ouiput component 708 may refer to a component or module, built-in or removable
from computing device 700, that is configured to output commands and data to an external device,

10082] Display component 710 may refer i, e.g., a solid state display that may have touch
input capabilities. That is, display component 710 may include capabilities that may be shared with or
replace those of input component 706.

00837 Computer-readables medium 712 may refer to a separable machine readable medium
that is configured to store one or more programs that embody any of the functions or operations
described above, That is, computer-readable medium 712, which may be received into or otherwise
connected to a drive component of computing device 700, may siore executable instructions io
implement any of the functions or operations deseribed above. These instructions may be
complimentary or otherwise independent of those stored by mermaory 704,

{0084] Transceiver 714 may refer 1o a network communication link for computing device 700,
configured as a wired network or divect-wired connection.  Alternatively, transceiver 714 may be
configured as a wireless connection, 2.g., radio frequency {(RF), infrared, Blustooth, and other wireless
protocols,

[0085] From the foregoing, it will be appreciated that various embodiments of the present
disclosure have been described hersin for purposes of Hllustration, and that various modifications may

he made without departing from the scops and spirit of the present disclosure. Accordingly, the varioy
S = } BYY;

9

embodiments disclosed herein are not intended to be limiting, with the true scope and spirit being

indicated by the following claims.
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CLAIMS
WE CLAIM

1. A computer-readable medium storing executable instructions for optimizing a quantum circuit
that, upon execution, cause 3 digital computing processor to perform funciions comprising:
receiving one or more parameters for simulation of evolution of at least one guantum
state of & chemical entity to be simulated;

enerating a quantum circult for simulation of evolution of the at least one quantum

o

state of the chemical entity;

performing one or more operations 1o minimize guantum resources to be used for the
generated guantum circult based on the one or more parameters; and

placing quanium resources among one or more elementary logical units {FLUS) based on
any one or more of frequency of occurrence of the gquantum resources in the generated
quantum circuit, order of occurrence of the guantum resources in the generated guanium
circuit, connectivity parameters between one or more guantum resources, efficiency of gates
between specific guantum rasources, quality of gates between specific quantum resources or a

combination thereof,

%

Z. The computer-readable medium of claim 1, wherein the chemical entity includes any one or
more of: atoms, molecules, ions and subatomic particles, wherein the subatomic particles are fres,

bound or localized,

3, The computer-readabie medium of claim 1, wherein generating a guantum circuit for simulation
of evolution of the at least one guantum state of the chemical entity comprises:
deriving evolution operator for the chemical entity to be utilized for the simulation using a
guantum computer, whereln deriving evolution operator for the chemical entity further comprises:
deriving fermionic Hamiltonian for the chemical entity, and
transforming fermionic Hamiltonian to & gublt Hamiltonian using one or more
transformation algorithms, wherein the one or more transformation algorithm comprises any
one or more of lordan-Wigner transformation, Parity transformation and Bravyi-Kitaev

transformation,

[oN]
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4, The computer-readable medium of claim 1, wherein the one or more operations to minimize
quantum resources include any one or more of terrm merging, re-embedding guantum resources and

merge-soriing.

(93]

The computer-readable medium of claim 1, wherein the one or more parameters for simulation
of evolution of at least one quantum state of a chemical entity to be simulated include any one or more
of: atomic information for the chemical entity, error tolerance for the guentum circuit, maxdimum
number of gates permitted for the guantum circull, maximum number of qubils permitted for the

guanium crowt, and maximum duration of time allowed for the simulation,

. The computer-readable medium of claim 1, wherein optimizing the generated guantum circuit
based on the one or more parameters further comprises any one or more of: gate scheduling and

paraliel processing of quantum computations.

7. The computerreadable medium of claim 6, wherein the gste scheduling for quantum
computations is achieved by connecting one or more quantum resources from different ELUs, wherein
the guantum resources are connected by 8 qubit communication bus including shuttling of the quantum

FESOUTCas.

8 The computer-readable medium of claim 6, wherein the gate scheduling and parailel processing
of quantum computations is achieved by connecting one or more gquarntum rascurces from different

extended elementary logical units {EELUs) vig optical cross connect to generate at least one entangled

ion pair between a pair of EELUs.

8, The computer-readable medium of claim 8, wherein the number of quantum resources in each
ELU, the number of ELUs in each EELY and the number of EELUs used In the computations can be

dynamically varied over the duration of the computation.

10, A computer-implemented method for optimizing a guantum circuit comprising:
recelving one or more parameters Tor simulation of evelution of at least one quantum

state of a chemical entity 1o be simulated;

L
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generating a guanium circult for simulation of evolution of the at least one guantum
state of the chemical entity;

performing ane or more operations to minimize guantum resources 10 be used for the
generated guantum circuit based on the one or more parameters; and

mapping quantum resources among one or more clementary logical units (FLUs) based
on gny one or maore of: frequency of occurrence of the guantum resources in the generated
quantum circuit, order of occurrence of the quantum resources in the generated guantum
circult, connectivity parameters between one or more quantum resources, efficiency of gates
between specific quantum resources, quality of gates between specific guantum resources or a

combination thersof,

1. The computer-implemented method of daim 10, wherein the chemical entity includes any one

(Y

or more of: atoms, molecules, lons and subatomic particles, whersin the subatomic particles are free,

bound or localized,

iz, The computer-implemented method of claim 10, wherein generating a quantum circuit for
sirnulation of evolution of the at least one quantum state of the chemical entity comprises:
deriving evolution operator for the chemical entity to be utilized for the simulation using a
quanturmn computer, whereln deriving evolution operator for the chemical entity further comprises:
deriving fermionic Hamiltonian for the chemical entity, and
transforming fermionic Hamiltonian to a qubit Hamilionian using one or more
transformation algorithms, wherein the one or more transformation algorithim comprises any
one or more of Jordan-Wigner transformation, Parity transformation and Bravyi-Kitaev

transformation,

i3 The computer-implemented method of claim 10, whersin the one or more operations to
minimize quanturn resources include any one or more of term merging, re-embedding guantum

resources and merge-sorting,

w
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14, The computer-implemented method of caim 10, wherein the one or more parameters for
minimizing quantum resources Lo be used for the generated guanturm cireuit include any one or more of:
atornic information for the chermical entity, arror tolerance for the guantum circuit, maximum number
of gates permitted for the quantum circult, maximum number of qubits permitted for the gquantum

circult, and maximum duration of time allowed for the simulation,

15, The computer-implemented method of claim 10, wherein optimizing the generated guantum
circuit based on the one or more parameters further comprises any one or more of! gate scheduling and

parailel processing of quantum computations,

i86. The computer-implemented method of ¢laim 15, wherein the gate scheduling for guanium
[

computations is achieved by connecting one or more guantum resources from ditferent FLUs, wherein

Lo

he guantum resources are connected by a qubit communication bus including shuttling of the guantum

resourcas,

17. The computer-implemented method of claim 15, wherein the gate scheduling and parallel
processing of quanium computations is achieved by connecting one or more quantum resources from
different extended elementary fogical units (EELUs} via optical ¢ross connect to generate at least one

entangled ion pair between a pair of EELUs,

18, The computer-implemented method of claim 17, wherein the number of quantum resources in

gach ELU, the number of ELUs in each EELU and the number of EELUs used in the computations can be

varled over the duration of the computation.

19, A system for optimizing 8 quantum circuit comprising at least one processor and & memory
wherein the memory stores executable Instructions for optimizing 2 guantum circuit that, upon
execution by the processor, cause the processor to perform functions comprising:

receiving one or more parameters for simulation of evelution of at least one guantum

43
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f a chemical entity 1o be simulated;
generating a guantum circult for simulstion of evolution of the at lesst one quantum

state of the chemical entity:

w
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performing one or more operations to minimize quantum resources 1o be used for the
generated guantum circult based on the one or more parameters; and

placing quantum rasources among one or more elemeantary logical units (FLUs) based on

any ong or more of! frequency of cccurrence of the guantum resources in the generated

guantum circult, order of occurrence of the guantum resources in the generated guantum

circult, connectivity parameters between one or more gquanium resources, efficiency of gates

between specific quantum resources, quality of gates between specific quantum resources or a

combination thereof,

20. The systern of claim 19, wherein the chemical entity includes any one or more of; atoms,

molecules, ions and subatomic particles, wherein the subatomic particles are free, bound or localized.

21, The systern of claim 19, wherein generating a quantum circuit for simulation of evelution of the
3t least one guantum state of the chemical entity compris
deriving evolution operator for the chemical entity to be utilized for the simulation using a
guantum computer, wherein deriving evolution operator for the chemical entity further comprises:
deriving fermionic Hamiltonian for the chemical entity, and
transforming fermionic Hamiltonian o a gubit Hamiltonian using one or more

transformation algorithms, wherain the one or more transformation algorithm comprises any

one or more oft Jordan-Wigner transformation, Parity transformation and Bravyi-Kitasy

transformation.

fud

2. The system of claim 18, wherein the one or more operations to minimize quantum resources

include any one or more of term merging, re-embedding quantum resources and merge-sorting.

23, The system of claim 19, wherein the one or more parameters for minimizing quantum resources
to be used for the generated quanium circult include any one or maore of: atomic information for the
chemical entity, error tolerance for the quantum circuit, maximum number of gates permitted for the
guantum circult, maximum number of qubits permitted for the quantum circuit, and maximum duration

P L

of time allowed for the simulation.
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24, The system of claim 19, wherein optimizing the generated quantum circult basad on the one or
more parameters further comprises any ene or more of: gate scheduling and parallel processing of

guanium CQYE‘%QUT@TEQ?’!S.

25, The system of claim 24, wherein the gate scheduling for quantum computations is achieved by
connecting one or more quantum resources from different ELUs, wherein the quantum resourcas are

connectad by & qublt communication bus including shuttling of the guantum resources.

26, The syatem of claim 24, wherein the gate scheduling and parallel processing of guantum
computations Is achieved by connecting one or more guantum resources from different extended
elementary logical units (EELUS) via optical cross connect to generate at least one entangled ion pair

between a pair of EELUs.

27. The system of claim 26, wherein the number of quantum resourcss In each ELL, the number of
ELUs in each EELU and the number of EELUs used in the computations can be varied over the duration of

the computation.
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FIG. 2A

Receiving one or more parameters for simulation and
atomic information for a chemical entity

!

Deriving a time evolution operator for the chemical entity
for the chemical entity, e.g., Schridinger’s Equation

!

Performing molecular orbital calculations for the chemical
entity chosen including conversion of Slater Type Orbitals - 208
to Gaussian Type Orbitals (8T0-3G)

!

Converting derived fermionic Hamiltonian to a qubit Hamiltonian 206
- - - - - 210
{or Pauli Matrices) using one or more transformation algorithms

!

Approximating calculated and converted time evolution operator
et e g. using Trotter formula for approximation

!

Generate quantum circuit 214

!

Minimizing quantum resources by performing one or more
operations including term merging, re-embedding quantum o 216
resources and merge-sorting, efc.

!

Optimizing quantum circuit for simulation of the quantum system
for the chemical entity by using one or more of. mapping and
placement of quantum resources, parallel processing, gate
scheduling, heuristic optimization, iterations etc.
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FIG. 5
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