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STRETCH FACTOR ERROR MITIGATION ENABLED QUANTUM COMPUTERS

BACKGROUND
[0001] The subject disclosure relates to the use of stretch factors to implement error
mitigation in quantum operations, and more specifically, to interpolating quantum gate
parameters associated with a target stretch factor from reference models calibrated at a
plurality of reference stretch factors.
[0002] Quantum computers produce noise that degrades the accuracy of quantum
operations. Error mitigation techniques can account for the noise and improve the results of
quantum computers. In conventional error mitigation techniques, a quantum operation is
executed on a quantum circuit several times. In one or more of the quantum operation
executions, the duration of the gates included in the quantum circuit can be stretched by a
given factor, known as a stretch factor. By stretching the duration of the gates, additional
noise can be introduced to the quantum operation executions. Thereby, the quantum
computer can generate multiple result datasets, each with a respective amount of noise
influenced by the employed stretch factor. An error mitigated result can then be extrapolated
from the multiple result datasets. However, new gate parameters must be defined and
calibrated for each respective stretch factor utilized in the quantum operation executions.
Calibrating the gate parameters for each stretch factor requires scientists to access the
hardware of the quantum computer and can be significantly time consuming. As such,
conventional error mitigation techniques are limited by the calibration requirements.
[0003] Other conventional error mitigation techniques are implemented by replacing
every two-qubit quantum gate by several copies of itself in the quantum circuit. For
example, each two-qubit gate in a quantum circuit can be replaced by an odd number of two-
qubits gates. However, these techniques neglect single-qubit gates and can correspond to
long stretch factors that may be inappropriate for quantum circuits approaching the coherence
limit. Moreover, an additional constraint to the conventional error mitigation techniques is

that two sequential applications of the two-qubit gate must compose to the identity operation.
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SUMMARY

[0004] The following presents a summary to provide a basic understanding of one or
more embodiments of the invention. This summary is not intended to identify key or critical
elements, or delineate any scope of the particular embodiments or any scope of the claims. Its
sole purpose is to present concepts in a simplified form as a prelude to the more detailed
description that is presented later. In one or more embodiments described herein, systems,
computer-implemented methods, apparatuses and/or computer program products that can
facilitate stretch factor error mitigation for quantum operations are described.

[0005] According to an embodiment, a system is provided. The system can comprise
a memory that can store computer executable components. The system can also comprise a
processor, operably coupled to the memory, and that can execute the computer executable
components stored in the memory. The computer executable components can comprise an
error mitigation component that can interpolate a gate parameter associated with a target
stretch factor from a reference model that can include reference gate parameters for a
quantum gate calibrated at a plurality of reference stretch factors. An advantage of such a
system can be that the reference model can be employed to reduce calibration overhead.
[0006] In some examples, the system can comprise a model component that can
define a plurality of reference stretch factors by determining a number of reference stretch
factors within a stretch factor interval based on at least one of an error per gate determination
and a gate parameter determination. An advantage of such a system can be that the reference
model can include reference stretch factors associated with dynamic regions of a quantum
gate calibration.

[0007] According to an embodiment, a system is provided. The system can comprise
a memory that can store computer executable components. The system can also comprise a
processor, operably coupled to the memory, and that can execute the computer executable
components stored in the memory. The computer executable components can comprise a
recommendation component that can identify a stretch factor for error mitigation of a
quantum circuit based on a gate count and a qubit count of the quantum circuit. An advantage
of such a system can be the enabled selection of stretch factors that are predicted to be most
efficient in facilitating a Richardson error mitigation.

[0008] In some examples, the recommendation component can compare the gate
count and the qubit count of the quantum circuit to a reference table that includes a range of
stretch factors associated with defined gate and qubit count combinations. An advantage of
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such a system can be the recommendation of stretch factors based on past executions of
similar quantum circuits.

[0009] According to an embodiment, a computer-implemented method is provided.
The computer-implemented method can comprise interpolating, by a system operatively
coupled to a processor, a gate parameter associated with a target stretch factor from a
reference model that includes reference gate parameters for a quantum gate calibrated at a
plurality of reference stretch factors. An advantage of such a computer-implemented method
can be the determination of gate parameters for a target stretch factor without calibrating a
quantum gate at the target stretch factor.

[0010] In some examples, the computer-implemented method can comprise
determining, by the system, a number of reference stretch factors included within a stretch
factor interval based on at least one of an error per gate determination and a gate parameter
determination. An advantage of such a computer-implemented method can be the generation
of a reference model that is highly calibrated at reference stretch factors associated with
increased variation in the quantum gate’s operation.

[0011] According to another embodiment, a computer-implemented method is
provided. The computer-implemented method can comprise recommending, by a system
operatively coupled to a processor, a stretch factor for error mitigation of a quantum circuit
based on a gate count and a qubit count of the quantum circuit. An advantage of such a
method can be the enablement of a user to effectively execute an error mitigation protocol
with a desired stretch factor.

[0012] In some examples, the computer-implemented method can further comprise
executing, by the system, a randomized benchmark operation that determines maximum
stretch factors associated with a set of quantum gates. Also, the computer-implemented
method can comprise monitoring, by the system, an availability of one or more quantum gates
from the set of quantum gates. An advantage such a method can be that stretch factors can be
adjusted and/or recommended to meet the capabilities of quantum hardware (e.g., the recent
operating capability of a quantum gate).

[0013] According to an embodiment, a computer program product for quantum
computer error mitigation is provided. The computer program product can comprise a
computer readable storage medium having program instructions embodied therewith. The
program instructions can be executable by a processor to cause the processor to generate, by

the processor, a range of stretch factors associated with a quantum gate at a plurality of
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reference stretch factors. The program instructions can also cause the processor to receive, by
the processor, a stretch factor from the range of stretch factors. Additionally, the program
instructions can cause the processor to interpolate, by the processor, a gate parameter
associated with the stretch factor based the plurality of reference stretch factors. An
advantage of such a computer program product can be a reduction in calibration overhead of
the quantum computer.

[0014] In some examples, the program instructions can further cause the processor to
identify, by the processor, a recommended stretch factor from the range of stretch factors
based on a gate count and a qubit count of a quantum circuit that includes the quantum gate.
An advantage of such a computer program product can be an increased applicability of error

mitigation.

BRIEF DESCRIPTION OF THE DRAWINGS.
[0015] The patent or application file contains at least one drawing executed in color.
Copies of this patent or patent application publication with color drawing(s) will be provided
by the Office upon request and payment of the necessary fee.
[0016] FIG. 1 illustrates a block diagram of an example, non-limiting system that can
facilitate stretch factor error mitigation for one or more quantum operations in accordance
with one or more embodiments described herein.
[0017] FIG. 2 illustrates a diagram of an example, non-limiting graph that can
characterize error-per-Clifford variations that can influence the number of reference stretch
factors employed within a stretch factor interval in accordance with one or more
embodiments described herein.
[0018] FIG. 3A illustrates a diagram of an example, non-limiting graph that can
characterize gate parameter variations that can influence the number of reference stretch
factors employed within a stretch factor interval in accordance with one or more
embodiments described herein.
[0019] FIG. 3B illustrates a diagram of an example, non-limiting graph that can
characterize error per Clifford variations that can influence the number of reference stretch
factors employed within a stretch factor interval in accordance with one or more
embodiments described herein.
[0020] FIG. 4 illustrates a block diagram of an example, non-limiting system that can

determine and/or track the maximum stretch factors associated with one or more gates
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employed by a quantum computer in accordance with one or more embodiments described
herein.

[0021] FIG. 5 illustrates a block diagram of an example, non-limiting system that can
interpolate one or more gate parameters for a quantum gate calibrated at a plurality of
reference stretch factors in accordance with one or more embodiments described herein.
[0022] FIG. 6 illustrates a diagram of an example, non-limiting reference model that
can characterize one or more quantum gate parameters associated with a plurality of reference
stretch factors in accordance with one or more embodiments described herein.

[0023] FIG. 7 illustrates a block diagram of an example, non-limiting system that can
execute one or more quantum operations on one or more quantum computers based on one or
more stretch factor schedules in accordance with one or more embodiments described herein.
[0024] FIG. 8 illustrates a block diagram of an example, non-limiting system that can
execute one or more error mitigation extrapolations to generate an error mitigated result from
one or more quantum operations in accordance with one or more embodiments described
herein.

[0025] FIG. 9 illustrates a diagram of example, non-limiting graphs that can
demonstrate an efficacy of a Richardson error mitigation protocol in accordance with one or
more embodiments described herein.

[0026] FIG. 10 illustrates a diagram of an example, non-limiting operation scheme
that can be employed by one or more systems in implementing stretch factor error mitigation
for quantum operations in accordance with one or more embodiments described herein.
[0027] FIG. 11 illustrates a block diagram of an example, non-limiting system that
can recommend one or more stretch factors to be implemented in stretch factor error
mitigation in accordance with one or more embodiments described herein.

[0028] FIG. 12 illustrates a diagram of an example, non-limiting operation scheme
that can be employed by one or more systems in implementing stretch factor error mitigation
for quantum operations in accordance with one or more embodiments described herein.
[0029] FIG. 13 illustrates a flow diagram of an example, non-limiting computer-
implemented method that can facilitate one or more stretch factor error mitigations in
accordance with one or more embodiments described herein.

[0030] FIG. 14 depicts a cloud computing environment in accordance with one or

more embodiments described herein.
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[0031] FIG. 15 depicts abstraction model layers in accordance with one or more
embodiments described herein
[0032] FIG. 16 illustrates a block diagram of an example, non-limiting operating

environment in which one or more embodiments described herein can be facilitated.

DETAILED DESCRIPTION

[0033] The following detailed description is merely illustrative and is not intended to
limit embodiments and/or application or uses of embodiments. Furthermore, there is no
intention to be bound by any expressed or implied information presented in the preceding
Background or Summary sections, or in the Detailed Description section.

[0034] One or more embodiments are now described with reference to the drawings,
wherein like referenced numerals are used to refer to like elements throughout. In the
following description, for purposes of explanation, numerous specific details are set forth in
order to provide a more thorough understanding of the one or more embodiments. It is
evident, however, in various cases, that the one or more embodiments can be practiced
without these specific details.

[0035] Given the problems with other implementations of quantum computing error
mitigation; the present disclosure can be implemented to produce a solution to one or more of
these problems by interpolating quantum gate parameters from one or more reference models
calibrated with regards to reference stretch factors. Advantageously, one or more
embodiments described herein can implement error mitigation for an interval of stretch
factors with minimum calibration overhead. Various embodiments described herein can
enable the employment of one or more desired stretch factors from a given range
characterized by a plurality of reference stretch factors.

[0036] Various embodiments of the present invention can be directed to computer
processing systems, computer-implemented methods, apparatus and/or computer program
products that facilitate the efficient, effective, and autonomous (e.g., without direct human
guidance) stretched-pulse calibration and gate parameter interpolation. For example, in one
or more embodiments described herein can calibrate a plurality of quantum gates with regards
to reference stretch factors to generate a reference model. Further, various embodiments can
interpolate gate parameters for a desired stretch factor from the reference model.
Additionally, one or more embodiments described herein can recommend one or more stretch
factors for use with a given quantum circuit. Moreover, one or more embodiments can adjust
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one or more selected stretch factors to enhance compatibility with the hardware of a given
quantum computer.

[0037] The computer processing systems, computer-implemented methods, apparatus
and/or computer program products employ hardware and/or software to solve problems that
are highly technical in nature (e.g., quantum computing error mitigation), that are not abstract
and cannot be performed as a set of mental acts by a human. For example, an individual, or a
plurality of individuals, cannot generate reference models for stretch factor interpolation and
error mitigation.

[0038] Also, one or more embodiments described herein can constitute a technical
improvement over conventional error mitigation by interpolating quantum gate parameters
from one or more reference models calibrated at a plurality of reference stretch factors.
Additionally, various embodiments described herein can demonstrate a technical
improvement over conventional error mitigation techniques by recommending stretch factors
to be employed based on a given quantum circuit and/or hardware characteristics of a given
quantum computer. Moreover, various embodiments described herein can demonstrate a
technical improvement over conventional error mitigation techniques by enabling the
selection of one or more stretch factors within a given range while minimizing calibration
overhead.

[0039] Further, one or more embodiments described herein can have a practical
application by mitigating errors in one or more quantum operations. For instance, various
embodiments described herein can interpolate quantum gate parameters from a reference
model; thereby enabling the selection of one or more desired stretch factors from a given
range without being inhibited by restrictions associated with calibrating quantum gates.
Further, one or more embodiments described herein can control a recommendation
component to analyze a given quantum circuit and/or generate one or more recommended
stretch factors to be employed for error mitigation. Thereby, the one or more embodiments
can enable a user to employ stretch factors that are compatible with a desired quantum circuit.
[0040] FIG. 1 illustrates a block diagram of an example, non-limiting system 100 that
can facilitate quantum computing error mitigation. Repetitive description of like elements
employed in other embodiments described herein is omitted for sake of brevity. Aspects of
systems (e.g., system 100 and the like), apparatuses or processes in various embodiments of
the present invention can constitute one or more machine-executable components embodied

within one or more machines, e.g., embodied in one or more computer readable mediums (or
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media) associated with one or more machines. Such components, when executed by the one
or more machines (e.g., computers, computing devices, virtual machines, and/or the like) can
cause the machines to perform the operations described.

[0041] As shown in FIG. 1, the system 100 can comprise one or more servers 102,
one or more networks 104, input devices 106, and/or quantum computers 108. The server
102 can comprise error mitigation component 110. The error mitigation component 110 can
further comprise communications component 112 and/or model component 114. Also, the
server 102 can comprise or otherwise be associated with at least one memory 116. The server
102 can further comprise a system bus 118 that can couple to various components such as, but
not limited to, the error mitigation component 110 and associated components, memory 116
and/or a processor 120. While a server 102 is illustrated in FIG. 1, in other embodiments,
multiple devices of various types can be associated with or comprise the features shown in
FIG. 1. Further, the server 102 can communicate with one or more cloud computing
environments.

[0042] The one or more networks 104 can comprise wired and wireless networks,
including, but not limited to, a cellular network, a wide area network (WAN) (e.g., the
Internet) or a local area network (LAN). For example, the server 102 can communicate with
the one or more input devices 106 and/or quantum computers 108 (and vice versa) using
virtually any desired wired or wireless technology including for example, but not limited to:
cellular, WAN, wireless fidelity (Wi-Fi), Wi-Max, WLAN, Bluetooth technology, a
combination thereof, and/or the like. Further, although in the embodiment shown the error
mitigation component 110 can be provided on the one or more servers 102, it should be
appreciated that the architecture of system 100 is not so limited. For example, the error
mitigation component 110, or one or more components of error mitigation component 110,
can be located at another computer device, such as another server device, a client device, a
combination thereof, and/or the like.

[0043] The one or more input devices 106 can comprise one or more computerized
devices, which can include, but are not limited to: personal computers, desktop computers,
laptop computers, cellular telephones (e.g., smart phones), computerized tablets (e.g.,
comprising a processor), smart watches, keyboards, touch screens, mice, a combination
thereof, and/or the like. The one or more input devices 106 can be employed to enter one or
more quantum circuits and/or target stretch factors into the system 100, thereby sharing (e.g.,

via a direct connection and/or via the one or more networks 104) said data with the server
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102. For example, the one or more input devices 106 can send data to the communications
component 112 (e.g., via a direct connection and/or via the one or more networks 104).
Additionally, the one or more input devices 106 can comprise one or more displays that can
present one or more outputs generated by the system 100 to a user. For example, the one or
more displays can include, but are not limited to: cathode tube display (“CRT”), light-
emitting diode display (“LED”), electroluminescent display (“ELD”), plasma display panel
(“PDP”), liquid crystal display (“LCD”), organic light-emitting diode display (“OLED”), a
combination thereof, and/or the like.

[0044] In various embodiments, the one or more input devices 106 and/or the one or
more networks 104 can be employed to input one or more settings and/or commands into the
system 100. For example, in the various embodiments described herein, the one or more
input devices 106 can be employed to operate and/or manipulate the server 102 and/or
associate components. Additionally, the one or more input devices 106 can be employed to
display one or more outputs (e.g., displays, data, visualizations, and/or the like) generated by
the server 102 and/or associate components. Further, in one or more embodiments, the one or
more input devices 106 can be comprised within, and/or operably coupled to, a cloud
computing environment.

[0045] In various embodiments, the one or more quantum computers 108 can
comprise quantum hardware devices that can utilize the laws of quantum mechanics (e.g.,
such as superposition and/or quantum entanglement) to facilitate computational processing
(e.g., while satisfying the DiVincenzo criteria). In one or more embodiments, the one or more
quantum computers 108 can comprise a quantum data plane, a control processor plane, a
control and measurement plane, and/or a qubit technology.

[0046] In one or more embodiments, the quantum data plane can include one or more
quantum circuits comprising physical qubits, structures to secure the positioning of the qubits,
and/or support circuitry. The support circuitry can, for example, facilitate measurement of the
qubits’ state and/or perform gate operations on the qubits (e.g., for a gate-based system). In
some embodiments, the support circuitry can comprise a wiring network that can enable
multiple qubits to interact with each other. Further, the wiring network can facilitate the
transmission of control signals via a direct electrical connection and/or electromagnetic
radiation (e.g., optical, microwave, and/or low-frequency signals). For instance, the support
circuitry can comprise one or more superconducting resonators operatively coupled to the one

or more qubits. As described herein the term “superconducting” can characterize a material



WO 2022/101226 PCT/EP2021/081161

that exhibits superconducting properties at or below a superconducting critical temperature,
such as aluminum (e.g., superconducting critical temperature of 1.2 Kelvin) or niobium (e.g.,
superconducting critical temperature of 9.3 Kelvin). Additionally, one of ordinary skill in the
art will recognize that other superconductor materials (e.g., hydride superconductors, such as
lithium/magnesium hydride alloys) can be used in the various embodiments described herein.
[0047] In one or more embodiments, the control processor plane can identify and/or
trigger a Hamiltonian sequence of quantum gate operations and/or measurements, wherein the
sequence executes a program (e.g., provided by a host processor, such as server 102 and/or
the one or more input devices 106) for implementing a quantum algorithm. For example, the
control processor plane can convert compiled code to commands for the control and
measurement plane. In one or more embodiments, the control processor plane can further
execute one or more quantum error correction algorithms.

[0048] In one or more embodiments, the control and measurement plane can convert
digital signals generated by the control processor plane, which can delineate quantum
operations to be performed, into analog control signals to perform the operations on the one
or more qubits in the quantum data plane. Also, the control and measurement plane can
convert one or more analog measurement outputs of the qubits in the data plane to classical
binary data that can be shared with other components of the system 100 (e.g., such as the
error mitigation component 110, via, for example, the control processor plane).

[0049] One of ordinary skill in the art will recognize that a variety of qubit
technologies can provide the basis for the one or more qubits of the one or more quantum
computers 108. Two exemplary qubit technologies can include trapped ion qubits and/or
superconducting qubits. For instance, wherein the quantum computer 108 utilizes trapped ion
qubits, the quantum data plane can comprise a plurality of ions serving as qubits and one or
more traps that serve to hold the ions in specific locations. Further, the control and
measurement plane can include: a laser or microwave source directed at one or more of the
ions to affect the ion’s quantum state, a laser to cool and/or enable measurement of the ions,
and/or one or more photon detectors to measure the state of the ions. In another instance,
superconducting qubits (e.g., such as superconducting quantum interference devices
“SQUIDs”) can be lithographically defined electronic circuits that can be cooled to milli-
Kelvin temperatures to exhibit quantized energy levels (e.g., due to quantized states of
electronic charge or magnetic flux). Superconducting qubits can be Josephson junction-

based, such as transmon qubits and/or the like. Also, superconducting qubits can be
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compatible with microwave control electronics, and can be utilized with gate-based
technology or integrated cryogenic controls. Additional exemplary qubit technologies can
include, but are not limited to: photonic qubits, quantum dot qubits, gate-based neutral atom
qubits, semiconductor qubits (e.g., optically gated or electrically gated), topological qubits, a
combination thereof, and/or the like.

[0050] In various embodiments, the one or more quantum computers 108 can
comprise one or more quantum gates 122. The one or more quantum gates 122 can operably
couple multiple qubits of the one or more quantum computers 108. The one or more quantum
computers 108 can execute one or more quantum operations by controlling one or more of the
quantum gates 122 in accordance with one or more given quantum circuits. In various
embodiments, the one or more quantum gates 122 can be any type of quantum gate 122 in
which the pulse that implements the gate can be stretched. Example types of gates that can be
included within the one or more quantum gates 122 can include, but are not limited to: cross-
resonance gates, single-qubit gates, multi-qubit gates, a combination thereof, and/or the like.
[0051] In one or more embodiments, the communications component 112 can receive
one or more Hamiltonians, quantum circuits, and/or target stretch factors from the one or
more input devices 106 (e.g., via a direct electrical connection and/or through the one or more
networks 104) and share the data with the various associate components of the error
mitigation component 110. Additionally, the communications component 112 can facilitate
the sharing of data between the error mitigation component 110 and the one or more quantum
computers 108, and/or vice versa (e.g., via a direct electrical connection and/or through the
one or more networks 104).

[0052] A time-dependent drive Hamiltonian can be characterized by Equation 1

below:

K() = Yada (P (D

Where “Y,” can represent sum over the index alpha, and “J,” can represent a time-dependent
strength of the interaction associated with “P,”. Further, where “P,” is a N-qubit Pauli
operator, subject to time-invariant noise “A”, an expectation value of an observable “Ex (1)
after evolution under a scaled drive “K/(t) = ¥, ]é(t)Pa” for a time “c;T” is equivalent to a
measurement under an amplified noise strength “c;A”. Thus, the observable associated with
several different observables “c;” can be calculated (e.g., via the one or more quantum
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computers 108) and Ex (4) can be extrapolated back to the zero-noise limit “£*”. In various
embodiments, the one or more quantum computers 108 can make available a calibrated
quantum gate set for each employed stretch factor, which can depend on one or more
characteristics of a given quantum circuit employed for the given quantum operation (e.g.,
execution of a given quantum algorithm).

[0053] In various embodiments, the model component 114 can reduce calibration
overhead associated with implementing the various stretch factors by generating one or more
reference models from which gate parameters for target stretch factors can be interpolated.
For example, one or more reference models generated by the model component 114 can relate
quantum gate parameters of the one or more quantum computers 108 to their effect on the
unitary time evolution. In various embodiments, the model component 114 can generate the
one or more reference models based on analytical considerations and/or empirical
measurements. Example gate parameters that can be interpolated from the one or more
reference models can include, but are not limited to: amplitude of a cross-resonance pulse,
phase of a cross-resonance pulse, derivative removal by adiabatic gate (‘DRAG”) value (e.g.,
the DRAG coefficient of a single-qubit pulse), amplitude of a single-qubit pulse, a
combination thereof, and/or the like.

[0054] For example, the amplitude “Q” of a cross-resonance pulse of a duration “T”
can be related to the ZX rotation (e.g., characterized by 8,5 = wzxT) by a third order model

in accordance with Equation 2 below.

wzx(2) _m( 5,1 ) J02362(36341182A+158,A%+9A%) @

2 A \&{+A 4A3(5,+A)3(5,+24)(36,+24)

Where “8,” can represent the anharmonicity of a control qubit of the one or more quantum
computers 108, “A” can represent a frequency difference between the control qubit and target
qubits of the one or more quantum computers 108, and/or “J” can represent a coupling
strength between the qubits.

[0055] The one or more reference models can regard a continuous interval of stretch
factors (e.g., characterized by “c; € [ Cinin, Cinax]”) that includes a plurality of reference
stretch factors. In various embodiments, each of the quantum gates 122 of the one or more
quantum computers 108 can be calibrated with regards to each of the reference stretch factors.

Further, the calibrated gate parameters can be plotted against the reference stretch factors
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within the one or more reference models. Thereby, the model component 114 can employ
one or more empirical fittings on the plotted data to characterize a relationship between the
parameter values and the reference stretch factors for each of the quantum gates 122 of the
one or more quantum computers 108.

[0056] FIG. 2 illustrates a diagram of an example, non-limiting graph 200 depicting
various empirical fittings that can be employed by the model component 114 to generate one
or more reference models that characterize a relationship between gate parameters and stretch
factors in accordance with one or more embodiments described herein. Repetitive description
of like elements employed in other embodiments described herein is omitted for sake of
brevity. In various embodiments, the model component 114 can fit the amplitude parameter
of a given quantum gate 122 to the calibrated reference stretch factor data. Further, as shown
in graph 200, the model component 114 can fit the angle and/or delta parameters of a given
quantum gate 122 to the calibrated reference stretch factor data using polynomial and/or
piecewise linear fits. The reference model exemplified by graph 200 can regard calibrations
for a stretch factor interval ranging between 1 and 2.

[0057] As shown in FIG. 2, line 202 can represent an initial stretch factor calibration
performed for a quantum gate 122 (e.g., a cross-resonance gate). Line 204 can represent a
subsequent second stretch factor calibration performed for the quantum gate 122. Line 206
can represent a piece-wise linear fitting using the parameters resulting from the initial stretch
factor calibration. Line 208 can represent a piece-wise linear fitting using the parameters
resulting from the second stretch factor calibration. Line 210 can represent a polynomial
fitting using the parameters resulting from the initial stretch factor calibration. Line 212 can
represent a polynomial fitting using the parameters resulting from the second stretch factor
calibration. In various embodiments a fitting of the amplitude parameter utilizing 6,5 =
wzxT (e.g., inversely proportional to time) can be less sensitive than fittings for other gate
parameters, such as phase and/or DRAG parameters.

[0058] In various embodiments, the model component 114 can determine the stretch
factor interval associated with each quantum gate based on one or more operating
characteristics of the quantum gates 122 of the one or more quantum computers 108. For
example, the model component 114 can determine the stretch factor interval such that a
minimal amount of calibration overhead is necessitated while still producing quantum gates
122 for error mitigation (e.g., for Richardson error mitigation). For instance, the model

component 114 can determine the number of stretch factors to serve as reference stretch
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factors for the quantum gate 122 and/or which stretch factors to serve as reference stretch
factors based variations in the error per Clifford value and/or parameter value for the given
quantum gate 122.

[0059] For example, the model component 114 can define the number and/or value of
the reference stretch factors included within the stretch factor interval based on an error per
gate (e.g., error per Clifford) determination. For instance, the number of reference stretch
factors included within the stretch factor interval can increase with a number of variations in
an error per gate (e.g., error per Clifford) determination within the stretch factor interval. In
another example, the model component 114 can define number and/or value of the reference
stretch factors included within the stretch factor interval based on the gate parameters. For
instance, the number of reference stretch factors included within the stretch factor interval can
increase with a number of variations in the gate parameter determination within the stretch
factor interval.

[0060] FIGs. 3A-B illustrate diagrams of example, non-limiting graphs 300 and/or
302 that can be generated by the model component 114 to characterize one or more operating
characteristics of the one or more quantum gates 122 and identify reference stretch factors in
accordance with one or more embodiments described herein. Repetitive description of like
elements employed in other embodiments described herein is omitted for sake of brevity. In
one or more embodiments, graph 300 and/or 302 can be generated by the model component
114 based on one or more analytical considerations (e.g., in accordance with Equation 2) for
the quantum gates 122 of the one or more quantum computers 108. As shown in FIG. 3A,
exemplary graph 300 can regard the amplitude of a cross-resonance pulse (e.g., referenced as
“amp CR” in FIG. 3A) as the gate parameter of interest for the reference modeling. As
shown in FIG. 3B, the model component 114 can generate exemplary graph 302 by first
estimating how the error per Clifford value varies as a function of the stretch factor value.
For instance, the model component 114 can perform a first estimation where the error per
Clifford is determined for a set of typically linearly spaced stretch factors in the stretch factor
interval. Next, the model component 114 can select reference stretch factors based on the
amount of variation between error per Clifford values.

[0061] In region A of the exemplary graphs 300, 302, the given quantum gate 122 can
experience a greater amount of variation in the gate parameter and/or error per Clifford values
than in region B. For example, the difference between gate parameter values and/or error per

Clifford values from one reference point to another within region A can be greater than the
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difference between gate parameter values and/or error per Clifford values from one reference
to another within region B. For instance, the slope of an empirical fitting characterizing the
change in amplitude and/or error per Clifford value can be greater within region A than
region B.

[0062] In various embodiments, the model component 114 can define the number of
reference stretch factors included within region A to be greater than the number of reference
stretch factors included within region B. For instance, the model component 114 can identify
5 reference stretch factors corresponding to region A and 3 reference stretch factors
corresponding to region B, as shown in FIG. 3A. In another instance, the model component
114 can identify 4 reference stretch factors corresponding to region A and 2 reference stretch
factors corresponding to region B, as shown in FIG. 3B. Thereby, the density of reference
stretch factors associated with region A can be greater than the density of reference stretch
factors associated with region B.

[0063] In one or more embodiments, the error mitigation component 110 can share
the reference stretch factor values determined by the model component 114 with one or more
data scientists via one or more input devices 106. Thereby, the data scientists can calibrate
the quantum gates 122 of the one or more quantum computers 108 for the reference stretch
factors. As a result of the calibration, reference gate parameters associated with the reference
stretch factors can be determined. For example, the reference gate parameters for a given
quantum gate can be the gate parameters that achieve the reference stretch factors in
accordance with the calibration. Further, one or more of the input devices 106 can be
employed to enter the reference gate parameters into the system 100 and share the reference
gate parameters with the error mitigation component 110. In accordance with various
embodiments described herein, the model component 114 can plot the reference gate
parameters versus the reference stretch factors and employ an empirical fitting (e.g., piece-
wise linear fitting, polynomial fitting) to generate the one or more reference models.

[0064] In one or more embodiments, the error mitigation component 110 can share
the reference stretch factor values determined by the model component 114 with the one or
more input devices 106 and/or quantum computers 108 to facilitate an automated calibration
of the one or more quantum gates 122. For example, the calibration can execute a plurality of
calibration routines that execute operations of the one or more quantum computers 108 to
determine the values of the gate parameters of the associate pulse. Each calibration routine

can also return a precision associated to the gate parameter of the associate pulse targeted for
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calibration. Thereby, the automated calibration can determine if it can execute the next
calibration routine or if the last calibration routine needs to be repeated.

[0065] FIG. 4 illustrates a diagram of the example, non-limiting system 100 further
comprising gate resource component 402, tracking component 404, and/or adjustment
component 406 in accordance with one or more embodiments described herein. Repetitive
description of like elements employed in other embodiments described herein is omitted for
sake of brevity. In various embodiments, the gate resource component 402 can define one or
more operating capabilities of the one or more quantum gates 122 of the quantum computers
108. Also, the tracking component 404 can track the operating capabilities defined by the
gate resource component 402 to identify if one or more changes have occurred. Further, the
adjustment component 406 can modify one or more target stretch factors to accommodate the
operating capabilities defined by the gate resource component 402 and tracked by the tracking
component 404.

[0066] The one or more quantum gates 122 (e.g., cross-resonance gates) of the
quantum computers 108 can be initially optimized having different gate lengths and gate
errors. Therefore, the maximum stretch factors that can be employed with respective
quantum gates can vary. For example, a first quantum gate 122 of the quantum computers
108 can successfully employ a maximum stretch factor of two; whereas a second quantum
gate 122 of the quantum computers 108 can fail at a stretch factor of two.

[0067] In various embodiments, the gate resource component 402 can generate one or
more gate resource tables 408. For example, each quantum gate 122 of the one or more
quantum computers 108 can be represented in the one or more gate resource tables 408.
Further, the gate resource component 402 can populate the gate resource tables 408 with the
minimum and maximum stretch factors that can be employed with each quantum gate 122.
For instance, the one or more gate resource tables 408 can represent each quantum gate 122
by respective identifiers (e.g., titles and/or numbers) and can list the minimum and maximum
stretch factor value associated with each quantum gate 122. In various embodiments, the
number, position, and/or composition of the quantum gates 122 can be entered into the system
100 by one or more data scientists and/or computer programs familiar with the quantum
computers 108 via one or more input devices 106. In some embodiments, the gate resource
component 402 can retrieve data defining the number, position, and/or composition of the
quantum gates 122 from the one or more quantum computers 108. In one or more

embodiments, the quantum gates 122 can, for example, be identified by name and stretch
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factor (e.g., the stretch factor can be incorporated into the quantum gate 122 name). For
instance, exemplary quantum gate 122 names can include, but are not limited to: CNOT 1.00
(e.g., where the stretch factor is 1.00), CNOT 1.50 (e.g., where the stretch factor is 1.50),
and/or CNOT 2.00 (e.g., where the stretch factor is 2.00). In various embodiments, the one
or more gate resource tables 408 can be stored within the one or more memories 116. In one
or more embodiments, the one or more gate resource tables 408 can be stored in a computer
architecture outside the server 102. In some embodiments, the one or more quantum gates
122 can further be grouped into sets, known as families, within the one or more gate resource
tables 408 based on function and/or proximity to each other within the one or more quantum
computers 108.

[0068] The minimum and/or maximum stretch factors associated with a quantum gate
122 can be computed by the gate resource component 402 based on one or more analytical
considerations and/or one or more measurements. For example, in various embodiments one
or more input devices 106 can be employed to enter hardware characteristics of the quantum
gates 122 into the system 100. Example hardware characteristics can include, but are not
limited to: the material composition of the quantum gates 122, the connectivity of the
quantum gates 122, the length of the quantum gates 122, fidelity of the quantum gates 122,
fluctuations of the fidelity of the quantum gates 122, a combination thereof, and/or the like.
For instance, the maximum stretch factor for a given quantum gate 122 can define the stretch
factor value beyond which the quantum gate 122 would be too unstable for use or would
experience too much error for use. Based on the hardware characteristics, the gate resource
component 402 can compute the minimum and/or maximum stretch factors that can be
employed with the quantum gates in accordance with a numerical model of the quantum
system based on the hardware characteristics of the one or more quantum computers 108. In
another example, the quantum gates 122 can be operated with a plurality of stretch factors of
increasing value to identify the minimum and/or maximum stretch factor values that can
achieve successful operation, where the one or more quantum computers 108 can share the
identified minimum and/or maximum stretch factors with the gate resource component 402
(e.g., via the one or more networks 104).

[0069] In various embodiments, the one or more quantum gates 122 can be
susceptible to operating fluctuations. As a result of the fluctuations, the maximum stretch
factor employable by a quantum gate 122 can change over time. The tracking component 404

can track the operating condition of the one or more quantum gates 122 to ensure that the
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maximum stretch factors reflected in the one or more gate resource tables 408 are up to date.
For example, the tracking component 404 can perform one or more randomized
benchmarking protocols to assess the capabilities of the quantum computers’ 108 hardware by
estimating average error rates measured under the implementation of sequences of random
quantum gate operations. For instance, the randomized benchmarking can be based on
uniformly random Clifford operations. Additionally, quantum process tomography (“QPT”)
and/or quantum gate set tomography (“GST”) can be implemented (e.g., via tracking
component 404) to determine the maximum stretch factor values (e.g., based on the fidelity of
the quantum gates 122). Where a randomized benchmarking protocol is employed, a plurality
of sequences of Clifford gates can be created with a number “m” of Clifford gates. In any
given Clifford gate sequence of length m, the Clifford gates of 1 to m-1 can be chosen at
random from the Clifford group. The last Clifford gate can be chosen such that the sequence
of m Clifford gates composes to the identity operation. The measurements at each length m
can be averaged to create a curve that shows qubit population as a function of m. Further,
gate fidelity can be extracted from the curve with an empirical fitting.

[0070] In one or more embodiments, the tracking component 404 can implement the
randomized benchmarking protocol periodically to validate the maximum stretch factors
included in the one or more gate resource tables 408. For example, the tracking component
404 can implement the randomized benchmarking protocol in accordance with one or more
schedules. For instance, the tracking component 404 can implement the randomized
benchmarking protocol daily, on an interval of days (e.g., every two days), weekly, and/or
another desirable interval of time. Further, the randomized benchmarking schedule
implemented by the tracking component 404 can vary between the quantum gates 122. For
example, quantum gates associated with the highest maximum stretch factors can be gates
most suspectable to gate fluctuations and as such can be subject to randomized benchmarking
by the tracking component 404 more frequently than quantum gates associated with lower
maximum stretch factors. For instance, quantum gates associated with the highest maximum
stretch factors can be subjected to randomized benchmarking by the tracking component 404
on a daily basis; while quantum gates associated with the lower maximum stretch factors can
be subjected to randomized benchmarking by the tracking component 404 on a weekly basis.
In various embodiments, the randomized benchmarking schedule implemented by the
tracking component 404 can vary based on the amount of maintenance overhead budgeted for

the system 100 and/or quantum computers 108.
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[0071] In one or more embodiments, the adjustment component 406 can reference the
one or more gate resource tables 408 (e.g., generated by the gate resource component 402
and/or updated by the tracking component 404) to determine whether one or more target
stretch factors should be modified to meet the capacities of the available quantum gates 122.
For example, the one or more input devices 106 can be employed to define one or more
quantum circuits to be executed during one or more quantum operations by the one or more
quantum computers 108. Where error mitigation is employed to enhance the results of the
quantum operations, the one or more input devices 106 can also be employed to define one or
more target stretch factors to be utilized during the error mitigation protocol.

[0072] The adjustment component 406 can analyze the received quantum circuit (e.g.,
received via the one or more networks 104 and/or communication component 112) to identify
which quantum gates 122 from the one or more quantum computers 108 will be operating
during the quantum operation. For example, the adjustment component 406 can correlate
quantum gates 122 of the quantum computers 108 to the given quantum circuit based on qubit
connectivity established by the quantum gates and delineated by the quantum circuit. In
another example, each quantum gate 122 of the given quantum circuit must be executed by
the one or more quantum computers 108. If the given quantum circuit contains a quantum
gate 122 that is not natively supported by the quantum computer 108, then the quantum gate
122 can be decomposed into quantum gates 122 that are natively supported. For instance, if
the given quantum circuit delineates a quantum gate 122 that is not supported by the one or
more quantum computers 108 due to limited qubit connectivity, then swap gates (e.g.,
decomposed into gates supported by the quantum computer 108) can be inserted into the
quantum circuit by the adjustment component 406. Thereby, the adjustment component 406
can identify the relevant quantum gates 122 for the quantum operation and can reference the
one or more gate resource tables 408 to identify the range of permissible stretch factors (e.g.,
as limited by the maximum stretch factor) that can be utilized with the relevant quantum gates
122. Where the one or more target stretch factors provided via the input devices 106 are
within the range of permissible stretch factors, the error mitigation component 110 can
proceed with implementing one or more error mitigation protocols described herein with the
given target stretch factors. Where the one or more stretch factors provided via the input
devices 106 are outside the range of permissible stretch factors, the adjustment component
406 can alter the value of the target stretch factors to one or more values within the

permissible range. For instance, the adjustment component 406 can alter the value of the one
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or more target stretch factors to a value within the permissible range that is closest to the
initially provided value. In another instance, the adjustment component 406 can alter the
value of the one or more target stretch factors to a value within the center of the permissible
range.

[0073] In various embodiments, one or more stretch factors within the permissible
range can still be inoperable. Inoperable stretch factors within the permissible range can be
reflected by a performance benchmark, such as a high error per Clifford value. For instance,
an exemplary permissible stretch factor range can be from 1.0 to 3.0. However, stretch
factors 2.1 to 2.3 can be inoperable stretch factors due to poor fidelity (e.g., the one or more
calibration protocols could have been ineffective for these stretch factors). The adjustment
component 406 can ensure that target stretch factors are not within the 2.1 to 2.3 range.
[0074] Additionally, the adjustment component 406 can alter target stretch factors to
satisfy one or more hardware constraints. For example, some quantum computer 108
hardware can only load pulses that have a multiple of a defined number of samples (e.g., can
only load pulses that are a multiple of 16 samples). The adjustment component 406 can
choose to alter the target stretch factors such that the pulses are multiples of the defined
number for the quantum computer 108 hardware. For example, where the defined number is
16; if a pulse with a stretch factor of 2.1 has 168 samples, then the adjustment component 406
can elect to use a target stretch factor of 2 so that the pulse has 160 samples (which is a
multiple of 16).

[0075] To exemplify a non-limiting embodiment of how the gate resource component
402, tracking component 404, and/or adjustment component 406 can operate in conjunction,
the following exemplary use case is considered. A quantum gate 122 of the one or more
quantum computers 108 can be initially optimized such that stretch factors ranging from
greater than or equal to 1.0 and less than or equal to 2.0 can be successfully employed in one
or more error mitigation protocols. The gate resource component 402 can store the
permissible stretch factor range (e.g., 1.0 to 2.0) within the one or more gate resource tables
408 in association with the quantum gate’s 122 unique identifier. Subsequent to the initial
optimization, the quantum gate 122 can experience one or more operating fluctuations
resulting in a narrowing of the permissible stretch factor range to a new range that is greater
than or equal to 1.0 and less than or equal to 1.8. For example, the qubit coherence times T1
and T2 can fluctuate in the one or more quantum computers 108, which can negatively affect

quantum gates 122 employing large stretch factors. During a randomized benchmarking
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protocol performed by the tracking component 404 in accordance with one or more defined
schedules, the tracking component 404 can identify the narrowed range and update the one or
more gate resource tables 408 accordingly. Prior to execution, by the one or more quantum
computers 108, of a quantum operation utilizing the quantum gate 122; the adjustment
component 406 can compare one or more target stretch factors, given in association with the
quantum operation, with the permission stretch factor range (e.g., 1.0 to 1.8) stored in the one
or more gate reference tables 408. Where the target stretch factor is greater than 1.8, the
adjustment component 406 can alter the value of the target stretch factor to 1.8 to meet the
capacities of the quantum gate 122.

[0076] FIG. 5 illustrates a diagram of the example, non-limiting system 100 further
comprising interpolation component 502 in accordance with one or more embodiments
described herein. Repetitive description of like elements employed in other embodiments
described herein is omitted for sake of brevity. In various embodiments, the interpolation
component 502 can determine one or more quantum gate parameters that can achieve target
stretch factors (e.g., provided by one or more input devices 106 and/or altered by the
adjustment component 406) for a given quantum gate 122 based on the one or more reference
models generated by the model component 114.

[0077] In one or more embodiments, the interpolation component 502 can interpolate
gate parameters for a target stretch factor based on nearby reference gate parameters
calibrated with regards to the reference stretch factors. As described herein, the one or more
reference models generated by the model component 114 can plot reference stretch factors
versus reference gate parameters (e.g., determine via one or more calibration protocols) and
include an empirical fitting to the plotted data. The interpolation component 502 can further
interpolate gate parameters from the empirical fitting for one or more target stretch factors.
Thereby, the interpolation component 502 can interpolate gate parameters from the reference
model for a stretch factor that has not been otherwise calibrated (e.g., a non-reference stretch
factor).

[0078] FIG. 6 illustrates a diagram of an example, non-limiting reference model 600
that can depict a gate parameter interpolation that can be executed by the interpolation
component 502 in accordance with one or more embodiments described herein. Repetitive
description of like elements employed in other embodiments described herein is omitted for
sake of brevity. The exemplary reference model 600 can be generated by the model

component 114 in accordance with the various embodiments described herein.
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[0079] As shown in FIG. 6, the exemplary reference model 600 can plot four

“Cres”) versus a

D a2 M w3

reference stretch factors (e.g., represented by “c, 7y “Crer”> “Crer”, and

gate parameter “p;” (e.g., amplitude of a cross-resonance pulse). As described herein, the
four reference stretch factors can be identified by the model component 114 based on the
severity of variations in error per Clifford calculations and/or the severity of variation in the
gate parameters (e.g., the density of reference stretch factors can increase as the slope of the
empirical fit increases). Further, the quantum gate can be calibrated at the reference stretch
factors to determine the gate parameter value associated with each reference stretch factor
(e.g., the reference gate parameters).

[0080] Thereby the interpolation component 502 can interpolate the gate parameter
associated with a target stretch factor by locating position of the target stretch factor on the

fitted model and referencing the gate parameter value corresponding to the position. For

example, the position of a target stretch factor “Céesired” on an empirical fitting 602 of the

calibrated reference stretch factor data can be represented by a star in FIG. 6. As illustrated

133 2

by dotted line 604, the gate parameter value associated with the target stretch factor céesired
can be interpolated from the empirical fitting 602.

[0081] FIG. 7 illustrates a diagram of the example, non-limiting system 100 further
comprising execution component 702 in accordance with one or more embodiments described
herein. Repetitive description of like elements employed in other embodiments described
herein is omitted for sake of brevity. In various embodiments, the execution component 702
can execute one quantum operations on the one or more quantum computers 108 using the
one or more gate parameters interpolated from the one or more reference models.

[0082] In one or more embodiments, the one or more input devices 106 can be
employed to define one or more quantum circuits to be executed on the one or more quantum
computers 108 to fulfill a quantum operation. Additionally, the one or more input devices
106 can be employed to define one or more target stretch factors to be utilized in one or more
error mitigation protocols regarding the quantum operation. The interpolation component 502
can interpolate one or more gate parameters for achieving the target stretch factors from the
one or more reference models. The execution component 702 can execute the quantum
circuit with the one or more interpolated gate parameters on the one or more quantum
computers 108.

[0083] For example, the execution component 702 can execute the quantum circuit on
the one or more quantum computers 108 a plurality of times to generate result data. With
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each execution, the execution component 702 can utilize a respective interpolated gate
parameter. Thus, each execution of the quantum circuit on the one or more quantum
computers 108 can generate result data associated with a respective stretch factor, and thereby
incorporating a respective amount of noise. In various embodiments, the execution
component 702 can send one or more execution commands to the one or more quantum
computer 108 via the one or more networks 104. For example, the execution component 702
can generate one or more digital signals delineating the quantum circuit to be executed by the
quantum computers 108 and/or the gate parameter values to be employed by the quantum
computers 108 during execution.

[0084] FIG. 8 illustrates a diagram of the example, non-limiting system 100 further
comprising mitigation component 802. Repetitive description of like elements employed in
other embodiments described herein is omitted for sake of brevity. In various embodiments,
the mitigation component 802 can implement one or more error mitigation protocols to
remove noise from the results data. The error mitigation protocols implemented by the
mitigation component 802 can identify noise based on differences between the result data
generated by different executions of the quantum circuit, as influenced by the varying stretch
factors. In one or more embodiments, the mitigation component 802 can generate an error
mitigated result by extrapolating the result data attained by the execution component 702 to a
zero-order noise limit using Richardson error mitigation or another extrapolation method.
[0085] FIG. 9 illustrate a diagram of example, non-limiting graphs depicting the
efficacy of the one or more error mitigation protocols implemented by the mitigation
component 802 in accordance with one or more embodiments described herein. Repetitive
description of like elements employed in other embodiments described herein is omitted for
sake of brevity. The graphs of FIG. 9 depict a Richardson error mitigated molecular
hydrogen disassociation energy curve that can be generated by the error mitigation
component 110. For example, the mitigated results data depicted in FIG. 9 can regard a set of
result data executed on a cloud computing-based quantum computer 108 using the target
stretch factors: 1.00, 1.50, and 2.00. For instance, the gate parameters of the one or more
quantum computers 108 for the target stretch factors were obtained by the interpolation
component 502 by interpolating the parameters from the reference stretch factors: 1.0, 1.26,
1.58, and 2.00. The results depicted in FIG. 9 show that the error mitigated result data (e.g.,
indicated by triangles) are closer to the ideal result data (e.g., indicated by stars) than the

execution done at a stretch factor of 1.0.
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[0086] FIG. 10 illustrates a diagram of an example, non-limiting operation scheme
1000 that can facilitate one or more error mitigation protocols performed by the error
mitigation component 110 in accordance with one or more embodiments described herein.
Repetitive description of like elements employed in other embodiments described herein is
omitted for sake of brevity. Operation scheme 1000 can depict an exemplary, non-limiting
pathway of communication between the error mitigation component 110 (e.g., and associate
components of the error mitigation component 110), the one or more input devices 106,
and/or the one or more quantum computers 108. In various embodiments, the
communications and/or transfers of data depicted in FIG. 10 can be performed over one or
more networks 104, such as a cloud computing environment. For example, the system 100
can employ a cloud computing environment to control the one or more quantum computers
108.

[0087] At 1002, the gate resource component 402 can share a stretch factor interval
with one or more of the input devices 106. The stretch factor interval can be a range of
stretch factors from which one or more target stretch factors can be selected for implementing
the one or more error mitigation protocols described herein. In one or more embodiments, the
stretch factor interval (e.g., characterized as “[Cpin, Cmaxl”) can be defined by the minimum
stretch factor value (“cp,;,”") and the maximum stretch factor value (“cjq, ") associated with a
quantum gate 122 and/or a family of quantum gates 122. For example, the gate resource
component 402 can analyze the one or more gate resource tables 408 with regards to one or
more quantum gates 122 and/or quantum gate 122 families that are available to execute a
quantum operation. The gate resource component 402 can define the minimum stretch factor
value (“Cipn”) of the interval as the smallest minimum stretch factor value associated with the
quantum gate 122 and/or quantum gate 122 family (e.g., as defined in the one or more gate
resource tables 408). Also, the gate resource component 302 can define the maximum stretch
factor value (“cp,q, ) Of the interval as the largest maximum stretch factor value associated
with the quantum gate 122 and/or quantum gate 122 family (e.g., as defined in the one or
more gate resource tables 408). Thereby, the stretch factor interval can characterize the
broadest range of permissible stretch factors associated with the one or more quantum gates
122 and/or quantum gate 122 families available for operation.

[0088] The one or more input devices 106 can be employed to select one or more
stretch factor values from the stretch factor interval as one or more target stretch factors for

error mitigation in accordance with one or more embodiments described herein. For example,
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the one or more input devices 106 can be employed to select a plurality of stretch factor
values from within the stretch factor interval to serve as target stretch factors. At 1004, the
one or more input devices 106 can share the selected target stretch factors with the error
mitigation component 110 to facilitate execution of one or more quantum operations.
Additionally, at 1004 the one or more input devices 106 can be employed to define one or
more quantum circuits that can be executed with the selected target stretch factors to fulfill
the quantum operation.

[0089] In various embodiments, the selected target stretch factors and/or the one or
more given quantum circuits can be analyzed by the adjustment component 406. As
described herein, the adjustment component 406 can identify relevant quantum gates 122 of
the one or more quantum computers 108 for execution of the one or more given quantum
circuits. For example, where the one or more quantum computers 108 comprise a plurality of
quantum gates 122, the adjustment component 406 can identify the quantum gates 122
available for operation (e.g., the quantum gates 122 that are not currently executing another
quantum operation and/or are in condition for operation). Further, the adjustment component
406 can identify one or more quantum gates 122 that meet the qubit connectivity delineated
by the one or more quantum circuits as relevant quantum gates 122 for the given quantum
operation. For instance, the one or more given quantum circuits can delineate the number of
qubits coupled by a quantum gate 122 and/or the type of coupling (e.g., including logic
conditions) exhibited by the quantum gate 122, where one or more of the relevant quantum
gates 122 identified by the adjustment component 406 can meet the delineations of the
quantum circuits. Further, in one or more embodiments, the adjustment component 406 can
further compare the one or more target stretch factors with one or more updated capabilities
of the one or more relevant quantum gates 122 (e.g., updated via tracking component 404).
[0090] Where the one or more target stretch factors are outside the updated
permissible stretch factor range of the one or more relevant quantum gates 122, the
adjustment component 406 can alter the value of the one or more target stretch factors to be
within the permissible stretch factor range. For example, the adjustment component 406 can
add to, or subtract from, the one or more target stretch factor values by a minimal amount that
moves the target stretch factor values into the permissible range. At 1006, the adjustment
component 406 can share the one or more target stretch factors (e.g., altered or unaltered)

with the interpolation component 502.
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[0091] In various embodiments, the interpolation component 502 can determine one
or more quantum gate 122 parameters that can achieve the one or more target stretch factors.
For example, the interpolation component 502 can employ the one or more reference models
(e.g., generated by the model component 114) to interpolate the one or more quantum gate
122 parameters from the one or more empirical fittings. Thereby, the interpolation
component 502 can interpolate the one or more quantum gate 122 parameters from a model
calibrated at a plurality of reference stretch factors. Advantageously, interpolating the one or
more quantum gate parameters 122 from the calibrated reference model enables the
interpolation component 502 to determine the one or more quantum gate 122 parameters
without calibrating the one or more quantum computers 108 to the specific target stretch
factors. At 1008, the interpolation component 502 can share the one or more interpolated
quantum gate 122 parameters with the execution component 702.

[0092] In some embodiments, the interpolation component 502 can be comprised
within the one or more input devices 106. For example, at 1002 the model component 114
can further share one or more interpolation functions with the one or more input devices 106.
For instance, the model component 114 can generate the one or more interpolation functions
based on the one or more reference models. The one or more interpolation functions can
characterize the empirical fitting performed by the model component 114. Thereby, the one
or more interpolation functions can output one or more quantum gate 122 parameters based
on one or more target stretch factor inputs. For instance, the empirical fitting of the one or
more reference models can characterize a relationship between gate parameters and stretch
factors (e.g., as observed via calibrating the one or more reference stretch factors), which can
be expressed as the one or more interpolation functions.

[0093] In one or more embodiments, the execution component 702 can generate one
or more execution schedules based on the one or more given quantum circuits, the one or
more target stretch factors, and/or the one or more interpolated quantum gate 122 parameters.
The one or more execution schedules can characterize the quantum circuit as several circuits,
each associated with a respective target stretch factor. For example, where two quantum
circuits and three target stretch factors are defined via the one or more input devices 106, the
execution component 702 can generate an execution schedule that includes six respective
quantum circuits (e.g., three stretch factor-based variations for each quantum circuit). At
1010, the execution component 702 can send one or more command signals to the one or

more quantum computers 108 to execute the given quantum operation. For example, the one

26



WO 2022/101226 PCT/EP2021/081161

or more command signals can characterize the one or more execution schedules and associate
interpolated quantum gate 122 parameters to be executed by the one or more quantum
computers 108.

[0094] The one or more quantum computers 108 can execute the one or more
quantum operations based on the command signals to generate a set of result data. For
example, the one or more quantum computers 108 can execute the one or more given
quantum circuits in accordance with the one or more execution schedules, and thereby the one
or more target stretch factors, using the associate interpolated quantum gate 122 parameters.
In various embodiments, the one or more quantum computers 108 can generate a respective
result dataset for each quantum circuit execution. For example, where the execution schedule
includes six quantum circuit executions (e.g., two quantum circuits, each with three variations
corresponding to three target stretch factors, as described above), the one or more quantum
computers 108 can generate result data associated with each of the six executions. Further,
the result data of all six quantum circuit executions can constitute a set of result data
associated with the given quantum operation.

[0095] In one or more embodiments, the result datasets can include labels designating
the context of data generation. For example, the labels can describe the quantum circuit,
target stretch factor, and/or quantum gate 122 parameters that were executed by the one or
more quantum computers 108 to achieve the associate result data. For instance, where a set
of result data includes six datasets, each dataset can include a label (e.g., a header entry) that
describes the quantum circuit, target stretch factor, and/or quantum gate 122 parameter that
achieved the result data included in the dataset. At 1012 the one or more quantum computers
108 can share the set of result data for the given quantum operation with the one or more
mitigation components 802.

[0096] In various embodiments, mitigation component 802 can implement one or
more error mitigation protocols, such as a Richardson error mitigation protocol, to extrapolate
the set of result data to the zero-noise limit. For example, the mitigation component 802 can
analyze the labels of the datasets to ascertain which datasets are associated with variations of
the same quantum circuit and which target stretch factor is associated with each variation.

For instance, various datasets in the set of result data can characterize a given quantum circuit
with varying amounts of noise based on the various target stretch factors employed. Thereby,

the mitigation component 802 can extrapolate an error mitigated result from the set of result
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data using a Richardson error mitigation technique. At 1014, the mitigation component 802
can share the error mitigated result data with the one or more input devices 106.

[0097] FIG. 11 illustrates a diagram of the example, non-limiting system 100 further
comprising recommendation component 1102 in accordance with one or more embodiments
described herein. Repetitive description of like elements employed in other embodiments
described herein is omitted for sake of brevity. In various embodiments, the recommendation
component 1102 can generate one or more recommended stretch factors for selection as target
stretch factors via the one or more input devices 106.

[0098] In one or more embodiments, the recommendation component 1102 can
generate one or more recommended stretch factors based on a count of the quantum gates 122
(e.g., a count of total quantum gates 122 and/or a count of quantum gates 122 by gate type,
such as a count of one-qubit gates, two-qubit gates, and/or the like) and/or qubits of a given
quantum circuit. For example, as the count of the quantum gates 122 and/or qubits for the
quantum circuit increases, the maximum stretch factor recommended for execution of the
quantum circuit can decrease. For instance, employing a large stretch factor value with a
quantum circuit having numerous quantum gates 122 and/or qubits (e.g., a quantum circuit
with high circuit depth) can result in an overwhelming amount of noise in the result data;,
thereby inhibiting the error mitigation protocol. For example, where the fidelity of the gates
in the quantum circuit is below a given threshold (e.g., 50%), the quantum circuit can be
considered too deep to be executed by the one or more quantum computers 108. The
recommendation component 1102 can analyze the one or more given quantum circuits (e.g.,
defined via the one or more input devices 106) to determine an optimal set of stretch factors
that can maximize, and/or otherwise enhance, an effectiveness of the one or more error
mitigation protocols. For example, the recommendation component 1102 can analyze the one
or more given quantum circuits (e.g., defined via the one or more input devices 106) to
determine an optimal set of stretch factors that can achieve a desirable distribution of noise
within the set of result data for the quantum operation.

[0099] In various embodiments, the recommendation component 1102 can be
calibrated and/or trained via a plurality of benchmark quantum operations executed on the
one or more quantum computers 108. For example, a quantum operation can be executed on
the one or more quantum computers 108 a plurality times with a given stretch factor, where
the quantum gate 122 count and/or qubit count can vary with each execution (e.g., thereby

altering the depth of the quantum circuit). For instance, a reference all-to-all connectivity
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quantum alternating operator ansatz (“QAQOA”) can be executed (e.g., either on the one or
more quantum computers 108 and/or a simulator) with several different circuit depths “p” and
several different qubit counts “/V” for a plurality of reference stretch factors. The set of
results data achieved by the executions can define a range of permissible stretch factors
recommended for a given quantum circuit profile (p, N). For example, permissible stretch
factors can be stretch factors that achieve a Hellinger distance that falls below a defined
threshold.

[0100] Further, the recommendation component 1102 can generate and/or populate
one or more recommendation tables 1104 based on the execution of the one or more
benchmark quantum operations. As shown in FIG. 11, the one or more recommendation
tables 1104 can be stored, for example, in the one or more memories 116. For example, the
one or more recommendation tables 1104 can designate a plurality of quantum circuit profiles
(v, N) (e.g., a plurality of quantum circuits having various combinations of gate counts and/or
qubit counts, and thereby various circuit depths). The recommendation component 1102 can
populate the one or more recommendation tables 1104 with the permissible stretch factor
ranges associated with each quantum circuit profile (p, N).

[0101] The recommendation component 1102 can compare one or more given
quantum circuits (e.g., provided via the one or more input devices 106) with the quantum
circuit profiles of the one or more recommendation tables 1104. Where the one or more
quantum circuits have the same circuit depth (e.g., same gate count and qubit count
combination) as a quantum circuit profile of the one or more recommendation tables 1104,
the recommendation component 1102 can identify the associate permissible stretch factor
range as a recommended stretch factor range. Where the one or more given quantum circuits
have circuit depth (e.g., same gate count and qubit count combination) different from the
quantum circuit profiles, the recommendation component 1102 can identify the permissible
stretch factor range associated with the closest matching quantum circuit profile (e.g., the
quantum circuit profile having the smallest deviation in the quantum gate 122 and/or qubit
count combination from the one or more given quantum circuits).

[0102] In various embodiments, the recommendation component 1102 can share the
recommended stretch factor range with the one or more input devices 106 for selection of the
one or more target stretch factors (e.g., where the one or more input devices 106 can be
employed to select the target stretch factors from the recommended stretch factor range). In

one or more embodiments, the recommendation component 1102 can select one or more
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stretch factors from the associate permissible stretch factor range as recommended target
stretch factors (e.g., the recommended target stretch factors can be linearly spaced between a
value of 1.0 and the maximum stretch factor associated with the given quantum gate 122).
Further, the recommendation component 1102 can share the one or more recommended
stretch factors with the one or more input devices 106 for approval via the one or more input
devices 106.

[0103] In one or more embodiments, the recommendation component 1102 can
implement one or more heuristic approaches to determining the one or more recommended
stretch factors. For example, the recommendation component 1102 can generate the one or
more recommended target stretch factors based on a count of the number of single-qubit
quantum gates 122 and/or two-qubit quantum gates 122 delineated by a given quantum circuit
along with the error rates observed for the quantum gates 122 during calibration at the one or
more reference stretch factors.

[0104] FIG. 12 illustrates an example, non-limiting operation scheme 1200 that can
facilitate one or more error mitigation protocols performed by the error mitigation component
110 in accordance with one or more embodiments described herein. Repetitive description of
like elements employed in other embodiments described herein is omitted for sake of brevity.
Operation scheme 1200 can depict an exemplary, non-limiting pathway of communication
between the error mitigation component 110 (e.g., and associate components of the error
mitigation component 110), the one or more input devices 106, and/or the one or more
quantum computers 108. In various embodiments, the communications and/or transfers of
data depicted in FIG. 12 can be performed over one or more networks 104, such as a cloud
computing environment. For example, the system 100 can employ a cloud computing
environment to control the one or more quantum computers 108.

[0105] In comparison to operation scheme 1000, operation scheme 1200 incorporates
recommendation component 1102. For example, one or more input devices 106 can be
employed to define one or more quantum circuits for executing one or more quantum
operations on the one or more quantum computers 108. At 1202, the one or more input
devices 106 can share the one or more given quantum circuits with the recommendation
component 1202. The recommendation component 1102 can generate one or more
recommendations, including, but not limited to: a plurality of recommended stretch factors, a
range of recommended stretch factors, a combination thereof, and/or the like. For example,

the recommendation component 1102 can compare the one or more given quantum circuits to
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one or more quantum circuit profiles stored in the one or more recommendation tables 1004
in accordance with various embodiments described herein.

[0106] At 1204 the recommendation component 1102 can share the one or more
recommendations with one or more input devices 106 for approval and/or selection. For
example, the one or more input devices 106 can be employed to approve one or more
recommended stretch factors as target stretch factors to be utilized in one or more error
mitigation protocols in accordance with various embodiments described herein. In another
example, the one or more input devices 106 can be employed to select one or more target
stretch factors from a recommended range of stretch factors.

[0107] Thereafter operation scheme 1200 can implement steps 1006-1014 described
herein with reference to operation scheme 1000. For example, the one or more input devices
106 can share the one or more target stretch factors (e.g., which can comprise approved
recommended stretch factors, stretch factors selected from a recommended range, and/or
stretch factors defined independent of one or more recommendations generated by the
recommendation component 1102) with the adjustment component 406 to facilitate
compatibility with the capacities of the one or more quantum gates 122 of the quantum
computers 108 executing the one or more quantum operations. Thereafter, the one or more
given quantum circuits can be executed with the target stretch factors on the one or more
quantum computers 108 in accordance with the various embodiments described herein.
Further, result data generated by the executions on the quantum computers 108 can be subject
to one or more error mitigation protocols, such as Richardson error mitigation.

[0108] FIG. 13 illustrates a flow diagram of an example, non-limiting computer-
implemented method 1300 that can facilitate executing one or more quantum operations on
one or more quantum computers 108 with error mitigation in accordance with one or more
embodiments described herein. Repetitive description of like elements employed in other
embodiments described herein is omitted for sake of brevity.

[0109] At 1302, the computer-implemented method 1300 can comprise generating
(e.g., via model component 114), by a system 100 operably coupled to a processor 120, one
or more reference models that can include reference gate parameters for one or more quantum
gates 122 calibrated at a plurality of reference stretch factors. At 1304, the computer-
implemented method 1300 can comprise receiving (e.g., via error mitigation component 110),
by the system 100, one or more quantum circuits. For example, one or more input devices

106 can be employed to define the one or more quantum circuits, which can delineate how
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one or more quantum operations are executed on a quantum computer 108 (e.g., can delineate
the number of qubits utilized, the number of quantum gates 122 utilized, the connectivity of
the qubits and/or quantum gates 122, the type of quantum gates 122 utilized, measurement
operations, qubit reset operations, the number of times to repeat each quantum circuit to
gather statistics, a combination thereof, and/or the like).

[0110] At 1306, the computer-implemented method 1300 can comprise
recommending (e.g., via recommendation component 1102), by the system 100, one or more
stretch factors for error mitigation of the quantum circuit based on a gate count and/or a qubit
count of the quantum circuit. For example, the recommendation component 1102 can
identify one or more recommended stretch factors and/or an interval of recommended stretch
factors to be employed with the quantum circuit based on at least a circuit depth of the
quantum circuit in accordance with various embodiments described herein. Further, the
recommended stretch factors can be shared with one or more input devices 106 for selection
and/or approval. At 1308, the computer-implemented method 1300 can comprise receiving
(e.g., via the error mitigation component 110), by the system 100, one or more target stretch
factors to be employed with the quantum circuit to facilitate one or more error mitigation
protocols. For example, the one or more input devices 106 can be employed to: select one or
more of the recommended stretch factors as target stretch factors, to select one or more target
stretch factors from a range of recommended stretch factors, and/or to define one or more
target stretch factors that were not recommended.

[0111] At 1310, the computer-implemented method 1300 can comprise adjusting
(e.g., via the adjustment component 406), by the system 100, the one or more target stretch
factors to meet one or more capabilities of one or more quantum gates 122 of the quantum
circuit. For example, the one or more target stretch factors values can be altered based on one
or more fluctuations in the operating capabilities of the one or more quantum gates 122 in
accordance with the various embodiments described herein. At 1312, the computer-
implemented method 1300 can comprise interpolating (e.g., via interpolation component
502), by the system 100, one or more quantum gate 122 parameters for the one or more target
stretch factors from the one or more reference models. At 1314, the computer-implemented
method 1300 can comprise generating (e.g., via execution component 702), by the system
100, result data by executing a quantum operation on one or more quantum computers 108 in
accordance with the one or more given quantum circuits, target stretch factors, and/or

interpolated gate parameters. For example, the execution component 702 can generate one or
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more execution schedules in accordance with the various embodiments described herein to
generate a set of results data associated with execution of the quantum circuit with varying
amounts of noise due to varying target stretch factors. At 1316, the computer-implemented
method 1300 can comprise generating (e.g., via mitigation component 802), by the system
100, an error mitigated result by extrapolating the result data to a zero-order noise limit. For
example, the mitigation component 802 can implement a Richardson error mitigation protocol
in accordance with the various embodiments described herein.

[0112] It is to be understood that although this disclosure includes a detailed
description on cloud computing, implementation of the teachings recited herein are not
limited to a cloud computing environment. Rather, embodiments of the present invention are
capable of being implemented in conjunction with any other type of computing environment
now known or later developed.

[0113] Cloud computing is a model of service delivery for enabling convenient, on-
demand network access to a shared pool of configurable computing resources (e.g., networks,
network bandwidth, servers, processing, memory, storage, applications, virtual machines, and
services) that can be rapidly provisioned and released with minimal management effort or
interaction with a provider of the service. This cloud model may include at least five
characteristics, at least three service models, and at least four deployment models.

[0114] Characteristics are as follows:

[0115] On-demand self-service: a cloud consumer can unilaterally provision
computing capabilities, such as server time and network storage, as needed automatically
without requiring human interaction with the service’s provider.

[0116] Broad network access: capabilities are available over a network and accessed
through standard mechanisms that promote use by heterogeneous thin or thick client
platforms (e.g., mobile phones, laptops, and PDAs).

[0117] Resource pooling: the provider’s computing resources are pooled to serve
multiple consumers using a multi-tenant model, with different physical and virtual resources
dynamically assigned and reassigned according to demand. There is a sense of location
independence in that the consumer generally has no control or knowledge over the exact
location of the provided resources but may be able to specify location at a higher level of
abstraction (e.g., country, state, or datacenter).

[0118] Rapid elasticity: capabilities can be rapidly and elastically provisioned, in

some cases automatically, to quickly scale out and rapidly released to quickly scale in. To the
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consumer, the capabilities available for provisioning often appear to be unlimited and can be
purchased in any quantity at any time.

[0119] Measured service: cloud systems automatically control and optimize resource
use by leveraging a metering capability at some level of abstraction appropriate to the type of
service (e.g., storage, processing, bandwidth, and active user accounts). Resource usage can
be monitored, controlled, and reported, providing transparency for both the provider and
consumer of the utilized service.

[0120] Service Models are as follows:

[0121] Software as a Service (SaaS): the capability provided to the consumer is to use
the provider’s applications running on a cloud infrastructure. The applications are accessible
from various client devices through a thin client interface such as a web browser (e.g., web-
based e-mail). The consumer does not manage or control the underlying cloud infrastructure
including network, servers, operating systems, storage, or even individual application
capabilities, with the possible exception of limited user-specific application configuration
settings.

[0122] Platform as a Service (PaaS): the capability provided to the consumer is to
deploy onto the cloud infrastructure consumer-created or acquired applications created using
programming languages and tools supported by the provider. The consumer does not manage
or control the underlying cloud infrastructure including networks, servers, operating systems,
or storage, but has control over the deployed applications and possibly application hosting
environment configurations.

[0123] Infrastructure as a Service (IaaS): the capability provided to the consumer is to
provision processing, storage, networks, and other fundamental computing resources where
the consumer is able to deploy and run arbitrary software, which can include operating
systems and applications. The consumer does not manage or control the underlying cloud
infrastructure but has control over operating systems, storage, deployed applications, and
possibly limited control of select networking components (e.g., host firewalls).

[0124] Deployment Models are as follows:

[0125] Private cloud: the cloud infrastructure is operated solely for an organization. It
may be managed by the organization or a third party and may exist on-premises or off-
premises.

[0126] Community cloud: the cloud infrastructure is shared by several organizations

and supports a specific community that has shared concerns (e.g., mission, security
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requirements, policy, and compliance considerations). It may be managed by the
organizations or a third party and may exist on-premises or off-premises.

[0127] Public cloud: the cloud infrastructure is made available to the general public or
a large industry group and is owned by an organization selling cloud services.

[0128] Hybrid cloud: the cloud infrastructure is a composition of two or more clouds
(private, community, or public) that remain unique entities but are bound together by
standardized or proprietary technology that enables data and application portability (e.g.,
cloud bursting for load-balancing between clouds).

[0129] A cloud computing environment is service oriented with a focus on
statelessness, low coupling, modularity, and semantic interoperability. At the heart of cloud
computing is an infrastructure that includes a network of interconnected nodes.

[0130] Referring now to FIG. 14, illustrative cloud computing environment 1400 is
depicted. As shown, cloud computing environment 1400 includes one or more cloud
computing nodes 1402 with which local computing devices used by cloud consumers, such
as, for example, personal digital assistant (PDA) or cellular telephone 1404, desktop
computer 1406, laptop computer 1408, and/or automobile computer system 1410 may
communicate. Nodes 1402 may communicate with one another. They may be grouped (not
shown) physically or virtually, in one or more networks, such as Private, Community, Public,
or Hybrid clouds as described hereinabove, or a combination thereof. This allows cloud
computing environment 1400 to offer infrastructure, platforms and/or software as services for
which a cloud consumer does not need to maintain resources on a local computing device. It
is understood that the types of computing devices 1404-1410 shown in FIG. 14 are intended
to be illustrative only and that computing nodes 1402 and cloud computing environment 1400
can communicate with any type of computerized device over any type of network and/or
network addressable connection (e.g., using a web browser).

[0131] Referring now to FIG. 15, a set of functional abstraction layers provided by
cloud computing environment 1400 (FIG. 14) is shown. Repetitive description of like
elements employed in other embodiments described herein is omitted for sake of brevity. It
should be understood in advance that the components, layers, and functions shown in FIG. 15
are intended to be illustrative only and embodiments of the invention are not limited thereto.
As depicted, the following layers and corresponding functions are provided.

[0132] Hardware and software layer 1502 includes hardware and software

components. Examples of hardware components include: mainframes 1504; RISC (Reduced
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Instruction Set Computer) architecture based servers 1506; servers 1508; blade servers 1510;
storage devices 1512; and networks and networking components 1514. In some embodiments,
software components include network application server software 1516 and database software
1518.

[0133] Virtualization layer 1520 provides an abstraction layer from which the
following examples of virtual entities may be provided: virtual servers 1522; virtual storage
1524; virtual networks 1526, including virtual private networks; virtual applications and
operating systems 1528; and virtual clients 1530.

[0134] In one example, management layer 1532 may provide the functions described
below. Resource provisioning 1534 provides dynamic procurement of computing resources
and other resources that are utilized to perform tasks within the cloud computing
environment. Metering and Pricing 1536 provide cost tracking as resources are utilized
within the cloud computing environment, and billing or invoicing for consumption of these
resources. In one example, these resources may include application software licenses.
Security provides identity verification for cloud consumers and tasks, as well as protection for
data and other resources. User portal 1538 provides access to the cloud computing
environment for consumers and system administrators. Service level management 1540
provides cloud computing resource allocation and management such that required service
levels are met. Service Level Agreement (SLA) planning and fulfillment 1542 provide pre-
arrangement for, and procurement of, cloud computing resources for which a future
requirement is anticipated in accordance with an SLA.

[0135] Workloads layer 1544 provides examples of functionality for which the cloud
computing environment may be utilized. Examples of workloads and functions which may be
provided from this layer include: mapping and navigation 1546; software development and
lifecycle management 1548; virtual classroom education delivery 1550; data analytics
processing 1552; transaction processing 1554; and quantum computing 1556. Various
embodiments of the present invention can utilize the cloud computing environment described
with reference to FIGs. 14 and 15 to control one or more quantum computers 108 and/or
execute one or more error mitigation protocols in accordance with various embodiments
described herein.

[0136] The present invention may be a system, a method, and/or a computer program
product at any possible technical detail level of integration. The computer program product

may include a computer readable storage medium (or media) having computer readable
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program instructions thereon for causing a processor to carry out aspects of the present
invention. The computer readable storage medium can be a tangible device that can retain and
store instructions for use by an instruction execution device. The computer readable storage
medium may be, for example, but is not limited to, an electronic storage device, a magnetic
storage device, an optical storage device, an electromagnetic storage device, a semiconductor
storage device, or any suitable combination of the foregoing. A non-exhaustive list of more
specific examples of the computer readable storage medium includes the following: a portable
computer diskette, a hard disk, a random access memory (RAM), a read-only memory
(ROM), an erasable programmable read-only memory (EPROM or Flash memory), a static
random access memory (SRAM), a portable compact disc read-only memory (CD-ROM), a
digital versatile disk (DVD), a memory stick, a floppy disk, a mechanically encoded device
such as punch-cards or raised structures in a groove having instructions recorded thereon, and
any suitable combination of the

foregoing. A computer readable storage medium, as used herein, is not to be construed as
being transitory signals per se, such as radio waves or other freely propagating
electromagnetic waves, electromagnetic waves propagating through a waveguide or other
transmission media (e.g., light pulses passing through a fiber-optic cable), or electrical signals
transmitted through a wire.

[0137] Computer readable program instructions described herein can be downloaded
to respective computing/processing devices from a computer readable storage medium or to
an external computer or external storage device via a network, for example, the Internet, a
local area network, a wide area network and/or a wireless network. The network may
comprise copper transmission cables, optical transmission fibers, wireless transmission,
routers, firewalls, switches, gateway computers and/or edge servers. A network adapter card
or network interface in each computing/processing device receives computer readable
program instructions from the network and forwards the computer readable program
instructions for storage in a computer readable storage medium within the respective
computing/processing device.

[0138] Computer readable program instructions for carrying out operations of the
present invention may be assembler instructions, instruction-set-architecture (ISA)
instructions, machine instructions, machine dependent instructions, microcode, firmware
instructions, state-setting data, configuration data for integrated circuitry, or either source

code or object code written in any combination of one or more programming languages,
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including an object oriented programming language such as Smalltalk, C++, or the like, and
procedural programming languages, such as the "C" programming language or similar
programming languages. The computer readable program instructions may execute entirely
on the user's computer, partly on the user's computer, as a stand-alone software package,
partly on the user's computer and partly on a remote computer or entirely on the remote
computer or server. In the latter scenario, the remote computer may be connected to the user's
computer through any type of network, including a local area network (LAN) or a wide area
network (WAN), or the connection may be made to an external computer (for example,
through the Internet using an Internet Service Provider). In some embodiments, electronic
circuitry including, for example, programmable logic circuitry, field-programmable gate
arrays (FPGA), or programmable logic arrays (PLA) may execute the computer readable
program instructions by utilizing state information of the computer readable program
instructions to personalize the electronic circuitry, in order to perform aspects of the present
invention.

[0139] Aspects of the present invention are described herein with reference to
flowchart illustrations and/or block diagrams of methods, apparatus (systems), and computer
program products according to embodiments of the invention. It will be understood that each
block of the flowchart illustrations and/or block diagrams, and combinations of blocks in the
flowchart illustrations and/or block diagrams, can be implemented by computer readable
program instructions.

[0140] These computer readable program instructions may be provided to a processor
of a general purpose computer, special purpose computer, or other programmable data
processing apparatus to produce a machine, such that the instructions, which execute via the
processor of the computer or other programmable data processing apparatus, create means for
implementing the functions/acts specified in the flowchart and/or block diagram block or
blocks. These computer readable program instructions may also be stored in a computer
readable storage medium that can direct a computer, a programmable data processing
apparatus, and/or other devices to function in a particular manner, such that the computer
readable storage medium having instructions stored therein comprises an article of
manufacture including

instructions which implement aspects of the function/act specified in the flowchart and/or

block diagram block or blocks.
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[0141] The computer readable program instructions may also be loaded onto a
computer, other programmable data processing apparatus, or other device to cause a series of
operational steps to be performed on the computer, other programmable apparatus or other
device to produce a computer implemented process, such that the instructions which execute
on the computer, other programmable apparatus, or other device implement the functions/acts
specified in the flowchart and/or block diagram block or blocks.

[0142] The flowchart and block diagrams in the Figures illustrate the architecture,
functionality, and operation of possible implementations of systems, methods, and computer
program products according to various embodiments of the present invention. In this regard,
each block in the flowchart or block diagrams may represent a module, segment, or portion of
instructions, which comprises one or more executable instructions for implementing the
specified logical function(s). In some alternative implementations, the functions noted in the
blocks may occur out of the order noted in the Figures. For example, two blocks shown in
succession may, in fact, be executed substantially concurrently, or the blocks may sometimes
be executed in the reverse order, depending upon the functionality involved. It will also be
noted that each

block of the block diagrams and/or flowchart illustration, and combinations of blocks in the
block diagrams and/or flowchart illustration, can be implemented by special purpose
hardware based systems that perform the specified functions or acts or carry out combinations
of special purpose hardware and computer instructions.

[0143] In order to provide additional context for various embodiments described
herein, FIG. 16 and the following discussion are intended to provide a general description of a
suitable computing environment 1600 in which the various embodiments of the embodiment
described herein can be implemented. While the embodiments have been described above in
the general context of computer-executable instructions that can run on one or more
computers, those skilled in the art will recognize that the embodiments can be also
implemented in combination with other program modules and/or as a combination of
hardware and software.

[0144] Generally, program modules include routines, programs, components, data
structures, etc., that perform particular tasks or implement particular abstract data types.
Moreover, those skilled in the art will appreciate that the inventive methods can be practiced
with other computer system configurations, including single-processor or multiprocessor

computer systems, minicomputers, mainframe computers, Internet of Things (“IoT”) devices,
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distributed computing systems, as well as personal computers, hand-held computing devices,
microprocessor-based or programmable consumer electronics, and the like, each of which can
be operatively coupled to one or more associated devices.

[0145] The illustrated embodiments of the embodiments herein can be also practiced
in distributed computing environments where certain tasks are performed by remote
processing devices that are linked through a communications network. In a distributed
computing environment, program modules can be located in both local and remote memory
storage devices. For example, in one or more embodiments, computer executable
components can be executed from memory that can include or be comprised of one or more
distributed memory units. As used herein, the term “memory” and “memory unit” are
interchangeable. Further, one or more embodiments described herein can execute code of the
computer executable components in a distributed manner, e.g., multiple processors combining
or working cooperatively to execute code from one or more distributed memory units. As
used herein, the term “memory” can encompass a single memory or memory unit at one
location or multiple memories or memory units at one or more locations.

[0146] Computing devices typically include a variety of media, which can include
computer-readable storage media, machine-readable storage media, and/or communications
media, which two terms are used herein differently from one another as follows. Computer-
readable storage media or machine-readable storage media can be any available storage media
that can be accessed by the computer and includes both volatile and nonvolatile media,
removable and non-removable media. By way of example, and not limitation, computer-
readable storage media or machine-readable storage media can be implemented in connection
with any method or technology for storage of information such as computer-readable or
machine-readable instructions, program modules, structured data or unstructured data.

[0147] Computer-readable storage media can include, but are not limited to, random
access memory (“RAM?”), read only memory (“ROM?”), electrically erasable programmable
read only memory (“EEPROM?”), flash memory or other memory technology, compact disk
read only memory (“CD-ROM”), digital versatile disk (“DVD”), Blu-ray disc (“BD”) or other
optical disk storage, magnetic cassettes, magnetic tape, magnetic disk storage or other
magnetic storage devices, solid state drives or other solid state storage devices, or other
tangible and/or non-transitory media which can be used to store desired information. In this
regard, the terms “tangible” or “non-transitory” herein as applied to storage, memory or

computer-readable media, are to be understood to exclude only propagating transitory signals
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per se as modifiers and do not relinquish rights to all standard storage, memory or computer-
readable media that are not only propagating transitory signals per se.

[0148] Computer-readable storage media can be accessed by one or more local or
remote computing devices, e.g., via access requests, queries or other data retrieval protocols,
for a variety of operations with respect to the information stored by the medium.

[0149] Communications media typically embody computer-readable instructions, data
structures, program modules or other structured or unstructured data in a data signal such as a
modulated data signal, e.g., a carrier wave or other transport mechanism, and includes any
information delivery or transport media. The term “modulated data signal” or signals refers
to a signal that has one or more of its characteristics set or changed in such a manner as to
encode information in one or more signals. By way of example, and not limitation,
communication media include wired media, such as a wired network or direct-wired
connection, and wireless media such as acoustic, RF, infrared and other wireless media.
[0150] With reference again to FIG. 16, the example environment 1600 for
implementing various embodiments of the aspects described herein includes a computer 1602,
the computer 1602 including a processing unit 1604, a system memory 1606 and a system bus
1608. The system bus 1608 couples system components including, but not limited to, the
system memory 1606 to the processing unit 1604. The processing unit 1604 can be any of
various commercially available processors. Dual microprocessors and other multi-processor
architectures can also be employed as the processing unit 1604.

[0151] The system bus 1608 can be any of several types of bus structure that can
further interconnect to a memory bus (with or without a memory controller), a peripheral bus,
and a local bus using any of a variety of commercially available bus architectures. The
system memory 1606 includes ROM 1610 and RAM 1612. A basic input/output system
(“BIOS”) can be stored in a non-volatile memory such as ROM, erasable programmable read
only memory (“EPROM”), EEPROM, which BIOS contains the basic routines that help to
transfer information between elements within the computer 1602, such as during startup. The
RAM 1612 can also include a high-speed RAM such as static RAM for caching data.

[0152] The computer 1602 further includes an internal hard disk drive (‘HDD”) 1614
(e.g., EIDE, SATA), one or more external storage devices 1616 (e.g., a magnetic floppy disk
drive (“FDD”) 1616, a memory stick or flash drive reader, a memory card reader, etc.) and an
optical disk drive 1620 (e.g., which can read or write from a CD-ROM disc, a DVD, a BD,
etc.). While the internal HDD 1614 is illustrated as located within the computer 1602, the
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internal HDD 1614 can also be configured for external use in a suitable chassis (not shown).
Additionally, while not shown in environment 1600, a solid state drive (“SSD”) could be used
in addition to, or in place of, an HDD 1614. The HDD 1614, external storage device(s) 1616
and optical disk drive 1620 can be connected to the system bus 1608 by an HDD interface
1624, an external storage interface 1626 and an optical drive interface 1628, respectively.
The interface 1624 for external drive implementations can include at least one or both of
Universal Serial Bus (“USB”) and Institute of Electrical and Electronics Engineers (“IEEE”)
1394 interface technologies. Other external drive connection technologies are within
contemplation of the embodiments described herein.

[0153] The drives and their associated computer-readable storage media provide
nonvolatile storage of data, data structures, computer-executable instructions, and so forth.
For the computer 1602, the drives and storage media accommodate the storage of any data in
a suitable digital format. Although the description of computer-readable storage media above
refers to respective types of storage devices, it should be appreciated by those skilled in the
art that other types of storage media which are readable by a computer, whether presently
existing or developed in the future, could also be used in the example operating environment,
and further, that any such storage media can contain computer-executable instructions for
performing the methods described herein.

[0154] A number of program modules can be stored in the drives and RAM 1612,
including an operating system 1630, one or more application programs 1632, other program
modules 1634 and program data 1636. All or portions of the operating system, applications,
modules, and/or data can also be cached in the RAM 1612. The systems and methods
described herein can be implemented utilizing various commercially available operating
systems or combinations of operating systems.

[0155] Computer 1602 can optionally comprise emulation technologies. For example,
a hypervisor (not shown) or other intermediary can emulate a hardware environment for
operating system 1630, and the emulated hardware can optionally be different from the
hardware illustrated in FIG. 16. In such an embodiment, operating system 1630 can comprise
one virtual machine (“VM”) of multiple VMs hosted at computer 1602. Furthermore,
operating system 1630 can provide runtime environments, such as the Java runtime
environment or the NET framework, for applications 1632. Runtime environments are
consistent execution environments that allow applications 1632 to run on any operating

system that includes the runtime environment. Similarly, operating system 1630 can support
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containers, and applications 1632 can be in the form of containers, which are lightweight,
standalone, executable packages of software that include, e.g., code, runtime, system tools,
system libraries and settings for an application.

[0156] Further, computer 1602 can be enable with a security module, such as a trusted
processing module (“TPM”). For instance with a TPM, boot components hash next in time
boot components, and wait for a match of results to secured values, before loading a next boot
component. This process can take place at any layer in the code execution stack of computer
1602, e.g., applied at the application execution level or at the operating system (“OS”) kernel
level, thereby enabling security at any level of code execution.

[0157] A user can enter commands and information into the computer 1602 through
one or more wired/wireless input devices, e.g., a keyboard 1638, a touch screen 1640, and a
pointing device, such as a mouse 1642. Other input devices (not shown) can include a
microphone, an infrared (“IR”) remote control, a radio frequency (“RF”) remote control, or
other remote control, a joystick, a virtual reality controller and/or virtual reality headset, a
game pad, a stylus pen, an image input device, e.g., camera(s), a gesture sensor input device,
a vision movement sensor input device, an emotion or facial detection device, a biometric
input device, e.g., fingerprint or iris scanner, or the like. These and other input devices are
often connected to the processing unit 1604 through an input device interface 1644 that can
be coupled to the system bus 1608, but can be connected by other interfaces, such as a
parallel port, an IEEE 1394 serial port, a game port, a USB port, an IR interface, a
BLUETOOTH® interface, etc.

[0158] A monitor 1646 or other type of display device can be also connected to the
system bus 1608 via an interface, such as a video adapter 1648. In addition to the monitor
1646, a computer typically includes other peripheral output devices (not shown), such as
speakers, printers, etc.

[0159] The computer 1602 can operate in a networked environment using logical
connections via wired and/or wireless communications to one or more remote computers,
such as a remote computer(s) 1650. The remote computer(s) 1650 can be a workstation, a
server computer, a router, a personal computer, portable computer, microprocessor-based
entertainment appliance, a peer device or other common network node, and typically includes
many or all of the elements described relative to the computer 1602, although, for purposes of
brevity, only a memory/storage device 1652 is illustrated. The logical connections depicted

include wired/wireless connectivity to a local area network (“LAN”) 1654 and/or larger
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networks, e.g., a wide area network (“WAN”) 1656. Such LAN and WAN networking
environments are commonplace in offices and companies, and facilitate enterprise-wide
computer networks, such as intranets, all of which can connect to a global communications
network, e.g., the Internet.

[0160] When used in a LAN networking environment, the computer 1602 can be
connected to the local network 1654 through a wired and/or wireless communication network
interface or adapter 1658. The adapter 1658 can facilitate wired or wireless communication
to the LAN 1654, which can also include a wireless access point (“AP”) disposed thereon for
communicating with the adapter 1658 in a wireless mode.

[0161] When used in a WAN networking environment, the computer 1602 can
include a modem 1660 or can be connected to a communications server on the WAN 1656 via
other means for establishing communications over the WAN 1656, such as by way of the
Internet. The modem 1660, which can be internal or external and a wired or wireless device,
can be connected to the system bus 1608 via the input device interface 1644. In a networked
environment, program modules depicted relative to the computer 1602 or portions thereof,
can be stored in the remote memory/storage device 1652. It will be appreciated that the
network connections shown are example and other means of establishing a communications
link between the computers can be used.

[0162] When used in either a LAN or WAN networking environment, the computer
1602 can access cloud storage systems or other network-based storage systems in addition to,
or in place of, external storage devices 1616 as described above. Generally, a connection
between the computer 1602 and a cloud storage system can be established over a LAN 1654
or WAN 1656 e.g., by the adapter 1658 or modem 1660, respectively. Upon connecting the
computer 1602 to an associated cloud storage system, the external storage interface 1626 can,
with the aid of the adapter 1658 and/or modem 1660, manage storage provided by the cloud
storage system as it would other types of external storage. For instance, the external storage
interface 1626 can be configured to provide access to cloud storage sources as if those
sources were physically connected to the computer 1602.

[0163] The computer 1602 can be operable to communicate with any wireless devices
or entities operatively disposed in wireless communication, e.g., a printer, scanner, desktop
and/or portable computer, portable data assistant, communications satellite, any piece of
equipment or location associated with a wirelessly detectable tag (e.g., a kiosk, news stand,

store shelf, etc.), and telephone. This can include Wireless Fidelity (“Wi-Fi”) and

44



WO 2022/101226 PCT/EP2021/081161

BLUETOOTH® wireless technologies. Thus, the communication can be a predefined
structure as with a conventional network or simply an ad hoc communication between at least
two devices.

[0164] What has been described above include mere examples of systems, computer
program products and computer-implemented methods. It is, of course, not possible to
describe every conceivable combination of components, products and/or computer-
implemented methods for purposes of describing this disclosure, but one of ordinary skill in
the art can recognize that many further combinations and permutations of this disclosure are

2

possible. Furthermore, to the extent that the terms “includes,” “has,” “possesses,” and the like
are used in the detailed description, claims, appendices and drawings such terms are intended
to be inclusive in a manner similar to the term “comprising” as “comprising” is interpreted
when employed as a transitional word in a claim. The descriptions of the various
embodiments have been presented for purposes of illustration, but are not intended to be
exhaustive or limited to the embodiments disclosed. Many modifications and variations will
be apparent to those of ordinary skill in the art without departing from the scope and spirit of
the described embodiments. The terminology used herein was chosen to best explain the
principles of the embodiments, the practical application or technical improvement over

technologies found in the marketplace, or to enable others of ordinary skill in the art to

understand the embodiments disclosed herein.
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CLAIMS

1. A system, comprising:

a memory that stores computer executable components; and

a processor, operably coupled to the memory, and that executes the computer
executable components stored in the memory, wherein the computer executable components
comprise:

an error mitigation component that interpolates a gate parameter associated
with a target stretch factor from a reference model that includes reference gate

parameters for a quantum gate calibrated at a plurality of reference stretch factors.

2. The system according to the preceding claim, further comprising:

a model component that defines the plurality of reference stretch factors by
determining a number of references stretch factors within a stretch factor interval based on at
least one of an error per gate determination and a gate parameter determination.

3. The system according to the preceding claim, wherein the number of reference stretch
factors included within the stretch factor interval increases with a number of variations in the

error per gate determination within the stretch factor interval.

4. The system according to the preceding claim, wherein the number of reference stretch
factors included within the stretch factor interval increases with a number of variations in the

gate parameter determination within the stretch factor interval.

5. The system according to any of the preceding claims and with features of claim 2,
further comprising:

an execution component that generates result data by executing a quantum operation
on a quantum circuit using the interpolated gate parameter, wherein the quantum circuit
includes the quantum gate; and

a mitigation component that generates an error mitigated result by extrapolating the

result data to a zero-order noise limit.

6. The system according to any of the preceding claims, further comprising:
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a recommendation component that identifies the target stretch factor based on a gate

count and a qubit count of a quantum circuit that includes the quantum gate.

7. A system, comprising;
a memory that stores computer executable components; and
a processor, operably coupled to the memory, and that executes the computer
executable components stored in the memory, wherein the computer executable components
comprise:
a recommendation component that identifies a stretch factor for error
mitigation of a quantum circuit based on a gate count and a qubit count of the

quantum circuit.

8. The system according to the preceding claim, wherein the recommendation
component compares the gate count and the qubit count of the quantum circuit to a reference
table that includes a range of stretch factors associated with defined gate and qubit count

combinations.

9. The system according to the preceding claim, further comprising:

a gate resource component that executes a benchmark operation that determines
maximum stretch factors associated with a set of quantum gates; and

monitoring component that monitors an availability of one or more quantum gates

from the set of quantum gates.

10. The system according to the preceding claim, further comprising:
an adjustment component that adjusts the stretch factor based on at least one of
hardware constraints and the maximum stretch factors associated with the one or more

quantum gates available for execution of the quantum circuit.

11.  The system according to the preceding claim, further comprising:
an interpolation component that interpolates a gate parameter associated for the
adjusted stretch factor from a reference model that includes reference gate parameters for the

one or more quantum gates calibrated at a plurality of reference stretch factors.
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12. A computer-implemented method, comprising:
interpolating, by a system operatively coupled to a processor, a gate parameter
associated with a target stretch factor from a reference model that includes reference gate

parameters for a quantum gate calibrated at a plurality of reference stretch factors.

13. The computer-implemented method according to the preceding claim, further
comprising:

determining, by the system, a number of references stretch factors included within a
stretch factor interval based on at least one of an error per gate determination and a gate

parameter determination.

14. The computer-implemented method according to the preceding claim, wherein the
number of reference stretch factors included within the stretch factor interval increases with a
number of variations in the error per gate determination within the stretch factor interval, and
wherein the number of reference stretch factors included within the stretch factor interval
increases with a number of variations in the gate parameter determination within the stretch

factor interval.

15.  The computer-implemented method according to any of the three preceding claims,
further comprising:

generating, by the system, result data by executing a quantum operation on a quantum
circuit using the interpolated gate parameter, wherein the quantum circuit includes the
quantum gate; and

generating, by the system, an error mitigated result by extrapolating the result data to a

zero-order noise limit.
16. The computer-implemented method according to the preceding claim, further
comprising:

identifying, by the system, the target stretch factor based on a gate count and a qubit

count of a quantum circuit that includes the quantum gate.

17. A computer-implemented method, comprising:
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recommending, by a system operatively coupled to a processor, a stretch factor for
error mitigation of a quantum circuit based on a gate count and a qubit count of the quantum

circuit.

18.  The computer-implemented method according to the preceding claim, wherein the
recommending compares the gate count and the qubit count of the quantum circuit to a
reference table that includes a range of stretch factors associated with defined gate and qubit

count combinations.

19.  The computer-implemented method according to any of the two preceding claims,
further comprising:

executing, by the system, a benchmark operation that determines maximum stretch
factors associated with a set of quantum gates; and

monitoring, by the system, an availability of one or more quantum gates from the set

of quantum gates.

20.  The computer-implemented method according to any of the three preceding claims,
further comprising:

adjusting, by the system, the stretch factor based on and least one of the hardware
constraints and the maximum stretch factors associated with the one or more quantum gates

available for execution of the quantum circuit.

21.  The computer-implemented method according to the preceding claim, further
comprising:

interpolating, by the system, a gate parameter associated for the adjusted stretch factor
from a reference model that includes reference gate parameters for the one or more quantum

gates calibrated at a plurality of reference stretch factors.

22. A computer program product for quantum computer error mitigation, the computer
program product comprising a computer readable storage medium having program
instructions embodied therewith, the program instructions executable by a processor to cause

the processor to:
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generate, by the processor, a range of stretch factors associated with a quantum gate at
a plurality of reference stretch factors;

receive, by the processor, a stretch factor from the range of stretch factors; and

interpolate, by the processor, a gate parameter associated with the stretch factor based

the plurality of reference stretch factors.

23. The computer program product according to the preceding claim, wherein the program
instructions further cause the processor to:

define, by the processor, the plurality of reference stretch factors by determining a
number of references stretch factors within a stretch factor interval based on at least one of an

error per gate determination and a gate parameter determination.

24, The computer program product according to any of the two preceding claims, wherein
the program instructions further cause the processor to:

identify, by the processor, a recommended stretch factor from the range of stretch
factors based on a gate count and a qubit count of a quantum circuit that includes the quantum

gate.

25.  The computer program product according to the preceding claim, wherein the program
instructions further cause the processor to:

compare, by the processor, the gate count and the qubit count of the quantum circuit to
a reference table that includes a range of stretch factors associated with defined gate and qubit

count combinations.

26.  The computer program product according to the preceding claim, wherein the program
instructions further cause the processor to:

generate, by the processor, result data by executing a quantum operation on a quantum
circuit that includes the quantum gate using the gate parameter; and

generate, by the processor, an error mitigated result by extrapolating the result data to

a zero-order noise limit.
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