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ABSTRACT

The linear superposition principle and the quantum entanglement phenomenon play crucial roles in the fields
of quantum computing and information. Their current interpretations are not satisfactory for the need of
quantum computing and information. To reduce the measurement-bias of the current interpretation of the
quantum linear superposition principle, this paper presents an alternative interpretation: A physical quantity of
a quantum object keeps oscillating between the allowed values of the physical quantity. Thus, a quantum system
is inherently deterministic, but it appears to be probabilistic because of randomness in timings of measurements.
Then, to show that the so-called quantum entangled objects need not interact or communicate with each other,
the paper presents an alternative interpretation of the quantum entanglement phenomenon: Quantum objects
appear to be entangled if and when each physical quantity of these objects undergoes synchronous oscillations.
An experimental method is presented to validate this interpretation. Quantum entanglement due to synchronous
oscillations can lead to more and better ways of quantum computers. The paper introduces Excel and Python
quos package approaches to simplify and expedite designing and simulating quantum computing circuits.

Keywords: Quantum Mechanics; Linear Superposition; Quantum Entanglement; Quantum Computing; Syn-
chronous Oscillations; Python Package

1. INTRODUCTION

At the heart of the rapidly advancing fields of quantum computing and quantum information':2? is the phe-
nomenon of so-called quantum entanglement.?® Quantum entanglement is' “a fundamental resource of Nature,
of comparable importance to energy, information, entropy, or any other”. Therefore, a sound understanding of
this phenomenon is of paramount importance for the progress of these fields. At the heart of the phenomenon
of quantum entanglement is the principle of so-called linear superposition.”® Therefore, a sound understanding
of this principle is of paramount importance for understanding the phenomenon of quantum entanglement.

The linear superposition principle is a foundational principle of quantum mechanics.”® The current proba-
bilistic interpretation® ! of this principle and of quantum mechanics gives too much weight to measurements.
This interpretation indirectly implies that a quantum system’s actual state is irrelevant without measurements;
it is like saying that there is no sound unless it is heard. This interpretation cannot satisfactorily explain the
quantum entanglement phenomenon.®> % Some physicists'? had attempted to explain quantum mechanics in
terms of hidden variables or pilot waves. However, such explanations were too laden with words and were proved
to be invalid. To avoid these shortcomings, this paper presents an alternative interpretation: A physical quan-
tity of a quantum object keeps oscillating between the allowed values of the physical quantity. For example, an
electron has pendulum-type spin (oscillating between two values) instead of a gyroscopic spin (having a fixed
value). Thus, a quantum system may be inherently deterministic, but it seems to be probabilistic only because
of randomness in timings of measurements.

There have been tremendous efforts in recent years to better understand and nail down the phenomenon of
quantum entanglement. However, our understanding so far is far from satisfactory. The current interpretation
implicitly assumes that two so-called quantum-entangled objects have to interact with each other for their
measured values to synchronize. It indirectly implies a spooky action at a distance, and leads to the EPR
paradox.'? It cannot explain quantum entanglement observed in many biological'*'® and abnormal settings. To
resolve these issues, this paper presents a different interpretation for the quantum entanglement phenomenon:
Quantum objects appear to be entangled if and when a physical quantity of these objects undergoes synchronous
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oscillations. The paper proposes an experiment similar to experiments carried out so far to validate this

interpretation.

The interpretations proposed here have far-reaching implications and many practical applications. Quantum
entanglement based on synchronous oscillations implies more and better possibilities of quantum computing.
It can lead to new types of quantum computers,?' 2% which can be more powerful and reliable than emulated
quantum computers proposed earlier.

Existing software platforms and packages®” 30 for designing and simulating quantum computing circuits are
not suitable for large-scale circuits, since they require the user to add a code line for each gate. The paper
introduces an Excel macro file named quos.xlsm and a Python package named quos,3™3? which can greatly
improve the ease, speed, compactness, and portability of designs and simulations of quantum computing circuits.

2. LINEAR SUPERPOSITION
2.1 States and Measurements
States and measurements of a system,”® whether classical or quantum, can be classified in various ways.

States can be spatial or temporal, structural or behavioral, reversible or one-way or irreversible, discrete or
continuous, and periodic or aperiodic. Spatial states are generally structural and describe a particle, whereas
temporal states are generally behavioral and describe a wave.

A cat’s front and back states®® are spatial, structural, irreversible, discrete, and aperiodic. A cat’s awake and
sleeping states are temporal, behavioral, reversible, discrete, and maybe periodic. A cat’s living and dead states
are temporal, behavioral, one-way, discrete, and aperiodic.

States can have parent-child relationship. A cat’s awake and asleep states are children states of the cat’s
living state.

Measurements can be terminal or intermittent, primary or secondary, destructive or nondestructive, discrete
or continuous, and periodic or aperiodic.

Finding a particle’s final position is a terminal measurement, but finding a particle’s trajectory is an intermit-
tent measurement. Seeing whether Schrodinger’s cat3? is alive by opening the cage is a primary measurement,
but inferring whether the cat is alive by listening to sounds from the cage’s walls is a secondary measurement.
Checking the pattern generated by an electron beam on the screen in a two-slit experiment is destructive with
respect to the electron, but tracking the movement of an electron can be nondestructive. Counting the number
of stars every day at 11 pm is a discrete and periodic measurement, but continuously logging the ocean waves
while occasionally visiting a beach is a continuous and aperiodic measurement.

In quantum mechanics, the term ‘measurement’ generally refers to a terminal measurement, and an inter-
mittent measurement may be referred to by the term ‘observation’.

2.2 Volume and Net

Figure 1 is a schematic illustration of locations of states and measurement devices. States are located on a
net in a classical environment, on a surface in a classical-quantum environment, and in a volume in a quantum
environment. Measurement devices are located on a net in all these environments.

Net of Classical States Plane of Classical-Quantum States Volume of Classical States

Figure 1. Schematic illustration of locations of states and measurement devices
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In a classical net environment, a state is either 0 or 1 bit. In a classical-quantum plane environment, a state
is a linear combination of 0 and 1 bits with real-valued coefficients; classical-quantum measurements can be
interpreted as projections of plane-based locations to the net. In a quantum volume environment, a state is a
linear superposition of 0 and 1 bits with complex-valued coefficients; quantum measurements can be interpreted
as projections of volume-based locations to the plane of the net and then projections of the projected locations to
the net. Interpreting measurements in terms of projections can be helpful in understanding quantum mechanics
and developing quantum computing.

In a classical net environment, the length of path D of walk of an ant C from point A to point B is 2 units.
In a classical-quantum plane environment, or in a quantum volume environment, the length of path D of walk of
an ant C from point A to point B is y2 units. Thus, a quantum volume environment can reduce the distance of
evolution of a system between two points. This can qualitatively explain why Grover’s quantum search algorithm
reduces search steps from N to square root of N.
2.3 Current Interpretation

A quantum system 1 is generally expressed as a linear superposition”® of its basis states.

=Y Cili) (1)
i=1

According to the currently-held probabilistic interpretation of quantum mechanics, a measurement of a quan-
tum system reveals a random basis state |j) with a probability C;C; .

This interpretation has several shortcomings.

e It focuses only on terminal measurements, and ignores possibilities of intermittent, secondary, and nonde-
structive measurements.

o It implicitly assumes that a system has no meaning until a (terminal) measurement is made on it.
o It fails to explain why a (terminal) measurement reveals only a certain basis state.

o It fails to explain the quantum entanglement phenomenon.

2.4 Proposed Interpretation

The following oscillations-based interpretation extends the wave-particle duality principle. It can remove undue
importance of measurements while describing a quantum system, and can explain why a measurement would
reveal a certain basis state.

e A quantum system can have a multitude of possible states.

o In certain types of states, such as a cat’s awake and sleeping states, the possible states are orthogonal to
one another, and cannot be reduced to a less number of states. The possible states act as the basis states
of the system.

o In certain types of states, such as a circularly polarized light’s states, the possible states are not necessarily
orthogonal to one another, and can be reduced to a less number of states, which act as the basis states
of the system. The basis states may be chosen arbitrarily. While conventionally a set of orthogonal basis
states is chosen, it is possible to choose a set of non-orthogonal basis states, such as coherent states of
quantum optics.

o If states are reversible, a quantum system oscillates among its possible states one after the next one.

o In equation 1, C;C}, the product of the Hermitian conjugate of the j-th coefficient with the j-th coefficient,
denotes the fraction of the time the j-th basis state predominates.
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e In equation 1, Cj, the j-th coefficient has value of 1 for times t between ¢ ;1 and ¢ ;, and has values of
0 for other times. The subscript k here denotes the cycle number of oscillations.

e In most cases, the cycle time of oscillations is so small that a measurement sees a random basis state
depending on when the measurement is taken.

e The system’s oscillations can be periodic, semi-periodic with some pattern, or aperiodic.

e The system’s oscillations are periodic in the beginning, but the system’s passage through the environment
can make the oscillations erratic.

e A quantum system appears to be random or probabilistic only because of randomness or probabilistic
nature in timings of measurements.

Figure 2 is a schematic of oscillations of a quantum system among its up and down spin states.

T Spin X of an Electron

Time

Phase 1 Phase 2 Phase 3
Single frequency Growing frequencies No fixed pattern

Figure 2. Oscillations of a quantum system among its up and down spin states

2.5 Oscillatory Spin

To illustrate this alternative interpretation, consider the spin of an object. If the spin has a fixed-directional
value, the spin represents a uni-directional gyroscopic spin. On the other hand, if the spin oscillates between
its up and down values, the spin represents a bi-directional pendulum-type spin.?* Figure 3 contrasts these two
types of spins.

N

Uni-directional gyroscopic spin Bi-directional pendulum-type spin

Figure 3. Uni-directional gyroscopic spin versus bi-directional pendulum-type spin

A particle known to have a spin of % or 1 or 2 rotates ' circle or 1 circle or 2 circles in one direction before
reversing its direction of rotation.
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2.6 Spherically Polarized Waves

The amplitude of a linearly polarized wave oscillates in a fixed plane. The amplitude of a circularly polarized
wave oscillates in a plane rotating around the axis of travel. The amplitude of a spherically polarized wave
oscillates in a plane rotating around the point of travel.

If an electron’s wave is spherically polarized wave, in a two-slit experiment, it will produce 3-dimensional
holographic interference fringes in a holographic screen behind the two slits.

A possible reason for why the coefficients of the terms in a linear superposition equation are complex-valued
rather than real-valued is that a three-dimensional (spherical) polarization is cast as a two-dimensional (circular)
polarization. Imaginary values of the terms represent possible fast oscillations along the time axis or the axis of
travel.

3. QUANTUM ENTANGLEMENT
3.1 Schrodinger’s Interpretation

The term ‘quantum entanglement’ was coined by Schrodinger? to describe a quantum phenomenon in which two
quantum objects produce same measurement values for a certain physical quantity. According to Schrodinger,
and according to many people today, when two quantum objects are in a so-called quantum-entangled state, 6
they somehow interact with each other for their measured values to synchronize. Such an interpretation indirectly
implies a spooky action at a distance, and leads to the EPR paradox.'?

3.2 Bell’s Interpretation

According to Bell,>>3% a quantum system of two quantum-entangled objects can be represented as

(10)4 @10 +Da@)g) or ([0)4@[1)p+][1),@10)p) (2)

In general, a quantum system of two objects can be represented as

Coo(|0) 4 @10} g) + Cr1(I1) 4 @ [1) p) + Co1(10) 4 © [1) p) + Cr0([1) 4 @ [0) p) (3)

The quantum entanglement index of a system is given by

abS(COO + Ci1 — Cop1 — C’lo)/abs(C’oo + Cy1 4+ Co1 + 010) (4)

Thus, Bell interpreted and quantified the quantum entanglement phenomenon in terms of correlations.
However, Bell’s interpretation is silent about the physical basis of quantum entanglement between two far-
away quantum objects.
3.3 Proposed Interpretation

The following interpretation of the quantum entanglement phenomenon stems from the forementioned proposed
interpretation of the linear superposition principle. It does not require quantum-entangled particles to interact
with each other, and can thus resolve issues related to communication speeds.

o When two particles are ejected from a common source, their physical quantities oscillate, synchronously
with respect to each other, thereby making them appear as ‘entangled’.

S1(t) = Syo.sin(wt)/|sin(wt)] (5)
Sa(t) = Sag.sin(wt)/|sin(wt) (6)

o Different environments surrounding the two particles disturb oscillations of the particles and make the
oscillations asynchronous, thereby removing their entanglement.
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e For quantum entanglement to be present, oscillations of physical quantities of quantum-entangled objects
need not be with a single frequency; they may obey some other pattern.

Figure 4, illustrates synchronous oscillations of spin x of two quantum-entangled electrons.

M Spin X of Electron A

(0 T R
A R A I B RS

Phase 1 Phase 2 Phase 3
Single frequency Growing frequencies No fixed pattern

A Spin X of Blectron B

I o=

| [IIRINN L] ] ==
Phase 1 Phase 2 Phase 3
Single frequency Growing frequencies No fixed pattern
A Spin X of Electron C

LT it L=

Phase 1 Phase 2 Phase 3
Single frequency Growing frequencies No fixed pattern

Note that electrons A and B are entangled while oscillating in phase 1 or 2.

Figure 4. Synchronous oscillations of spin x of two quantum-entangled electrons

3.4 Implications

37239 or trans-

Quantum entanglement based on synchronous oscillations does not involve any communication
portation?®4! in a traditional way.

14-18

Quantum phenomena observed in many biological systems can be explained in terms of quantum entan-

glement due to synchronous oscillations.

3.5 Experimental Validation

It is possible to determine whether two electrons are entangled and whether their entanglement is due to syn-
chronous oscillations. Figure 5 shows a schematic of such an experiment.!?2°

An atom emits two electrons: electron A and electron B. A light transceiver sends two similarly polarized
lights simultaneously to the two electrons. The electrons return polarized lights to the light transceiver. The
light transceiver measures polarizations of the lights returned by the electrons.
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Figure 5. Experimental set-up to study quantum entanglement

Polarizations [a,(t), ay(t), a;(t)] of the light returned by the electron A at time t, and polarizations [b,(t),
by(t), b.(t)] of the light returned by the electron B at time t are measured.

For each measurement set, a CHSH quantity??4°

((az(t) + ay (1))b () + (@ (t) — ay (1))by (1)) (7)

is computed; its individual values should be 2 or -2. Values computed for the CHSH quantity for different values
of t are averaged. If the averaged value is other than 0, 2, or -2, it would imply that the two electrons are
quantum entangled.

The ratio of the number of sets for which [a,(t), ay(t), a.(t)] equals [b;(t), by(t), b.(t)] to the total number
of sets is computed, and likewise, the ratio of the number of sets for which [a;(t), ay(t), a.(t)] equals [—by(t),
—by(t), —b,(t)] to the total number of sets is computed. The higher of these two ratios gives the quantum
entanglement index of the two electrons. Value of 0 for this index implies absence of quantum entanglement,
value of 1 for this index implies complete quantum entanglement, and any other value implies partial quantum
entanglement.

An adequately high total number of sets of measurements is necessary to make sure that correlations in
polarization measurements are not mainly due to measurement errors or some factors to be ignored. More sets
of measurements and more computations are needed to determine whether a quantum entanglement is due to
synchronous oscillations.

Fourier analyses of polarizations as(t), ay(t), a.(t), bz (%), by(t), and b,(t) is carried out with respect to time
t, thereby computing frequencies of polarizations. A very wide range of frequencies would imply absence of
synchronous oscillations of the two electrons, and a few discrete values of frequencies would imply presence of
synchronous oscillations of the two electrons.

4. QUANTUM COMPUTING
4.1 Current Status

Quantum computing’ 2 relies heavily on the linear superposition principle and the quantum entanglement phe-
nomenon. Prior to about 2000, it was believed that quantum algorithms require systems that are truly quan-
tum in nature. However, further research on fundamental aspects of quantum algorithms has shown?'"2¢ that
sub-atomic-level quantum systems are not mandatory for most quantum algorithms, and that many quantum
algorithms can be realized with classical systems involving harmonic oscillations. Classical systems can be suit-
able for visualizing some concepts of quantum algorithms and quantum computing, but they are not likely to
be widespread, since they are extremely slow in operations, consume a lot of power, and are difficult to mass
produce.

Like the classical systems suggested for emulating quantum computing, photonics based quantum computing
systems?9~4? rely on harmonic oscillations. Unlike the classical systems, photonics based systems are extremely
fast in operations, consume less power, and can be mass produced. Unlike the superconductor or trapped-ion
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based systems, photonics based systems can be operated at room temperatures and for longer distances and
times. As a result, photonics based systems are likely to predominate in the quantum computing field.

A few research teams®® have studied the feasibility of phonons (acoustic waves) as a possible mechanism for
quantum computing. Such systems do not require sophisticated cooling and vacuum equipment, and are easy
for tracking and controlling qubits and feeding and fetching data.

NASA and other agencies have recently studied possibilities of exploiting the quantum nature of electromag-
netic radiations inside or towards the International Space Station.?!:52

4.2 Proposed Systems

The schemes as narrated above for classifying states and measurements can offer a method for categorizing
different schemes of quantum computing. Such a categorization can be quite useful for understanding scopes
and limitations of different schemes.

The interpretations as proposed above for the linear superposition principle and the quantum entanglement
phenomenon have many practical implications for the field of quantum information. A quantum system with
oscillations among allowed states can offer an enormous number of ways for storing information? in terms
patterns of oscillations. Just as the field of telecommunication®”3° has used oscillations for storing and conveying
information, the field of quantum information can benefit from oscillatory quanta.®?

The proposed interpretations can have many practical implications for the field of quantum computing. These
interpretations imply that it will be possible to achieve linear superposition and quantum entanglement more
easily and in more systems than believed earlier. This implies that it should be possible to devise various types
of wave based systems for quantum computing. Many new hardware or software based quantum computers can
be designed, in which objects are artificially entangled by synchronous oscillations.

Due to their short wavelengths, visible electromagnetic radiations are difficult to separate and track at the
photon level. However, due to their longer wavelengths, microwaves and radio waves are easier to separate and
track at the photon level. Hence, it will be possible to devise a quantum computer that uses microwaves or radio
waves.

Figure 6. Scheme for a microwaves based quantum computer
Figure 6 illustrates a scheme proposed for a quantum computer. Here, microwaves travel from a transmitter

to a receiver. Depending on the requirement of gates, a phase shifter shifts phases of certain wavelets. The phase
shifter can be like an electron gun in a CRT monitor.
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5. QUOS PACKAGE

There exist numerous software platforms and packages?”3° for designing and simulating quantum computing
circuits. Most of them require the user to add a code line for each gate. This makes these platforms and packages
not suitable for large-scale circuits.

To improve the ease, speed, compactness, and portability of designs and simulations of quantum computing
circuits, an Excel macro file named quos.xlsm and a Python package named quos were developed. They have
been made publicly available3':32 through GitHub at Quos repository on GitHub and through PyPi at Quos
package at PyPi.

For designing a circuit using Excel, appropriate codes of quantum gates are written in top-left cells in a
spreadsheet in a copy of the quos.xlsm file. When the qa macro is clicked from the Excel menu bar, the macro
generates a spreadsheet that contains gate plots, Bloch sphere plots or probability bar charts, qubit state angles
or probabilities, and qubit state numbers.

For designing a circuit using Python, quos package is imported, a string such as

tat = 71,3,0|Q3060,5,0|H, a,1|Y, 1,2|7,2,2|X, 3,2|Y, 4,2|Z,5,2| X, 6,2|5, 2, 3|
T,4,3|V,6,3|Rz30, 1, 4|Ry15, 2, 4| R=15, 3, 4| R=30, 4, 4| Ry15, 5, 4| Rz15, 6, 4|
Ph15,2,5|Pp30,4,5/C,2,6,C,5,6,X,3,6/Cd, 1,7, Ph15,2, 7|U303015, 4, 7|
U151530,6,7|C, 1,8, X, 2,8/Sw, 4,8, Sw, 6, 8[iSw, 3,9, iSw, 4,9/ M, a, 10"

is written to specify the circuit configuration, the command

quos.qg(txt) (9)

is written to plot quantum gates, and the command

quos.qb(txt) (10)

is written to simulate the circuit and plot Bloch spheres or probability charts.
Figure 7 shows inputs and outputs of an exemplary circuit in Excel and Python.

On an adequately capable computer, the quos.xlsm based approach can handle up to about one million
qubits and up to about ten thousand operations on each qubit, and the quos package based approach can
handle unlimited number of qubits and unlimited number of operations on each qubit. The database nature of
the quos.xlsm approach and Pandas data-frames returned from the quos package approach make it possible to
connect these approaches to appropriate databases, so that the design and simulation become robust, unlimited,
and interactive.

Future versions of quos.xlsm and quos package will allow users to upload circuit designs to, and download
measurement results from, some of the available quantum computers.

6. CONCLUSIONS

The periodic oscillations interpretation of quantum linear superposition can reduce the measurement-bias of the
current interpretation. The synchronous oscillations interpretation of the quantum entanglement phenomenon
can explain the root cause of this phenomenon without leading to issues like the EPR paradox. Quantum
entanglement due to synchronous oscillations can lead to more and better ways of quantum computers. The
quos.xlsm and quos package can improve the ease, speed, compactness, and portability of designs and simulations
of quantum computing circuits.
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Figure 7. Inputs and outputs of an exemplary circuit in Excel and Python

ACKNOWLEDGMENTS

The author is grateful to the Florida Department of Revenue for employment and Professor Vithalbhai A. Patel
for support.

REFERENCES

[1] M. Nielsen and I. Chuang, Quantum Computation and Quantum Information, 10Th Anniversary Edition,
Cambridge University, Cambridge, UK, 2010.

[2] E. Grumbling and M. Horowitz, Quantum Computing: Progress and Prospects, The National Academies

Press, Waashington, USA, 2019. https://doi.org/10.17226/25196; https://nap.nationalacademies.

org/catalog/25196/quantum-computing-progress-and-prospects.

J. Brody, Quantum Entanglement, MIT Press, Cambridge, USA, 2020.

[4] C. Brukner, M. Zukowski, and A. Zeilinger, “The essence of entanglement,” in Quantum Arrangements,
Contributions in Honor of Michael Horne, pp. 117-138, Vienna, Austria, 2021. https://doi.org/10.
1007/978-3-030-77367-0_6.

<

[6] M. Hwang and Y. Kim, “Concentrating partial entanglement of two photons via en-
tanglement swapping,” in Proc. SPIE 6305, Quantum  Communications and  Quantum
Imaging 1V, p. 63050U, SPIE, 2006. https://doi.org/10.1117/12.682314;  https://

nanolithography.spiedigitallibrary.org/conference-proceedings-of-spie/6305/63050U/
Concentrating-partial-entanglement-of-two-photons-via-entanglement-swapping/10.1117/
12.682314.short.

[6] S. Kotler, G. Peterson, E. Shojaee, F. Lecocq, K. Cicak, A. Kwiatkowski, S. Geller, S. Glancy, E. Knill,
R. Simmonds, J. Aumentado, and J. Teufel, “Direct observation of deterministic macroscopic entanglement,”
Science 372, pp. 622-625, 2021. https://doi.org/10.1126/science.abf2998.

[7] P. Dirac, The Principles of Quantum Mechanics, Oxford University Press, Oxford, UK, 1930.

[8] E. Schrodinger, What Is Life?, Cambridge University Press, London, UK, 1944.

Proc. of SPIE Vol. 12911 129110F-10



[9] P. Busch, “On the sharpness and bias of quantum effects,” Foundations of Physics 39, pp. 712
730, 2009. https://doi.org/10.1007/s10701-009-9287-8; https://link.springer.com/article/10.
1007/s10701-009-9287-8.

[10] P. Lewis, “Quantum mechanics, orthogonality, and counting,” British J. Philo. Sc. 48(3), p. 31,
2023. https://doi.org/10.1093/bjps/48.3.313; https://www. journals.uchicago.edu/doi/epdf/10.
1093/bjps/48.3.313.

[11] J. Pienaar, “Quantum dynamics is linear because quantum states are epistemic,” in arXiv .org,
2302, p. 13421, 2023. https://doi.org/10.48550/arXiv/2302.13421; https://arxiv.org/pdf/2302.
13421v1.pdf.

[12] D. Bohm, “A suggested interpretation of the quantum theory in terms of hidden variables,” Phys.
Rev. 85(2), pp. 166-193, 1952. https://doi.org/10.1103/PhysRev.85.166; https://journals.aps.
org/pr/abstract/10.1103/PhysRev.85.166.

[13] A. Einstein, B. Podolsky, and N. Rosen, “Can quantum-mechanical description of physical reality be con-
sidered complete?,” Phys. Rev. 47(10), pp. 777-780, 1935. https://doi.org/10.1103/PhysRev/47.777;
https://journals.aps.org/pr/pdf/10.1103/PhysRev.47.777.

[14] D. Abbott, P. Davies, and A. Pati, Quantum Aspects of Life, Imperial College Press, London, UK, 2008.

[15] E. Galvez, B. Sharma, F. Williams, C. You, B. Khajavi, J. Castrillon, L. Shi, S. Mamani, L. Sordillo,
L. Zhang, , and R. Alfano, “Decoherence of photon entanglement by transmission through brain tissue with
alzheimer’s disease,” Biomedical Optics Ezpress 13(12), pp. 6621-6630, 2022. https://doi.org/10.1364/
BOE.474469; https://opg.optica.org/boe/fulltext.cfm?uri=boe-13-12-6621&id=521948.

[16] D. Huang, M. Wang, J. Wang, and J. Yan, “A survey of quantum computing hybrid applications with brain-
computer interface,” Cognitive Robotics 2, pp. 164-176, 2022. https://doi.org/10.1016/j.cogr.2022.
07.002; https://www.sciencedirect.com/science/article/pii/S26672413220001557via%3Dihub.

[17] D. Markoviéa and J. Grollier, “Quantum neuromorphic computing,” Appl. Phys. Lett. 117, p. 150501,
2020. https://doi.org/10.1063/AppPhysLett/5.0020014; https://aip.scitation.org/doi/10.1063/
5.0020014.

[18] A. Patel, “Grover’s algorithm in natural settings,” Quantum Inf. Comput, 21, pp. 945-954, 2020. https:
//doi.org/10.48550/arXiv.2001.00214; https://arxiv.org/abs/2001.00214.

[19] S. Freedman and J. Clauser, “Experimental test of local hidden-variable theories,” Phys. Rev. Lett. 28(14),
pp. 938-941, 1972. https://doi.org/10.1103/PhysRevLlett/28.938; https://journals.aps.org/prl/
pdf/10.1103/PhysRevLett.28.938.

[20] M. Giustina, M. Versteegh, S. Wengerowsky, J. Handsteiner, A. Hochrainer, K. Phelan, F. Stein-
lechner, J. Kofler, J. Larsson, C. Abellain, W. Amaya, M. Mitchell, J. Beyer, T. Gerrits, A. Lita,
L. Shalm, S. Nam, T. Scheidl, R. Ursin, B. Wittmann, and A. Zeilinger, “A significant-loophole-
free test of bell’s theorem with entangled photons,” in Proc. SPIE 10442, Quantum Information
Science and Technology III, p. 1044204, SPIE, 2017. https://doi.org/10.1117/12.2277696;
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/10442/2277696/
A-significant-loophole-free-test-of-Bells-theorem-with-entangled/10.1117/12.2277696.
full.

[21] B. Courl and G. Ottl, “Signal-based classical emulation of a universal quantum computer,” New J.
Phys. 17, p. 53017, 2015. https://doi.org/10.1088/1367-2630/17/5/053017; https://iopscience.
iop.org/article/10.1088/1367-2630/17/5/053017/ampdf.

[22] M. Fuyjishima and K. Hoh, “High-speed quantum-computing emulator utilizing a ded-
icated processor,” in  Proc. SPIE 5115, Noise and  Information in  Nanoelectron-
ics, Sensors, and  Standards, SPIE, 2003. https://doi.org/10.1117/12.497085;
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/5115/0000/
High-speed-quantum-computing-emulator-utilizing-a-dedicated-processor/10.1117/12.497085.
short?SS0=1.

[23] G. Gilbert, M. Hamrick, and Y. Weinstein, “Faulty quantum computation can result in reliable classical out-
puts,” in Proc. SPIE 6573, Quantum Information and Computation V, p. 657304, SPIE, 2007. https://doi.
org/10.1117/12.719942; https://www.spiedigitallibrary.org/conference-proceedings-of-spie/

Proc. of SPIE Vol. 12911 129110F-11



[30]

[Nl

6573/657304/Faulty-quantum-computation-can-result-in-reliable-classical-outputs/10.1117/
12.719942.short.

L. Grover and A. Sengupta, From Coupled Pendulums to Quantum Search, in Mathematics of Quantum
Computation, Chapman and Hall, New York, USA, 2002. https://doi.org/10.48550/quant-ph/0109123;
https://arxiv.org/pdf/quant-ph/0109123.pdf.

P. Migdal, K. Jankiewicz, P. Grabarz, C. Decaroli, and P. Cochina, “Visualizing quan-
tum mechanics in an interactive simulation - virtual lab by quantum flytrap,” Optical FEn-
gineering 61(8), pp. 1-26, 2022. https://doi.org/10.1117/1.0E.61.8.081808; https:
//www.spiedigitallibrary.org/journals/optical-engineering/volume-61/issue-8/081808/
Visualizing-quantum-mechanics-in-an-interactive-simulation--Virtual-Lab/10.1117/1.0E.
61.8.081808.pdf.

M. Zwierlein, “The quantum pendulum qubit,” in MIT Physics Annual, 35, pp. 3443, 2022. https:
//physics.mit.edu/wp-content/uploads/2022/08/PhysicsAtMIT_2022_Zwierlein_Feature.pdf.

A. Khan, A. Ahmad, M. Waseem, P. Liang, M. Fahmideh, T. Mikkonen, and P. Abrahamsson, “Software
architecture for quantum computing systems - a systematic review,” J. Systems Software 201(111682), pp. 1-
29, 2023. https://doi.org/10.1016/j.jss.2023.111682; https://www.sciencedirect.com/science/
article/pii/S01641212230007787ref=pdf_download&fr=RR-2&rr=8349d74549427c77.

QOSF, “List of open quantum projects,” in QISF .org, 2023. https://qosf.org/project_list/.

M. Serrano, J. Cruz-Lemus, R. Perez-Castillo, and M. Piattini, “Quantum software components and
platforms: Overview and quality assessment,” ACM Comp. Surveys 55(164), pp. 1-31, 2022. https:
//doi.org/10.1145/3548679; https://dl.acm.org/doi/pdf/10.1145/3548679.

S. Forge, “Open source quantum computing software,” in Source Forge, 2023. https://sourceforge.net/
directory/quantum-computing/.

L. Patel, “Quos repository on github,” in GitHub .com, 2023. https://github.com/Lapyl/quos.

L. Patel, “Quos package on pypi,” in PyPi .org, 2023. https://pypi.org/project/quos/.

E. Schrodinger, “The present situation in quantum mechanics - a translation,” Proc. Am. Philo. Soc. 124,
pp- 323-338, 1980. http://hermes.ffn.ub.es/luisnavarro/nuevo_maletin/Schrodinger_1935_cat.
pdf.

D. Halliday, R. Resnick, and J. Walker, Fundamentals of Physics, Wiley, London, UK, 1960.

J. Bell, “On the einstein podolsky rosen paradox,” Physics Physique 1(3), pp. 195-200, 1964. https:
//doi.org/10.1103/PhysicsPhysiqueFizika.1.195; https://journals.aps.org/ppf/abstract/10.
1103/PhysicsPhysiqueFizika.1.195.

J. Geurdes, “Stochastic physical optics and bell’s correlation,” Optical Engineering 51(12), p. 128002, 2012.
https://doi.org/10.1117/1.0E.51.12.128002; https://arxiv.org/abs/1203.4514.

J. Angzalchi, P. Inigo, and B. Roy, “Application of photonics in next generation telecom-
munication satellites payloads,” in Proc. SPIE 10563, International Conference on Space
Optics ICSO 2014, p. 1056330, SPIE, 2017. https://doi.org/10.1117/12.2304200;
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/10563/1056330/
Application-of-photonics-in-next-generation-telecommunication-satellites-payloads/10.
1117/12.2304200.full.

I. Djordjevic, Quantum Communication, Quantum Networks, and Quantum Sensing, Academic Press, New
York, USA, 2022.

C. Li, N. Jiang, Y. Wu, W. Chang, Y. Pu, S. Zhang, and L. Duan, “Quantum communi-
cation between multiplexed atomic quantum memories,” Phys. Rev. Lett. 124, p. 240504, 2020.
https://doi.org/10.1103/PhysRevlett/124.240504; https://journals.aps.org/prl/abstract/10.
1103/PhysRevLett.124.240504.

A. Forbes and 1. Nape, “Quantum teleportation in high dimensions with spatially structured photons,” in
Proc. SPIE PC12446, Quantum Computing, Communication, and Simulation III, p. PC124460N, SPIE,
2023. https://doi.org/10.1117/12.2656986; https://spie.org/Publications/Proceedings/Paper/
10.1117/12.2656986.

Proc. of SPIE Vol. 12911 129110F-12



[41] X. Hu, C. Zhang, B. Liu, Y. Cai, X. Ye, Y. Guo, B. X. W, C. Huang, Y. Huang, C. Li, and
G. Guo, “Experimental high-dimensional quantum teleportation,” Phys. Rev. Lett. 125, p. 230501, 2020.
https://doi.org/10.1103/PhysRevLett.125.230501; https://journals.aps.org/prl/abstract/10.
1103/PhysRevLett.125.230501.

[42] R. Gill, “No probability loophole in the chsh,” Results in Physics 5, pp. 156-157, 2015. https:
//doi.org/10.1016/j.rinp.2015.06.002.; https://www.sciencedirect.com/science/article/pii/
S52211379715000315.

[43] M. Plbnio and S. Virmani, “An introduction to entanglement measures,” Quantum Information and Com-
putation 7(1), pp. 1-51., 2007. https://doi.org/10.48550/arXiv/quant-ph/0504163; https://dl.acm.
org/doi/10.5555/2011706.2011707.

[44] V. Shauro and V. Zobov, “On the time-optimal implementation of quantum fourier transform for
qudits represented by quadrupole nucleus,” in Proc. SPIE 8700, International Conference Micro-
and Nano-FElectronics 2012, p. 87001G, SPIE, 2013. https://doi.org/10.1117/12.2016983;
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/8700/87001G/
On-the-time-optimal-implementation-of-quantum-Fourier-transform-for/10.1117/12.2016983.
short.

[45] Y. Weinstein, M. Pravia, E. Fortunato, S. Lloyd, and D. Cory, “Implementation of the quantum fourier
transform,” Phys. Rev. Lett. 86(9), p. 1889, 2001. https://doi.org/10.1103/PhysRevLlett.86.1889;
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.86.1889.

[46] B. Bartlett, A. Dutt, and S. Fan, “Deterministic photonic quantum computation in a synthetic time
dimension,” Optica 8(12), pp. 1515-1523, 2021. https://doi.org/10.1364/0PTICA.424258; https:
//opg.optica.org/optica/fulltext.cfm?uri=optica-8-12-1515&id=465446.

[47] R. Patel, “Photonic quantum computing: Current state-of-the-art and future prospects,” in Proc. SPIE
PC12243, Photonics for Quantum 2022, p. PC1224302, SPIE, 2022. https://doi.org/10.1117/12.
2637799; https://spie.org/Publications/Proceedings/Paper/10.1117/12.2637799.

[48] M. Vidrighin and M. House, “A path to a useful photonic quantum computer,” in Proc. SPIE
PC12633, Photonics for Quantum 2023, 12633, p. PC126330V, SPIE, 2023. https://doi.
org/0.1117/12.2674064; https://www.spiedigitallibrary.org/conference-proceedings-of-spie/
PC12633/PC126330V/A-path-to-a-useful-photonic-quantum-computer/10.1117/12.2674064.short.

[49] X. Zhou, L. Zhai, and J. Liu, “Epitaxial quantum dots: a semiconductor launchpad for photonic
quantum technologies,” Photon. Insights 1(2), p. 7, 2023. https://doi.org/10.3788/PI1.2022.R07;
https://www.spiedigitallibrary.org/journals/photonics-insights/volume-1/issue-2/R07/
Epitaxial-quantum-dots--a-semiconductor-launchpad-for-photonic-quantum/10.3788/PI.2022.
RO7.full.

[50] H. Qiao, E. Dumur, G. Anderson, H. Yan, M. Chou, J. Grebel, C. Conner, Y. Joshi, J. Miller, and A. Cleland,
“Splitting phonons - building a platform for linear mechanical quantum computing,” Science 380(6649),
pp- 1030-1033, 2023. https://doi.org/10.1126/science.adg8715; https://www.science.org/doi/10.
1126/science.adg8715.

[51] M. Lachmann and E. Rasel, “Quantum matter orbits earth,” Mature 582, pp. 186-187, 2020. https:
//doi.org/10.1038/d41586-020-01653-6; https://www.nature.com/articles/d41586-020-01653-6.

[52] C. Monroe, M. Raymer, and J. Taylor, “The u.s. national quantum initiative: From act to action,”
Science 364(6439), pp. 440-442, 2019. https://doi.org/10.1126/science.aax0578; https://www.
science.org/doi/abs/10.1126/science.aax0578.

[53] E. Gomez-Lopez, K. Winkler, J. Jurkat, M. Meinecke, J. Wolters, T. Huber-Loyola, S. Héfling, and O. Ben-
son, “Atomic vapor quantum memory for on-demand semiconductor single photon sources,” in Proc. SPIE
12633, Photonics for Quantum 2023, p. 1263304, SPIE, 2023. https://doi.org/10.1117/12.2672216;
https://www.spiedigitallibrary.org/conference-proceedings-of-spie/12633/1263304/
Atomic-vapor-quantum-memory-for-on-demand-semiconductor-single-photon/10.1117/12.

2672216 .short.

Proc. of SPIE Vol. 12911 129110F-13



