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Como leitor, gosto sempre de ser desafiado! E o artigo desta edicdo é um grande desafio. Nele sdo apresentados os
fundamentos de superposicdo e emaranhamento da computagdo quantica, e explica como estas propriedades permitem
avaliar multiplas possibilidades em paralelo. O texto aborda o estdgio atual dos computadores (Noisy Intermediate-Scale
Quantum -NISQ), acessiveis via nuvem, e explora representagdes quanticas de imagens, como o modelo NEQR, que viabiliza
novas abordagens para compressao, detecgao de bordas, escalonamento e ate processamento em video. Mesmo que ainda
seja uma tecnologia em evolugao, o potencial de aceleragao € claro. Vale a leitura para quem quer antecipar o proximo salto
no broadcast e midia digital.

Tom Jones Moreira
(tvdigitalbr@gmail.com)

Video Processing on Quantum
Computers

By Thomas Edwards

@

Image above: A dilution Quantum algorithms can provide advantages over

refrigerator housing a classical algorithms by using superposition and
:tgi;i%:“i‘;fé‘giv‘gf&d entanglement. Superposition allows quantum algorithms
and manufactured at the to evaluate many possibilities in parallel, unlike classical
AWS Center for Quantum computers, which evaluate possibilities sequentially.

Computing in Pasadena, CA.

Credit: AWS Entanglement allows changes in one qubit to immediately

affect the other qubits with which it is entangled.




REVISTA SET N°224 - SMPTE

Abstract

Quantum computing is a multidisciplinary field com-
prising aspects of computer science, physics, and
mathematics that utilize quantum mechanics to solve
complex problems faster than on classical comput-
ers. Quantum computers are available today on the
cloud. However, they are considered “Noisy Interme-
diate-Scale Quantum” (NISQ) computers with a small
number of quantum bits (qubits) and limited perfor-
mance due to short coherence time and noisy gates.
However, quantum computers are constantly improv-
ing, and it is possible that they could accelerate vid-
eo processing workflows in the future. This article will
give a short overview of quantum computing basics,
some methods for representing images in qubits, and
describe some research on potential video applica-
tions of quantum computing.

uantum computers promise to provide a
revolutionary way of processing data using
a set of quantum algorithms that provide
substantial speed-up over “classical” com-
puting. At the current time, quantum com-
puters exist, which are considered “Noisy
Intermediate-Scale Quantum” (NISQ) com-
puters, which have a limited computation capacity due to
having a small number of quantum bits with short coher-
ence time (how long a qubit can maintain its quantum state)
and noisy processing. However, quantum computers are im-
proving with time and can now even be accessed over the In-
ternet in the cloud via mechanisms such as Amazon Braket.!
This paper gives a brief overview of quantum computer pro-
cessing and then addresses how quantum computing might
be applied to image and video processing in the future.

What is “Quantum”?

In the early 1900s, some strange things were found in the
physics of very small sizes and energies. In 1900, Max Planck
discovered that the spectrum of light emitted by heated ob-
jects (known as “blackbody radiation”) made sense only if
light energy was emitted or absorbed in discrete packets he
called “quanta” instead of in continuous values. In 1905, Al-
bert Einstein proposed that light must also consist of quan-
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tized particles (which we now call “photons”) through his
analysis of the photoelectric effect. This went against hun-
dreds of years of work by scientists like Christiaan Huygens
and Thomas Young, who showed the wave nature of light
through mechanisms such as diffraction.

J. J. Thomson discovered in 1897 that cathode rays were
not continuous, but instead “corpuscles,” or particles. And as
the model of the atom emerged to have negatively charged
electrons around a dense positively charged core, it became
clear that if electrons were particles orbiting the nucleus of
an atom, they would radiate away all their energy due to the
circular acceleration and then collapse onto the nucleus, but
that wasn’t happening. In 1924, Louis de Broglie proposed
that electrons in an atom were not in actual “orbits” but in-
stead were constrained to be standing waves around the nu-
cleus.

Two formulations combining the wave and particle na-
tures of photons and electrons were soon developed. In 1925,
Werner Heisenberg published “matrix mechanics,” and in
1926, Erwin Schrodinger published “wave mechanics.” These
theories reproduced the observed absorption spectrum
of hydrogen, and the wave nature of electrons was clearly
shown in 1927 when Clinton Davisson and Lester Germer of
Bell Labs showed a diffraction pattern of an electron beam.

So light, thought of as waves, was now also particles, and
electrons, thought of as particles, were now also waves. More-
over, a range of other physical phenomena at the small scale
also existed simultaneously in waves and particles, all well
described by the quantum mechanics equations.

Quantum mechanics states that systems have “wave
functions” over space and time, which can have a real and
an imaginary component. The square of the wave function
represents the probability of finding a particle in a particular
state and location in space. And the very act of trying to mea-
sure the location of a quantum causes the wave function of
probability to “collapse” into a specific real value.

Quantum Computing 101

For a great introduction to quantum computing, the author
recommends “Quantum Country,” an interactive online
book by Andy Matuschak and Michael Nielsen (at https:/
quantum.country/).

There are two main divisions of quantum computers.
Gate-based quantum computers use a sequence of quantum
logic gates to perform computations, while “Adiabatic” quan-
tum computers use continuous quantum state evolution to
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FIGURE 1: Some types of quantum computers on Amazon Braket.

solve optimization problems. This paper concentrates on
gate-based quantum computers, as they allow more general-
ized computations.

Quantum bits, or qubits, are the data elements of quan-
tum computers. A range of quantum systems, such as the
spin of an electron, electron orbital energy levels, or photon
polarization, can implement them. These systems are imple-
mented on many substrates, such as superconducting loops,
simulants of electron orbitals in atoms, electromagnetically
trapped ions, optically trapped neutral atoms, or defects in
solid crystals. Figure 1 shows a sample of quantum computer
types available on the Amazon Braket service on AWS.

The Greek letter psi () typically denotes the quantum
wave function. A quantum state can be represented as a lin-
ear combination of basis states in a vector. “Ket” notation
makes it a bit simpler to talk about quantum states without
writing out an entire vector. A qubit can take on a linear com-
bination of the two basis states reflecting a real “0” or “1” bit,
|0y and [1), as seen below.

The quantum state of a qubit can then be expressed as a
linear combination, known as a “superposition,” of these ba-
sis states:

Where a and § are complex numbers called probability
amplitudes. The square of the absolute value of these proba-
bility amplitudes (i.e., lal?> and |8I?) gives the probability of the
system being measured in the corresponding basis state.

The coefficients a and § must satisfy the normalization

condition:
laf2 +[B] =1

TABLE 1. Three Example Quantum Logic Gates.

Gate Name Symbol Matrix Representation

Hadamard

Pauli-X (aka NOT)

Controlled NOT
(aka CNOT)

This ensures that the total probability of finding the sys-
tem in any state is 1.

The concept of superposition allows quantum systems to
exist in states that combine multiple classical states simulta-
neously. Furthermore, the quantum state of multiple qubits
can also be linked together through “entanglement.” The
qubits can be acted upon by quantum logic gates, which are
essentially matrixes that multiply the input quantum state
vector, and the result is a new output state vector.

There are many different types of quantum logic gates,
but three highly used gates are shown in Table 1. These are
the “Hadamard” gate (which operates on a single qubit and
thus has a 2 x 2 matrix representation to operate on the two
coefficients in a single qubit state), the Pauli-X or “NOT” gate,
and the “Controlled Not” gate (which operates on 2 qubits,
thus has a 4 x 4 matrix representation to operate on the four
coefficients of the 2 qubits).

Figure 2 shows a simple quantum circuit with two qubits
(represented by the two horizontal paths). The paths moving
from left to right represent how quantum gates are applied
to the qubits over time. The two qubits are initialized at the
beginning (e.g., on the left) in the |0) state (i.e., for the quan-
tum state [¢) = alO) + BI1), with =1 and g=0). The top qubit is
then operated on by the Hadamard gate, which with input
state |0) has an output state of an equal superposition of |0)
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and 1), that is 1) = & 10) + /1), When « and p are squared to
find the probability of a |0) or |1) measurement of the qubit
after the Hadamard gate, the probability is 1/2 (50%) for |0)
and 1/2 (50%) for [1).

Time —

FIGURE 2. Quantum circuit to produce example entangled state
(Bell State).

The next gate applied is the CNOT. The graphical repre-
sentation is that the filled-in circle is the control input qu-
bit, and the open circle with a cross is the qubit that will be
acted upon. If the control input is [1), the other qubit will be
changed from the |0) to 1) state, or from the [1) to the |0) state,
like the classical NOT gate. However, that is a simplification,
as the input qubits could be a superposition of the |0) and I1)
states, so the proper way to evaluate the gate output is to mul-
tiply the input qubits state vectors by the gate matrix.

The output state of the entire circuit is shown on the right
of Fig. 2. It implies a 50% probability of measuring the qubits
in the |00) state (a shorthand to indicate that both qubits are
in the |0) state) and a 50% probability of measuring the qubits
in a [11) state. There is a 0% probability of measuring the qu-
bits in the |01) or the [10) state. The two qubits are “entangled”
such that if you measure one qubit, you know that you will
measure the other qubit with the same state (this particular
entangled superposition is known as a “Bell State”).

Multiple identical runs and output qubit measurements
are required to properly characterize the output of quantum
computers to estimate the probabilities of different out-
comes. This could mean hundreds or thousands of runs (also
known as “shots”) to ensure measurements provide a good
sample of qubit state probabilities.

Using the Amazon Braket SDK,? the Bell State circuit pro-
gram is defined as:
import boto3
from braket.aws import AwsDevice

from braket.devices import LocalSimulator
from braket.circuits import Circuit

# create the circuit

bell = Circuit().h(@).cnot(0, 1)

Then, it can be run on a quantum computer simulator:

# instantiate the local simulator

local_sim = LocalSimulator()

# run the circuit

result = local_sim.run(bell, shots=1000).result()
counts = result.measurement_counts

print(counts)

With output showing about the same number of |00) and
[11) output states counted over the 1000 shots:

Counter({‘11’: 503, ‘00’': 497})

The Bell State circuit can also be run on an actual quan-
tum computer. In this case, we use an IonQ Aria 1 ion trap
quantum computer with 25 qubits, although we only use
2 qubits in this circuit. The output measurements (Fig. 3)
over the 1000 shots shows a few “wrong answers” due to
decoherence and noise, but most of the outputs measure
[00) and [11).

100@ shots taken on machine arn:aws:braket:us-east-1::device/qpu/iong/Aria-1.
Measurement counts: Counter({'11': 488, '@@': 485, 'el': 18, '18': 9})

FIGURE 3: Measurement statistics from Aria quantum computer of Bell
State Circuit.

Quantum Algorithms and Applications

Quantum algorithms can provide advantages over classical
algorithms by using superposition and entanglement. Su-
perposition allows quantum algorithms to evaluate many
possibilities in parallel, unlike classical computers, which
evaluate possibilities sequentially. Entanglement allows
changes in one qubit to immediately affect the other qubits
with which it is entangled.

Optimization
Constraint satisfaction
Solving linear systems
Machine learning
Solving ODEs, PDEs

Number Theory
*  Factoring .
« Discrete log .
¢ Subset sum .

Cryptanalysis

Simulation/approximation

* Knot invariants

e Quantum Approximate
Optimization Algorithm
Semidefinite programs
Direct simulation

Oracular

e Search

¢ Hidden subgroup
« Hidden shift

*  Order finding

FIGURE 4. Quantum algorithms under investigation.

Quantum algorithms promise substantial speed-ups over
classical systems, making it possible to solve problems that
would be impractical or impossible for classical computers.
Figure 4 shows areas under investigation for quantum al-
gorithms. Some particularly famous algorithms are Shor’s
Algorithm, Grover’s Algorithm, and the quantum Fourier
transform.
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FIGURE 5. Potential applications for quantum computing.

Peter Shor developed a quantum algorithm that allows fac-
torization in polynomial time rather than exponential time
achieved using classical algorithms.?> One potential practical
application for Shor’s algorithm is to break RSA cryptosys-
tems.* While no existing quantum computer can break any
practically sized RSA system, the potential for future quan-
tum computers to do so has led to the design of new “quan-
tum-safe” cryptosystems not dependent on factorization.

Grover’s algorithm is a quantum algorithm for unstruc-
tured search,’® such as finding a particular element in an
unordered list of data. On a classical computer, an exhaus-
tive search would take O(n) operations. Grover’s algorithm
achieves a quadratic speedup; it can search the n possibili-
tiesin only O (vm) operations.

The quantum Fourier transform (QFT) is important for
image processing,® a quantum algorithm that efficiently
performs the Fourier transform on a quantum computer.
Shor’s factoring algorithm uses the QFT internally. QFT
also provides an exponential speed-up over its classical
equivalent.

Figure 5 shows some areas of potential applications of
quantum computing.

Quantum Image Representation

The first step in quantum image processing is determining
how to represent images on a quantum computer. Sever-
al representations have been proposed, such as the Qubit
Lattice,” Real Ket,® entangled image,” and Flexible Repre-
sentation of Quantum Image (FRQI).!° Since the Novel En-
hanced Quantum Representation (NEQR) method! is easi-
ly understood, it is presented next.

The pixel data of an image with 29-bit color information
with color bits (C°...C41) at pixel location (Y,X) is defined as:

The NEQR quantum representation of a 2" x 2" pixel im-
ageis:

In plain terms, enough qubits are required to represent
the bits of color in each pixel and the bits of the X and Y loca-
tions in the image. For example, a 24-bit color pixel in a 1080p
image needs 24 qubits for the color and 22 qubits for the Y
and X coordinates (since 2''=2048, 11 is enough bits to handle
either 1920 columns or 1080 lines) for a total of 46 qubits.

Figure 6 shows a 2 x 2 pixel NEQR image with 2-bit gray-
scale, along with the quantum representation of the image
on 4 qubits. The tensor product operator ® combines the two
quantum states, and in Ket notation |01> ® 01> becomes
|0101>.

Example NEQR 2x2 image with

Ol c-o00 2-bit grayscale:

|=§(|oo>®\oo> +101)®[01)
+[10)®[10) + [11)® [11))

1 C=0b10 C=0b11

FIGURE 6. NEQR representation of a sample image.
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The quantum circuit in Fig. 7 shows how to load these
pixels into the image (The circuit diagram was generated
using Quirk, which can be accessed live at http://algassert.
com/quirk). First (i.e., on the left), all qubits are initialized
to state |0). Then Y and X value qubits have the Hadamard
gate applied to put them in an equal superposition of state
|0y and state [1). Thus, the (Y, X) qubits have a superposition
of all possible pixel locations. The color qubits are entan-
gled with the (Y, X) coordinates using Mixed-Polarity Multi-
ple-Control Toffoli (MPMCT) gates. These multi-qubit gates
are similar to the CNOT gates in that they have control in-
put qubits that affect the output qubit, although the filled
circle inputs must be in state |1) and the open circle inputs
must be in state |0) to change the state of the qubit with
the crossed circle. Since pixel (0,0) has both bits of color
equal to zero, the color qubits do not need to be changed
from their initialized state |0). The other pixels have their
(Y, X) qubits entangled to form the proper state 1) ‘s of the
color qubits.

Once the qubits are loaded with the image, processing
can begin. For example, using the circuit in Fig. 8 one
could invert the grayscale color of all the image pixels by
having the color qubits go through quantum NOT gates
and then measure all the output qubits (the measurement
icon looks like a dial on a multimeter). A grayscale inver-
sion can be done in one time unit on the quantum com-
puter with a number of quantum NOT gates equal to the
number of pixel color bits. Of course, reading out the pixel
image probabilities precisely takes a number of shots de-
pending on the complexity of the image.

To move this representation from images to video, addi-
tional qubits could be added to represent the video’s frame
number.

The Potential for Quantum Video Processing
Several quantum image and video processing algorithms
have been proposed, for example:

- Motion detection'?

- Edge detection®

- Using the quantum discrete cosine transform for im-

age compression'*

- Quantum-accelerated fractal image compression®®

- Image up- and down-scaling!®

- Image watermarking"”

For a detailed description of many quantum image and
video processing algorithms, refer to the excellent reviews
in Refs. 18 and 19.

Image processing using neural networks on classical
computers has become very important, and there are
several mechanisms to potentially implement neural net-
works on quantum computers.?® Also, recent advances in
generative Al could be implemented on quantum comput-
ers.!

Conclusion

Quantum computing is still in its early stages of devel-
opment. However, every year there are advances in the
number of qubits available in quantum computers, and
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FIGURE 7. Quantum circuit to load pixels into an image.
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FIGURE 8. Example quantum circuit for grayscale inversion with mea-
surement.

improvements in gate noise and coherence both due to
improvements in the physical substrates the quantum sys-
tems are built on, and through techniques where several
physical qubits are used to create less error-prone “logical
qubits” using quantum error-correction coding.?

The author is personally reminded of the situation of
neural network technology when he was a student in that
field in the early 1990s. While we understood most of the
algorithms for training neural networks used today, we
did not have the computational power to do anything be-
yond “toy problems,” like playing tic-tac-toe or deciding in
which of two interlocking spiral-shaped regions a given
coordinate lies. Due to remarkable increases in compu-
tational power from GPUs, Al accelerator chips like AWS
Trainium and AWS Inferentia, and the ability to assemble
massive amounts of on-demand cloud computing, neural
networks can achieve amazing feats today.

Some years from now, when large non-noisy quantum
computers are developed, we can utilize the algorithms
presented above to do amazingly fast video processing.
Until then, we can connect to the cloud and try out some
“toy problems” on existing real quantum computers to
prepare for that day.
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