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Abstract:

In this paper, an introduction to the basic principles of quantum computing
is provided, from concepts of quantum mechanics to their mathematical and
computational representation. The core phenomena of quantum mechanics,
such as superposition, interference, and entanglement, are explained, and
their applications in quantum information processing are described.

Mathematical representation of quantum information, starting from qubits,
quantum gates, and quantum operations, is presented and explained. Also,
the overview of basic quantum algorithms is given and compared to classical
approaches. The quantum Deutsch algorithm is presented and discussed
mathematically.

Prerequisites and programming code in Python for executing the quantum
Deutsch's algorithm are presented. Figures of quantum circuits and execution
results are given. Finally, the results of the execution of this algorithm are
discussed.
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INTRODUCTION

Quantum mechanics is a mathematical framework that extraordi-
narily well describes the subatomic world and has great experimental
confirmation. Its ideas and postulates are not always obvious and can
be counterintuitive with respect to people’s everyday experiences in the
macroscopic world. Quantum mechanics’ applications in everyday life
are immense. For example, all electronics, modern medicine diagnostic
equipment, and nuclear power plants were developed thanks to its use.

The first ideas about quantum computers [1] and the application of
quantum principles [2] to data processing appeared more than fifty years
ago. In the meantime, this idea has successfully come to fruition, and we
now have practical realizations of quantum computers. Today, this field
of research is in a phase of great expansion. The advantage of quantum
computers over classical ones is that, in certain cases, they can be much
faster.
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Main fields of application include cryptography, simu-
lation of quantum systems, optimizations, the production
of pharmaceuticals, and financial modelling. However,
they are not ideal for dealing with a large amount of
input data simultaneously (big data). Many countries
and leading companies (Google, IBM, Microsoft, Amazon,
and others) are investing a significant amount of money,
time, and effort into quantum computing research with
the desire to achieve supremacy in the field.

2.. THEORETICAL FRAMEWORK

Quantum computers are based on the principles of
quantum mechanics and supported by a powerful math-
ematical framework [3].

2.1. QUANTUM MECHANICS

The main difference between classical and quantum
computers is that while classical computers use bits,
quantum ones use quantum bits, or qubits. Classical bits
can be in a state of 0 or 1, while qubits can also exist as a
superposition of these two states as long as they are not
measured. Upon measurement, with a certain probabil-
ity, they can only be in state 0 or 1. Sometimes an anal-
ogy is made with a rotating coin: until the coin stops,
it is simultaneously heads and tails. This superposition
of states allows quantum computers to perform many
processes in parallel, making them faster than classical
computers in certain situations.

Another important quantum mechanical principle
used in quantum computers is entanglement. When
we have a pair of entangled electrons, for example, they
are both in a superposition of spin-up and spin-down
states before measurement. If we measure the spin of
one electron, it becomes either spin-up or spin-down,
and we automatically instantaneously know the spin of
the other electron without measuring it, independent
of how far apart these two electrons are. This property
is used in quantum computers where a large number of
qubits are entangled.

The principle of interference is used in decision-
making. When two superimposed probability waves
have positive interference and maximum peaks, those
answers are the most probable. On the contrary, negative
interference (where two waves cancel each other out)
leads to answers that are filtered out.
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Interaction with the environment, called decoherence,
is an unwanted phenomenon that causes a quantum sys-
tem to collapse into a classical one. The goal of hardware
designers is to minimize decoherence. For example, su-
perconducting quantum computers operate at very low
temperatures (a few millikelvins) to reduce this effect.

There exist many different technologies used for the
realization of quantum computers. Small superconduct-
ing circuits, electrons, trapped ions, photons, or neutral
atoms can all be used as bits. Classification can also be
based on the computing model, such as gate-based or
analogue quantum computing models. This paper is
based on an analysis performed on the Google Colab
platform, which is an environment for writing, simulating,
and performing quantum algorithms.

2.2.MATHEMATICAL REPRESENTATION OF QUANTUM
STATES AND OPERATIONS

In quantum computing, there are qubits, as the basic
carriers of information, and they represent the quantum
states. Mathematically, qubit is represented as: |y) =
a|0) + b|1) or in vector form: |y)= (»), where la]® + |b|?
=1, and a, beC. The coeflicients a, bEC define ampli-
tudes, whose quadratic value represents the probability
of measuring in base |0) or |1). The classical states are
0 and 1, represented as follows: |0) = (1) and |1) = (o).
Every qubit is a superposition of classical states 0 and'1.

Every state of the single qubit can be represented
graphically as a point on the surface of the sphere. There
is a sphere, called the Bloch sphere, with radius r = 1,
and there are angles: 0 (0<0<m), which controls latitude
(amplitude, and ¢ (0<@<2m), which controls longitude
(phase). Basic states are on the poles of the Bloch sphere,
0 on the north pole and 1 on the south pole, Figure 1.

Operations in quantum computing are called quan-
tum gates, and are defined as multiplying a qubit’s vector
y represented as |y) by an operation matrix U, [¢')=Uly).
The matrix U must be unitary, UU'=U" U=I, where U’
marks the conjugate transpose of the matrix U. This
means that every unitary matrix has its inverse matrix
(U'=U"), which is particularly important because it en-
sures that every quantum operation can be reversed. Basi-
cally, quantum operations rotate the qubit’s vector along
the surface of the Bloch sphere; it does not change its
length, it only changes its amplitudes and phases. Super-
position, interference, and entanglement are defined by
quantum gates. There are universal quantum gates, which
denote basic quantum operations and enable the design
of a quantum algorithm. There are a variety of quantum
gates, but for this paper, only three of them will be presented.
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Pauli X-gate is a quantum gate that corresponds to
classical NOT. It changes |0)«>|1) and |1)<|0). On the
Bloch sphere, it rotates the state vector by angle 7 around
the x-axis. The matrix of Pauli X-gate is X:((IJ (1]). If Pauli
X-gate is applied onto state |0), the opposite state [1) is
obtained.

The Hadamard gate creates superposition by rotating
the state vector from the z-axis onto the x-axis. The
matrix of the Hadamard gate isH = % i 71) When the
Hadamard gate is applied to state |0) the superposition

of states |0) and |1) is obtained, meaning w .

The CNOT gate is a two-qubit gate. It allows entan-
glement. The CNOT gate operates over two qubits, one
of which is target qubit and one control qubit. If the
control qubit is in state |1), the target qubit gets inverted
(the Pauli X-gate is applied onto the target qubit). If the
control qubit is in state |0), no changes appear. Because
CNOT operates over two qubits, the space dimension is
4, and it can not be represented on the Bloch sphere. The
CNOT matrix is presented in Equation 1.

1000
0001
NOT =
CNO 0010
0100

Equation 1. The CNOT matrix

The Oracle function is an abstract black box operation
within a quantum algorithm. It is a unitary operation U,
based on the principles of the CNOT gate. It is defined
as presented in Equation 2.

Ut | x) [y)=[%) |y @ f(x))

Equation 2. The Oracle function

where x is the control qubit, and y is the target qu-
bit, and € marks the XOR operation. The key mecha-
nism of Oracle function is phase kickback, where Oracle
codes the result of the function in the control qubit’s
phase, without changing its values directly. In that
way, after some quantum transformations, the phase is
transformed into measurable probability, e.g., the global
properties of the function. The main idea within Oracle
function is the superposition of the input, which allows
quantum acceleration, meaning a quantum computer
works with all inputs at the same time.

Measurement in quantum computing is a special
process because it collapses the quantum state and
transforms the superposition into a classical result. If
a qubit is in state |y)= a|0)+b|1), the measurement
returns 0 with probability |a|* or 1 with probability |b|?
after which the state irreversibly collapses to the corre-
sponding basic state. The measurement is not a revers-
ible operation, like other quantum gates, and therefore
is performed at the end of a quantum algorithm. The
main difference between classical and quantum comput-
ing is that classical measurement reveals an existing bit
value, while quantum measurement physically changes
the state of the system.

The graphical representation of the quantum opera-

tions, as they appear in quantum algorithms are given
in Figure 2.
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Figure 1. The Bloch sphere
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Figure 6. Printed sample label with QR code

Sinteza 2026
submit your manuscript | sinteza.singidunum.ac.rs

Information Technology Session


http://sinteza.singidunum.ac.rs

3. QUANTUM ALGORITHMS

Quantum algorithms represent a series of quantum
gates on qubits, and the measurement in the end, where
the probability of the result can be increased by interfer-
ence. The calculations are based on superposition, inter-
ference, and entanglement, applied to state vectors with-
in quantum space. Solving problems in this way, using
quantum operations, is significantly faster, and in some
cases, almost impossible to perform on classic comput-
ers. The core of quantum computing is the ability of
quantum algorithms to use the principles of quantum
mechanics, like interference and parallel processing of
information. Some of the most well-known quantum al-
gorithms are Deutsch algorithm (determine if the func-
tion is constant or balanced for only one evaluation of
the function, classical computers need two evaluations),
Grover algorithm (for searching large databases), Shor
algorithm (factorisation of large numbers, compromises
classical cryptography), VQE and QAOA (simulation
of quantum systems and chemical molecules, classical
computers can hardly solve this kind of problems because
of exponential states growth).

3.1.DEUTSCH ALGORITHM

Problem: The function f:{0,1}>{0,1} is given. Determine
if the function is constant (output 0) or balanced (output 1).

The Deutsch algorithm solves the Deutsch problem,
which examines if the function is constant (f{0)=f(1)) or
balanced (f{0)#f(1)), [4]. The classical approach needs two
evaluations of functions f(0) and f(1). Quantum approach
using the Deutsch algorithm needs only one evaluation.

First, the algorithm starts with two qubits, one target
and one control qubit. On both qubits, the Hadamard
gate is applied to create a superposition, Equation 3.

[ma)=1+) =) = 340)- 1) 10) + 310}~ | 1) 1)

Equation 3. Application of Hadamard gate

Then, the Oracle function is applied to enable quantum
parallelism, Equation 3.

[72) = 3(10010)- [ 1610)0) + 300 (1)- |18 |1)
Equation 3. Application of the Oracle function
Now, observe the following expressions, Equation 4:
(1) |0@a)-[1®a)=(-1)"(0)-|1)
(2) 1000)—[1@0)=0)~ 1) = (~1)°( 0)~ | 1))
(3) 10@1)-181) =|1)=|0) = (~1)'(|0)~ | 1))
Equation 4. Explanation of XOR application
If (1), (2), and (3) are applied to |m,), the following

conclusions are obtained, Equation 5:

—1)f0 | 0Y) 4 (—1)f®
m> = %(—1)“”(\ 0)- 1) | 0> + %(—n“”(\ 0)— 1)) | 1> =| —> (w) (4)

V2

_1)fO)ef(1) OIS i _
m> — (1) ,> (W) _ {( 1) . )\ Y1+ -ff(O)eef(l) 0 5)
()W =)[=) i) @) =1
Equation 5. Application of XOR

After the Oracle, the Hadamard gate is applied on
the first qubit in order to create interference, Equation 6.

‘ D] -)0)

”>:{<nm>|w

Equation 6. Application of Hadamard gate on
the first qubit

if F(0) © (1) =0

if £(0) @ £(1) = 1

Then the measurement is applied to the first qubit. If
the result is 0, the function is constant. If the result is 1,
the function is balanced, Figure 3.

4. EXPERIMENT

The quantum algorithm can be executed on different
platforms. Since installing and maintaining the necessary
software on a local computer is relatively complicated,
we decided to use Google Colab [5]. Google Colab is a
hosted service of Jupyter Notebook [6].

|71)

|'f'f:a.}

|2)

Figure 3. Deutsch algorithm
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No setup is required to work in it. It provides free
access to the necessary computing resources, including
Graphics Processing Units (GPUs) and Tensor Processing
Units (TPUs). Google Colab requires a regular Gmail
account.

To execute our quantum Deutsch's algorithm, we use
Qiskit [7], and it is a Python SDK. Qiskit is an open-
source software and development kit that enables work-
ing with quantum computers at the level of circuits,
pulses, and algorithms. It provides tools for developing
and running quantum programs, and is supported on
Google Colab. Also, in cooperation with other libraries,
it provides useful possibilities for working with graphics
and simulators. To execute our quantum algorithm, it is
necessary to install Qiskit and additional libraries, which
is achieved by executing the program code in Colab given
in Listing 1.

In the first cell, Colab executes the following program
that forms a quantum circuit, performs a measurement,
and plots the quantum circuit. It is necessary to uncom-
ment either the Constant function (A) or the balanced
function (B). The above code can be seen in Listing 2.
The drawn quantum circuits are shown in Figure 4.

In order to show the results of the measurements in
both of these cases, we decided to display them using a
print command. The simulation and result printing are
achieved by executing the program code given in Listing 3.
The result printings for both of these cases are shown in
Listing 3 and Listing 4.

As expected, the results correctly showed 0 for constant
and 1 for balanced function in 100% of cases. This is
possible because it is a simulator of the work of a quan-
tum computer, which does not show the calculation errors
that exist in a real quantum computer.

Ipip install qgiskit

Ipip install giskit_aer

Ipip install pylatexenc

Ipip install matplotlib-venn

Listing 1. Commands to install Qiskit and additional libraries

from qiskit import QuantumCircuit
from giskit import transpile
from qiskit_aer import AerSimulator

gc = QuantumCircuit(2,1)

qc.x(1)

gc.h(e)

gqc.h(1)

qc.barrier() # First barrier
# Orakl direktno u funkciji

# qc.x(1)

gc.barrier() # Second barrier

gc.h(o)

gc.draw('mpl') # Drawing a quantum circuit

# Preparation: Making a quantum circuit with 2 qubits (q@) and (ql) and a classical register c

# Preparation: ancilla (q1) on |1>, Hadamard gate on both (g@) and (ql)

# A) Example of a constant function - uncomment to make it an Oracle function
# gqc.cx(0,1) # B) Example of a balanced function - uncomment to make it an Oracle function

# Hadamard gate on input qubit (g®@) and measurement

gc.measure(0,0) # The result of the measurement goes into the classic register c

Listing 2. Program that forms a quantum circuit, performs a measurement, and plots the quantum circuit

%

Figure 4. Drawn quantum circuits with constant (left) and balanced (right) function
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simulator = AerSimulator()
compiled_circuit = transpile(qc, simulator)
shoots = 1024

counts = sim_result.get_counts()

sim_result = simulator.run(compiled_circuit, shoots = shoots).result()

print(counts)
Listing 3. Simulation and histogram plotting
{'0': 1024}
Listing 4. The result obtained for a constant function
{'1': 1024}

Listing 5. The result obtained for a balanced function

5. CONCLUSION

Our paper explains the basic principles of quantum
computing. This includes the fields of quantum mechan-
ics, mathematics, and computer science. The phenom-
ena of superposition, interference, and entanglement are
explained. The basics of this field, including the qubit,
quantum gates, and quantum operations, are explained.
The quantum Deutsch algorithm is presented and ex-
plained in mathematical form before it is executed. Pre-
requisites for the execution of the quantum Deutsch's
algorithm are presented. Python code listings are pro-
vided with comments. Images of quantum circuits and
execution results are also given, from which it can be
seen that the algorithm was successfully executed. In the
future, there is a possibility of working with other algo-
rithms as well as executing algorithms on a real quan-
tum computer.

Sinteza 2026
submit your manuscript | sinteza.singidunum.ac.rs

REFERENCES

[1] M. Horowitz and E. Grumbling, “Quantum com-
puting: progress and prospects,” 2019.

[2] S.Prashant, “Study on the basics of Quantum Com-
puting,” 2007.

[3] T.G.Wong, “Introduction to classical and quantum
computing,” 2022.

[4] “Deutsch's algorithm,” IBM, [Online]. Avail-
able: https://quantum.cloud.ibm.com/learning/en/
courses/fundamentals-of-quantum-algorithms/

quantum-query-algorithms/deutsch-algorithm.
[Accessed 15 4 2026].

[5] “Welcome To Colab,” [Online]. Available: https://
colab.research.google.com/. [Accessed 15 4 2026].

[6] “Jupyter Notebook,” [Online]. Available: https://
jupyter.org/. [Accessed 15 4 2026].

[7] “Introduction to Qiskit,” [Online]. Available: htt-
ps://quantum.cloud.ibm.com/docs/en/guides/tools-
intro. [Accessed 15 4 2026].

Information Technology Session



http://sinteza.singidunum.ac.rs



