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A methodology based on indexes is established to categorize and subcategorize the QC, as are: 
fundamentals and background, QC history, concept and operation, companies that implement 
the QC field, applications, platforms that are managed in QC, architecture, and finally the 
programming languages. Source databases such as IEEE-Xplore, EBSCO, and websites, were 
used to illustrate the fundamental concepts and developments that companies have specified in 
applications using this new paradigm. 

The idea behind the QC paradigm lies in the information storage capacity in amplitude values 
that use systems based on Qubits or quantum bits -not in bits-, and in the processing of  it when 
transformations are required to change these amplitudes in a precise and controlled way. 
Therefore, the description of  the states in a computer evolves obeying different algorithms than 
the known ones: correcting errors and digitizing arbitrarily precise calculations through limited 
resources. The present documentary research, carried out by the Orion research group in 2018, 
establishes a state of  the art of  knowledge in QC oriented to education as a baseline for future 
research whose development platforms are open source kind. 

ABSTRACT

RESUMEN: 

La idea que subyace al paradigma de la CC estriba en la capacidad de almacenamiento de 
información en valores de amplitud que usan sistemas basados en Qubits o bits cuánticos –no en 
bits-, y en el procesamiento de la misma cuando se requieren transformaciones para cambiar 
estas amplitudes de una manera precisa y controlada. Por lo anterior, la descripción de los 
estados en una computadora evoluciona obedeciendo a algoritmos distintos a los conocidos: 
corrigiendo errores y digitalizando cálculos arbitrariamente precisos a través de recursos 
limitados. La presente investigación documental, adelantada por el grupo de investigación Orión 
en 2018, establece un estado del arte del conocimiento en CC orientada a educación como línea de 
base para investigaciones cuyas plataformas de desarrollo sean tipo open source. Para lo anterior, 
se establece una metodología basada en índices para categorizar y subcategorizar la CC, como lo 
son: fundamentos y antecedentes, historia de la CC, concepto y funcionamiento, empresas que 
implementan el campo de la CC, aplicaciones, plataformas que se manejan en la CC, arquitectura, 
y por último los lenguajes de programación.  Las bases de datos fuente usadas fueron: IEEE-
Xplore, EBSCO, y sitios web para identificar las empresas que hacen uso del paradigma CC. 
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However, quantum computers work in a similar way to 
common computers since both depend on the Turing 
machine concept. The Turing machine can be 
abstracted as an infinitely long ribbon strip divided into 
squares that are read by a machine, that is: a theoretical 
device that could develop any mathematical problem 
represented by an algorithm, or what is now known as 
the basic idea of  an operating system, [2]. The 
mechanism is based on the fact that in each square there 
is a 0 or 1, or a blank space. Under this mechanism, 
where the information basic unit, the bit, is represented 
as 0 or 1, a read and write header is interpreted. But for 
the quantum case, this means that in any cell may be a 0, 
1 or both 0 and 1, and each intermediate point.
On the other hand, today, virtual environments through 
educational software can generate a simulation of  a 
specific topic where the user can interact, contributing 
to cognitive development and enhancement of  new 
ways of  thinking, [3]. From this point of  view, video 
games in quantum computing field have contributed to 
the knowledge construction and formation of  people 

who study the subject, because when they play, it is 
necessary to use and activate stimuli related to the two 
brain hemispheres, Interactively and mutually 
reinforced. Emotion, instinct, fantasy and disorder offer 
the opportunity to reason, deduce, analyze and 
synthesize rigorously.
This paper is structured, therefore, to describe the 
documentary investigation results that led to establish a 
state of  the art in QC and its open access applications, 
emphasizing the applications made within the 
framework of  the QC, and what organizations and their 
evolution have been highlighted in this field.

The   QC main idea is to store information in the values 
N

  of  complex amplitudes 2  that describe the wave 
function of  two-tier N systems (Qubits), and process 
this information through the unit transformations 
application (quantum gates), that change these 
amplitudes accurately and in a controlled way. It is 
estimated that the N value needed to have a useful 

3 1000 300machine is 10  or more; realizing that even 2  ~ 10  is 
much greater than the amount of  protons in the 
Universe, [1].

1.    Introduction

2.     Methodology

The central theme categorization was defined as 
follows: quantum computing fundamentals and 
historical background; concepts and operation of  the 
QC; free access to quantum computer platforms that 
were built in North America and Europe between the 
years 2016 and 2018; general platform architecture; 
quantum software programming languages    -Quipper, 
ScaffCC / Scaffold, QWire-, among others; business 
sectors that work with the QC and finally QC tendencies, 
perspectives and challenges. The Method by indexes 
was used for the review construction, [4]. Figure 1 
establishes the mentioned categories and the 
subcategories. The endorsement of  this methodology 
was made by the Orion Research Group of  the 
Francisco José de Caldas District University expert 
analysis.

Henry Mauricio Cárdenas-Martínez, Jhonatan Camilo Laverde-Forero, Gerardo Castang-Montiel

Figure 1. Implemented methodology. Source: own.
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3.1.   Fundamentals and background

But in the "quantum scale" of  atoms, electrons and 
individual photons, the classical approach becomes 
imprecise, so the theory of  quantum physics must be 
taken into account, [6].

Quantum thought had been structured through 
paradoxes arising in the mathematical logic field -as in 
the case of  David Hilbert in his famous hypothesis of  
1900-, which remained one of  the great mathematical 
problems for more than half  century until it was finally 
“solved”. Cantor himself  believed that there were no 
intermediate infinities, and called this conjecture the 
Continuum Hypothesis. Cantor was extremely 
frustrated with himself  for not being able to prove it, 
[5] But, why is there a desire to investigate other laws 
and different theories about the continuum instead of  
those given by classical tradition?: By the discovery 
that Newton's and Maxwell's laws are a more general 
theoretical approach to this reality emanating from 
quantum physics. 

3.     Theme development

The classical approach to quantum mechanics holds 
very well on the macroscopic scale of  objects such as 
planets, airplanes, soccer balls or even molecules.

However, in the field of  QC not everything is usually an 
advantage. This new technology faces challenges and 
difficulties that have not yet been solved. In fact, the 
main problems that limit QC are overheating due to the 
amount of  operations and processes used in the code, 
and the problem of  error tolerance, [7], [8]. This 
becomes critical because is needed to iterate an 
exponential number of  times the factorization of  a 
number of  n bits. This leads to an exponential 
expenditure of  energy, given the thermodynamic 
model kT of  minimum energy per binary operation. 
Thus Qubits are vulnerable to errors, so a quantum 
error correction code (QECC) is needed to build a 
reliable quantum computer.

For all these reasons, the development of  QC has been 
going on since before the current prototypes were 
implemented, approximately since 1900 there has been 
a theoretical model of  quantum computing, but for 
different reasons it has not yet been fully transposed to 
make the definitive break with the paradigms of  
traditional computing.

However, the first person to propose a theory was Paul 
Benioff  -of  Argonne National Laboratory- where he 
first applied quantum theory to computers in 1981, 
[14]. He did this in order to take advantage of  
quantum laws in the computing environment. Instead 
of  working at the level of  electrical voltages he worked 
at the level of  quantums, [15].

Quantum computers were invented in the 1980s by 
Richard Feynman and his colleagues, but have recently 
become capable of  working as well as supercomputers, 
[12]. In 1994, Peter Shor developed a quantum 
algorithm that calculated the prime factors of  a large 
number, much more efficiently than a classical 
computer, [13].

Towards 1985, David Deutsch gave a solid 
mathematical basis to Feynman's proposal. Deutsch 
explained how a universal quantum computer could 
work and described its operation as sequences of  
elemental operations on Qubits, [16]. For 1993 Dan 
Simon -from Microsoft's research department- 
suggested a theoretical problem that demonstrated the 
practical advantage that a quantum computer would 
have over a traditional one, [17]. In 1993, Charlie 
Bennett - along with his colleagues from IBM's Watson 
Research Center in New York- demonstrated how to 
transmit quantum information from one point in space 
to another without going through intermediate space. 
Since then, different distance marks have been broken: 
the record is now at about 100 km, [18].

3.2.   History

In the previous sense, when one tries to use classical 

mechanics and electrodynamics to explain atomic 
phenomena, the results to which they lead are in clear 
contradiction with experience, [9]. If  quantum 
m e chan i c s  i s  i m p l e m e n te d  to  e x p l a i n  the 
"inexplicable," quantum computing is a new field of  
intersection of  computing, mathematics, and physics, 
which strives to take advantage of  some aspects of  
quantum mechanics to expand computational horizons, 
[10]. However, besides the known examples, finding a 
quantum computing application is a challenge. 
Designing a good quantum algorithm is a challenging 
task. This does not necessarily derive from the 
difficulty of  quantum mechanics; rather, the problem 
lies in expectations: a quantum algorithm must be 
faster, and computationally less complex than any 
classical algorithm known for the same purpose, [11].
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 In 1997 the first practical experiments were initiated 
and the doors were opened to start implementing all 
those calculations and experiments that had been 
theoretically described until then. The first secure 
communication experiment using quantum 
cryptography was successfully performed at a distance 
of  23 km. In addition, the first quantum teleportation 
of  a photon, [21], was performed.

In 2000, was had the most powerful IBM quantum 
computer with 'only' 5 Qubits of  capacity; but the 
objective they set themselves was to be able to build 
one with 50 Qubits, something that would surpass the 
most powerful super computers of  the moment. 
However, in order to get all that power, they would 
also need to improve the protection of  the Qubits. 
Since they are very delicate and need to operate at 
temperatures close to absolute zero, any change in 
temperature could destabilize them and produce 
calculation errors, [22].

This is how IBM and Stanford University managed to 
run Shor's algorithm for the first time on the first 7-
Qbit quantum computer developed in Los Alamos. In 
the experiment the prime factors of  15 were 
calculated, giving the correct result of  3 and 5 using 
1018 molecules, each one with 7 atoms, [23].

After the pioneering work of  D. Deutsch quantum 
calculus still remained as a marginal curiosity in 
theory until 1994 when Peter W. Shor presented 
quantum algorithms for factoring integers, and for 
extracting discrete logarithms in polynomial time, 
[19]. 

In 1996 Lok Grover created an algorithm used in 
quantum computation for searching in an unordered 
sequence of  data, and with an additional need for 
storage space, [20].

Later, in 1998, Isaac Chuang leaded the Berkeley 
group that developed the first 1-Qubit quantum 
computer, [19].  During that same year the first 2-
Qbit machine was created at the University of  
Berkeley, California (USA). A year later, in the IBM-
Almaden laboratories, the first 3-Qbit machine capable 
of  running Grover's first search algorithm was 
created, [21].

The Institute of  “Quantum Optics and Quantum 
Information” at the University of  Innsbruck (Austria) 
announced that its scientists had created the first 
Qbyte, a series of  8 Qubits using ion traps, [24].

In 2006, theorists and researchers from the Institute 
of  Quantum Computing (IQC) and the Perimeter 
Institute of  Theoretical Physics (PI) in Waterloo, 
along with MIT and Cambridge, presented an 
operational control method in the processing of  
quantum information that extended to 12 Qubits: they 
decoded it using liquid-state nuclear magnetic 
resonance quantum information processors, [25].

According to the U.S. National Science Foundation 
(NSF), a team of  scientists managed to store for the 
first time a Qubit (the equivalent of  a "bit" of  the 
"classical world", but in the "quantum world") inside 
the nucleus of  a phosphorus atom, and they were able 
to make the information remain intact for 1.75 
seconds. This period may be expandable by error 
correction methods, so it was a significant advance in 
information storage, [27].

By 2011, the world's first commercially available 
quantum computer using the principles of  quantum 
mechanics instead of  classical mechanics was 
produced and sold to defense and security aerospace 
company Lockheed Martin [29].

In September 2007, two U.S. research teams, the 
National Institute of  Standards (NIST) in Boulder 
and Yale University in New Haven, were able to join 
quantum components through superconductors. Thus 
the first quantum bus appears, and this device -in 
addition- could be used as quantum memory, retaining 
quantum information for a short period of  time before 
being transferred to the next device, [26].

Finally, it is worth mentioning that during the last two 
decades, Vuckovic's laboratory has tried to develop 
new types of  quantum computer chips. Recently, it has 
joined forces with other companies around the world 
to test three different ways of  isolating electrons to 
interact with lasers, [30].

Leonardo DiCarlo, an Argentinean resident in 
Holland and professor of  physics at the Delft 
Technological University and considered an eminence 
at just the age of  38, in 2009 - while finishing his 
studies at Yale University, USA - teamed up to create 
the first solid-state quantum processor. "It had been 
done in atomic and molecular systems, but we managed to 
create a mini-processor with an integrated circuit", [28].
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Figure 4. Quantum game interface "3D Puzzles". 
Source: own.

Riken Institute researcher in Saitama, Japan, Simon 
Devitt, developed an online game that could play a 
decisive role in the future of  quantum programming. 
Not only can the game help humans create better 
programs, it could also help a new generation of  
artificial intelligence machines take on that task: a 
powerful way to visualize quantum programs as 3D 
grids with interlaced sections representing how 
information is stored and processed. To optimize them, 
it is necessary to simplify the grid by moving, shrinking, 
stretching and reconfiguring the interlaced sections so 
that they preserve the same topology, [48].

3.5.2. 3D Puzzles

The game is available in two versions: ProjectQ version 
(using the .py file); and can be played directly using the 
IBM Quantum Experience interface (using the .qasm 
file). In either case, you will need a Quantum Experience 
account to access the device, [47].

It's a quantum version of  stone / paper / scissors. It has 
five quantum bits. One of  them will act as a referee and 
tell who wins. The other four are all potential 
opponents. Although only one is played at a time. For 
inspiration, what is possible for normal bits is that the 
simplest is a NOT gate. It changes bits from 0 to 1 and 
from 1 to 0. Quantum computers can do this, but they 
can also be a bit more. For example: they can do NOT 
half, leaving the quantum bit in a strange limb state 
between 0 and 1. A quantum superposition, like 
Schrödinger's cat.

3.5.3. Quantum awesomeness

Figure 5. Quantum game interface "Quantum 
awesomeness". Source: own.

Quantum Awesomeness is a simple puzzle game. Each 
puzzle consists of  a grid of  colored dots with numbers 
at each point. Each point must have a color and number 
similar to one of  its neighbors. The player's job is to 
look for these similarities and use them to match all the 
points.  There will be a Game Over condition when the 
puzzles become too hard. Then the player should try to 
pass as many rounds as possible before that happens, 
[49]. 

 

3.5.1. First quantum game CAT-BOX SCISSORS

Henry Mauricio Cárdenas-Martínez, Jhonatan Camilo Laverde-Forero, Gerardo Castang-Montiel

Figure 3. Quantum first game interface 
"Cat / box / scissors". Source: own.
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Figure 7. Quantum game interface "Meqanic". 
Source: own.

3.5.4. Hello quantum

3.5.5. Meqanic

3.5.7. IBM Quantum computing

Figure 6. Quantum game interface "Hello quantum". 
Source: own.

Hello Quantum is a puzzle game designed to teach the 
introductory principles of  quantum computing. This 
game was designed at IBM Research in Yorktown 
Heights, New York, in collaboration with Professor 
James Wootton of  the University of  Basel, Switzerland, 
[50].

Meqanic is a physics-based puzzle game that confronts 
the user against the Universe. Meqanic is not evidenced 
as a game; it is a complete and precise quantum 
mechanics simulator.  Meqanic has rules, but they are 
NOT intuitive because they are based on the quantum 
laws that govern the Universe itself. It's up to each 
player to solve them on the way. Being good at Meqanic 
requires a fundamental change in the way of  thinking: it 
is a challenging game with high complexity and 
meaning, [51].

3.5.6. Quantum game

Figure 8. Quantum game interface "Quantum 

game". Source: own.

This is a game in which photons, mirrors, detectors, 

polarizing filters, and other elements interact on a 

table. Each level of the game presents a problem 

and all it requires is the correct placement of the 

components - knowing what each one of them does 

- to solve it and move to the next level. It is a kind of 

"quantum physics simulator", where each 

component behaves more or less as it would in the 

physical world. Many of the concepts and ideas of 

some of the levels of the game are used in quantum 

computing, [52].

Released in March 2017, IBM noted that Q is an 
initiative to build universal, commercially available 
quantum computing systems for commercial and 

Figure 9. Quantum platform interface "IBM 
QUANTUM COMPUTING". Source: own.
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3.6.   Architecture of quantum computing platforms

(b) Quantum logic gates - Physical circuits [16, x5.5] 
that make up quantum logic gates.

3.6.1.   Quantum Layers, these layers can be thought 

of as comprising the Quantum Processing Unit 

(QPU).

(b) Commercial applications: Quantum software 
applications written to meet commercial 
requirements, [54].

3.7.    Quantic Programming Languages

Today's physical quantum computing machinery 
(reminiscent of  the first classical computers of  the 
1940s) is large in size. It requires a special physical 
environment and conditions to function properly. It is 
composed of  five layers, Figure 10, three of  which 
contain purely quantum hardware and circuits, and two 
of  which consist of  classical hardware and software:

 scientific applications. IBM Q systems and services will 
be delivered through the IBM Cloud platform. IBM first 
opened public access to its quantum processors in 2017 
to serve as an enabling tool for scientific research, a 
resource for university classrooms and a catalyst of  
excitement for the field, [53].

(a) Physical modules: includes quantum hardware   
that normally makes use of  superconducting loops 
for the physical realization of  Qubits. In addition, it 
also contains the physical qubit coupler / 
interconnection circuit among other elements that 
are necessary for Qubit control and addressing 
operations.

    Classic-quantum interface. Includes hardware and 
software that provides the interface between 
classical computers and a QPU.

(a) Quantum programming environment: provides 
elements such as: i) the quantum assembly 
language necessary to instruct a QPU, ii) the 
programming abstractions necessary to write 
quantum programs in a high-level programming 
language and iii) compatibility with simulators as 
well as IDEs, among others.

3.6.2. Classic layers

Figure 10. Quantum Computing Platform 
Architecture, [54].

In the last decade several quantum programming 
languages were proposed: from imperative to 
functional; and from low to high level. Languages such 
as Quipper, ScaffCC / Scaffold, LIQUiji, QWire, Quil, 
Q # and ProjectQ: allow the programming of  large 
computers. Quipper is a strongly typed functional 
quantum programming language, integrated in 
Haskell; Scaffold is an independent programming 
language type C and its compiler ScaffCC takes 
advantage of  the LLVM framework; QWire is 
integrated in the Coq test system; LIQUiji is embedded 
in F#; Q# is an independent language type F#, and 
ProjectQ and Quil are integrated in Python. All of  the 
above offer extensible frames for quantum circuit 
description and manipulation, and some offer gate 
decomposition and circuit optimization methods, some 
classical control flow, and the export of  quantum 
circuits for representation or resource costs.

Theoretically, it would be enough if  a quantum 
computing programming language supported the 
target hardware gate set. The similarity between such 
approach and the classical assembly language brought 
into existence quantum assembly languages such as 
QASM and OPEN-QASM. Although it is sufficient for 
today's quantum hardware, which is capable of  
performing some gate operations in less than 20 
Qubits, programming in such language is neither 
scalable nor particularly easy to use. Instead, a 
quantum programming language should provide 
high-level abstractions to shorten development times 
and allow portability across a wide range of  quantum 
hardware backends, similar to the current compilers 
for classical high-level languages such as C++. 
Besides the purely classical and purely quantum 
subroutines, typical quantum algorithms also require 
that classical functions be evaluated in an input 
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Currently, the problem of  creating a quantum computer 
is to maintain its stability over time; where each 
physicist adding a Qubit more implies that the 
engineering task becomes more laborious. Adding more 
Qubits makes the decoherence factor more vulnerable: 
where the state of  the Qubit is degraded. Decoherence 
can be caused by interactions with the world, and 
problems are generated to maintain consistency in the 
system for more than several seconds. However, several 
advances have been made, in 1995 at the US National 
Institute of  Standards and Technology the first 
quantum gate of  two Qubits was built, and in 2005 a 
team led by Professor Rainer Blatt at the Institute of  
Experimental Physics in Austria built a quantum 
computer prototype using a few calcium ions. His group 
was at a tangled level of  a maximum of  eight calcium 
ions [9]. The National Institute of  Standards and 
Technology now has a specific quantum computing 
program, like Yale University, which aims to offer real 
advances in this field that could revolutionize 
computing in the medium term. For the first time, two 
of  these quantum processors have been linked together 
by superconducting circuits, creating a cavity through 
which quantum data is transmitted. To achieve the 
superconducting properties, the entire device was 
cooled to low temperatures. The importance of  this 

discovery lies in the fact that this type of  quantum bus 
will be used with high probability in future quantum 
computers or, at least, will be the basis of  future 
communication buses. Now, the center of  research will 
be the stability of  communications with more than 6 
Qubits, an initial reference that worked without 
apparent problems.

4.     Conclusions

superposition, e.g. the modular exponentiation in Shor's 
algorithm for factorization.

3.8.   Trends, perspectives and challenges of the QC

Figure 11. Quantum technologies time line 2015 – 
2035, [55].

On the other hand, the greatest challenges that the 
quantum computer currently faces is the isolation of  the 
Qubit, since any contact with its macroscopic world 
breaks the coherence, possible only with a slight 
observation, therefore: it is necessary to keep the Qubit 
totally isolated by retaining it with an ionic trap, that is: 
to keep it suspended between magnetic fields and laser 
beams: it is difficult to imagine what the quantum 
computer of  the present and the future will look like, 
[55].

The state of  the art was researched on the applications 
that have been created related to quantum computing, 
and how they help to improve the learning of  this 
subject in the students. It has been evidenced, by a 
research incorporated in this document, that the free 
license tools are useful at the moment of  learning. For 
the students of  the District University Francisco José 
de Caldas, Technological Faculty, in Telematics 
Engineering, 80% of  those surveyed stated that 
Quantum Game clarified definitions of  quantum 
computing; likewise, when asked if  the IBM platform 
and Quantum Game were complementary help for the 
subject of  quantum computing: 65% said yes. It should 
be noted that 75% of  the interviewees were facilitated in 
learning the Quantum Game tool.

On the other hand, it was possible to get to know the 
companies that research or contribute to science in 
terms of  quantum computing; as well as the 
developments that have been generated, showing that 
the pioneering companies in this area are located in 
North America: IBM, Google and DWave Systems. 
Finally, it is concluded that quantum computing is a 
subject that companies and scientists intend to continue 
researching in order to surpass the 2000 Qubits 
computer of  the company D-Wave, considered one of  
the most sophisticated computers at present.

Finally, in a time line between 2015 and 2035, it is likely 
that every household will have a quantum computer for 
daily use. In any case, the Qubit limit for quantum 
computers of  this nature is not clear.
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