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Abstract

The rapid progress quantum devices have made in recent years has led to the need for systems that bridge
the gap between quantum algorithms and quantum hardware. To this purpose different full-stack quan-
tum programming platforms have been developed, providing high level languages for expressing quantum
algorithms and providing compilers for making those quantum algorithms executable on a given quantum
device. OpenQL is one such a platform, with support for compiling a variety of quantum program inputs into
a quantum circuit, ready to be executed on the targeted quantum hardware.

OpenQL is an evolving tool in which new features are constantly added to improve its performance and ex-
tend its functionality. In order to enhance OpenQL and provide some extra support to the researchers using
OpenQL for their experiments, a visualization tool with three main functionalities has been developed in this
thesis project. First, a circuit visualizer, with support for both visualizing the circuit output of the OpenQL
compiler as an abstract gate representation and a pulse representation, which has been made specifically
for quantum hardware running on superconducting qubits. Secondly, a mapping graph visualizer, which al-
lows displaying the logical to physical qubit mapping per program cycle. And lastly a qubit interaction graph
generator, which shows the required interactions between qubits of a given quantum algorithm.
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Introduction

In this chapter the motivation behind the thesis is described in section 1.1, the problem is defined in section
1.2 and the structure of the thesis is outlined in section 1.3.

1.1. Motivation

1.1.1. The quantum stack

When computers were first invented, back in the early 20th century, computer programs were made by di-
rectly writing a program in the language the machine could understand. For larger programs this process was
error-prone and would take very large amounts of time. To ease the burden on the computer programmer,
specialized computer programs were invented, called compilers, that would take a human-readable language
(but still written with a specific syntax: the programming language) and transform it to a format the computer
could read and process. This enabled programmers to write larger programs much quicker and with less er-
rors, provided the compiler was correct.

These days virtually all computer programs are written in a high-level language, and then transformed by a
corresponding compiler into machine code. A compiler for a classical (in this context, classical means non-
quantum) language typically involves most of the following steps (see Figure 1.1):

* Lexical analysis: breaking down the program into tokens

» Syntax analysis: checking whether the sequence of tokens adheres to the grammar of the programming
language

* Semantic analysis: consists of constructing the symbol table and type checking

* Dataflow Analysis: this step analyses the flow of data in the program, code dependencies and much
more

¢ Optimization: taking the results from the analysis and changing it in such a way that the code will run
faster but the result will still be exactly the same

¢ Code generation: this step constructs a valid program for the target machine written in the language
that machine can understand

Combined with many other tools that came into being since computers gained mainstream use, like IDE’s,
version control, build systems, automated test suites and much more, the quality of life of a programmer has
vastly improved. None of the programs we use daily would exist without this extensive stack of tools.
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Figure 1.1: The general compilation process.

-L-,-ﬁ corr-Sshaor

:\:1_
]
0
0
iy
15
3
\

~face code

e &

Figure 1.2: The full quantum stack [14].

With quantum computers gaining more and more accessible qubits and quantum algorithms becoming more
complex, the need for such tools usable for quantum computation arises. Figure 1.2 shows the full stack for
quantum computing. The base level consists of the physical realisation of the quantum hardware. The second
level is the layer that serves as an interface between the classical part operating the quantum computer and
the quantum hardware. This layer is responsible for sending the correct physical signals which enable the
qubits to perform the required operation such as a specific gate, or to measure a qubit and store the classical
result. The next two levels determine the instruction set for the quantum computer, for which the compiler
will generate code from the high level description of the quantum algorithm that resides on the top level.

Several quantum programming platforms for quantum computation have been developed in the last years,
many of which will be discussed in a later chapter. These platforms provide a fully incorporated programming
suite that combines all or several layers of the quantum stack in one easy to use solution. Several notable [18]
platforms are Qiskit, PyQuil, ProjectQ and the subject of this thesis: OpenQL.

1.1.2. The OpenQL platform

OpenQL is a software platform for quantum computation. It enables users to define a quantum algorithm in
a high level programming language (the OpenQL language). This is in contrast to directly defining operations
on specific qubits, which is difficult, if not impossible, to do for large programs and prone to errors even

for smaller programs. The OpenQL compiler translates the high level language into instructions that the
specified quantum hardware back-end can understand and execute.

Compiling a quantum program requires several special phases that are not necessary for classical compila-
tion; such as the mapping and routing of qubits in which qubits in the circuit are assigned to physical qubits
on the hardware and moved to adjacent positions when they need to interact; decomposition, which decom-
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poses gates that are not native on the quantum hardware’s instruction set unto gates that are native to that
hardware; scheduling, in which quantum operations are scheduled to leverage their possible parallelism. Any
existing dependencies between operations must be satisfied. In addition, resource constraints (for example,
a quantum computer may only have a limited number of RF-generators to power the control lines for the
qubits) may add other limitations in the way operations can be parallelized.

At the time of writing of this thesis and the work done within, OpenQL is mostly used by a research group
using superconducting qubits (see section 2.2.2) as their physical quantum hardware platform.

1.2. Problem definition

The OpenQL compiler often works like a black-box, with the developers and physicists not knowing for cer-
tain the efficiency and correctness of the compiled program. Tools are needed to assist the developers and
users of OpenQL with verifying the correctness and efficiency of the compiled solutions. This work focuses on
developing three different visualization tools at different levels of the compilation process, a quantum circuit
visualizer, a mapping graph visualizer and a qubit interaction graph generator:

¢ Quantum circuit visualizer: the final output of the compiler is a quantum circuit which gets run on
the target machine. In order to help facilitate the development process of quantum circuits, a way
to visualize the output of the compiler is required. The circuit can be visualized in two ways: an ab-
stract representation of the gates and qubits as shown in Figure 1.3, and a physical representation of
the operations (signals) to be sent to the target quantum processor. Note that this work will only de-
velop the physical representation for superconducting quantum hardware. Superconducting qubits are
controlled by three RF lines, the microwave, flux and readout lines, which control single-qubit gates,
two-qubit gates and measurements respectively. Gates are represented as pulses on the control lines.

) H .
A

1
|0) H XHZ— |v)

Figure 1.3: Example visualization of a quantum teleportation circuit [22].

¢ Mapping graph visualizer: the mapper pass maps the logical qubits to physical qubits, by way of a
heuristic algorithm. This mapping is usually changed over time as qubits need to be moved to inter-
act due to their limited connectivity. The mapping graph shows the path logical qubits take through
the physical qubit grid during execution of the circuit. This provides insight into the way the mapper
operates and can help to debug and improve the mapping process.

* Qubit interaction graph: in order to improve the mapping process it is very useful to see the amount
and distribution of interactions between qubits, e.g. CNOT gates between qubits. The qubit interaction
graph provides a way to visualize these interactions. This feature is also a subject of this work.

1.3. Thesis outline

The thesis is structured as follows:

* Chapter 2 discusses the basics of quantum computing, including the mathematics behind quantum
bits and gates, superposition, entanglement, etc. The current approaches to quantum hardware are
discussed and the chapter concludes with a discussion of the state of the art w.r.t. quantum computers.
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¢ Chapter 3 opens with a short introduction on compiler theory and continues with a comparison be-
tween different existing compilers for quantum platforms. After this the inner workings of the relevant
components of the OpenQL compiler are revealed, including a motivation for the work done in this
thesis.

¢ Chapter 4 describes the process of choosing an implementation of the visualizer (programming lan-
guage, architecture, etc.).

* Chapter 5 provides an overview of the work done on the visualization features, including the the design
choices that were made and the difficulties that were encountered.

* Finally, Chapter 6 concludes the thesis with a discussion on future work for the visualizer of OpenQL
and an overview of the work.



Quantum computing

In this chapter the background of quantum computing is discussed in a brief manner in section 2.1 to help
the reader understand the concepts used in the rest of the thesis. A short overview of the different kind of
physical implementations for quantum computers is given in section 2.2, and the chapter concludes with a
discussion on the current state-of-the-art in quantum computing and the way forward from here in section
2.3.

2.1. Quantum computing

The concepts used in quantum computation are briefly discussed in this section, together with how these
concepts are used to make computation possible.

2.1.1. A bit of history

For a long time classical physics was enough to describe the world around us. Maxwell told us how elec-
tromagnetic fields work and Newton’s proverbial apple led to the theories that predict the movement of the
planets in our solar system, including the amount of energy needed to escape Earth’s gravity. However, at
the start of the 20th century, it became apparent that these theories were not enough to accurately describe
reality as it is. These models only provide us with rough answers that are suitable for everyday work, but not
for the fine-grained analysis that is needed to understand the very small.

As Albert Einstein worked on the photoelectric effect, he realised that not the duration or intensity of light
hitting a material determined the amount of electrons dislodged from it, but the frequency of the light did. In
doing so he discovered that light was not only a continuous wave, but also a selection of particles at the same
time (photons). This discovery, together with some others led to the development of quantum mechanics,
were everything in the universe is quantized, and the world is described by a wave function with probability
amplitudes. These facts are combined in the famous Schrédinger equation:

. d .
zhakp(t)) = Hl¢p(1))

This formula encapsulates how a closed system evolves with time, or put differently, it describes in what state
a system will be after a certain period of time, given a set of initial conditions.

2.1.2. From bits to qubits

Classical computing uses bits that can either be 0 or 1 to make computations. Stringing operations together
on collections of these bits allows computations to be done, which ultimately leads to computers as we have

10
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them today. In this sense, the bit is the basic unit of information. Quantum computers use quantum bits as
the basic unit of information. A quantum bit can be any two-level (or two-state) quantum system. Note that
it is important that this system exhibits quantum mechanical behaviour. The 0 and the 1 state are then the
two respective levels of that quantum system.

The attribute of a two-state quantum system that makes a qubit distinct from a normal bit (which is also a
two-state system, but not quantum mechanical!) is that the qubit can be in a superposition of both states. In
mathematical terms this means that a qubit is a linear superposition of two orthonormal basis vectors and it
is written like so:

) = a0y + BI1)

0
1
The variables a and S are the probability amplitudes of the qubit and describe the probabilities of finding the
qubit in either state after measurement. Measuring the state of a qubit will destroy the quantum mechanical
properties of the physical realisation of the qubit and therefore collapses the qubit to either the 0 or the 1
state. Because the probability of finding the qubit in the 0 state is |@|> and finding it in the 1 state is | 8|*, and
probabilities add up to 1, the values of a and S are constrained by:

This is called the bra-ket notation. The basis vectors used here are |0) and |1), or equivalently [(1)] and

lal® +1B1* =1

An easy way to visualize the quantum state of a two-level pure quantum system (pure in this context meaning
a quantum state that cannot be written as a mixture of other quantum states) is the Bloch sphere represen-
tation, pictured in Figure 2.1. The three axes of the sphere consitute the X, Y and Z bases of the quantum
system. Traditionally, the vertical axis is chosen to represent the Z basis, making the north and south pole
of the sphere the |[0) and |1) states respectively. In essence, the Bloch sphere makes it easy to visualize the
position of the quantum state vector with respect to the three bases.

% = |0)

Figure 2.1: The Bloch sphere [7].

Multiple qubits can be denoted by vectors of length 2" where rn is the amount of qubits. For example, a
description of two qubits in the 0 state would be |00), or equivalently [0 0 0 1 1T, Certain operations on
two qubits allow for the creation of an entangled pair of qubits. This derives from the quantum mechanical
property of entanglement, where two quantum systems are correlated in such a way that it is impossible to
individually describe each system, i.e. only a description of both systems fully characterizes the two systems.
The prototypical entangled state is the Bell state, given by the following formula:

L
V2

The mathematically inclined reader will note that it is impossible to separate this system into two individual
systems that, when taken the tensor product of, will produce this entangled system. When one pair of an

(100) +11))
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entangled pair is measured, both pairs will collapse to a single state. Entanglement allows for applications
that are not possible with classical bits, such as superdense coding, quantum teleportation and the creation
of completely secure encryption algorithms.

2.1.3. Quantum gates

A computation on a classical computer is performed by logic circuits. The input of these circuits are bits and
the output is determined by a Boolean logic (truth) table. This allows a circuit to perform basic AND, OR
and NOT gates and putting multiple of these in sequence lets a computer perform complex algorithms. The
quantum equivalent of these Boolean logic gates are quantum gates that are represented by unitary matrices.
A unitary matrix U is a matrix whose conjugate transpose is also its own inverse: U*U = UU* = I. In math-
ematical terms, the effect of applying a quantum gate to a qubit is calculated by multiplying the state vector
of the qubit with the unitary matrix of the gate. This is a reversible operation, therefore quantum gates are
reversible, unlike classical Boolean logic.

Quantum gates can be performed on a single qubit. Notable examples of single qubit gates are the Pauli X,
Y and Z gates, which perform rotations over the x, y and z axis of the Bloch sphere, and the Hadamard gate,
which maps a base state |0) or |1) to 1/v/2(10) + 1)) and 1/v/2(]0) — 1)) respectively. See Table 2.1 for more
examples for single-qubit gates.

Gate name X Y Z H S T 1

Symbol
. 1 0 0 1 0 —i 1 0 1 (11
Matrix ( ) (1 0) (i 0 ) (0 _1) V2 (1 —1)

0 1
Table 2.1: Several notable single-qubit gates with their corresponding matrix representation. [21]

Quantum gates can also be performed on two qubits. Examples include the CNOT, CPHASE or CZ gates,
and SWAP and vVSWAP gates. CNOT gates are used to entangle two qubits, and SWAP gates are used to
exchange the quantum state of two qubits. In addition, controlled two-qubit gates, such as the CNOT, consist
of a control qubit and a target qubit. The control qubit is used to determine whether the corresponding
operation should be performed or not on the target qubit. See Table 2.2 for some examples of the most
important two-qubit gates.

Gate name CNOT CPHASE SWAP VSWAP
Symbol e s
B 1 )
1 000 1 00 O 1 00 0 1 0 0 0
Matrix 01 00 01 0 0 0010 0 %(1+i) %(1+i) 0
0 0 0 1 0 01 0 01 00 0 3(1-0i) 201+ 0
0 010 0 0 0 -1 0 0 0 1 0 0 0 1

Table 2.2: Several notable two-qubit gates with their corresponding matrix representation. [21]

Quantum circuits can be built with qubits and gates and used to describe quantum algorithms and perform
any kind of computation. An example of a quantum circuit is shown in Figure 1.3.

The output of a quantum circuit can be thought of as multiplying the matrix of each quantum gate together to
compute the full unitary that describes the complete operation of the circuit. That unitary is then multiplied
with the input quantum state vector to obtain the full output of the system.

Some relevant properties of a quantum circuit are the cycle count, which is the total amount of clock cycles
the circuit takes to fully execute. Each gate has a duration (amount of time it takes to execute). In order to run
the circuit, signals are sent to the hardware each cycle, where a single cycle is at least as long as the longest
amount of time a gate takes to execute. Another useful property is the circuit depth, which is the number of
time steps a circuit takes to execute (i.e. each time step is 1 unit).
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2.2. Quantum hardware

To construct a functional quantum computer, several criteria have to be fulfilled. These criteria were first
introduced by David DiVincenzo [12]. The following five criteria are necessary for quantum computation:

» A scalable system using properly characterized qubits with two well-defined states.

* The qubits should be able to be intitialized into a reference state.

* The qubits should have long decoherence times.

¢ The operations that can be performed on the qubits should form a universal set.

¢ Each qubit’s state should be measurable.
Note that a universal set of quantum gates is the minimum set of gates that can perform all possible opera-

tions of a quantum computer, i.e. any unitary operation can be expressed as a finite sequence of gates from
that universal set.

An additional two criteria must be satisfied to allow for quantum communication:

e Stationary and flying qubits must be able to be interconverted.

¢ Flying qubits should be able to be transmitted without loss of state between two locations.

Several notable technologies for which all of the DiVincenzo criteria hold (or are thought to hold) will be
discussed in this section. This is not an exhaustive list, it is only meant to give the reader an impression of the
many different ways in which a physical quantum computer can be realised.

2.2.1. Robustness of quantum systems

Systems which exhibit the useful quantum properties needed for quantum computation, such as superposi-
tion and entanglement, are notoriously easy to disturb. Any interference from outside will cause a qubit to
collapse to one of its two states, which is called decoherence. It is the process where the qubit gets entangled
with the outside environment and loses its quantum information.

Notably, we distinguish between two different decoherence times, the T1 and T2 times. The T1 time is the
time it takes for a qubit to relax from its excited |1) state to its ground |0) state. The T2 time is the time it takes
for the qubit to acquire a phase difference from the environment.

The possibility of a qubit losing its coherence necessitates the application of error correction to perform
fault-tolerant quantum computation. In a quantum error correction scheme, more than one physical qubits
together form one logical qubit. In addition, using error syndrome measurements certain types of errors can
then be detected and corrected.

In general, the performance of a quantum computer implemented in a specific hardware type can be charac-
terized by the following variables [25]:

* Coherence time: the duration in which the state of the qubit remains valid. When a qubit experiences
decoherence its state is no longer valid. Important parameters are the T1 and T2 times described above.

* Gate latency: the amount of time executing a quantum gate takes. The shorter the gate latency, the
more operations that can be performed on a qubit before it decoheres.

¢ Gate fidelity: the probability that a quantum gate executes successfully, without experiencing errors.
Gate fidelity for quantum computing is much lower than for classical computing. This is part of why
quantum error correction is necessary.
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¢ Qubit connectivity: how qubits are arranged and interconnected. Quantum processors usually have
limited connectivity that makes it necessary to transport quantum states, or even move the qubits
themselves (depending on the physical technology). This transportation decreases the chance of suc-
cess of the quantum algorithm.

2.2.2, Realisation of qubits
Trapped ion quantum computing

Trapped ion quantum computers [5] work by manipulating ions in such a way that a two-level quantum state
is achieved, which constitutes the qubit in this system. An ion is a charged atom or molecule, or in other
words, an atom or molecule that has an unequal number of protons and electrons. They are ubiquitous in
nature, easily created and responsible for many everyday phenomena. Because an ion is electrically charged,
they can be trapped inside an electromagnetic field.

The electronic states of a trapped ion are used to construct the two-level quantum system necessary to form
a qubit. Using lasers with specific frequencies single qubit gates can be performed on individual ions. Multi-
qubit gates can be performed by coupling the internal ion state to its external motion state, and then using
shared motional states to exchange quantum information between different qubits to achieve a multi-qubit
gate. Figure 2.2 shows several configurations of magnesium ions in an ion trap.

Figure 2.2: Trapped magnesium ions in a planar ion trap produced by NIST (National Institute for Standards and Technology) [8].

Notable advantages of using trapped ions as qubits are their very long coherence times, in the order of sec-
onds or even another order of magnitude higher in some cases. Another benefit is the very high fidelity with
which operations can be applied to the qubits. The most notable disadvantage of using trapped ions as qubits
is that coming up with a design to scale the amount of ions to very high amounts, while still retaining control
over each individual ion is very difficult.

Quantum dot quantum computing

Quantum dots are artificially constructed particles inside of a semiconducting material. They effectively be-
have as if they are an artificial atom, having distinctly defined electronic states. Electrons can be trapped
inside of a quantum dot, after which the spin property of the electron can be used as a two-level quantum
system, constituting a qubit [19].

Single qubit gates can be achieved by applying a local magnetic field to an individual quantum dot, thereby
changing the spin of the enclosed electron. Two-qubit gates in this model can be performed by allowing the
electrons inside two neighbouring quantum dots to perform quantum tunneling, thereby coupling the two
quantum dots and enabling the qubits to perform a two-qubit operation. Quantum tunneling is the process
whereby the wave function of a particle leaks to the other side of a normally insurmountable barrier. Readout
is done by spin-to-charge conversion.
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Advantages of using electron spin quantum dots include very long relaxation times (T1 decoherence), easy
application of gates through the use of localized magnetic fields and high gate fidelity. Disadvantages are
that quantum dots are that two-qubit gates have relatively low gate fidelity, due to charge noise induced by
electric fluctuations [26].

Superconducting quantum computing

A promising way to implement quantum hardware is to use superconducting qubits. These qubits can be
implemented in a few ways, but in this work we will focus on transmon qubits, which are a form of super-
conducting charge qubits [17]. Superconducting qubits are cheap to manufacture, and are easy to control.
However, superconducting quantum hardware needs to operate at temperatures close to absolute zero, which
requires specialized fridges.

Figure 2.3: A chip with four transmon qubits, fabricated by IBM [6].

The circuit implementing this type of qubit consists of two superconducting islands with two Josephson junc-
tions coupling those islands. A Josephson junction is formed by placing two superconducting wires next to
each other in such a way that electrons are allowed to tunnel through the barrier, thereby inducing a current.
The ratio between the Josephson energy and the charging energy, Ej/ Ec, in the transmon qubit is responsible
for its insensitivity to charge noise. The anharmonicity of the energy levels of the quantum states creates the
two-level quantum system needed to implement a proper qubit. Specifically shaped microwave pulses can
then be used to excite the system in one of the two quantum states of a qubit.

2.3. The progress of quantum computing

Quantum computing has moved beyond the purely experimental stage with quantum chips just having a
handful of functional qubits. Current state-of-the-art quantum computers possess several dozens of qubits.
With qubit numbers for quantum computers now in the 50 to 100 range, quantum computing has entered
the noisy intermediate-scale quantum (NISQ) era [25]. The NISQ era is a significant milestone because these
quantum devices have too many qubits to be simulated by classical computing using brute force. However,
because these devices still only have a small amount of physical qubits, their practical use remains limited.
Researchers are trying to find applications beyond the experimental and engineering relevant applications
these NISQ devices provide [23].

In order for a quantum computer to have an insurmountable advantage over a classical computer, quantum
advantage needs to be demonstrated. Quantum advantage is achieved when a quantum computer is able to
solve a problem that when solved on a classical computer would be intractable, i.e. a problem that a quan-
tum computer could solve with an exponential speedup over solving that problem on a classical computer. To
achieve this goal, a quantum computer with a notable amount of qubits has to be built. Significant progress
has been made towards demonstrating quantum advantage. In 2019 Google claimed that it had achieved
quantum advantage [3]. However, these results are disputed by various sources. Nevertheless, even if disre-
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garding Google’s claim, it is reasonable to assume that quantum advantage will be achieved within the next
few years.

Current notable quantum computers include Google’s Sycamore computer, with 53 superconducting qubits.
In late December 2020 a team of Chinese researchers working for the University of Science and Technology
of China had built a photon-based quantum computer with 76 qubits called Jiuzhang [32]. In this computer
the quantum information is encoded in the position and polarization of the photons. It managed to perform
the boson-sampling problem [1] in 200 seconds. They claimed solving the same problem on a state-of-the-
art classical supercomputer would take 2.5 billion years. IBM’s flagship quantum computer currently has 65
qubits. Both Google and IBM plan to have a one-million qubit quantum computer within 10 years. Whether
this is feasible remains to be seen.

To solve practical problems that have a real application, a quantum computer would need millions of qubits.
Because quantum computers are inherently noisy, error-correcting schemes will require many additional
physical qubits to form one logical qubit that has a reasonably low error rate. Hundreds of thousands of those
logical qubits are needed to implement a quantum algorithm with real-world application. Once these qubit
numbers are reached, internet encryption as we know it will be broken by Shor’s algorithm (an algorithm for
efficiently factoring prime numbers, the factoring problem being difficult is the basis for many encryption
algorithms). Many quantum mechanical phenomena will be simulatable and new molecules for use in e.g.
material and medicinal science will be easily simulated. Many technical hurdles will have to be solved still
before realizing the full potential of quantum computing, but the first steps have been made.



The OpenQL platform

In this chapter a brief overview of the most important current quantum computation platforms is given in
section 3.1. The OpenQL platform is discussed in section 3.2.

3.1. Quantum computation platforms

With the remarkable progress of quantum devices in the last few years, full-stack quantum computing sys-
tems already exist for which quantum software frameworks have been developed. In this section several of
these platforms will be discussed. The visualization features of the mentioned platforms will be discussed in
section 4.4.

3.1.1. Qiskit

Qiskit [2] is an open-source platform developed by IBM for use with their cloud quantum computing service,
called IBM Q Experience. It uses Python as the programming interface, but it can also accept OpenQASM
(Open Quantum Assembly language) as input. It consists of four modules, each providing a specific function:

e Qiskit Terra is the main foundation of Qiskit, providing the tools necessary to describe a quantum pro-
gram. It functions as the compiler of Qiskit programs, handling optimizing and transforming the input
program to the specifications of the backend.

 Qiskit Aer provides a framework for using Qiskit with simulators. It also allows for the use of realistic
noise models with simulations.

 Qiskit Ignis lets the user verify the performance of a circuit, characterize the error model for a circuit
and provides measures to help mitigate the effect of errors on a circuit.

¢ Qiskit Aqua gives support for domain-specific algorithm writing, such as chemistry and finance.

3.1.2. Cirq

Cirq [10] is a open-source Python library for quantum computing developed by Google. Cirq can be used
with real quantum hardware or with a built-in simulator.

Qubits in Qirq can be defined as a set of names, a linear array of numbers or connected on a grid topology.
Cirq also defines a Device structure that can be used to store a topology of qubits together with rules on how
they can interact and be accessed, emulating real quantum hardware. Cirq differentiates between gates and
operations. A gate is a traditional gate that be applied to a qubit, while an operation is a gate that is applied

17
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to a specific set of qubits. A clock cycle is called a moment, and each moment contains a set of operations.
Together, all the moments in a program form the quantum circuit.

With a fully defined circuit, the results can be obtained by running it on a simulator or by running it any
number of times on a real quantum device.

Cirq further supports the use of unitary matrices for gates and the decomposition of complex gates into a
series of simpler gates, or, if a given device (the set of rules governing the constraints on qubit accessibility
and connectivity) does not natively support the used quantum gates into a series of supported gates.

3.1.3. Quantum Development Kit

The Quantum Development Kit [20] is a a development kit for quantum programs written in the Q# quantum
programming language, developed by Microsoft. It uses a hybrid quantum-classical programming model in
which Q# is used to program the quantum parts of the program, and C# is used when classical computations
are done.

The QDK contains Q# libraries, simulators and support for integrating Q# with other programming languages,
Python and .NET languages like C#. The QDK does not provide support for running a program written in
Q# on real quantum hardware however. A program written in Q# can either be compiled as a standalone
program to be ran on the connected quantum simulator, or as a quantum accelerator, i.e. used inside of a
host language which can then use the results of the quantum program for further processing.

3.1.4. Forest

The Forest software development kit [28] is a quantum programming platform developed by Rigetti. It con-
sists of PyQuil, a Python library for creating quantum programs with the Quil (quantum instruction language),
quilc - the compiler for Quil and the Quantum Virtual Machine (QVM) which provides a simulator for the pro-
grams produced in Quil.

A program written in Quil can be executed in the cloud on the QVM or on a QPU (quantum processing unit)
provided by Rigetti.

3.1.5. Differences between platforms

Each of the aforementioned quantum programming platforms more or less do the same, but there do exist
differences between them. Several differences will be discussed below [18].

Language differences: A distinction in the abstraction level of the quantum programming language can be
made. Cirq, OpenQASM and Quil are all quantum instruction languages, somewhat equivalent with assembly
languages on classical computers (although not quite the same). PyQuil, Q# and Qiskit’s Python wrapper are
higher-level quantum programming languages, more similar to contemporary classical high-level program-
ming languages. Of these three, Q# resembles a classical high-level programming language the most, due to
its relation with C#.

Quantum hardware connectivity: Qiskit, Cirq and Forest all have their own corresponding quantum hard-
ware platforms that their programs can be executed on. Microsoft's QDK does not provide such a connection
to a quantum hardware platform.

Quantum simulator: The Forest quantum simulator runs in the cloud and allows the user to apply sophis-
ticated noise models. The Qiskit simulator has several different modes, which differ in simulation strategy.
The unitary simulation simulates the full unitary matrix of the quantum circuit, but because the matrices
grow exponentially with the amount of qubits, this simulation mode consumes a lot of memory. The other
simulation mode only stores the state vectors and therefore uses much less memory. QDK contains several
simulators, with the most complete one being the full state simulator. This simulator can run full quantum
algorithms, although it is limited to programs with about 30 qubits. QDK also has two resource-estimation
simulators, which can be used to estimate the amount of resources needed to run a given quantum program.
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Both support up to thousands of qubits. Lastly, the QDK also has a Toffoli simulator, which runs on a lim-
ited set of gates, X, CNOT and multi-controlled X gates. Because of this limited set of gates, this simulator
supports millions of qubits. The drawback is that it is not a proper full quantum circuit simulator.

3.2. OpenQL

In this section a general overview of the OpenQL quantum platform [16] is given, together with a more in
depth look at the relevant components for this work.

3.2.1. A platform for quantum computation

Similar to the platforms discussed in section 3.1, OpenQL provides a high-level framework for the develop-
ment of quantum programs. OpenQL accepts programs written in Python or C++, as well as cQASM (an
assembly-like language for programming a quantum computer). OpenQL takes care of the compilation of
such a quantum program into a form that the connected back-end can understand. This means that OpenQL
has to know what type of instructions the back-end supports. Not all quantum gates are natively imple-
mentable by all types of quantum hardware. Instructions that do not have a direct physical counterpart have
to be decomposed into a sequence of native instructions that together perform the desired operation. This is
always possible if the hardware supports a universal set of quantum gates, as every arbitrary unitary quantum
gate can be decomposed into a series of gates from this universal set. Figure 3.1 provides an overview of the
general compiler and framework structure of OpenQL.

Open Quantum Language (OpenQL) Framework

Compiler Passes
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Figure 3.1: The OpenQL compiler framework [29].

A circuit in OpenQL consists of a program object, that takes a platform as input. The platform describes
everything that OpenQL needs to know to perform the compilation. A program object can have one or more
kernels. A kernel is a vector of gates and optional classical instructions representing one quantum circuit. A
kernel can also be responsible for the control flow of the program, i.e. it can transfer control from one kernel
to another, possibly based on the result of some measurement.

OpenQL needs to know about several parameters of the back-end in order to do its job:
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¢ The hardware settings, like the time it takes to complete one clock cycle and several hardware depen-
dent settings.

* The topology of the qubit layout. The mapper needs this information to calculate where SW AP gates
should be included to bring qubits next to each other in order to perform two-qubit gates (remember
that two-qubit gates can often only be performed on neighbouring qubits).

* Theresources that are available to the quantum hardware, e.g. microwave drives that provide the pulses
for addressing qubits. This has a classical analogue in the sense of classical hardware also having re-
sources, like adders and dividers.

¢ The available instructions on the back-end. The parameters for each instruction include the duration
(in time), latency (to account for electronic control time differences) and the qubits the instruction
operates on (note that physical control commands for gates can differ per qubit, e.g. qubit 1 and qubit
2 require different microwave pulse shapes to perform the same gate)

¢ Any manual decomposition rules. The programmer can explicitly define decomposition rules.

Not all of these are mandatory, e.g. the topology and resources sections can be omitted if the user wishes to
compile a quantum program without constraints on the topology or number and type of resources available.

The OpenQL compiler takes an external program and transforms it to a program in the desired output format,
while taking a set of predefined rules into account. To do this, the compiler follows a sequence of steps, or
passes, that each take the output of the previous pass, transform it and output it to the next pass. In order
to facilitate the interfacing between each of the passes, a common representation of the quantum program
being compiled is used: the internal representation (IR). This representation contains all the information
necessary to represent the quantum circuit in each stage of compilation.

Relevant compiler passes include:

* Optimizer - optimizes the circuit by replacing gate sequences by shorter sequences that result in the
same operation.

* Scheduler - schedules the gates in the circuit in a way that adheres to the constraints imposed by the
gate dependency graph, gate durations and several other conditions.

¢ Backend compiler - transforms the final IR into instructions usable by the backend

¢ Report statistics - a summary of the IR is written to the file, including number of qubits, kernels, one
and two-qubit gates, used qubits and more.

e Mapper - maps the gates in the circuit in such a way that two-qubit gates can be performed by inserting
SWAP gates in places to bring virtual (logical) qubits together. The mapper employs an exact initial
placement algorithm, and a heuristic algorithm to map the circuit.

¢ Resource constrained scheduler - schedules the gates in the circuit in such a way that also adheres to
the resource constraints imposed by the hardware platform

The mapper and scheduler passes are particularly relevant for this work and will be expanded upon in the
next sections.

3.2.2. Mapper

Physical quantum hardware often imposes constraints on the connectivity between qubits. These constraints
limit the application of two-qubit gates between qubits in the topology. Mapping is the process of moving the
logical state of qubits next to each other so that two-qubit gates can be performed on those qubits. Depending
on the amount and operands of the two-qubit gates in the circuit, the mapping process can become quite
difficult and time-consuming. Figure 3.2 shows a minimal example of a circuit that needs to be mapped
based on the qubit connectivity constraints.
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Figure 3.2: (a) The physical qubit topology. Note the lack of a direct connection between qubit 0 and qubit 2. (b) The quantum circuit,
consisting of a CNOT between logical qubits 0 and 2. This gate is impossible to execute with a direct mapping of each logical qubit to
the physical qubit with the same index, since physical qubits 0 and 2 are not connected. (c) The same circuit, but a SWAP has been
inserted to swap the states of physical qubits 0 and 1, therefore making the CNOT between physical qubits 1 and 2 logically a CNOT
between the states of logical qubits 0 and 2.

Each logical qubit gets mapped to a physical qubit and this mapping is computed during the mapping pro-
cess. The mapping is computed by an exact initial placement method, that minimizes the amount of swaps
necessary, or more formally, it minimizes the sum of the distances between the operands of all two-qubit
gates of the circuit. This method uses a Mixed Integer Linear Programming approach to find the most opti-
mal result. However, the time-complexity of this method increases exponentially with the circuit size, so it is
infeasible for larger circuits.

If initial placement fails, or is not enabled, the mapper employs a heuristic algorithm to find a mapping that
is (hopefully) close to the optimal solution. This method walks over the circuit and insert swaps before each
encountered two-qubit gate. Many options exist to control the parameters of this algorithm. At best it has
linear time complexity, but with the most advanced options enabled its complexity becomes qubic.

The visualizer project expands the mapper with a method to keep track of the virtual to physical qubit map-
ping throughout the compilation. Normally this virtual to physical mapping information is discarded at the
end of the mapper because it is not useful any longer. However, this mapping information is necessary in
order to visualize the mapping graph, both immediately after having done the mapping and later after the
final scheduling, to also be able to visualize the mapping of the circuit then.

3.2.3. Scheduler

Gates in a quantum circuit, just like in a classical circuit, have dependencies on the outputs of other gates. A
gate with a direct or transitive dependency cannot be executed until the gates that it is directly or indirectly
dependent on have finished execution. The process of ordering operations in such a manner that for each
operation, all operations it depends on are executed before that operation, is called scheduling.

The dependencies between gates in the gate dependency graph are not necessarily the only constraints im-
posed upon the scheduling process. When relevant, resource constraints also have to be taken into account
when scheduling gates. A resource can be anything that a gate requires for execution of which there is a lim-
ited quantity. E.g. for superconducting qubits an example of a resource is a microwave drive that powers
the pulses that address the qubits. One such a drive can be responsible for multiple qubits, therefore those
qubits cannot be operated upon in parallel and the scheduler must schedule gates on those qubits in different
cycles.

The scheduler has two different methods by which the gates can be scheduled: ASAP and ALAP. ASAP stands
for As Soon As Possible and means that a gate will be scheduled as soon as possible. ALAP stands for As Late
As Possible and means that a gate will be scheduled as late possible. The difference between the two is shown
in Figure 3.3.
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Figure 3.3: (a) ASAP scheduling. Operation 2 is started as soon as possible. (b) ALAP scheduling. Operation 2 is started in the last cycle
before operation 4 is executed. It cannot be started any later because operation 4 depends on the result of operation 2.

3.2.4. Motivation for the visualization tools

Three distinct visualization tools will be developed for OpenQL. The list below lists the three tools, together
with the motivation for developing that specific tool:

¢ Circuit visualizer: The experiments of the physicists using OpenQL will be improved by the devel-
opment of a circuit visualizer, showing both the abstract visualization and pulse visualization of the
OpenQL program. Having a concrete visualization (abstract and pulse representation) of the output
circuit that the OpenQL compiler produces for a given quantum program is beneficial for the design
and fine-tuning of experiments done on real quantum hardware.

¢ Mapping graph visualizer: The mapper and scheduler mostly work as a black box, it is not always clear
what decisions they make and why. In order to improve the visibility of the decision making process of
the mapper, a tool will be developed in this work called the mapping graph. The mapping graph shows
the logical to physical qubit mapping at each cycle of the circuit, thereby allowing the developer and/or
user to verify the paths each logical qubit takes through the physical qubit topology and ascertain its
effectiveness, and thereby the effectiveness of the mapper.

* Qubit interaction graph visualizer: A qubit interaction graph will help visualize the interactions be-
tween the qubits in a quantum program. As with the above two visualization tools, this will help the
users and developers of OpenQL gain insight into the compiled output circuits that OpenQL generates.

3.2.5. Future work

Much work remains to be done on OpenQL. A full rewrite of the compiler pass structure is now in progress
at the time of writing, further cementing the modularization of the compiler passes and providing a more
user-friendly way to write and add new passes.

Furthermore, work is in progress on implementing conditional execution of quantum gates based on the
outcomes of measurements earlier in the quantum circuit. In addition, support for classical instructions in
an OpenQL program has been added.



Choosing an implementation for the
visualizer

The OpenQL compiler is written in C++, with a Python wrapper (SWIG [11]) that makes the compiler callable
from Python code. To accomplish visualizing the circuit both after and during the compiler passes, the visu-
alizer will need access to the compiler’s internal representation of the circuit state. For the mapping graph the
visualizer needs access to the virtual (or logical) to physical qubit mapping. Give this information, the two
most logical choices for the implementation language of the visualizer are C++ and Python.

The advantages and disadvantages of both approaches will be discussed in this chapter. In section 4.1 the
differences between the C++ and Python programming languages will be discussed. Section 4.2 outlines the
requirements for the visualizer, both general requirements and requirements from both the OpenQL devel-
opers and the physicists who actively use OpenQL. Section 4.3 deals with the relevant existing OpenQL code-
base. Section 4.4 provides a comparison between the visualizers of other quantum platforms with the intent
to determine whether code reuse is possible. Section 4.6 describes the process of choosing an image library.
Finally, in section 4.7 the chapter is concluded.

4.1. Differences between C++ and Python

Python is a language in which it is easy to quickly prototype some functionality. This comes at the price of
reduced performance and no direct control over the hardware. C++ gives the programmer much more control
over the hardware, including explicit memory management. C++ gets compiled to native code for the chosen
computer architecture which makes it much faster than C++. Python, on the other hand, is an interpreted
language which adds an additional step between the program and execution on the target platform. That
intermediary layer translates the Python byte code in real time to native code of the platform it is running on.

4.1.1. Object oriented

Both C++ and Python are object oriented languages, which means that they provide support for the object-
oriented paradigms. An object-oriented program consists of classes, where a class is a coherent collection
of data. The class encapsulates the data, shielding it from external influence. The class provides functions
(or methods) to act upon the data the object contains. These methods are the class’ interface to the outside
world, again shielding the interior of the class from external influence. This also shields users of the class
from changes to the internal workings of the class. As long as the class’ public interface remains intact, users
can be guaranteed compatibility.

A class can be instantiated into an object, i.e. the class provides the blueprint for the object. The properties
of these objects as defined in the class they were created from are then filled with actual values. Classes can
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inherit properties and functionality from a base class, thereby creating a hierarchy of classes, cutting down
on code duplication. The objects in an object-oriented program interact with each other through the use of
their methods, thereby making up the program.

Note that while C++ is primarily an object-oriented language, it still retains all of the procedural features of C
(the language it evolved from).

4.1.2. Typing

Python is a dynamically typed language. Variables have no defined type at time of compilation. Note that
compiling for Python means transforming the program to byte code (instructions) for a virtual machine (in-
terpreter) that converts the byte code to the native code of the platform the interpreter runs on at run time.
Incompatible variable types are thus only discovered during a run of a program. In contrast, each variable in
C++ has a clear, defined type at compile time, allowing the compiler to fail compilation if variable types are
not compatible.

Both approaches have their advantages and disadvantages. Python code is easy to write, no need to declare
the type of each variable. This makes the program more like a human language and thus more readable.
However, this also makes a Python program more prone to (subtle) bugs. C++ programs do not have this
problem because all variables are required to have a defined type. The compiler checks this at compile-time.
However, having to define a type for each variable slows down programming and therefore development time.

4.1.3. Memory control

In Python, unused objects are collected and discarded by the garbage collector. When programming in C++,
memory must be explicitly allocated and later on manually deallocated when the program no longer needs it.
This can lead to all kinds of memory leaks when the programmer forgets to free up memory that is no longer
used. On the other hand, this provides absolute control for the programmer, allowing the programmer to de-
cide at which moment memory is no longer needed. In Python the garbage collector has non-deterministic
behaviour, i.e. the programmer has no control over when unused memory is freed up, introducing small
"hick-ups’ in the performance of a program. Performance critical programs therefore benefit from having ex-
plicit memory control. In case memory is limited, having manual control over the memory is also beneficial.

4.1.4. Conclusion

In the end both Python and C++ have applications for which they are better than the other. In Python a
program can be rapidly prototyped due to a less strict syntax, whereas in C++ you have more performance
and more control over the hardware. As such it is not immediately clear which programming language to
choose without knowing the visualizer requirements and design considerations. In the next sections we will
examine both languages with respect to the requirements and design considerations.

4.2. Requirements

This section provides a list of the different requirements from the different stakeholders interested in, or using
OpenQL.

4.2.1. General requirements
These requirements are general requirements that are necessary or otherwise useful for all stakeholders.
* The visualizer should be able to visualize the quantum circuit, i.e. visualize the IR (the Internal Repre-

sentation, which is an easily manipulable representation of the quantum circuit that is being compiled).
The visualizable components of the circuit are:
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— qubit wires

— classical wires (these should be able to be collapsed to a single 'thick’ wire with connections indi-
cating the classical bit being addressed)

— single qubit gates

— multiple qubit gates

— measurements

— measurement result wires

¢ The visualizer should adhere to the timing information provided by the scheduler, provided the sched-
uler pass has been performed already.

4.2.2. Requirements for experiments

These requirements pertain specifically to the experiments of the DiCarlo lab, which uses OpenQL to pro-
gram, control and operate their superconducting quantum processors.

¢ The visualization should be zoomable and scrollable. Experimental circuits are often very large and
viewing them in an unzoomed image is infeasible.

¢ A toggle should be provided to turn circuit components on or off: (either interactive or as parameter
list to static image)

— wires
— gates
— measurements
Additionally, or alternatively, the visualization could be divided into sub-circuits and allow sub-circuits

to be collapsed into a single line. This to allow easy viewing of smaller parts of the circuits because the
experimental circuits are often very large.

e Visualization should provide support for visualizing the waveform equivalent of each gate (specific
quantum technology to the superconducting qubits used in the DiCarlo lab). This probably requires a
1-to-1 correspondence between gates and waveform pulses. This correspondence would be described
in the platform configuration file, just like the available gates are described in the platform configu-
ration file. The waveforms are dependant on both the qubit being addressed and the gate being per-
formed.

4.2.3. Requirements for developers of OpenQL

These requirements are specifically aimed at the interests of the developers of OpenQL.

» The visualizer should be able to take a Directed Acyclic Graph (DAG - used for representing the control
flow of an OpenQL program) as input and present its structure as an image.

¢ The visualizer should be able to take the compiler’s internal mapper state as input and visualize it. This
enables the developer to easily gain insight into the way the mapper works.

¢ The visualizer should provide support for visualizing the quantum circuit after each compiler pass.
(Requires compiler passes to be modular, either by calling the visualizer after each pass manually or
providing information about which passes should be visualized beforehand)

The implementation of these requirements will be explored in Chapter 5.
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4.3. Existing code base

The OpenQL compiler is written in C++. The Python part of the compiler consists of a wrapper that allows
the compiler to be called from Python. This wrapper is implemented using SWIG [11]. SWIG automatically
generates the wrapper code necessary to connect a Python function call with a C/C++ function declaration.
It does this by using a user-specified interface file that connects to a C/C++ header file and instructs SWIG
where to find the function declarations.

The C++ program maintains the state of the quantum circuit during compilation in the internal representa-
tion (IR). This IR is currently not available to the Python wrapper. If Python were to be chosen to implement
the visualizer, additional functionality to expose the IR to Python from C++ would need to be written. Further-
more, providing access to different structures used by the different compiler passes to visualize them would
introduce even more work, e.g. the mapping graph visualizer would need access to the internal state of the
mapper during the mapper process. This functionality does not currently exist. Implementing the visualizer
in C++ would not have these problems, every structure would immediately be available to the implementa-
tion, although additional code would need to be written to make some internal structures available to the
visualizer.

Implementing the visualizer in C++ would mean that future extension of the functionality of the visualizer
beyond the scope of this project would require access to the C++ code, as well as knowledge of C++. Because
C++ is a more difficult language to program in, this would impose additional constraints on the future de-
veloper(s) working on the visualizer. This is not a problem for a Python implementation, as that could be
designed in a way to to be easily extendable for anyone with Python knowledge, using well-known image
library packages. In addition, many researchers who are not necessarily programmers often do have some
knowledge of Python programming, as Python usage is ubiquitous in the academic world.

4.4. Comparison of existing visualizers

Many existing quantum platforms have their own visualizers built-in. In this section the features of several of
these visualizers will be discussed.

4.4.1. Qiskit

The Qiskit (section 3.1.1) visualizer provides support for plotting the output distribution of a quantum circuit
in several different ways, including a histogram and a Bloch sphere drawer. Qiskit is also able to visualize the
gate map, error map and final physical gate layout of a quantum circuit. Lastly, it provides a circuit and DAG
(directed acyclic graph) drawer to visualize the compiled quantum circuit and the operation dependencies
respectively.
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Figure 4.1: Example circuit visualization from Qiskit’s visualizer [24].

The circuit visualizer is of greatest interest for the purposes of this project. It has several different parameters
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for controlling the way in which the circuit is drawn. Scale of the image, reverse bit order, plotting of barriers
(which subdivide a circuit by imposing the requirement that all gates before the barrier must execute before
the gates after the barrier), whether to display idle wires or not and several other layout-related parameters.
Furthermore, the circuit drawer allows the circuit to be drawn as ASCII, a Matplotlib figure, a LaTeX image or
directly produce LaTeX source code. See Figure 4.1 for an example of the Qiskit visualizer.

4.4.2. PyQuil

The PyQuil (section 3.1.4) visualizer has comparatively few features. It can only draw the quantum circuit and
has no support for drawing output distributions or internal compiler representations of the circuit during the
different compiler passes. Its visualization parameters include being able to show indexed qubits between
the used indices and writing controlled rotations in compact forms.

4.4.3.Cirq

Cirq (section 3.1.2) does not have a proper quantum circuit visualizer. Cirq is only able to print a simple
text-based visualization of a circuit. It does have a heatmap feature, showing a user-specified value for some
variable for each qubit.

4.4.4.QDK

The Quantum Development Kit (section 3.1.3) does not have a visualizer.

4.4.5. QX simulator IDE

OpenQL and QX simulator IDE developed by Aritra Sarkar [27]. A simple IDE developed by Aritra Sarkar
for the TU Delft, combining writing OpenQL programs with simulation on QX-Sim. The visualizer works by
parsing each line of the OpenQL code and if a quantum gate is present, drawing the gate in a column. This
approach is quite different from drawing a circuit from the IR of OpenQL, which is a graph and far more
dynamic than line by line parsing. The IDE also seems to have limited gate support (even though many gates
are defined in a data structure of the code, only a few are actually implemented), nor can it draw multiple
gates in a single time step. Drawing multiple gates per column should be easier when the IR is used to parse
the circuit.

4.5. Code reuse

Depending on which programming language is chosen to implement the OpenQL visualizer, code could be
reused from existing open-source visualizers (if the licensing allows it). Note that no open-source quantum
circuit visualizers have been found that use C++ as implementation language. Therefore, code reuse would
only be possible if the chosen implementation language for the OpenQL visualizer is Python. If code can
efficiently be reused this would greatly speed up initial development of the visualizer. The decision to reuse
code therefore definitively impacts the choice of programming language.

4.6. Image library

The task of generating an image from code involves a lot of work. In order to speed up this process, an image
library will be used that will handle all the overhead needed to create and optionally display the generated
image. In this section candidate image libraries are considered for both Python and C++. These libraries were
selected on being stable and up-to-date. For each library several parameters will be checked and compared:

¢ the license (which has to be compatible with OpenQLss license)

¢ whether the library has built-in image manipulation, image manipulation here meaning being able to
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Figure 4.2: Image of QPM IDE [27].

draw lines on the image
¢ whether the library is able to read and write images to and from disk
¢ what platforms the library runs on (note: only relevant for C++ libraries)

* the footprint on the library in terms of runtime overhead, memory requirements and size on disk

4.6.1. Python image libraries

For Python, realistically only one package can be considered for the requirements of the visualizer: Pillow
[13]. It is licensed under the HPND license, can read and write images, but unfortunately has no built-in
image manipulation. Image manipulation would need to be done through manipulation of the individual
pixels, which means that generic routines would need to be written to draw shapes and lines.

4.6.2. C++ image libraries
See Table 4.1 for an overview of several notable C++ image libraries.

Below are the license compatibilities per library. Note that OpenQL is licensed under the Apache 2.0 license:

* ImageMagick: compatible. It does not adhere to a standard license, but the terms of the license are
compatible with the Apache 2.0 license.

* stb_image: compatible. It is public domain, and can therefore be used in any project.

¢ CImg: compatible. The header file is licensed under the CeCILL-C license, instead of the full CeCILL li-
cense and is compatible with OpenQL:s license. The rest of the CImg project cannot be used in OpenQL
but this is not a project, as only the header will be included.

¢ FreeImage: incompatible. A GPLv3 licensed project cannot be included in an Apache 2.0 licensed
project. In the reverse situation the licenses are compatible, but unfortunately the situation is not re-
versed.

¢ DevIL: compatible. A library licensed under the LGPLv2.1 license can be included in an Apache 2.0
project without requiring that project to also be licensed under the LGPLv2.1 license, with respect to
the visualizer’s intended usage of DevIL.
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o Reading
Library License Bu.llt_m ma- and Platforms Footprint
nipulation "
writing
ImageMagick compatible es es linux, laree librar
[30] with GPL V3 Y Y windows, mac & Y
. . . linux, single small
stb_image [4] public domain no yes windows, mac header
linux, single large
Clmg [31] CeCILL-C yes yes windows, mac header
linux, . .
Freelmage [15] GPLV3 no yes . medium library
windows, mac
DevlL [9] LGPLv2.1 no yes | linu, small library
windows, mac

Table 4.1: Comparison of several C++ image libraries.

Generating images with libraries without built-in image manipulation will take more development time, as
common drawing routines for drawing lines and circles and other shapes, including text, will need to be im-
plemented. Of the above image libraries, only two have built-in image manipulation routines: ImageMagick
and CImg. While using any of the other libraries is not out of the question, having predefined drawing rou-
tines cuts down on development time and complexity.

Looking at the differences between ImageMagick and CImg, ImageMagick has more advanced and better
documented functionality than CImg. However, the ImageMagick library has a very large footprint, whereas
CImg does not. Library footprint is important because the build process of OpenQL should not get bogged
down.

4.7. Conclusion

Many different parameters affect the choice of programming language and image library to use. Making a
choice was not an easy process. However, for one aspect of the puzzle no feasible solution could be found.
Due to the requirement of visualisation of several internal OpenQL compiler processes, the choice has been
made to implement the visualizer in C++, in order to have direct access to the internal data structures of
the OpenQL compiler. Implementing support to make these internal structures available for a Python-based
visualizer is not feasible.

The choice of C++ as implementation language for the visualizer has two consequences. First, no code can
be reused, because all reusable code is Python code. The cost of having to build functionality to provide the
visualizer written in Python with access to the C++ internal compiler structures outweighs the benefit from
possibly being able to reuse code from other Python visualizers. Secondly, this means that a C++ library has
to be chosen as the image library.

The choice of image library to use has fallen on CImg, a lightweight, easy to use and small basic image ma-
nipulation and display library. It runs on all three required platforms for OpenQL: Windows, Linux and Ma-
cOS. It has built-in image manipulation, therefore not necessitating the need for custom pixel drawing rou-
tines. When only using the header file, the CeCILL-C license is applicable, which is compatible with OpenQLSs
license.



Visualizer features

In this chapter the development process of the visualizer is discussed. Section 5.1 describes the process of
setting up OpenQL for development. Then, the general architecture of the visualizer is discussed in section
5.2 The chapter continues with section 5.3 on the development of the circuit visualizer. Section 5.4 discusses
the implementation of the qubit interaction graph. The chapter concludes with section 5.5 on the mapping
graph.

5.1. Preliminary work

5.1.1. Compiling OpenQL on Windows

When the visualizer project was started, there were some difficulties with getting OpenQL to compile on a
machine running Windows 10 with the MSVC compiler. Several parts of the general OpenQL code were not
portable to the MSVC compiler, e.g. code transforming JSON objects into C++ standard strings was accepted
by GCC, but not by MSVC.

OpenQL supports a pre-built Python package, as well as compilation from source on Linux, Mac and Win-
dows. To install from source, dependencies need to be installed first and on Windows, the shell environment
needs to be setup in such a way to have access to these dependencies, Python and MSVC during the build
process.

Work was done on the code to make it compilable with MSVC, including adding several definitions of con-
stants that were taken for granted by the GCC compiler. This process took quite a while. Later on during
development of the visualization features, the build process was completely rewritten, making it inherently
compatible with Windows and the MSVC compiler.

5.1.2. Development environment

The visualizer was mostly developed on a Windows desktop with Windows 10 installed, using PowerShell
as terminal and VSCode as text editor. MSVC version 16.5 was used to compile the project. A Linux virtual
machine was available to test changes on Linux and also for comparing errors in the build and installation
process while setting up OpenQL on Windows.

5.2. General architecture

This section will elaborate on the general architecture of the visualizer.
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5.2.1. Setting up the visualizer

On Windows the visualizer does not require any additional packages to be installed. On Linux and Mac how-
ever, the visualizer relies on the X11 library in order to generate and display the image of the visualized circuit.
If this library is not found, the visualizer will gracefully disable itself during the build process of OpenQL.

The entry point for the visualizer is the calling of the visualizer pass in the OpenQL program. It does not
matter at which point of compilation the visualizer is called, it has provisions to make sure it will not crash,
even if scheduling and/or mapping is not done yet. The pass manager calls the visualizer and forwards the
pass options to it. Then, the correct visualization is chosen based on the visualization type requested by the
user.

5.2.2. Source structure

General types used throughout the source code of the visualizer are stored in visualizer_types.h. The
visualizer’s entry point is declared in visualizer.h and defined in visualizer_common. cc, together with
the definitions of commonly used functions throughout the visualizer from visualizer_common.h. Each of
the visualization types has its own header and source file combination, except for pulse visualization, which
is grouped under the circuit visualizer.

The image library used in the visualizer, CImg has a wrapper around it to reduce compilation times and to
customise commonly used drawing functions used throughout the visualizer.

5.2.3. Configuration

The visualizer has many parameters that can be configured in order to enable or disable functionality, to
choose the type of visualization and to change the look-and-feel of the generated image. Some of these pa-
rameters have to be passed as compiler pass options to the visualizer, while others are stored in separate
configuration files.

compiler.set_pas

compiler.set p
compiler.set_pass_option(

Figure 5.1: The pass options for the visualizer. The type determines what should be visualizer: the circuit, the mapping graph or the
qubit interaction graph. The config path is the path to the general visualizer configuration file. The waveform mapping path is the path
to the file containing the waveform mappings for the pulse visualization feature of the circuit visualizer.

The visualizer has three pass options (see Figure 5.1), one for determining the type of visualization and two
containing the paths to the visualizer configuration file and the waveform mapping file for pulse visualization.
The visualizer configuration file contains all the parameters controlling the functionality and look-and-feel
of the visualizer, including options for turning on pulse visualization and grouped classical bit lines to reduce
clutter. An example is shown in Figure 5.2. The different functionalities and look-and-feel options will be
discussed in the next sections of this chapter. The waveform mapping configuration file stores the different
waveforms that correspond to each gate on each qubit. The pulse visualization feature uses this waveform
mapping to visualize the pulses.

5.2.4. Example ciruit

Throughout the rest of the chapter, the visualization features will be demonstrated by use of an example
OpenQL program. This program is shown in Figure 5.3. The corresponding topology of the qubits on the
quantum hardware this program will be compiled for is shown in Figure 5.4. The program contains two X
and Y gates on logical qubits 2 and 3. Between those two sets of single-qubit gates, a CNOT is inserted.
However, there is no physical connection between qubits 2 and 3. This results in the mapper producing a
series of SW AP gates to bring the logical states of qubits 2 and 3 next to each other, so that the CNOT can be
executed.
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Figure 5.2: A section of an example visualizer configuration file. This configuration file controls the functionality and look-and-feel of
the visualizer. The configuration for each visualization type is separated into its own section, while the general visualization parameters
are stored at the top level.

5.3. Circuit visualization

A quantum program is implemented by way of a quantum circuit that performs the specified operations in the
most optimal order as defined by the quantum compiler. This process produces a final sequence of quantum
gates that are executed on their target qubit(s). The circuit visualizer captures this sequence of gates on qubits
in an image. This image lets the user of an OpenQL program inspect the quantum circuit that the OpenQL
compiler produces. This is useful for research, compiler design and educational purposes.

5.3.1. Features

Abstract circuit visualization

The abstract representation of the visualized quantum circuit visualizes the gates as abstract, platform-independent
representations, instead of the signals sent to the actual quantum hardware. Figure 5.5 shows the abstract cir-
cuit visualization of the example OpenQL program discussed in section 5.2.4.

List of features:

e cutting cycles
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Figure 5.3: Example program that will be used throughout this chapter to demonstrate the visualization features of OpenQL.

Figure 5.4: The topology of the quantum hardware used for the example program of Figure 5.3.

¢ compressing cycles

* grouping classical lines

Not included in this list are options to show cycle edges, bit line edges, change the labels of qubits and cycles,
changing colors, alpha and sizes of elements and more look-and-feel options.

Cycle cutting

Gates can take many cycles to execute without anything else happening in the circuit. Cycles where a gate
is executing, but nothing is happening, are called ’empty’ cycles. Functionality is provided by the circuit
visualizer to 'cut’ these cycles out of the diagram, squeezing multiple empty cycles together into one cycle. A
threshold can be set to indicate the minimum required amount of empty cycles before cycles are cut. Figure
5.6 shows an example of cycle cutting in action. The durations of the SWAP and CNOT gates are compressed
into a small column, minimizing the amount of screen space needed to show those gates.

Compressing cycles

In contrast to cycle cutting, where empty cycles are squeezed together, compressing cycles reduces the dura-
tion of each gate to one cycle. This then produces a compressed visualization of the quantum circuit, where
sequencing is preserved, but cycle information is thrown away. This can be useful to create a general overview
of the circuit, without being interested in the cycle information.

Grouping classical lines

Instead of each classical bit register having its own bit line representing it, the classical bit lines can be
grouped together. Measurements going into the classical registers then have a number associated with them,
indicating the classical register index the measurement stores its result in.

Pulse circuit visualization

In addition to the abstract representation of a circuit, a quantum circuit can also be represented by the pulses
operating on the physical quantum hardware. Note that this feature has specifically been built for the quan-
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Figure 5.5: Abstract circuit visualization of the example program discussed in section 5.2.4. Note the outlines around the durations of
the SWAP and CNOT gates, indicating exactly how long those gates take to execute.

tum hardware used in the DiCarlo lab, and may not be useful for other quantum hardware. Pulse visualization
can be enabled and configured with parameters in the circuit visualizer configuration. See Figure 5.7 for an
example of pulse visualization.

A qubit in the pulse visualizer is represented by three lines, the microwave, flux and readout lines, responsi-
ble for single-qubit, two-qubit and measurement gates respectively. A gate has a specific pulse (waveform)
associated with it, which can also differ for each qubit even though the gate is the same. These waveforms
are stored in the waveform mapping configuration file. A waveform is stored as a sequence of samples, and
together with the sample rate can be reconstructed into a visualized pulse by the visualizer. This produces an
image with the actual waveforms passed to the quantum hardware at each moment of the circuit.

5.3.2. Architecture

The circuit visualizer works on a grid whose cells are formed by the intersection of bit lines (both quantum
and classical) and cycles. Bit lines are drawn from the first cycle to the last, and gates are drawn on their
corresponding bit lines with a length corresponding to the amount of cycles the gate takes to execute.

Two main classes form the heart of the circuit visualizer: the CircuitData class and the Structure class. The
Structure class calculates and stores the screen positions of the various elements used in the visualized cir-
cuits. The drawing code in the visualizer uses the positions stored in this class to properly position gates and
other elements on the screen. The CircuitData class contains data on the properties of the circuit, such as
amount of qubits, and the (gate) contents of each cycle, including information about whether that cycle is
cut or not.

The code that draws the actual image on the screen takes the information provided by the CircuitData and
Structure classes and uses that together with the layout information contained in the CircuitLayout class to
determine what to draw, where to draw it and how to draw it respectively. The CircuitLayout class contains
the parameters that control the look-and-feel of the visualized circuit.

Each gate has its own visuals associated with it. In the hardware configuration file, the custom instructions
should have a special parameter, visual_type, that maps to the visual parameters of that associated type in
the visualizer configuration file. These parameters determine the look-and-feel of each of the gates and are
used to draw the abstract representation of the circuit.
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Figure 5.6: Abstract circuit visualization of the example program discussed in section 5.2.4. Gates with durations longer than two cycles
are 'cut) i.e. each cycle beyond the first cycle of that gate is compressed into a dashed line. Many gates have long durations during which
nothing else is happening on any of the other qubits in the circuit. Cycle cutting provides a way to minimize the amount of screen space
needed to display those gates.

5.3.3. Future work

The basic functionality of the circuit and pulse visualizers is completed. Several smaller improvements are
planned for the future, including:

¢ Cycle cutting working with the mapping graph and pulse visualization: cycles currently cannot be cut
when using the mapping graph or the pulse visualization.

» Pulse visualization working with mapping graph: the mapping graph only works with the abstract gate
representation of the quantum circuit.

¢ Collapsing of three lines for qubits in pulse visualization to one line: to reduce visual clutter, the mi-
crowave, flux and readout lines of the pulse visualization for each qubit could be collapsed into a single
lines, with different colors indicating the different types of pulses for that qubit.

» Barrier gates cannot be displayed: barrier gates separate parts of the circuit. Each gate started before a
barrier gates has to finish executing before any of the gates after the barrier gate can be started.

* Generating default gate visuals for custom instructions without a specified visual type or correspond-
ing visual type in the visualizer configuration file: currently, when a custom instruction does not have
visual parameters associated with it, the visualization of that instruction is skipped. A better solution
would be to automatically generate these parameters when they are missing, in order to preserve the
correctness of the visualized circuit.

5.4. Qubit interaction graph visualization

The qubit interaction graph visualizes the interactions between the qubits in the quantum circuit. Both the
involved qubits and the amount of interactions throughout the execution of the circuit are visualized. Note
that the order in which the OpenQL compiler passes are executed influences the output of the interaction
graph visualizer. For example, when ran after the mapper, the interaction graph represents the connections
between the real qubits as the mapper mapped those. When ran before the mapper, the interaction graph
represents the interactions between the logical qubits, as they have not yet been mapped, and the quantum
hardware’s topology has not yet been taken into account.
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Figure 5.7: Pulse level circuit visualization of the example program discussed in section 5.2.4. Here, the gates are rendered as waveforms
on RF lines. Note that the waveforms themselves are just example pulses. The duration, shape and addressed RF line of each pulse deter-
mines what gate gets executed. Single-qubit gates use the blue microwave line, two-qubit gates the red flux lines on both corresponding
qubits and measurements use the green readout line.

5.4.1. Features

The qubit interaction graph has a very simple built-in visualization, shown in Figure 5.8. The qubits used in
the quantum circuit are placed on a circle, and lines with numbers between them indicate the interactions
and the number of interactions. This visualization is not intended to be used in place of heuristics that can
elegantly place the qubits and their relations on a grid. To facilitate this, the qubit interaction graph visualizer
also has an option to output a DOT file. An example DOT file is shown in Figure 5.9 This DOT file adheres to
the DOT file standard and can used with third party graphing software to produce a properly visualized inter-
action graph. In essence, this means that the DOT file production of the qubit interaction graph visualizer is
the main output, while the simple visualization is secondary.

5.4.2. Architecture

The architecture of the qubit interaction graph visualizer is simple. It uses simple math to produce its own
visualization. The DOT file is generated by calculating the edges between qubits and outputting them (in-
cluding the amount of times an edge was encountered) in the DOT file standard format.

5.4.3. Future work

Because of the simplicity of the qubit interaction graph, no major work remains to be done on it. One could
think of allowing it to be compiler pass order independent. That would mean it can produce an interaction
graph or coupling graph (when ran after the mapper pass) at any point during compilation, controlled with
an option. A second possibility is to improve the simple visualization, implement a heuristic that tries to



5.5. Mapping graph visualization 37

1 ©
©

Figure 5.8: Basic qubit interaction graph visualization of the example program discussed in section 5.2.4. Note that this built-in visual-
ization is very basic.

graph qubit_interaction_graph {
node [shape=circle];
2 -- 5 [label=1];
3 -- 5 [label=1];

)

Figure 5.9: DOT file of the qubit interaction graph of the example program discussed in section 5.2.4. This interaction graph only has
two edges. These two edges represent the CNOT between logical qubits 2 and 3. Physical qubit 5 is involved because there is no direct
connection between physical qubits 2 and 3.

place the qubits and edges in an elegant way.

5.5. Mapping graph visualization

Often it is the case that a two-qubit gate takes place between two qubits that are not physically connected on
the topology of the quantum hardware. When a gate like this is encountered, the mapper calculates a path to
bring one or both of the logical qubits involved in the gate together through a series of swap gates that swap
the states of the qubits involved. This sequence of swap gates has the effect of bringing the logical state of the
two qubits in the original two-qubit gate together in different physical qubits. The mapping graph visualizes
this process, shown in Figure 5.10.

5.5.1. Features

The mapping graph visualizes the mapping of logical (virtual) qubits to physical (real) qubits. This mapping
changes per cycle as two-qubit gates that are not connected on the topology of the quantum hardware are
requested by the user.

The mapping graph visualizer can assign colors to each individual logical qubit to easily follow the evolution
of the qubit mapping throughout the execution of the circuit. Phsyical qubits can be initialized with a logical
qubit, or only those physical qubits that have had a gate act upon them can be initialized with a logical qubit.

If the hardware configuration file includes a topology section, the layout of the physical qubit topology will
be taken and drawn from that section. If there is no defined topology, the mapping graph visualizer defaults
to simply placing the physical qubits in a grid structure.

5.5.2. Architecture

At the start of the mapping graph visualizer part of the visualizer project, there was no functionality present
in OpenQL that could track the movement of the logical qubits throughout the circuit. Internally, the mapper
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Figure 5.10: Mapping graph visualization of the example program discussed in section 5.2.4. Each circle represents a physical qubit. The
index of the physical qubits is displayed above the qubits. The index of the logical qubit stored in that physical qubit is displayed inside
of each activated physical qubit. Each of the physical qubits fills with the index of the logical qubit currently stored in the first cycle that
physical qubit is used. Note that the topology is only shown for cycles in which the mapping has changed.

stores a mapping that tracks this, but there was no satisfactory way to bring this internal mapping outside of
the mapper.

The first idea that was tried was to add a special gate, called a remap gate, each time a swap or move (a move
is generated when the state of the qubits that need to be swapped are equal) gate is generated by the mapper.
This remap gate has as parameters the two real qubits and the two virtual qubits involved in the swap or move.
However, this again did not provide a satisfactory way to track the movement of the virtual qubits throughout
the execution of the quantum circuit. The remap gates altered the behaviour of the mapper, whereas they
should have had no effect on the mapping.

Instead of trying to fix the altering of the behaviour of the mapper by the addition of the remap gates, a
simpler solution was adopted. Each time a swap or move is generated, the logical and real qubits involved are
added to that swap/move gate in a special register. Then, whenever that swap or move is decomposed into a
set of gates that are native on the quantum hardware platform, the swap parameters are propagated to each
decomposed gate. The mapping graph visualizer then uses this information to construct the mapping graph.

In addition to visualizing the topology of the quantum hardware and the mapping between physical and
logical qubits, the abstract representation of the quantum circuit is shown above the mapping graph. This is
a direct copy of the visualization produced by the circuit visualizer.

5.5.3. Future work

Some future work for the mapping graph visualizer includes:

e Better color picking for logical qubits. The current color picker does not pick very distinct colors. A
better way would be to let the user define a color scheme for each of the logical qubits involved in the
circuit, and/or have the automatic color picker pick out more natural colors.

* Making the mapping graph work with pulse visualization.

* Making the mapping graph work with cycle cutting in the abstract circuit representation.



Conclusion

Large strides have been made in the scalability of qubits from many kinds of different physical quantum
hardware implementations over the past few years. This has resulted in the need for full-stack developments
for quantum computing. Many attempts have been made by many different companies and research groups.

One of these quantum programming platforms has been developed by the Quantum and Computer Architec-
ture group of the Delft University of Technology, called OpenQL. The OpenQL compiler translates programs
written in CQASM or the OpenQL quantum programming language to native instructions for the targeted
quantum hardware, taking a set of constraints on the qubit connectivity and other resource constraints into
account. OpenQL is used for running experiments with superconducting qubit chips at the university’s Di-
Carlo lab.

For the compiler team working on the OpenQL compiler the inner workings of the mapper compiler pass have
been proven to be quite opaque. The mapper compiler pass maps logical qubits onto physical qubits taking
topology constraints into account. One of the wishes of the compiler team was to develop a mapping graph
visualizer which shows the logical to physical qubit mapping per cycle. In addition, the research team working
with the OpenQL platform in the DiCarlo lab has expressed the need for functionality that can express the
generated quantum circuit by the OpenQL compiler in a visual way. Having visualization features will help
them to better understand the results of their experiments with their superconducting qubit quantum chips.

In order to fulfill the requirements of both the compiler team and the physicists working with OpenQL, a
visualizer compiler pass has been developed that has three main functionalities.

Firstly, the visualizer is able to generate a visual representation of the internal state of the quantum circuit or
quantum circuit output of the OpenQL compiler. In essence, this circuit visualizer can produce an image of
the quantum circuit at any point during the compilation process, including the final output. Furthermore,
the circuit visualizer can output both an abstract representation of the quantum circuit and a pulse level
representation of that same circuit. The pulse level visualization has been developed specifically for use by the
DiCarlo lab as it is focused on their specific quantum hardware implementation of superconducting qubits.

Secondly, the visualizer can generate a qubit interaction graph, showing the interactions and amount of them
between the different qubits in the quantum circuit. By applying the visualizer pass before mapping has
been done, this visualizer can generate a qubit interaction graph of the logical qubits. When done after the
mapper pass, the visualizer produces a coupling graph, showing the interactions between qubits as they are
performed in the actual physical quantum hardware. Since the qubit interaction graph visualizer only has a
simple algorithm for the visualization of these interactions, a DOT file representation can also be produced
for use by third-party graphing software to generate a better looking image.

Lastly, the mapping graph visualizer generates a per cycle overview of the logical to physical qubit mapping.
This provides a way to inspect how the mapping evolves as the quantum hardware executes the cycles of the
circuit. Functionality is provided to track the path the logical qubits take through the physical qubit topology.
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A view of the abstract representation of the quantum circuit is provided for each cycle to keep track of what
the circuit is doing in each cycle.

With the visualizer project having been completed, the OpenQL quantum platform now has functionality to
visualize several aspects of the compiler pipeline and generated quantum circuit. This will allow researchers
working on the development of OpenQL to gain more insight into the inner workings of several of the com-
piler’s internal processes, thereby allowing them to improve those functionalities. Furthermore, the visual-
ization features will help the physicists working with OpenQL to better understand the results of their exper-
iments, helping them to fine-tune their experiments.
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