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ABSTRACT

Development of a Collaborative Research Platform for Efficient Data Management

and Visualization of Qubit Control

Devanshu Brahmbhatt, MS

The University of Texas at Arlington, 2024

Supervising Professor: Dr. Phuc VP Nguyen

This thesis introduces QubiCSV, a pioneering open-source platform for quan-

tum computing field. With an emphasis on collaborative research, QubiCSV ad-

dresses the critical need for specialized data management and visualization tools in

qubit control. The platform is crafted to overcome the challenges posed by the high

costs and complexities associated with quantum experimental setups. It empha-

sizes efficient utilization of resources through shared ideas, data, and implementation

strategies. One of the primary obstacles in quantum computing research has been

the ineffective management of extensive calibration data and the inability to visu-

alize complex quantum experiment outcomes effectively. QubiCSV fills this gap by

offering robust data versioning capabilities for storing calibration and characteriza-

tion data, essential in qubit control systems. Additionally, it enables researchers and

programmers to interact with qubits in real time, enhancing their understanding and

optimizing qubit performance. The platform’s advanced visualization tools are specif-

ically tailored to interpret intricate quantum experiments, facilitating deeper insights

into qubit behavior. Overall, QubiCSV stands as a significant advancement in quan-
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tum computing research, streamlining data handling and elevating user experience

with intuitive visualization, thereby becoming an invaluable resource for researchers

in this domain.
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CHAPTER 1

Introduction to Quantum Computing and Qubit Control

Quantum computing represents a significant evolution from classical comput-

ing, harnessing the principles of quantum mechanics to process information. Classical

computers use bits as the basic unit of data, which exist in one of two states: 0 or

1. In contrast, quantum computers use quantum bits, or qubits, which can exist in

multiple states simultaneously due to quantum superposition. This capability allows

quantum computers to solve certain problems — such as those involving integer fac-

torization or quantum simulation — much more quickly than classical computers. For

instance, Google’s quantum computer, Sycamore, demonstrated this by performing a

complex computation in 200 seconds that would take the fastest supercomputer about

10,000 years. In quantum computers, quantum operations are applied to quantum

registers that contain qubits. Unlike classical bits, qubits engage in phenomena like

entanglement and superposition, which are the cornerstones of quantum computation.

The architectural difference between quantum and classical systems is profound, with

quantum systems utilizing qubits instead of bits, resulting in fundamentally different

computational approaches

1.1 Quantum Computing vs. Classical Computing

The transformative potential of quantum computing contrasts starkly with tra-

ditional classical computing, primarily due to the fundamental differences in their

computational units and mechanisms. Classical computers utilize bits as the smallest

unit of data, which can either be 0 or 1. In contrast, quantum computers use quan-
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tum bits or qubits, which can exist simultaneously in multiple states beyond binary,

thanks to quantum superposition.

This unique capability allows quantum computers to solve certain complex prob-

lems, which are infeasible for classical computers, in a drastically reduced time frame.

For instance, quantum computers can perform calculations in parallel due to entangle-

ment and superposition, providing an exponential speed-up for problems like integer

factorization and quantum simulation. This was notably demonstrated by Google’s

53-qubit quantum computer, Sycamore, which solved a problem in minutes that would

take thousands of years for the best classical computers

1.2 Qubits in Quantum Computing

Introduction to Qubits: In a classical computer, information is represented

by bits, which can be either 0 or 1. Computation is performed using logic gates that

manipulate these bits. The state of a classical computer is determined by the states

of all its bits, allowing it to exist in one of 2n possible states, where n is the number

of bits [1]. However, in quantum computing, the basic unit of information is called a

qubit. Unlike classical bits, qubits can exist in a superposition of states. This means

that a qubit can represent not only 0 or 1 but also a combination of both simulta-

neously. For example, a qubit can be in a state that is 30 Percentage ”0” and 70

Percentage ”1” at the same time [2]. This property of superposition gives quantum

computers a much richer set of states compared to classical computers.

Quantum Entanglement: Furthermore, qubits can exhibit another phenomenon

called quantum entanglement. Entanglement is a unique property where the states

of two or more qubits become correlated, even when they are physically separated.

This correlation allows qubits to share information instantaneously, regardless of the

distance between them. Quantum computers harness the power of entanglement and
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superposition to perform computations. Instead of being limited to a single state at

a time, qubits in a quantum computer can represent an exponentially large number

of states simultaneously. This enables quantum computers to process information in

parallel, potentially solving certain problems much faster than classical computers.

1.2.1 Superconducting qubits

Introduction to Superconducting Qubits: Superconducting is prominent

technology in quantum space, Major players in Industry has chosen superconduct-

ing qubits to design quantum processor[3]. it holds reliable scalable architecture,

IBM and China have achieved the highest scalability with 433 qubits and 121 qubits

respectively[4], but the qubit quality is not yet suitable for practical use.[5]

Quantum Operations in Superconducting Qubits: Superconducting qubits

operate based on the principles of quantum superposition and quantum coherence.

They utilize Josephson junctions, which are thin insulating barriers between super-

conducting materials, to create quantum electrical components.The behavior of su-

perconducting qubits is governed by the manipulation of the superconducting phase

difference or the direction of superconducting current flow in the qubit circuit.[6]

One common approach is microwave pulses, which are used to manipulate the qubit’s

quantum state by driving transitions between energy levels. These transitions corre-

spond to operations such as single-qubit gates (e.g., rotations) and two-qubit gates

(e.g., entanglement operations).

Challenges in Superconducting Qubits: implementing quantum operations in

superconducting qubits faces challenges. One challenge is qubit decoherence[7], which

refers to the loss of quantum information due to interactions with the surrounding

environment. Decoherence sources include intrinsic noise from the Josephson junc-
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tion itself, as well as external electromagnetic perturbations. Efforts are made to

improve qubit coherence by minimizing environmental interactions and optimizing

the qubit design to reduce noise sources. Additionally, achieving high-fidelity gate

operations and maintaining long coherence times are ongoing challenges in super-

conducting qubits [8]. Improvements in qubit design, material quality, and control

techniques are pursued to address these challenges and enhance the performance of

superconducting qubits.

1.3 Introduction: Qubit Control

Qubit control is the process of manipulating the state of a qubit, a quantum

mechanical system that can exist in a superposition of two states. This can be

done by applying a series of RF pulses to the qubit, which are generated by an

electronic system. The electronic system consists of a field-programmable gate array

(FPGA), which is a chip that can be programmed to perform complex operations.

The FPGA generates the RF pulses according to a predetermined sequence, which

is specified by a quantum programming language. The RF pulses are then applied

to the qubit, which causes it to change its state. The state of the qubit can then be

read out by measuring the qubit’s output signal.[9] Controlling qubits effectively is

pivotal for the advancement of quantum technologies [10, 11]. Qubit control involves

precise manipulation to perform quantum operations, which is challenging due to their

susceptibility to noise and decoherence [12, 13]. Managing these challenges is critical,

as the sensitivity of qubits to their environment can greatly impact the accuracy and

reliability of quantum operations. The need for robust control systems is therefore

essential for advancing towards fully fault-tolerant quantum computing.

4



CHAPTER 2

Qubit Control Systems

2.1 Introduction

Qubit control [10], the manipulation of a qubit is typically executed through

RF pulses generated by an electronic system, and FPGA-based solution has been

used to produce RF pulses that alter the qubit’s state, subsequently measured for

output [9]. Several state-of-the-art systems in the qubit control landscape include

QCSS Zurich Instruments [14], Qblox [15], Keysight [16], and QuantumMachines [17],

each contributing to the field’s progression. Among these, The QubiC (Qubit Con-

trol) [18, 19] system, developed at Lawrence Berkeley National Laboratory (LBNL),

represents a notable open-source advancement. QubiC is an FPGA-based control and

measurement system, specifically tailored for superconducting [6] quantum informa-

tion processors. Its open-source nature, high performance, and modular design align

it closely with the needs of quantum research, positioning it as a valuable tool for

scientists in navigating the evolving quantum computing domain.

FPGA-based qubit control is a crucial aspect of superconducting quantum com-

puting systems. It involves generating and routing complex sequences of radio fre-

quency (RF) signals from room temperature electronics to the quantum processor at

cryogenic temperatures. To address the challenges posed by the increasing complex-

ity of quantum systems, a modular design approach has been adopted. The system

is divided into different functions, such as timing control, arbitrary waveform genera-

tion, data acquisition, and bias voltage generation, which are implemented as separate

modules interconnected through a high-speed backplane. Each module is based on
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Figure 2.1. An example setting of quantum control system research.

an FPGA, allowing for specific functions while maintaining compatibility with the

backplane interface.

Components of Qubit Control Systems: Qubit control systems rely on a

combination of hardware components, including analog-to-digital converters (ADCs),

field-programmable gate arrays (FPGAs), and software interfaces. The electronic

system for qubit control must be able to generate control pulses with very high pre-

cision and timing. This is because the state of a qubit can be very fragile and can be

easily changed by noise. The electronic system must also be able to generate a large

number of control pulses very quickly. This is because qubits can decohere, or lose

their quantum state, very quickly[20].

2.2 Qubit Control Challanges

2.2.1 Maintaining Quantum Properties and Coherence:

One of the major challenges in superconducting qubits is whether can qubits

maintain their quantum properties and be accurately controlled, and how well they
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are isolated enough to maintain long coherence times and achieve high-fidelity control

of their quantum state, [21] [11]

2.2.2 Shrinking the Quantum Computer Footprint:

Quantum computers currently resemble large, distributed systems occupying

significant physical space. As they scale up, it becomes essential to dramatically

shrink their footprint, similar to how classical computers evolved from room-sized

machines to compact integrated devices. The size of the system presents challenges

in signal propagation, especially at radio or microwave frequencies used for quantum

control signals. Working with controlled impedance and managing transmission lines

becomes more complex, and differences in path length between these lines introduce

significant phase shifts, particularly when synchronizing broadband signals. More-

over, there is a consideration of time-of-flight latency for signals to travel between

room-temperature electronics and qubits operating at deep cryogenic temperatures,

which can affect precise triggering and synchronization in a large-scale multi-qubit

system.[18]

2.2.3 Unique Challenges in Scaling Qubits:

When it comes to scaling up qubits in quantum computers, there are distinct

challenges that differ from those faced in classical computing. In classical systems,

managing data flow between different components is relatively straightforward, but

with large arrays of qubits, it becomes more complex. Unlike classical components,

qubits cannot be separated from their classical control interface or treated as indepen-

dent ”black boxes.” They require special attention due to their delicate nature and

the demanding conditions in which they operate. This means that unique approaches

and solutions are needed to address the specific challenges posed by qubits, taking
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into account their fragility and the constraints imposed by their extreme operating

environments.

2.3 QubiC: Open-source Qubit Control Designed by Berkeley Lab

QubiC is an open-source FPGA-based control and measurement system de-

signed for quantum information processing. It provides a modular and flexible frame-

work for implementing digital tune-up sequences and algorithmic protocols at the low-

est level of qubit control. The gateware programmed on the FPGA consists of three

modules: the board support package (BSP), the DSP (digital signal processing), and

the host interface (HOI). The BSP handles low-level hardware configuration, while

the DSP module enables basic qubit control and measurement functions independent

of specific FPGA/ADC/DAC selection. The HOI serves as the interface between the

host computer and the FPGA, facilitating input/output communication. QubiC’s

FPGA gateware enables waveform generation, pulse sequence reuse, fast qubit reset,

and efficient integration of control and measurement operations, contributing to ad-

vancements in quantum computing research and applications.It consist of 3 Major

Module, 1) Hardware, 2) Gateware and 3) Software

2.3.1 Hardware

FPGA/ADC/DACModule: This module utilizes the Xilinx Virtex-7 FPGA

and Abaco Systems FMC120 boards, which provide computational capability and pre-

cision analog performance. The FPGA handles digital signal processing, while the

ADC and DAC modules convert analog signals to digital and vice versa. RF Mixing

Module: This module integrates the in-phase / quadrature (I/Q) mixer, power-level

adjustments, and dc bias fine-tuning. It converts the signal frequency to/from the

target frequency and works with RF and local oscillator (LO) frequencies between
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2.5 and 8.5 GHz. LO Generation Module: This module generates the LO sig-

nals required for qubit operation. It uses multiple phase-locked loops (PLL) with a

shared master oscillator (MO) to generate adjustable LO frequencies. The module

uses ultralow-noise crystal oscillators and evaluation modules for PLL.

2.3.2 Gateware

The synchronization between modules is achieved through three layers of pro-

tocols: 1. JESD204B subclass 1 is used for synchronizing multiple DAC chips. 2.

General-purpose input/output triggers handle event information with low latency

among modules. 3. Fiber-based synchronization similar to the white rabbit system

is under development to lock clock phases among modules and provide high-speed

data communication. The gateway DSP module is responsible for generating pulses

at a specified carrier frequency with arbitrary amplitude modulation and detecting

the pulse after it passes through the readout resonator. It includes processing ele-

ments for digital up- or downconversion between the IF and baseband signals. The

processing elements can be configured as upconverters or downconverters, generating

in-phase and quadrature-phase components. 1. Board Support Package (BSP):

Handles low-level hardware configuration and initialization. 2. DSP (Digital Signal

Processing): Implements basic qubit control and measurement functions indepen-

dently of the FPGA/ADC/DAC selection. It runs in a single clock domain, and the

HOI and BSP handle clock domain crossing. 3. HOI (Host Interface): Handles

input/output to/from the host computer, serving as the interface for higher-level

software. It enables waveform generation based on parameters and facilitates pulse

sequence reuse.
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2.3.3 Software

The API, written in Python, serves as the software interface between the quan-

tum processor and higher-level software or algorithms. It compiles the quantum

processor gate pulse specification and circuit description into gateware commands

and pulse envelopes. The API supports gate optimization and circuit execution, with

two types of compilers: the OPTM compiler for comprehensive chip calibration and

gate optimization, and the RUNC compiler for running quantum circuits efficiently.

The API also allows for data exchange with other frameworks like TrueQ, Qiskit,

OpenQASM, and Cirq.

The QCVV experimental scripts are used to characterize and optimize the quan-

tum information processor. These scripts perform tasks such as time alignment,

single-tone experiments, punch-out experiments, two-tone spectroscopy, Rabi oscil-

lations, readout correction, gate repeatability optimization, coherence time measure-

ments, AllXY experiments, randomized benchmarking, cross resonance optimization,

and two-qubit process fidelity measurements. These experiments help calibrate the

gates and evaluate the performance of the quantum processor.

The GUI, implemented as a web-based client-server system, provides a user-

friendly interface for controlling the quantum hardware remotely. It allows real-time

adjustments of qubit bias points, initiation and termination of measurements, and

display of results. The GUI server, running on a Linux machine, saves configuration

and measurement data in YAML and HDF5 formats, respectively, and handles post-

processing and visualization of the data.
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CHAPTER 3

QubiCSV

3.1 Introduction

Quantum information processors require frequent calibration and characteri-

zation to mitigate errors arising from environmental fluctuations and imperfections

in hardware, ensuring reliable and accurate computation [22]. Calibration [23] and

characterization data storage are critical components in quantum experimentation

and research. The precise calibration of quantum devices ensures the accuracy and

reliability of QubiC and manipulation. Characterization data storage, on the other

hand, provides a repository for characterization data, enabling scientists to track the

performance and stability of quantum systems over time. This data is invaluable for

ongoing research, allowing for the analysis of trends, the identification of anomalies,

and the refinement of quantum models and algorithms.

In state-of-the-art superconducting quantum computing research, the complex-

ity of managing extensive amounts of data poses a significant challenge. Research

teams consisting of scientists and researchers work on various components such as

controllers, chips, and boards, each integral to the functionality of the quantum com-

puting system. A key element in this process is the calibration file – a comprehensive

configuration file that contains critical values for all qubits and gates, for example,

within the QubiC system. These calibration files are not only extensive but also dy-

namic, undergoing frequent updates to reflect changes in system configurations and

improvements in qubit performance. Furthermore, an obstacle in this environment is

the lack of a structured collaborative platform. This absence restricts the ability of
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multiple physicists to seamlessly collaborate and contribute to each other’s work, an

essential factor in advancing quantum computing research and development.

The process of maintaining and updating these calibration files is a daunting

task for scientists. Each team member, focusing on different aspects of the quantum

system, generates their own calibration files, which need to be accurately tracked and

updated. This task becomes increasingly challenging as the frequency of calibration

increases. Moreover, the need for collaboration among scientists adds another layer

of complexity. Sharing these extensive files and ensuring that all team members have

access to the latest versions is a logistical hurdle, slowing efficient collaboration and

progress.

Post-experimentation, the QubiC system generates an experiment result file,

typically named chip name.data.json This file, holds big potential for providing in-

sights into the experiment’s outcomes. However, the absence of a dedicated storage

solution and a method to directly save this file from the hardware limits its utility.

Scientists are left with a wealth of data but lack the means to store, manage, and

analyze it effectively. in Figure 3.1, once the calibration configurations for QubiC

are set up, QubiC sends signals to the quantum fridge, and after the experiment is

completed, it generates the characterization.json file, which is crucial for evaluating

experimental results.

To tackle the hard challenges restraining the pace of quantum computing re-

search, there is an absolute need for a robust data management system with visualiza-

tion capabilities. This system must be adept at handling the complex and demanding

aspects of quantum computing data, containing both current and historical calibra-

tion and experiment data.
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Figure 3.1. QubiCSV’s Concept: System design and overview of the Data Man-
agement and Visualization System, The process begins with setting up the calibra-
tion configuration for the QubiC system, followed by the quantum algorithm and its
calibration being processed through an Assembler (ASM). This information is then
converted into RF signals by a Digital-to-Analog Converter (DAC) and sent to a
Quantum fridge containing chips with superconducting qubits. Once the experiment
is completed, the results are captured by an Analog-to-Digital Converter (ADC) and
stored in a MongoDB database for visualization. If the calibration proves satisfac-
tory for the experiments, researchers can then store the calibration file in their desired
branch on the Dolt database, making it accessible for further visualization and anal-
ysis.

3.1.1 QubiCSV Motivation

we designed and implemented QubiCSV, an end-to-end platform for real-time

data management and visualization for superconducting Qubit. We design our param-

eters to be compatible with QubiC system [19, 18], but configuration can be modified

at the software level to allow the system to be compatible with other qubit control sys-

tems. The overall concept of QubiCSV is illustrated in Figure 3.2. The process starts

with calibrating the QubiC system, followed by processing the quantum algorithm

and calibration using an Assembler (ASM). The data is converted into RF signals

by a Digital-to-Analog Converter (DAC) and sent to a dilution refrigerator with su-

perconducting qubits. After completing the experiment, results are captured by an
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Analog-to-Digital Converter (ADC) and stored in a MongoDB database for visualiza-

tion. If calibration meets standards, researchers save the file in their Dolt database

branch for further analysis. QubiCSV’s unique approach to data storage—utilizing

data versioning similar to Git but implemented in a database—provides a novel way

to manage quantum data. This method allows for more effective tracking and revert-

ing of changes over time, which is especially beneficial in a field where experiments

are frequently adjusted and iterated upon. QubiCSV offers a more holistic solution

to quantum computing researchers.

QubiCSV also addresses these key challenges in quantum computing with so-

phisticated visualization and data management capabilities. For demonstration, we

implement QubiCSV to aid the QubiC team at LBNL in handling extensive and

evolving calibration data, a crucial component in QubiC systems. The platform eases

collaboration by simplifying sharing and updating calibration files. Post-experiment,

it effectively manages experiment result files, overcoming the limitations of traditional

storage methods. QubiCSV’s visualization tools streamline calibration processes, re-

ducing time and error. Designed for scalability and user-friendliness, it accommodates

increasing qubits and gates, supported by a detailed user manual for ease of use. With

an API response time under 500ms and a flexible MVC architecture, QubiCSV not

only improves current quantum research workflows but also adapts to future needs,

allowing users to customize their data management and visualization.

3.1.2 QubiCSV Data Management

QubiCSV design is inspired by Model-View-Controller (MVC) architecture [24,

25], with the model managing database queries and returning data as requested by

the controller [26]. The view then renders this data, presenting it to the users in an

accessible format. This system is built on the team members’ daily routines, with a
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Figure 3.2. QubiCSV’s system architecture..

focus on their utilization of the Jupyter Notebook for organizing code and data files,

including calibration and characterization data. The combination of Dolt for calibra-

tion data and MongoDB for characterization data emerged as the best-fit solution

in our design exploration. Our approach ensures a customized and effective solu-

tion tailored to the team’s specific challenges. QubiCSV is designed to address both

data management and visualization aspects of quantum research, mainly focusing on

calibration and characterization data.

The system is structured into three major components: (1) Application Pro-

gramming Interface (API): It acts as the communication bridge between the

database and the user interfaces, overseeing the transfer and retrieval of data to en-

sure smooth interaction among the system’s different components [27]. (2) Web

Platform: A user-friendly web application serves as the primary interface for users,

facilitating various tasks and actions such as data management and visualization. (3)

Python Library: Recognizing the team’s reliance on Jupyter Notebook, we incor-

porated a Python library interface for seamless data storage and retrieval directly

within their existing Jupyter Notebook workflows, as illustrated in Figure 3.2.
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QubiCSV: Data Versioning

Figure 3.3. QubiCSV’s data storage system with versioning capacity: This component
of the system utilizes dolt, a data versioning database, enabling users to create and
manage their own versions of databases in branches, similar to how git functions
for source code. users can effortlessly create, access, and switch between different
branches.

3.1.3 Calibration Data Management: Motivations and Approaches

Our platform leverages the data versioning database for calibration files, which

is designed to address a few key needs:

(1) Robust Tracking and Versioning: Given the regular updates and nu-

merous versions of calibration files used in various experiments, there is a crucial

need for robust tracking and versioning mechanisms. The decentralized nature of the

system also complicates collaboration and sharing, as it hinders the ability to track

changes or access different versions in a straightforward manner.

(2) Centralized and Collaborative Access: Maintaining and updating cal-

ibration files is a daunting task, especially as the frequency of calibration increases.

Scientists, each focusing on different aspects of the quantum system, generate their

own calibration files which need to be accurately tracked and updated. The need for

collaboration among team members further adds to the complexity. Ensuring access
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to the latest versions of these extensive files is a logistical challenge, impeding efficient

collaboration.

QubiCSV provides a centralized storage solution with versioning capabilities,

allowing each team member to not only track their work but also access and contribute

to others’ work seamlessly, as shown in Figure 3.3. As an example, we observe a sce-

nario where multiple scientists (Scientist 1 to Scientist M) interact with the database.

Each scientist has the capability to create multiple branches and access branches cre-

ated by others. This flexibility in accessing and contributing to different branches

fosters collaborative research and data sharing. Within each branch, scientists can

maintain their unique versions of the database. They have the freedom to perform

various operations like inserting new data, updating existing data, and deleting data.

Moreover, they can merge two different branches, enabling the combination of data

sets and collaborative developments. Branches can also be renamed or deleted as

per the evolving needs of the research, ensuring the database remains organized and

relevant. These data versioning capabilities are important for the management of cal-

ibration data in quantum computing research. They allow scientists to track changes,

revert to previous data states if necessary, and collaborate effectively with peers. The

system’s design, emphasizes not just the technical capability of data versioning but

also its practical application in a research environment, making it an invaluable tool

for scientists working with quantum systems.

3.1.3.1 Calibration Data Schema Design

Calibration data of qubit configuration are managed in a JavaScript Object No-

tation (JSON) format, which can be either in a JSON file or as an individual object in

a Jupyter Notebook. This quantum computing calibration dataset details the parame-

ters governing qubits and gates within the quantum processor. Key attributes include
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Chip
Int id PK

String name
datetime timestamp

Gate
Integer id PK
String gate_name
String dest
String phase
Float t0
String freq
JSON env
Float amp
Float twidth

Integer pulse_count
Integer chip_id FK

DateTime timestamp

Qubit
Integer id PK
String name
Float freq
Float freq_predicted
Float readfreq
Float freq_ef

Integer chip_id FK
DateTime timestamp

Calibration DB
Schema

Figure 3.4. The schema for calibration data consists of three primary tables: chip,
qubit, and gate. In this schema, each ’chip’ is designated as a primary key (PK) and
serves as a foreign key (FK) in both the qubit and gate tables. This setup allows one
chip to be associated with multiple qubits and gates..

the qubit drive frequency (freq) and qubit readout frequency (readfreq). Addition-

ally, the file outlines gate configurations. For instance, the X90 Gate for Q0, specifying

frequency (freq), phase (phase), destination (dest), time width (twidth), start time

(t0), amplitude (amp), and an envelope function (env) like ”cos edge square” with

a 25% ramp fraction for rising and falling edges. This comprehensive configuration

extends to various qubits, providing detailed settings for each in terms of their drive

and read frequencies, gate operations, and associated envelope functions.

The database schema of our platform is intricately designed to accommodate the

specific needs of calibration data. Utilizing Dolt, a data versioning system built upon

a traditional SQL database structure, we have established a schema that efficiently

organizes calibration details for every chip. In this schema, the chip acts as a foreign

key in both the gate and qubit tables. The detailed structure of our database schema

is illustrated in Figure 3.4.
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Features Function Description Code Example

Create Branch
Users can create a new branch by specifying the branch name, owner's name and email,
and a description. After creating a branch, they can select the appropriate chip and upload

the calibration file. Physicists have the flexibility to create multiple branches and access
any existing branches

Merge Branch
Physicists can execute merges by specifying details such as from_branch, to_branch,
owner, and a message. Upon initiating the merge, all the data from the from_branch is

seamlessly integrated into the to_branch, resulting in the creation of a new merge commit

Rename Branch
This feature enables the modification of branch names as needed, accessible both
through the UI and the Python library. This flexibility allows physicists to change the

branch name to suit their current experiment or specific requirements

Copy Branch
Mirroring the 'clone' function found in Git, this feature enables users to replicate an entire
branch into a new branch. This capability is particularly useful for preserving the original

data state while experimenting with variations in calibration.

Delete Branch
This feature allows for the removal of unwanted data branches. This action requires
specifying the branch name for confirmation, ensuring that branches are not deleted

unintentionally or without proper authorization

History of Repository
This function provides a comprehensive log of all activities at the database level. It

meticulously tracks key actions such as the creation, deletion, or renaming of branches,
as well as recent commits

Commit Data
In our system, users upload a calibration file for a chosen chip, followed by a commit

operation where they enter author details and a commit message. Successful uploads
generate a SHA-256 hash as a unique commit identifier.

View Calibrated Data
After committing a calibration file, users can instantly view it on the interface and access a
table of their data. In Jupyter notebooks, a JSON file named after the commit hash (e.g.,

Commit_Hash.json) is generated, containing the full commit data.

Data Diff
This tool allows physicists to compare commits within a branch, visualizing calibration

data differences. By using the Data Diff function, they can closely inspect changes across
commits, aiding in identifying the best calibration combination

 calibration.createbranch
(commit_data, branch_name)

calibration.mergebranch
(from_branch, to_branch,

author_name)

calibration.renamebranch
(old_branch_name, new_branch_name,

author_name)

calibration.copybranch(branch_name)

calibration.createbranch
(branch_name, author_name)

calibration.history( )

calibration.insertbyfile(file_path,
commit_data, branch_name, chip_id)

calibration.getcommitdetails
(commit_hash, branch_name)

calibration.getcommitdiff
(commit_hash, branch_name)

Figure 3.5. Table 1: Comprehensive overview of QubiCSV data versioning features
for calibration data management. It includes feature descriptions and Python code
examples for easy implementation in Jupyter Notebooks. This design allows seamless
database interactions from notebooks, mirrored on the platform’s dashboard..

3.1.3.2 Implementation of Calibration Data Management

A dashboard resembling a traditional Git interface facilitates data management,

as illustrated in Figure 3.6. These screenshots provide a depiction of how users in-

teract with the system. The interface includes a home page that serves as the entry

point to the platform. From there, users can navigate to a dashboard specifically

designed for managing branches, exploring individual branches or viewing details of

specific commits. Additionally, the platform offers a feature to compare two com-

mits, allowing users to easily identify differences and track changes over time. This
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visual overview underscores the platform’s user-friendly design and functionality in

managing and visualizing calibration data in quantum computing research. The key

functionalities are detailed in Table 1, which outlines the comprehensive features and

capabilities of the calibration data management system within the QubiCSV plat-

form. The table also includes code snippets for each functionality, providing users

with practical examples of how to utilize these features within the Python library.

3. Specific Branch Details

5. Commit Data Difference

1. QubiCSV Starting Point 2. Calibration Data Managment Dashboard

4. Specific Commit Details

6. Create Branch

Figure 3.6. QubiCSV’s dashboard screenshots. This image presents a collection of
screenshots showcasing the user interface of the QubiCSV platform, providing a visual
overview of the system’s features and user interactions..
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3.1.4 Characterization Data Management

Characterization data is a critical output generated after the calibrated QubiC

system measures qubits from quantum computers. This data file contains various

properties for each qubit, offering valuable insights into their performance. The key

properties include prep0read1, prep1read0, rb1qinfidelity, separation, t1,

t2ramsey, and t2spinecho. Format of characterization data file typically follows

the naming convention Chip name.data.json. In our platform, the chip name is ex-

tracted directly from the filename, streamlining the process of data identification and

retrieval.

1. Readout Fidelity (prep0read1, prep1read0 ): The prep0read1 and prep1read0

metrics offer insights into the fidelity of state preparation and measurement, which

are crucial for ensuring the reliability of quantum operations.

2. Randomized Benchmarking Infidelity (rb1qinfidelity): The rb1qinfidelity

metric is a key indicator of the infidelity of single-qubit gates. It plays a crucial role

in assessing the quality and precision of quantum operations, providing insights into

how accurately these gates can manipulate the state of a qubit without introducing

significant errors.

3. Qubit readout Separation : Separation is the distance between qubit

blobs, which shows how clearly different qubit states can be identified from each

other.

4. Coherence Times (t1, t2ramsey, t2spinecho): The coherence time refers

to the duration during which a qubit can retain its quantum state, essentially repre-

senting the lifespan of a qubit. The t1 measures the time it takes for a qubit to relax

to its ground state, while t2ramsey and t2spinecho gauge the qubit’s dephasing

time, reflecting how long it maintains its quantum state coherently.
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For long-term monitoring data, specifically the characterization files crucial for

understanding experiment outcomes, we opted for a NoSQL MongoDB [28] database.

This decision was guided by the nature of the experimental result files, which are

stored in JSON format. MongoDB, being a NoSQL database, naturally supports

JSON data, making it an obvious choice for our requirements. Its flexible schema

and powerful querying capabilities greatly facilitate the utilization of these JSON files

for visualization purposes. Furthermore, MongoDB’s scalability and performance ef-

ficiency make it an ideal fit for handling the extensive datasets typical in quantum

experiments. This setup in MongoDB enables the efficient tracking of all experimen-

tal results for each qubit, thereby maintaining a comprehensive record of research

progress. MongoDB can also handle high volumes and can scale both vertically or

horizontally to accommodate large data loads, due to its scale-out architecture[29].
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CHAPTER 4

QubiCSV Visualization

4.1 Introduction

Visualization plays an important role in enhancing the understanding and mon-

itoring of quantum experiments. It allows researchers to observe and analyze complex

quantum data in an intuitive manner. Through visualization, patterns and insights

that might otherwise remain obscured in raw data can be brought to light, facilitating

a deeper understanding of quantum phenomena. In the context of QubiC, effective

visualization tools can transform how scientists interact with and interpret quantum

data, leading to more efficient and insightful experiments. Initiatives such as VAC-

SEN [30] and QVis [31] have made significant strides, focusing on the visualization of

quantum errors and noise. These tools have laid a foundational framework for under-

standing quantum system behaviors, which our platform builds upon and expands.

Additionally, IBM ’s [32] work with the IBMQ calibration database represents another

pivotal contribution, offering a comprehensive approach to managing and visualizing

calibration data in quantum computing systems. These developments [33, 34] col-

lectively inform and inspire our approach, contributing to the broader landscape of

quantum computing visualization and data management. However, one key limita-

tion of these existing tools is their specialized focus on noise and error visualization,

which, while crucial, does not encompass the entire scope of data visualization needs

in quantum computing research.

Visualization plays a crucial role in improving the comprehension and monitor-

ing of quantum experiments. It allows researchers to observe and analyze complex
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quantum data in an intuitive manner. Through visualization, patterns and insights

that might otherwise remain obscured in raw data can be brought to light, facili-

tating a deeper understanding of quantum phenomena. In the context of QubiC,

effective visualization tools can transform how scientists interact with and interpret

quantum data, leading to more efficient and insightful experiments. From our thor-

ough analysis, Vuetify [35] web framework is selected for its sleek design capabilities

and ease of integration. Vuetify’s extensive component library allowed us to cre-

ate a user-friendly interface, which simplifies the complex process of analyzing and

interpreting calibration data, thereby enhancing the understanding of the quantum

system’s performance.

4.2 Data Visualization: Motivation

For visualizing experiment results, the key requirement was a tool capable of

rendering complex data plots dynamically. Plotly.js [36] emerged as the ideal choice

for this purpose, due to its advanced graphical options and interactivity. It enables

users to delve deeply into the experiment outcomes, facilitating a detailed and nuanced

exploration of the data. To support this front-end capability, we needed a robust back-

end solution. Here, Flask [37] was chosen for its simplicity and efficiency as a Python

web framework. Flask’s ability to handle data processing and API management made

it the perfect match for our system’s back-end requirements.

These decisions in our design process were driven by the need to balance func-

tionality with user accessibility. Vuetify’s user-centric design approach with automatic

tree shaking, an easy-to-learn API, server-side rendering (SSR), progressive web app

(PWA) support, and mobile app support, among other features. It also offers interna-

tionalization support, right-to-left (RTL) text support, and a blazing-fast framework

experience. These features make Vuetify a versatile and efficient choice for building
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modern, high-performance web applications and Plotly.js’s [36] advanced plotting ca-

pabilities, it is a declarative charting library that offers over 40 chart types, including

sophisticated options like 3D charts, statistical graphs, and SVG maps. This flex-

ibility makes it the best choice for creating interactive, high-quality visualizations,

combined with Flask’s back-end proficiency [38], culminating in a broad visualization

system.

The database structure we adopt is designed to efficiently organize and store

characterization data for each qubit. The structure is as follows: each entry is identi-

fied by an id and is associated with a specific qubit. The ExperimentData field is an

array of objects, each representing a set of characterization data linked to a partic-

ular chips. When a user uploads a new experiment.json file, the system is designed

to add the new characterization data to the respective qubits and append it to the

ExperimentData object array. This approach ensures that all characterization data is

systematically recorded and easily retrievable for each qubit, enabling comprehensive

tracking and analysis over time.

4.3 Visualization of Calibration Data

To visualize the calibration data, users first select the desired branch from the

database. This step is crucial as our system incorporates data versioning, allowing

for a detailed historical perspective of the data. After selecting a branch, users are

presented with a list of all available chips, along with their respective properties [39].

From this point, users can choose which aspects of the calibration data they wish to

explore visually. Our visualization feature offers two primary types of charts, each

providing unique insights into the calibration data:

Charts By Commit (Branch and Chip Specific): This type of chart allows

users to visualize all qubits and gates characteristics for individual commits within
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Commit Hash: mt3n663ek0mvtjnq19gok7kdahcu03gn (a unique Identifier for this specific calibration data)
Author: Devanshu Brahmbhatt
Commit Time: Sun, 17 Dec 2023 00:54:34 GMT
Message: 2µs with cosine edge wave with 0.01 ramp (Time: 2 µs, Wave Type: Cosine Edge, Sharpness: 0.01 Ramp)
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Figure 4.1. Visualization of gate groups & qubits for a specific commit in QubiCSV.
Detailed readings of amplitude values for all read gates, X90 gates, and CR(cross
resonance) gates are showcased for a selected commit. The chart also displays the
qubit drive frequency, qubit e-f transition frequency, and readout frequency for all
qubits, offering insights into their operational characteristics for the selected commit.
.

a selected branch and chip. It provides a snapshot of specific calibration states over

time, enabling users to track changes and identify trends or anomalies in the calibra-

tion process. We visualize key qubit characteristics such as readout frequency, qubit

drive frequency, and qubit e-f transition frequency. Moreover, we showcase essential

gate characteristics including phase, frequency, amplitude, and time width. An ex-

ample of these charts is shown in Figure 4.1. For instance, the graph clearly displays

the amplitude values of all X90 gates for a particular commit, offering insight into

the intensity of the signal used in gate operations. Similarly, the chart includes values

for readout and CR gates. Additionally, the visualization extends to qubit frequency

values, where the chart showcases the frequencies of all qubits for the same commit.

This comprehensive display of both gate and qubit values at a specific commit point

is important in understanding the calibration process’s intricacies and effectiveness:

Considering the wide variety of gates, we’ve grouped them into categories based on

similar characteristics.

26



This methodology not only enhances the organization of the data but also

significantly improves the clarity and effectiveness of our visual analysis. For example,

we categorize all readout gates into the ReadGroup, all 90-degree rotation (along the

X-axis) gates into the X90Group.

Charts By Properties (Commit Specific): For a given property, these charts

display all the commit values for individual gates and qubits. This approach is es-

pecially valuable for examining the evolution of specific properties across different

commits, providing a deeper insight into the dynamics of the calibration data. Fig-

ure 4.2 shows an example of these charts, which provides a comprehensive view of

how specific properties change over time for each commit.
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Figure 4.2. Detailed frequency and amplitude visualization in QubiCSV. This figure
illustrates the X90 gate amplitude, and qubit drive frequency values for Q1 across all
commits, offering a view of specific qubit and gate behavior over time..

• Qubits : We have detailed property-specific visualizations for qubits. This visu-

alization approach provides individual property charts for each qubit, showcas-

ing how properties like qubit drive, e-f transition, and readout frequency have

evolved over different commits.

• Gates : Similarly, for gates, these graphs offer a comprehensive view of the evo-

lution of gate properties such as phase, frequency, amplitude, and time width

over time. Users can analyze these property-specific charts for each gate, en-
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abling them to closely monitor the behavior and performance of the gates across

various commits. This level of detailed visualization aids in identifying patterns,

trends, and potential areas for optimization in the gate operations.

This approach demonstrates how we plot graphs for each gate, showcasing the

dynamic nature of our system. It is designed to seamlessly accommodate new gates

and qubits as they are added to the calibration file. With data versioning and visu-

alization, QuiCSV provides the most effective monitoring and analysis capabilities to

scientists engaged in quantum research work. This feature enhances the flexibility and

adaptability of our platform, ensuring it remains a valuable tool in the ever-evolving

field of quantum computing.

4.4 Visualization of Characterization Data

Characterization Data, generated after calibrated QubiC interacts with qubits,

plays a pivotal role in comprehending the effectiveness of quantum experiments. It

offers insights into how each qubit responds to calibration and reveals patterns in

experimental behaviors. Identifying these patterns is crucial for determining the

optimal calibration combinations that yield the best results. Our platform provides

two distinct approaches to visualize this characterization data, catering to different

analytical needs. To begin visualization, users must first select the specific chip

whose characterization data they wish to analyze. This initial step ensures that the

subsequent data visualizations are tailored to the selected chip (Figure 4.3).

• By Qubits: This method concentrates on a particular qubit, enabling users

to monitor and analyze all properties associated with that qubit across various

experiments. Researchers can scrutinize changes and trends in properties such

as prep0read1, rb1qinfidelity, t1, t2ramsey, and others, across different experi-
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Figure 4.3. Examples of visualization of data by qubits and properties..

ments. Furthermore, researchers can pinpoint specific conditions under which

the qubit operates optimally or displays anomalous behavior.

• By Properties: Alternatively, users can choose to focus on a specific property

and observe how all qubits respond to this property across multiple experiments.

This approach is particularly useful for analyzing how a specific property, like

coherence time or readout errors, varies across different qubits and for iden-

tifying patterns or anomalies that are consistent or variable across the qubit

array.

Both these visualization methods are designed to provide in-depth insights into

the experimental data, assisting researchers in making informed decisions about future

experiments and calibrations.

4.5 User Accessibility Interaction Interface

In the context of QubiCSV, ‘User Accessibility Methods’ refers to the various

ways in which users can interact with and access the platform. The users interact
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with the platform to manage and visualize quantum computing data, specifically cal-

ibration and characterization data. The frequency of interaction varies, with some

users accessing the system daily for active experiments while others might use it less

frequently for data review or research purposes. The design of the QubiCSV user

interface was a complex task, particularly given the diverse needs and preferences

within the scientific community. Initially, our primary focus was developing a Python

library, considering scientists’ widespread use of Jupyter Notebook for managing cal-

ibration files.
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CHAPTER 5

Conclusion

We aimed to make QubiCSV an open-source platform accessible to a broader

range of users including other research facilities, educational institutions, and indi-

vidual researchers, we recognized the need for a more inclusive approach. A Python

library, while efficient, might not cater to all potential users, especially those who are

not as familiar with coding or prefer a more interactive interface. This led us to con-

sider the advantages of a web-based platform, which could offer a more user-friendly

and visually intuitive experience. A web-based interface would not only be beneficial

for new or less technically inclined staff but also for the wider research community

who might prefer a more graphical interface for data visualization and management.

Consequently, we opted for a dual-interface approach. We introduced a web-

based platform to enhance the user experience with advanced visualization capabilities

and a more intuitive interface. Simultaneously, we developed a Python library that

seamlessly integrates with Jupyter Notebook. This library facilitates the same API

calls for storing and retrieving data from the database, ensuring that users comfortable

with Jupyter Notebook can continue to work within their preferred environment. This

dual-interface approach ensures that our platform accommodates the varying needs

and preferences of the scientific community. This design decision, therefore, not only

caters to the immediate needs of LBNL scientists but also positions QubiCSV as a

versatile tool for the broader quantum computing research community.
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5.1 Contribution & Performance

Our platform offers sophisticated storage and visualization capabilities for each

calibrated gate and qubit. For every data insertion, we provide detailed and interac-

tive charts. These plots feature built-in screenshot capabilities, zoom-in-out, panning,

and auto-scaling, catering to the diverse needs of data analysis.

The platform boasts an API response time of less than 500 ms. The adoption

of the MVC architecture offers flexibility, particularly in modifying the user interface.

This architectural choice means that if someone wishes to use our APIs to create

their own visual board with modifications, they can easily do so, allowing for cus-

tomization and adaptability to individual research needs. Regarding the performance

of database versioning, we base our assessment on comparisons with MySQL using

standard sysbench [40] metrics. Dolt, being MySQL compatible, provides a relevant

benchmark for performance evaluation. Currently, Dolt’s performance is approxi-

mately 1.9X slower than MySQL: 1.3X slower for write operations and 2.3X slower

for read operations, as per the standard suite of sysbench tests. Despite being slower

than MySQL, with most MySQL queries returning in the 0-10ms range, Dolt’s perfor-

mance remains within a practical range for user applications, especially considering

its versioning capabilities.

This Chrome Developer Tools Performance tab screenshot captures a detailed

performance profile of a web platform as shown in Figure 5.1, especially under a 4x

CPU slowdown simulation, which is often done to mimic less powerful devices and

ensure that the web application performs well even on lower-end hardware. The per-

formance analysis of our web application over a 30-second period reveals a timeline

of color-coded activities, each representing different browser tasks—scripting in yel-

low, rendering in purple, painting in green, and system operations in gray—with red

triangles highlighting long tasks that may impede responsiveness. A detailed flame

32



Time spent executing JavaScript.

Showing the time dedicated to calculating
layouts, styles, and updating the DOM.

Which is relatively low, suggesting efficient
painting operations

The time used for operations controlled by the
browser, such as garbage collection.

The majority of the time where the browser is not doing any work,
potentially waiting for asynchronous tasks or user interactions

Timeline Overview: 
The chart covers a range of approximately

32 seconds, with various performance
metrics recorded over time

This label suggests an
XMLHttpRequest operation was

performed, which is a way to
fetch data from a server
asynchronously without

interfering with the display and
behavior of the existing page.

Figure 5.1. Over a 30-second period under a 4x CPU slowdown, the platform demon-
strates swift handling of complex visualizations with Plotly, maintaining fast scripting
(5129 ms) and rendering (3375 ms) amidst substantial idle time, indicating a respon-
sive system optimized for heavy data operations, it demonstrates the web platform’s
efficiency in managing complex visualizations and API data fetching, maintaining re-
sponsiveness and good performance metrics obtained from Google Chrome..

chart illustrates the JavaScript call stack, pinpointing performance bottlenecks, while

network requests indicate the timing of data transmission crucial for API performance

assessment. The frame rate and rendering times show the efficiency of style recalcu-

lations and screen drawings. The summary pie chart at the bottom details the time

allocation across operations, with the majority being idle time (21,090 ms), suggest-

ing the system awaits completion of tasks or user input. Notably, the scripting (5,349

ms) and rendering (3,442 ms) times remain low compared to the idle time, which

indicates that the web application is efficiently handling the heavy visualization and

chart plotting using Plotly, even with the increased load from a slower CPU.
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