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    Preface

    Ever since IBM released their first commercially available quantum system for free on the cloud back in 2016, many researchers, developers, faculty, students, and quantum enthusiasts have been running their experiments on real quantum computers. Since then, many in both academia and industry have been investing time and personnel to investigate the potential that quantum computing has in store. The first step in this quantum journey is education, which I assume is why you purchased this book. In this book, you will learn the basic principles of quantum computing and how to leverage those principles to create quantum algorithms and run them on IBM’s powerful quantum computers.

    This book provides you with a step-by-step introduction to quantum computing using the IBM Quantum platform. You will learn how to build quantum programs on your own so you can discover early use cases in your industry or domain and get equipped with quantum computing skills.

    You will start working with simple programs that illustrate how these quantum computing principles differ from classical computing and slowly work your way up to more complex programs and algorithms that leverage advanced quantum computing algorithms.

    The quantum computing principles we will explore are superposition, entanglement, and interference, then you’ll become familiar on how these are used to create quantum circuits, which you can then run on IBM Quantum systems.

    Then, you’ll learn about the quantum gates and how they operate on qubits and discover the Quantum Information Science Kit (QISKIT, depending on who you ask, is pronounced KISS-kit) and its circuit libraries and advanced features to help you build quantum algorithms.

    You’ll then get to grips with quantum algorithms such as Deutsch-Jozsa, Simon, Grover, and Shor’s algorithms, while visualizing how to create a quantum circuit and run the algorithm on any of the quantum computers hosted on the IBM Quantum platform.

    Later, you’ll explore the basics on how your circuit is run on the quantum hardware by learning about the Qiskit Runtime, which has many functionalities to help optimize your quantum circuits.

    By the end of this book, you’ll have learned how to build quantum programs on your own and will have gained practical quantum computing skills that you can apply to your industry or domain.

    Who this book is for

    This book is for Python developers who are interested in learning about quantum computing and expanding their abilities to solve classically intractable problems with the help of Qiskit. Some background in computer science and Python is required. While a background in physics and linear algebra is suggested, it is not entirely required.

    What this book covers

    Chapter 1, Exploring the IBM Quantum Tools, will introduce you to all the tools available to you on the IBM Quantum platform. These tools will help you get up and running quickly and easily without having to install or purchase anything.

    Chapter 2, Creating Quantum Circuits with IBM Quantum Composer, discusses this easy-to-use user interface, which is a great tool for visualizing how the various quantum gates and operations affect each qubit and help build an intuitive understanding of the differences between classical and quantum computing.

    Chapter 3, Introducing and Installing Qiskit, explores the Quantum Information Science Kit (Qiskit) and its advanced features to develop and implement various quantum algorithms, and noise models. Qiskit has various features that help you build quantum circuits, algorithms, and applications easily and allows you to run them on local simulators and real quantum systems.

    Chapter 4, Understanding Basic Quantum Computing Principles, begins our quantum journey by discussing the basic quantum computing principles of superposition, entanglement, and interference, which are used by many quantum algorithms. This will also help you understand what differentiates quantum computing from classical computing.

    Chapter 5, Understanding the Qubit, covers what the quantum bit, or qubit, is and how you can manipulate it on a quantum system using the various gates and operators, and how to visualize the results of those operations.

    Chapter 6, Understanding Quantum Logic Gates, takes a deeper look at the various quantum gates and operations used to change the state of the qubits and your quantum circuit.

    Chapter 7, Programming with Qiskit, is where we start digging into creating quantum circuits using the quantum gates and operations we’ve learned about so far. You will also learn how these gates and operations are converted into microwave pulse schedules, which are what is used to manipulate the qubits on the quantum system.

    Chapter 8, Optimizing and Visualizing Quantum Circuits, discusses sending the instructions from your quantum program to run on a quantum system, which has some interesting work happening in the background. Which qubits are the best for running your circuit? Which connections should we select between the qubits that minimizes the number of gates? All these are taken care of by the preset pass manager generator, which we will cover in this chapter.

    Chapter 9, Simulating Quantum Systems and Noise Models, explains that all quantum systems, no matter the technology used to create them, must deal with the issue of noise. In this chapter, you will learn what these noises are and how to create models that simulate them to better understand the effects they have on your quantum circuit.

    Chapter 10, Suppressing and Mitigating Quantum Noise, explains how to mitigate the various effects noise has on a quantum system.

    Chapter 11, Understanding Quantum Algorithms, takes a deep look at the basic quantum algorithms to help understand how the quantum computing principles of superposition, entanglement, and interference are used. We will also review and code some fundamental concepts and algorithms which will help us understand the more complex algorithms. 

    Chapter 12, Applying Quantum Algorithms, takes you through applying the quantum computing principles and concepts that we’ve learned about to some complex quantum algorithms.

    Chapter 13, Understanding Quantum Utility and Qiskit Patterns, covers what quantum utility is and why it is the key to getting us closer towards quantum advantage. It will also provide an overview of the Qiskit patterns and how they can simplify your development experience to build complex quantum circuits.

    Appendix A: Resources, provides a list of further resources that you can use to explore the topics covered in this book in more detail.

    Appendix B, Assessments, provides the answers to the questions that you will find at the end of each chapter.

    To get the most out of this book

    
      	You will need to have internet access to access the IBM Quantum systems available to you. Since the platform is hosted on the cloud, you will not need anything more than a browser and to register a free account.

      	You will also need an up-to-date browser (Firefox, Chrome, Safari)

      	OS requirements (only if installing the software locally): Windows, Mac, and Linux.

    

    Download the example code files

    The code bundle for the book is hosted on GitHub at https://github.com/PacktPublishing/Learning-Quantum-Computing-with-Python-and-IBM-Quantum-Second-Edition. We also have other code bundles from our rich catalog of books and videos available at https://github.com/PacktPublishing/. Check them out!

    Download the color images

    We also provide a PDF file that has color images of the screenshots/diagrams used in this book. You can download it here: https://packt.link/gbp/9781803244808.

    Conventions used

    There are a number of text conventions used throughout this book.

    CodeInText: Indicates code words in text, database table names, folder names, filenames, file extensions, pathnames, dummy URLs, user input, and Twitter handles. For example; “Simply run pip install qiskit-aer from your command line, or Python environment, and that should be all you need.”

    A block of code is set as follows:

    from qiskit_ibm_runtime import QiskitRuntimeService
# Save your IBM Quantum account to allow you to use systems:
QiskitRuntimeService.save_account(channel="ibm_quantum", token='PASTE-API-TOKEN-HERE', set_as_default=True)


    When we wish to draw your attention to a particular part of a code block, the relevant lines or items are set in bold:

    import numpy as np
#Bind the parameters with a value, in this case 2π
qc = qc.assign_parameters(parameters={param_theta: 2*np.pi})
#Draw the circuit with the set parameter values
qc.draw(output='mpl')


    Any command-line input or output is written as follows:

    pip install qiskit


    Bold: Indicates a new term, an important word, or words that you see on the screen, for example, in menus or dialog boxes, also appear in the text like this. For example: “One of the more popular experiments that have come out of quantum mechanics is the double-slit experiment.”

    
      Warnings or important notes appear like this.

    

    
      Tips and tricks appear like this.

    

    Get in touch

    Feedback from our readers is always welcome.

    General feedback: Email feedback@packtpub.com, and mention the book’s title in the subject of your message. If you have questions about any aspect of this book, please email us at questions@packtpub.com.

    Errata: Although we have taken every care to ensure the accuracy of our content, mistakes do happen. If you have found a mistake in this book we would be grateful if you would report this to us. Please visit, http://www.packtpub.com/submit-errata, selecting your book, clicking on the Errata Submission Form link, and entering the details.

    Piracy: If you come across any illegal copies of our works in any form on the Internet, we would be grateful if you would provide us with the location address or website name. Please contact us at copyright@packtpub.com with a link to the material.

    If you are interested in becoming an author: If there is a topic that you have expertise in and you are interested in either writing or contributing to a book, please visit http://authors.packtpub.com.

  

  
    

    Share your thoughts

    Once you’ve read Learn Quantum Computing with Python and IBM Quantum, Second Edition, we’d love to hear your thoughts! Please click here to go straight to the Amazon review page for this book and share your feedback.

    Your review is important to us and the tech community and will help us make sure we’re delivering excellent quality content.
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    Exploring the IBM Quantum Tools

    Quantum computing has been growing in popularity over the past few years, most recently since IBM released the first commercially available quantum computer on the cloud back in May 2016, back then referred to as the IBM Quantum Experience, now rebranded as the IBM Quantum Platform (IQP). This release was the first of its kind, hosted on the cloud and providing the world with the opportunity to experiment with quantum devices for free. The platform includes a user interface (UI) that allows anyone to run experiments on a real quantum computer. And just recently added was direct access to all documentation and learning resources, such as tutorials and courses, right from the platform, making it easier to run circuits as you learn.

    The goal of this chapter is to first introduce you to the IBM Quantum Platform, which contains everything you need to learn how to create and run quantum circuits on real quantum systems. It also provides you with courses and tutorials to experiment with existing quantum algorithms and applications. The IBM Quantum Platform is comprised of the following three applications, which you can see listed in the Application Switcher located at the top-right corner of the platform (see Figure 1.1):

    
      	Platform: Lists all the jobs and systems (dashboard, systems, and jobs) you have access to on the platform.

      	Documentation: Provides a list of resources to help you get started. Resources include how to set up your development environment and build/test/execute quantum circuits on quantum systems. It also provides API documentation of the latest version of the Quantum Information Science Kit (Qiskit) open-source code.

      	Learning: Provides quantum courses and tutorials for users of all different levels. These cover topics such as the basics of quantum computing, variational algorithm design, and a new addition: quantum-safe cryptography!

    

    You can select and switch between each of these applications using the top-left applications icon next to your avatar, the switcher is shown in the following figure:

    [image: A screenshot of a phone  Description automatically generated]
    Figure 1.1: Application selection

    This chapter will help you understand what actions and information are available in each application, each of which we will also cover in more detail in later chapters, to give you an overview of where everything is. This includes creating circuits, running the circuits on both simulators and real quantum devices, viewing information about your profile and available backend systems, and visualizing the results of your experiments. So, let’s get started!

    The following topics will be covered in this chapter:

    
      	Getting started with the IBM Quantum Platform

      	Using the documentation to quickly start up

      	Understanding IBM quantum tools

    

    Technical requirements

    Throughout this book, it is expected that you will have some experience in developing with Python and, although it isn’t necessary, some basic knowledge of classical and quantum mechanics would help. Most of the information will be provided with each chapter, so if you do not have knowledge of classical or quantum mechanics, we will cover what you need to know here. For those of you who have existing knowledge in this area, the information here will serve as a useful refresher.

    The Python editor used throughout this book is Jupyter Notebook. You can, of course, use any Python editor of your choice. This may include Watson Studio, PyCharm, Spyder, Visual Studio Code, and so on.

    Here is the source code used throughout this book: https://github.com/PacktPublishing/Learning-Quantum-Computing-with-Python-and-IBM-Quantum-Second-Edition

    Getting started with the IBM Quantum Platform

    As mentioned earlier, the IBM Quantum Platform application is your high-level view of what you will normally see once you log in. It’s good to mention here that there may be updates to the tools as the platform evolves with the technology after the time of writing, so some visualizations and results may vary. The platform aggregates multiple views that you can see, and this helps you to get an idea as to what machines you have access to and what jobs you have pending, running, or completed.

    In this section, we will go through the steps to get registered. Let’s get started.

    Registering to the IBM Quantum Platform

    In this section, we will get registered and explain what happens in the background once you sign up to the IBM Quantum Platform for the first time. This will help you understand what features and configurations are prepared and available to you upon registration.

    To register, follow these steps:

    
      	The first step is to head over to the IBM Quantum Platform site at the following link: https://quantum.ibm.com/

      	You should see the login screen, as shown in Figure 1.2. Your individual situation will determine how to proceed from there:
          	If you already have an account or are already signed in, you can sign in and skip this section.

          	If you have not registered, then you can select the login method of your choice from the sign-in screen. As you can see, you can register using various methods, such as with your IBMid, Google, GitHub, Twitter, LinkedIn, or by email.

          	If you do not have any of the account types listed, then you can simply register for an IBMid account and use that to sign in:

        

      

    

    [image: A screenshot of a computer  Description automatically generated]
    Figure 1.2: The IBM Quantum Platform sign-in page

    
      	Once you select the login method of your choice, you will see the login screen for that method. Simply fill out the information, if it’s not already there, and select login.

      	Once signed in, you will land on the IBM Quantum Platform home page. This is the first page you will see each time you log in:

    

    [image: A screenshot of a computer  Description automatically generated]
    Figure 1.3: The IBM Quantum home page

    Now that you have registered with IBM Quantum Platform, let’s take a quick tour and delve into some features that make up the home page.

    Note first that across the top of the Platform application page you have three tabs: Dashboard, Systems, and Jobs. Each of these provides various information for you, which we will cover in detail in the following sections. But before we get started, let’s look at the Manage account settings view.

    Understanding the Manage account settings view

    Let’s start by reviewing the home page, specifically the Manage account settings view. You can access your user account and settings view via your avatar, located at the top right of the page (as visible in Figure 1.3).

    This view provides profile settings of the logged-in user, as illustrated in Figure 1.4:

    [image: A screenshot of a computer  Description automatically generated]
    Figure 1.4: The Manage account settings view

    This view also provides actions regarding your profile such as setting your password, email, API token, and in-app notification settings.

    
      The API token is used by the provider to determine which systems you have provisioned for your account. This is autogenerated when you use the platform; however, should you ever decide to run a notebook off the platform, then you will need to save your API token locally. We describe how to save and load your account details locally in Chapter 7, Programming with Qiskit and the Qiskit Runtime Service.

    

    Below the Manage account settings is the Instances list, which allows you to see which instances you are a member of. Instances are used to determine which IBM Quantum systems you have access to based on which hub, project, or group you belong to, as illustrated in Figure 1.4. Also, below the list of instances is the option Delete Account, which will also remove all your account data.

    [image: A screenshot of a computer  Description automatically generated]
    Figure 1.5: Instances and Delete Account views

    Finally, at the bottom of the Profile settings you will see your Notification settings, which you can enable based on your preferences.

    Getting familiar with the Compute resources view

    The Compute resources view provides you with a list of all the various quantum services available to you, which include the quantum systems. You can see all the available services by selecting the grid icon, located at the top left of the IBM Quantum Platform view, and selecting the Platform tab.

    Once the Compute resources page is open you will see a grouping of systems via a pull-down selector highlighted by a box in the following figure. The groupings are of systems that you have access to and a list of all systems including those systems reserved for premium users, as illustrated in Figure 1.6:

    [image: A screenshot of a computer  Description automatically generated]
    Figure 1.6: The Compute resources view

    The view contains all the systems available to you.

    Each card (or row if viewing in table mode) represents a different quantum system available to you and details that describe each system. In the previous figure you can see it lists out detailed specifications. Systems with a lock icon next to them are those reserved for premium users such as those who are active members of the IBM Quantum Network.

    The details you can see for each system are:

    
      	Qubits, which is the number of qubits available

      	Error Per Layered Gate (EPLG), which is the latest metric used to measure the quality and performance of a quantum system

      	Circuit layer operations per second (CLOPS)

      	Status, which is the availability of the system (Online, Maintenance, etc.)

      	Total pending jobs, which is the number of jobs waiting to run on the system (queue)

      	Processor type, which is the type and version of the processor of the system

    

    This information allows you to visualize all the systems and their metrics so you can select an ideal system to run your quantum circuits.

    The second selector is to view All Instances; this lists all the quantum systems that are available to you, including the open systems as well as premium quantum systems, if you are a quantum network member. To view the list as a table, rather than cards, you can select table view (located just above the system selector) as illustrated in Figure 1.7:

    [image: A screenshot of a computer  Description automatically generated]
    Figure 1.7: A table view of all available systems – shows all available quantum systems, including premium systems

    In this view, same as the Your resources view, each row represents details about each quantum system’s properties such as the status, processor type, number of qubits, quantum volume, and CLOPS.

    
      CLOPS is one of the measurements that is used to determine the performance of a quantum computer. It measures the speed at which a quantum processor can execute layers of a circuit, similar to the parameterized model circuits used to measure the quantum volume of a quantum computer.

    

    The names of the systems do not represent the location of the device; the city names originated from where IBM Research has a lab and have since expanded to include cities where IBM has offices around the world. At the time of writing, the IBM Quantum systems reside in many locations around the world. The largest groups are located at the IBM Research Lab in Yorktown Heights and in Poughkeepsie, NY. There are now many on-prem systems in many locations, such as IBM Ehningen, Germany (via a partnership with Fraunhofer-Gesellschaft), and University of Tokyo. The first on-prem system that is not on an IBM site was recently installed in Cleveland Clinic, with many more scheduled to be installed in other countries such as Spain and South Korea.

    Above the rows you have a few features; one is a search window to help you find a specific system and next to that is a filter option, which allows you to narrow down the visible list of systems based on provider, status, or processor types. You can also see them as cards if you select the card selection on the top right of the table.

    To view further details of each quantum system, let’s select one of the systems; in this case I will select ibm-brisbane, as seen in Figure 1.8. Keep in mind that systems will continue to evolve and may be replaced after the time of writing this, so if a system is mentioned in this book that you do not see, don’t worry; just select any that you like as the details you see will vary per device.

    [image: ]
    Figure 1.8: The device details view (truncated view of all 127 qubits)

    In this view you can examine each system in more detail. Each quantum system has a set of properties that you have access to view. This helps greatly if there are some constraints or requirements to the type of system you wish to run your quantum programs on—for example, the connectivity between qubits, the error rate of each qubit and its physical connection, the basis gates, and other details that we will cover in detail in various chapters throughout this book.

    This view also allows you to download a CSV file that contains all these properties so you can analyze them using any analysis tools you wish. To download the properties, simply click on the download icon located below the Last calibrated time in the Calibration data section.

    You’ll also notice that there are two pull-down options available just above the qubit map of the system, where one has a set of options for Qubit and another for the Connection between the qubits. The options provide you with the ability to see what properties you wish to have rendered for each qubit and connection, respectively. In the qubit options you can select to see the details of each qubit, such as its frequency, T1/T2 times, anharmonicity, and readout assignment error. The connection options allow you to view the CNOT error and gate time (in nanoseconds) between each physically connected qubit.

    
      There are of course other ways to obtain these properties programmatically using Qiskit code, but we will get to that later in this book. For now, this is just for awareness, so in later chapters when you learn more about them, you’ll know where the information is located.

    

    We are now familiar with the systems, and their details, on which we will run our quantum circuits; let’s see how we can view the results after the quantum systems have completed their job.

    Learning about pending and latest jobs

    When you send a circuit to run on a simulator or a quantum system you will want to know the status of the circuit. This is where the Jobs view comes in handy. To get to the Jobs view, go back to the grid icon located at the top left of the dashboard and select Jobs from the list of views. Once the view is open you will see a table, as shown in Figure 1.9, that contains a complete list of jobs that are pending completion on either the simulators or backend devices. You can use this view to see the status of your circuit or program, the job ID, which provider and service were used, and other details for each job you submitted:

     [image: A screenshot of a computer  Description automatically generated]
    Figure 1.9: The Jobs view list

    The job ID is listed so that you can call back the details of that job later. Each job is initially sorted by creation date but can also be filtered by Status (completed, pending, or returned), Session Id (the unique ID for the session the job was run in), Compute resource (which simulator or quantum system was used), or Usage (time indicating how long the job took to run).

    
      Details regarding job objects will be covered in Chapter 7, Programming with Qiskit.

    

    In this section, you have learned where to find information about your experiments, and hardware details about the quantum devices from the various views available on the IBM Quantum Platform. There are views that also provide you with the tools you need to start programming and running circuits on a quantum computer, in an easy-to-use format that does not include any installation of software.

    In the next section we will review what the Documentation application provides you to help get started using the systems we just learned in this section.

    Using the Documentation to quickly start up

    Earlier in this chapter we covered what systems you have access to and details about each system. In this section we will review the Documentation application, which will provide you with information and guidance on how to get yourself up and running and executing quantum circuits on a quantum computer.

    First, from the application selector, select the Documentation application. This will open the Documentation page as illustrated in Figure 1.10:

    [image: A screenshot of a computer  Description automatically generated]
    Figure 1.10: Documentation application view

    Let’s look across the top of the page where you will see seven shortcuts each to help you get started. They are described as follows:

    
      	Overview: The view that you see when you first get to the documentation page that has all the options

      	Start: Directions on how to get your local system set up and install Qiskit

      	Build: Instructions on how to design and develop your first quantum circuits

      	Transpile: How to optimize the mapping of your circuit onto the selected device to ensure the highest quality and performance

      	Verify: As the title indicates, how to test, verify, and evaluate your quantum circuits

      	Run: Executing your tested quantum circuits on the quantum systems

      	API reference: Quick links to key documentation on common objects and functions

    

    Below the Get started with Qiskit and API Reference section of the page, you will also see the various tutorials available for those of you who already have your system set up and want to dive right into running quantum algorithms on a quantum computer. Each tile represents a different tutorial and they are independent of each other so you can pick whichever you’d like to get started on without worrying about any dependency on another tutorial.

    Now that you know where to find the documentation needed to help you get up and running quickly, let’s continue and explore the tools you can use to generate quantum circuits using the IBM Quantum Composer.

    Understanding the IBM Quantum tools

    Understanding the systems and knowing the status of our circuit jobs is great, but knowing how to create these circuits and run them is clearly an important step. In this section we will review both tools that are available to you. Using the application switcher, select the last application listed, Learning.

    The following figure, Figure 1.11 is the IBM Quantum Learning application view. This view provides you with a one-stop shop of resources. At first you will see that at the top, it highlights the latest course that was released. At the time of writing this, it was the Fundamentals of quantum algorithms. Below that is the catalog of courses available to you on the platform with topics ranging from the basics of quantum information science to quantum-safe cryptography.

     [image: A screenshot of a computer  Description automatically generated]
    Figure 1.11: IBM Quantum Learning application view

    Below the courses you will see three other sections. The first is the list of tutorials. This is the same list you saw in the previous section. It is duplicated in this section for completeness as it is of course the learning application. And at the bottom is the Resources section, which lists other helpful learning resources, as illustrated in the following figure:

    [image: A screenshot of a computer  Description automatically generated]
    [image: A screenshot of a computer  Description automatically generated]
    Figure 1.12: Courses, Tutorials, Tools, and Resources sections.

    We have two ways to launch each tool. First, as illustrated in Figure 1.12, you can launch each tool by clicking on it within the Tools section. The second way is by selecting it from the top of the page as illustrated in Figure 1.11.

    The Composer is a graphical UI where you can create your quantum circuits by dragging and dropping quantum gates onto a quantum circuit. The Composer also provides various visual representations of the results such as the state of the circuit and the expected probability measurements. This makes the Composer a fantastic tool to help you get a visual, and perhaps intuitive, understanding of how the various quantum gates and properties affect the results of both the qubit itself and the overall quantum state. This is a tool I highly recommend you start with as it contains some very nice introductory tutorials that you can follow to create your first quantum circuit and run it on an actual quantum computer. We will create a simple circuit and run it on a quantum computer in Chapter 2, Creating Quantum Circuits with IBM Quantum Composer.

    Now that we are done with our tour of the IBM Quantum tools, we’re ready to get to work. In the following chapters, we will delve further into the Composer and progress to writing quantum programs.

    Summary

    In this chapter, we reviewed the IBM Quantum Platform, which provides plenty of information to help you get a good lay of the land. You now know where to find information regarding your profile, details for each of the devices you have available, the status of each device, as well as the status and results of your experiments. Some views might look a little different based on the level of provider you have. I have chosen to use the free open provider throughout this book so all users can see the general views. If you are a premium or partner user, then your views may have more information or options that are specific to your provider. Details about those differences are outside the scope of this book; however, you can check with your IBM Quantum representative for details about the additional views and roles.

    Knowing where to find this information will help you monitor your experiments and enable you to understand the state of your experiments by reviewing your backend services, monitoring queue times, and viewing your results queues.

    In the next chapter, we will learn about the Composer in detail and run our very first quantum circuit.

    Questions

    
      	Which Application contains your API token?

      	Which device in your resources list has the fewest qubits?

      	Which Application would provide you a qubit map of a quantum system?
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    Creating Quantum Circuits with IBM Quantum Composer

    In this chapter, you will learn how to use the IBM Quantum Composer and what each of its component functions are with respect to creating and running experiments. The Composer will help you to visually create a quantum circuit via its built-in UI, which in turn will help you to visually conceptualize some of the basic principles of quantum mechanics used to optimize your experiments. You will also learn how to preview the results of each experiment and create your first quantum circuit.

    The following topics will be covered in this chapter:

    
      	Getting started with the Quantum Composer

      	Creating a quantum circuit with the Quantum Composer

    

    By the end of this chapter, you will know how to create a quantum circuit using the Composer, and create experiments that simulate classic gates and quantum gates. You will also have learned where to examine the various results of your experiments, such as state vectors and their probabilities. This will help you understand how some quantum gate operations affect each qubit.

    Technical requirements

    In this chapter, some basic knowledge of computing is assumed, such as understanding the basic gates of a classic computing system.

    Here is the full source code used throughout the book: https://github.com/PacktPublishing/Learning-Quantum-Computing-with-Python-and-IBM-Quantum-Second-Edition

    Getting started with the IBM Quantum Composer

    In this section, we will review the IBM Quantum Composer (hereafter referred to as simply the Composer) layout so that you can understand its functionality and behavior when creating or editing quantum circuits. Here, you will also create a few circuits, leveraging the visualization features from the Composer to make it easy for you to understand how quantum circuits are created. So, let’s start at the beginning: by launching the Composer.

    Launching the Composer

    To create a quantum circuit, let’s first start by opening the Composer. To open the Composer view, click on the Composer button located at the top of the IBM Quantum Learning (https://learning.quantum.ibm.com) application as shown in the following screenshot:

    [image: ]
    Figure 2.1: Launch the Composer

    Now that you have the Composer open, let’s take a tour of what each component of the Composer editor provides you with.

    Familiarizing yourself with the Composer components

    In this section, we will get familiar with each of the components that make up the Composer. These allow you to do things such as visually inspect the results of your experiments in a variety of ways. Visualizing the construction of the quantum circuit will help you conceptualize how each quantum gate affects a qubit.

    Understanding the Composer

    In this section, we will review the various functionalities available to ensure you have a good understanding of all the different features available to you.

    In Figure 2.2, you can see the landing page of the Composer view:

    [image: A screenshot of a computer  Description automatically generated]
    Figure 2.2: The IBM Quantum Composer view

    From the preceding screenshot, you can see the Composer view, containing three qubits (q[0], q[1], and q[2]). This might not look the same when you launch the Composer for the first time. If you would like to add or remove qubits, you can simply select a qubit, for example q[1], by clicking on it, and selecting the plus icon or the trash icon, which will appear over the specific qubit.

    
      If any of the views are not visible, this just means they have not been enabled. You can enable them by selecting the View pull-down menu located across the top of the Composer, hovering over Panels, and selecting the views that are not visible: for example, the Statevector view.

    

    To reproduce the views used throughout this chapter, simply add or remove the qubits until you only have three qubits left. You can add/remove by clicking on the qubit label. The default is three.

    Now that you have your views set up, let’s continue to the Composer view itself. In the following screenshot, you can see a series of gates and operations:

     [image: Graphical user interface, application, Teams  Description automatically generated]
    Figure 2.3: Gates and operations

    Each of the components shown has a specific function or operation that acts upon the qubit(s), which we will cover in detail in Chapter 6, Understanding Quantum Logic Gates.

    As we can see in the following screenshot, we also have the circuit editor itself, which is the part of the Composer where we will create our quantum circuit by placing various gates and operations:

    [image: Application  Description automatically generated with low confidence]
    Figure 2.4: Circuit editor

    As you can see from the preceding screenshot, the default circuit includes three qubits (though this might change over time) each of which is labeled with a q, and the index appended in order from left to right (in this case, q[2], q[1], and q[0]). This will be significant when we want to map the results from our quantum circuit. Each qubit is initialized to an initial state of 0 before running the experiment.

    The last line is the classical bits, which are what we will map each qubit to so that when we complete running our quantum circuit, the results are then passed to the classical bits according to the mapping. By default, the mapping from qubit to bit is done based on the index of the qubit. For example, q0 measurement results will be mapped to c0 via the measurement operator, which we will see when we run our quantum circuit. You can add or remove classical bits in the same manner as qubits.

    Next to the qubit you will see a line, which looks like a wire running out from each qubit, in the circuit editor:

    [image: Chart  Description automatically generated with low confidence]
    Figure 2.5: Qubits and circuit wires

    These lines are where you will be creating a circuit by placing various gates, operations, and barriers on them. This circuit has three wires, each of which pertains to one of the three qubits on the quantum computer. The reason it is called a Composer is primarily that these lines look very similar to a music staff used by musicians to compose their music. In our case, the notes on the music staff are represented by the gates and operations used to ultimately create a quantum algorithm.

    In the next section, we will review the various options you have available to customize the views of the Composer. This will allow you to ensure that you can only see what you want to see while creating your quantum circuit.

    Customizing your views

    Continuing with our Composer tour, at the top of the Composer view are the circuit menu options that allow you to save your circuit, clear the circuit, or share your quantum circuit:

     [image: ]
    Figure 2.6: The Composer menu options

    First, we will cover how to save your circuit. To do this, simply click on the default text at the top left of the Composer where it currently reads Untitled circuit, and type in any title you wish. Ideally, select a name that is associated with the experiment. In this case, let’s call it MyFirstCircuit and save it by either hitting the Enter key or clicking the checkmark icon to the right of the title, as shown below:

    [image: A screenshot of a phone  Description automatically generated]
    Figure 2.7: Renaming the circuit

    Across the top of the Composer, you will see a list of drop-down menu options. The menu items in the preceding screenshot have the following options:

    
      	File provides options to create and open circuits, as well as copy, export, share, or delete the current circuit.

      	Edit allows you to manage your circuit and clear gates and operators.

      	View enables the various view options, which we look at in the following sections.

    

    Let’s now look at each of the various views in the following sections.

    The Graphical Editor view

    The Graphical Editor view contains a few components used to create quantum circuits:

    [image: Graphical user interface, text, application, email  Description automatically generated]
    Figure 2.8: The Graphical Editor view options

    The components include the following:

    
      	Circuit Composer: UI components used to create quantum circuits.

      	Operations: A list of available drag-and-drop gates and operators to generate a quantum circuit.

      	Options: The ability to set up the alignment and turn on the Inspect feature, which allows you to step through each gate and operation as you would to debug your code on an IDE or browser.

      	Disk: A disk that is located at the end of the circuit to serve as a visual representation of each qubit as you add gates and operations.

    

    Now that we know where we can create a quantum circuit, let’s move on to displays, which provide various ways to visualize the results of our quantum circuit.

    The Statevector view

    The Statevector view allows you to preview the state vector results, which is to say the quantum state result of your quantum circuit. The state vector view presents the computational basis states of the quantum circuit in a few different ways. To simplify the view, I have removed all but one qubit so it is easier to read the values. 

    You can do the same if you wish, otherwise your x axis may have more than just the two states of 0 and 1, as shown in the following figures:

    [image: Chart  Description automatically generated]
    Figure 2.9: The Statevector view

    First, we see the Amplitude bar graph, which represents the amplitude of the computational basis states. In this case, as mentioned earlier, for simplicity we have reduced the number of qubits to just one qubit, for which there are two computational basis states, 0 and 1. These are represented along the x axis. The value of the amplitude of each basis state is represented along the y axis. In this case, since we do not have any gates or operators on our circuit, the state vector representation is that of the initial (ground) state. The initial state indicates that all qubits are set to the 0 (zero) state, indicated by an amplitude value of 1.

    At the bottom of the Statevector view we see the Output state representing the complex value of each computational basis state. In this case since we are in the initial state, we see the 0 state at 1 + 0j and the 1 state at 0 + 0j.

    To the bottom left is the phase wheel. The phase wheel is a color visual representation of the phase for each basis state, which has a range between 0 and 2π. Since we have not applied any phase gates, we see the default phase of 0 represented by the color blue. As you apply phase shifts to each qubit, the color of the bar will update according to the color representation of the phase.

    
      We will cover what phases are in more detail in later chapters, but for now just know where they are and how they are indicated, both by value in the state vector results and in the phase wheel by color.

    

    The state vector information is just one of the visual representations of your quantum circuit. There are a couple of others we want to visit before moving on.

    The Probabilities view

    The next view is the Probabilities view. This view presents the expected probability result of the quantum circuit (with the addition of a single measurement operator to the qubit). As mentioned in the previous description, and illustrated in the following screenshot, since we do not have any operators on the circuit, the results shown are all in the initial state of 0:

    [image: Chart, bar chart  Description automatically generated]
    Figure 2.10: The Probabilities view

    The probability view is a general representation of the results based on expected values, not the actual results you will get from a quantum system. This view currently represents what the Composer is calculating classically as we have not yet run this circuit on an actual quantum computer. The results you will see as we create this circuit are computed by the classical system and not by a quantum system. The results from a quantum system are received after we send the completed circuit to run.

    The Q-sphere view

    Finally, the last of the state visualizations we must review is the Q-sphere view. The Q-sphere looks similar to a Bloch sphere, which is used to represent the statevector of the current state of a qubit. However, the Bloch sphere does have some limitations, particularly that it can only represent the state of a single qubit. On the other hand, the Q-sphere can be used to visually represent the state information of a single qubit or multiple qubits at once in one sphere, including the phase information. The following screenshot shows a representation of a circuit with three qubits, all of which are in the initial state:

    [image: Diagram  Description automatically generated]
    Figure 2.11: The Q-sphere view

    The Q-sphere view has two components; the first is the Q-sphere itself, which represents the state vector of the multi-qubit state, represented by a vector that originates at the center of the sphere. At the end of the vector is a smaller sphere, which represents the probability of the state by the radius of the top that lies on the surface of the Q-sphere. The states represented by these small spheres are visible when hovered over. The previous screenshot illustrates the three qubits in an initial state of [image: ], with a probability of 1, and a phase angle of 0.

    
      Those fancy symbols around the numbers are referred to as Kets; we will learn about them later in this book. For now, just think of them as labels to differentiate between the number 0 and the quantum state |0〉, for example.

    

    The second component is located at the bottom left, which is the legend that describes the phase of the states. Since the small sphere represents the phase angle of 0, the color of the sphere is blue, which is the same as what the legend indicates for the phase of 0. If the state had a phase value of π, then the color of the sphere would be red.

    There are various options here; on the top right you can see an ellipsis that you can select, providing various options to download visualizations in different image formats, and to move the view to the left or right. At the bottom right you can select whether to enable the state or phase angle information of the Q-sphere.

    OK, we went through all of the various views and components that make up the Composer view, so now let’s go to the fun part and start creating our first quantum circuit!

    Creating a quantum circuit with the Quantum Composer

    Now that we know where everything is in the Composer, we will create our first quantum circuit. This will help you to get a better understanding of how all these components work together, and it will show you how these components provide insights such as the current state and its probabilistic estimation as you build your first quantum experiment.

    Building a quantum circuit with classical bit behaviors

    We are all familiar with some of the basic classic bit gates such as NOT, AND, OR, and XOR. The behavior that these classic gates perform on a bit can be reproduced on a quantum circuit using quantum gates. Our first experiment will cover these basic building blocks, which will help you to understand the correlation between quantum and classical algorithms.

    Our first experiment will be to simulate a classical gate, specifically a NOT gate. The NOT gate is used to change the value of the qubit, in this case from the |0〉 state to the |1〉 state, and vice versa. We will cover details on how this gate operates on qubits in Chapter 6, Understanding Quantum Logic Gates.

    To simulate a NOT gate on a quantum circuit, follow these steps:

    
      	From the open Composer editor that you previously created and titled MyFirstCircuit, reduce the number of qubits and classical bits down to just one of each if you have not already. This will simplify the visualization of the results for us. You may have to reopen the other views such as qsphere. to get the updated changes.

      	Next, click and drag the NOT gate, which is visually represented by the [image: ] symbol, from the list of gates down onto the first qubit, as shown in the following screenshot:

    

    [image: Graphical user interface, application  Description automatically generated]
    Figure 2.12: Add an X (NOT) gate to the first qubit

    
      	Next, click and drag the measurement operation onto the first qubit, q0, just after the NOT gate:

    

    [image: Graphical user interface, application, Word  Description automatically generated]
    Figure 2.13: Add a measurement operator to the first qubit

    
      	By taking a measurement of the qubit and having its value sent out to the pertaining classic bit, we are essentially reading the state of the qubit. You can see this by the connecting arrow between the measurement operator and the classical bit. It also includes the index of the classical bit, the result of which the measurement operator will write out, which in this case is the bit in position 0.

    

    
      Note that the result bits, similar to the qubits, will be ordered from left to right: c2c1c0, for example.

    

    A measurement occurs when you want to observe the state of the qubit. What this means is that we will collapse the state of the qubit to either a 0 or a 1. In this example, it is straightforward that when we measure the qubit after the NOT gate, the reading will be 1. This is because since the initial state is set to 0, applying a NOT gate will flip it from 0 to 1.

    Before we run this experiment, let’s note a few things. First, note that the classic bits are all on one line. This is mostly to save space. Next is to note that all the views are updated as we add gates and operators. As mentioned earlier, this is the system computing these classically to provide us with an ideal result. We have not yet specified which quantum computer to run this circuit on, hence the results you are seeing are what the classical system is computing and not real-time results from a quantum computer.

    
      	Select the Setup and run button located at the top right of the Composer view. This will display the run settings, illustrated as follows:[image: A screenshot of a computer  Description automatically generated]

        Figure 2.14: The run settings view

      

      	The run dialog prompts you to take two steps:
          	First, select which quantum system you would like to run the experiment on. Select any of the options you wish to run. In this example, we’ll select ibm_brisbane.

          	The second step first allows you to select the Provider. There are different providers—ibm-q/open/main is for open free quantum devices, and if you are a member of the IBM Quantum Network then you’ll have a provider that assigns you to the available premium quantum devices. 

        

        For now, leave it at the default setting. This step also prompts you to select a number of Shots of the quantum circuit you wish to run. What this means is how many times you wish the quantum circuit to run during your experiment to obtain a reliable overall result. For now, let’s set it to 8000.

      

      	Now that you have selected your run options, let’s run the circuit. Click Run on ibm_brisbane. If you selected a different device, it will indicate it accordingly.

    

    Once your experiment begins, you should see an entry of this experiment in the Composer jobs view in the left panel on the Composer view, indicating that your experiment is Pending. While the job is Pending, it will display the status of the job, accordingly.

    
      Note that depending on how busy the selected device is, you may have to wait for some time for your job to complete.

    

    Once completed, you will see the status for the specified job as Completed, illustrated as follows:

     [image: Graphical user interface, text, application, chat or text message  Description automatically generated]
    Figure 2.15: The Composer jobs view displaying the job status for the selected circuit

    
      	Upon completion, open your experiment from the list by clicking on the job. This opens the Jobs results view:

    

    [image: Graphical user interface, text, application  Description automatically generated]
    Figure 2.16: The Jobs results view

    
      	Once you have the job opened, you can see some basic information about the job, such as the job ID across the top, followed by the date and time the job was completed, the backend it was run on, and three views that contain details about the job itself, such as the status, details, and results. You will also see a button at the top right that will provide the same information in the views, only in a separate window. Let’s review the views next.

    

    First, we have the Status timeline view, as illustrated in Figure 2.17:

    [image: A screenshot of a phone  Description automatically generated]
    Figure 2.17: The jobs status timeline view

    Here you can see the timeline that represents the time it took to complete your circuit. Each step represents the different processes that your circuit completes as it is executed on the quantum system:

    Creatinged: The date and time the job instance was added to the queue to run on a specific quantum system.

    In queue: The length of time your job was in the queue prior to running on the quantum system.

    Running: The time it takes from moving out of the queue and running on a quantum system before returning the results back. Time in system is the actual time that the circuit is running on a quantum system, separate from the time it is on the classical components. For example, transforming the circuit from digital to analog and analog to digital is not included in the time in system value.

    Completed: The date and time the job had completed running on the quantum system.

    Next is the Details view, as seen in the following figure, which provides you with the details of the job; in this case it was sent from MyFirstCircuit. It also provides information such as the program, the number of shots, the number of circuits, and the instance. The instance is the provision of the quantum system; since we are using open free devices, this is categorized as an open system. 

    If you are a premium user, you will likely run in a mode specific to your provider, details of which you can obtain from your administrative provider.

    [image: A screenshot of a computer  Description automatically generated]
    Figure 2.18: The Details view

    Finally, the Result – histogram view, illustrated in Figure 2.19, shows you the results of your experiment as rendered on a histogram.

    [image: A screenshot of a graph  Description automatically generated]
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