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Abstract
Quantum computers represent a transformative frontier in computational technology,
promising exponential speedups beyond classical computing limits. IBM Quantum
has led significant advancements in both hardware and software, providing access to
quantum hardware via IBM Cloud® since 2016 and achieving a milestone with the
world’s first accessible quantum computer. This paper explores IBM’s journey in
quantum computing, focusing on its contributions to both hardware and software, as
well as the development of practical quantum computers. We trace the evolution of
IBM Quantum’s processors, from the early canary processors to the milestone of
surpassing the 1000-qubit barrier. In addition to these technological strides, we delve
into the practical applications of quantum computing, particularly within nine key
industries: airlines, banking, healthcare, electronics, life sciences, and more. We also
explore IBM Quantum’s case studies and strategic partnerships with organizations
such as Boeing, CERN, ExxonMobil, and Cleveland Clinic, which are helping to
bridge the gap between theoretical research and real-world applications. Further, we
examine the key challenges and solutions in scaling quantum systems and achieving
fault tolerance, highlighting IBM’s efforts toward building practical, fault-tolerant
quantum systems capable of addressing real-world problems.
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1 Introduction

Quantum computers represent a revolutionary approach to computation [1], lever-
aging the principles of quantum mechanics [2, 3] to potentially solve problems that
are beyond the reach of classical computers [4–6]. The NISQ era [7] marks a pivotal
phase in quantum computing, characterized by rapid advancements and challenges in
achieving practical quantum applications [1].

Industry has been facilitating access to quantum computers for both academic and
commercial users. Companies such as IBM (2016), Rigetti Computing (2017), IonQ
(2020), Honeywell (2020), Google (2020), Xanadu (2020), Oxford Quantum Circuits
OQC (2021), PASQAL (2022), QuEra (2022), and Quandela (2022). While others
have adopted a reseller model through web-based services. As a result, research on
quantum computers has increased significantly. For instance, scientific papers
utilizing IBM Quantum’s quantum systems via cloud service have reached
approximately 2800 as of February 2024, with over 3 trillion circuits executed
through IBM Quantum platform [8].

IBM Quantum [9] has emerged as a key player in the quantum computing
landscape, leading efforts to advance both quantum hardware and software
capabilities. The development of scalable quantum processors based on supercon-
ducting qubits has been central to IBM Quantum’s research and development efforts.
Over the years, IBM has made significant strides in increasing qubit counts,
improving qubit coherence times, and implementing error correction techniques
necessary for reliable quantum computation [10, 11]. These advancements have
positioned IBM Quantum as a leader in quantum computing research, with broad
implications ranging from computational chemistry and optimization to cryptography
and machine learning [10–13].

This paper explores IBM Quantum’s journey in quantum computing, highlighting
key technological achievements, current challenges, and future prospects. The study
aims to present a comprehensive review of detailed performance metrics across IBM
Quantum’s quantum computers, crucial for historical documentation within the NISQ
era literature. Metrics examined include relaxation times, qubit frequency and
anharmonicity, readout assignment errors and readout length, single-qubit gate errors,
connection errors, and gate times.

2 Design philosophy

This paper is structured as follows: Sect. 3 offers an overview of IBM Quantum’s
quantum computing initiative. Section 4 explores the practical applications of
quantum computing, focusing specifically on IBM Quantum’s quantum systems. In
this section, we examine how quantum technology is being adopted across nine
major industries: airlines, banking, chemicals, electronics, government, healthcare,
insurance, life sciences, and logistics. For each industry, we highlight three real-
world use cases that demonstrate the transformative potential of quantum solutions.

In Sect. 5, we discuss three critical metrics-Scale, Quality, and Speed-that are
essential for assessing the performance of quantum computing systems. These
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metrics serve as vital benchmarks for evaluating progress in near-term hardware
capabilities. Section 6 traces the evolution of IBM Quantum’s hardware, from the
early 5-qubit Canary processor to the achievement of the 1000-qubit milestone with
the Condor processor. In Sect. 7, we summarize the performance and characteristics
of IBM Quantum’s quantum computers, reviewing both current systems and their
capabilities, as well as retired systems and simulators.

Moving to Sect. 8, the focus shifts to IBM Quantum’s software and tools,
examining key technologies such as Qiskit, Qiskit Patterns, and Qiskit Circuits,
alongside advanced features like quantum serverless computing and circuit design
tools. Section 9 delves into IBM Quantum’s strategic partnerships and use cases,
highlighting collaborations with major organizations such as Boeing, CERN,
ExxonMobil, Cleveland Clinic, E.ON, Mitsubishi Chemical, JSR, Keio University,
and Mercedes-Benz. These partnerships are crucial to advancing quantum computing
applications across a range of industries and bringing us closer to achieving a
quantum advantage.

While IBM Quantum’s contributions are undeniably significant, they represent
just one facet of the broader and rapidly evolving quantum landscape. To gain a fuller
perspective, Sect. 10 explores the efforts of other leading companies and research
institutions in the field, such as Google Quantum AI, Rigetti Computing, IonQ,
Quantinuum, Xanadu, Oxford Quantum Circuits, QuEra, Quandela Cloud, Micro-
soft, Alibaba Quantum, Intel Quantum, UST China, and TU Delft. By examining
these developments, we deepen our understanding of the global push toward
scalable, fault-tolerant quantum systems.

Section 11 outlines IBM Quantum’s Technology Roadmap and its ongoing
initiatives to make practical quantum computing a reality (Sect. 11.1). This includes a
focus on quantum safety, along with a detailed look at IBM Quantum’s Hardware
Development Roadmap: Milestones (2016� 2033þ) in Sect. 11.3. Each milestone is
presented in three parts: (1) Strategy Overview, (2) Significance for clients and
society, and (3) Innovations that will drive progress, with an emphasis on the delivery
of solutions to clients and partners.

Despite IBM Quantum’s significant progress, challenges remain in developing
fault-tolerant quantum systems (Sect. 12), particularly concerning issues like noise,
error correction, qubit connectivity, and scalability. Section 12.1 discusses these
scalability challenges in detail, while Sect. 12.2 explores IBM Quantum’s strategies
for addressing them. These strategies include a combination of hardware innovations,
modular architectures, and advanced error correction techniques [14].

IBM Quantum’s long-term vision for quantum computing-particularly using
superconducting qubits-highlights both the complexity of these challenges and the
approaches required to overcome them [15]. To achieve a computational advantage,
substantial advancements in quantum error correction will be necessary to address
issues such as noise and qubit connectivity, along with other hardware limitations [7].
Section 12.3 discusses IBM Quantum’s work on quantum error mitigation and
quantum error correction (QEC), while Sect. 12.4 explores IBM Quantum’s plans for
building fully fault-tolerant quantum systems that can address real-world problems.
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Finally, Sect. 13 presents the conclusion, synthesizing the key findings and their
implications for the future of IBM Quantum technology.

3 IBM quantum

3.1 Overview

IBM Quantum is a leading provider of quantum computing resources, offering access
to top-of-the-line quantum hardware that is built with the latest technology to meet
the needs of researchers, industry professionals, and developers.

IBM Quantum operates the most sophisticated collection of quantum systems
globally, currently featuring seven utility-scale systems, with additional systems in
development. These systems are known for their exceptional reliability, boasting over
95% uptime collectively. They also demonstrate remarkable stability, with minimal
fluctuations in two-qubit gate errors, which do not exceed 0.001 over periods
spanning several months (median 2-qubit gate errors measured across all accessible
Eagle processors from July 20 to September 20, 2023) [16].

In 2023, IBM has introduced its latest quantum computing milestone with the
unveiling of Condor, a quantum processor featuring 1121 superconducting qubits
arranged in a honeycomb configuration [17]. This follows the pattern set by earlier
record-breaking machines such as Eagle, a 127-qubit chip launched in
2021 [16, 18], and Osprey, a 433-qubit processor announced November 2022
[19]. As part of its strategy, IBM also introduced a new quantum chip named
Heron, boasting 133 qubits and achieving a remarkable record-low error rate that is
three times lower than that of IBM’s previous quantum processor. This achievement
marks a departure from IBM’s previous strategy of doubling qubit counts annually,
signaling a shift toward prioritizing enhanced error resistance over further qubit
scalability [11, 17].

IBM Quantum offers a wide range of hardware and software resources that
support learning, experimentation, and collaboration in the field of quantum
computing, as detailed in this paper, with promising implications for accelerating
scientific discovery, enhancing computational efficiency, and addressing complex
real-world problems.

3.2 Breaking the 1000-qubit barrier

IBM Quantum has introduced IBM Condor, a quantum processor with 1121
superconducting qubits based on IBM Quantum’s cross-resonance gate technol-
ogy [17]. Condor sets new standards in chip design (see Fig. 1), featuring a 50%
increase in qubit density, enhancements in qubit fabrication and laminate size, and
over a mile of high-density cryogenic flex I/O wiring within a single dilution
refrigerator.

Moving to high performing quantum processors, IBM Quantum introduced the
first IBM Quantum Heron processor on the ibm_torino quantum system. Featuring
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133 fixed-frequency qubits with tunable couplers. Heron delivers significant
improvements in device performance (a 3-5x improvement in device performance)
compared to IBM Quantum’s previous flagship 127-qubit Eagle processors [16, 18],
while virtually eliminating cross-talk. With Heron, IBM Quantum has developed
qubit and gate technology that forms the foundation of IBM Quantum’s hardware
roadmap moving forward.

3.3 IBM quantum’s system two

IBM Quantum System Two serves as the foundation for scalable quantum
computation and is currently operational at the IBM lab in Yorktown Heights, NY.
Housing three IBM Quantum Heron processors, integrating cryogenic infrastructure
with third-generation control electronics and classical runtime servers (see Fig. 2).
IBM Quantum System Two features a modular architecture designed to facilitate
parallel circuit executions, which are essential for achieving quantum-centric
supercomputing [15].

4 The practical applications of quantum computation

Quantum computing offers transformative potential for industries by solving
complex problems more efficiently, cost-effectively, and with greater precision than
classical systems. The true power of quantum computing lies in its ability to
complement and enhance classical computing, creating a synergy that can unlock
new possibilities. As advancements in quantum hardware, software, and algorithms
converge, industries can expect significant breakthroughs that go beyond the
capabilities of traditional systems [1]. This section explores how quantum computing
is being adopted across various sectors, including airlines, banking, healthcare, and
more, highlighting industry-specific use cases and insights. While the path to
achieving “Quantum Advantage” may take time, businesses can already begin to
benefit from the exponential progress and learning that quantum computing
promises.

Fig. 1 IBM’s latest quantum
processor Condor, unveiled in
2023, features 1121
superconducting qubits arranged
in a honeycomb configuration.
(Credit: Ryan Lavine, IBM)
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4.1 Airline

Quantum computing is revolutionizing the airline industry by addressing complex
operational challenges and enhancing customer experiences. As global travel
recovers from the COVID-19 pandemic, airlines are leveraging quantum technolo-
gies to tackle inefficiencies in operations, improve personalization, and optimize
planning. The computational power of quantum systems provides faster decision-

Fig. 2 IBM Quantum System Two, unveiled at the IBM Quantum Summit 2023, represents IBM’s first
modular quantum computer and serves as a foundational element in IBM’s quantum-centric
supercomputing architecture. (Image source: IBM Quantum)
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making and more advanced algorithms, enabling the industry to remain competitive
in an increasingly dynamic environment.

Use Cases Quantum computing helps airlines manage Irregular Operations
(IROPS) by enabling integrated recovery models and enhancing customer
satisfaction with rapid solutions [20]. It also enhances personalized customer
services by analyzing multidimensional data to refine customer segmentation and
improve marketing strategie [21]. Additionally, quantum systems optimize global
network planning by unifying fleet, crew, fuel, and revenue management into a
single model, ensuring cost-effective and efficient operations. These advancements
position airlines to offer streamlined and customer-focused services while boosting
profitability [22].

4.2 Banking and financial markets

Quantum computing holds the potential to revolutionize the banking and financial
markets by tackling complex challenges such as market uncertainty, constrained
system optimization, and profitable opportunity identification. This technology
enhances traditional financial models, enabling faster and more accurate assessments
of market risks, responses to volatility, and utilization of behavioral data for superior
customer engagement. While widespread applications may take time, financial
institutions are already exploring quantum computing to transform operations like
client management, trading, asset management, and compliance, offering a
competitive edge in an increasingly dynamic market [20].

Use Cases Quantum computing aids financial institutions in targeting and
prediction by improving data modeling for personalized services, fraud detection,
and customer acquisition [23]. It enhances risk profiling by accelerating scenario
simulations and refining compliance with regulatory standards like Basel III.
Additionally, quantum algorithms optimize trading by enabling more effective
portfolio diversification, rebalancing, and scenario analysis, reducing costs and
boosting portfolio performance. Together, these advancements streamline operations
and position financial institutions to better navigate market complexities and
customer demands.

4.3 Chemicals and petroleum

Quantum computing is set to transform the chemicals and petroleum industries by
addressing challenges such as complex molecular modeling, optimizing refining
processes, and improving resource extraction. These industries, crucial to the global
economy (contributing approximately 5.7 trillion to global GDP and supporting over
120 million jobs [24]), face computational bottlenecks when simulating molecular
behaviors or managing supply chain logistics. For instance, the simple hydrocarbon
Naphthalene (C10 H8) can be simulated using approximately 116 qubits. In contrast,
a classical computer would need around 1034 bits to perform the same simula-
tion [25]. To put this into perspective, 1034 bits is roughly 7.1 billion times the
amount of data expected to be stored electronically by 2025, which is estimated to be
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around 175 zettabytes [26]. Quantum algorithms offer a scalable and efficient
solution, enabling precise molecular simulations, refined operations, and innovative
methods for expanding resource production. This technology has the potential to
reduce costs, enhance efficiency, and drive sustainable innovations across the value
chain.

Use Cases Quantum computing accelerates chemical product development by
enabling accurate simulations for catalysts and surfactants, revolutionizing product
design and emissions reduction efforts [27]. It optimizes feed-stock routing and
refining processes, reducing inefficiencies such as octane giveaways, which cost
billions annually [28]. Additionally, it enhances reservoir production by modeling
molecular-scale subsurface interactions, improving resource extraction efficiency and
boosting profitability [25]. These applications demonstrate the profound impact of
quantum computing on operational efficiency and industry sustainability.

4.4 Electronics

The electronics sector, a linchpin of modern technology and the global economy,
faces mounting challenges, including the escalating costs of semiconductor
manufacturing, plateauing advancements in product performance, and inefficiencies
in design and production processes. As Moore’s Law slows, traditional approaches to
driving innovation and efficiency are becoming less effective. Quantum computing
presents a groundbreaking alternative, offering solutions to complex problems in
materials science, product design, and manufacturing optimization. By leveraging its
computational advantages, quantum technology can help the industry overcome
current barriers, ensuring continued progress and competitiveness.

Use Cases Quantum computing holds transformative potential for the electronics
industry across materials development, product design, and manufacturing. It can
revolutionize materials research by accurately simulating molecular interactions,
enabling breakthroughs like more efficient displays and eco-friendly manufacturing
chemicals [29]. In product design, quantum optimization accelerates development by
solving complex challenges, such as optimizing chip layouts and enhancing bug
detection, reducing time-to-market and improving reliability [30]. For manufactur-
ing, quantum-enhanced AI significantly improves defect detection accuracy, reducing
false positives and minimizing financial losses, while optimizing production
processes sustainably [31, 32]. Together, these capabilities position quantum
computing as a pivotal driver of innovation and efficiency in electronics.

4.5 Government

Governments are under growing pressure to address complex challenges, such as
climate change, social program sustainability, and transportation infrastructure strain,
while balancing limited resources. Quantum computing offers a transformative
solution by enabling more efficient problem-solving, accelerating decision-making,
and reducing costs. With the ability to tackle intricate simulations and optimization
tasks, quantum computing holds the promise of enhancing public services, improving
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emergency responses, and supporting sustainable development across various
sectors.

Use Cases Quantum computing can revolutionize government operations through
enhanced emergency preparedness, transportation management, and fraud detection.
It can optimize disaster response by improving real-time analysis and resource
allocation, as seen in wildfire evacuation planning [33]. In transportation, quantum
algorithms can streamline traffic management, reducing congestion and enhancing
flow efficiency, leading to significant economic benefits [25, 34]. For social
programs, quantum-enhanced machine learning can improve fraud detection, saving
billions annually while ensuring resources are directed to those in need [35]. These
advancements demonstrate quantum computing’s potential to elevate government
efficiency and service delivery.

4.6 Healthcare

Healthcare is increasingly driven by data, with rapidly growing volumes from
clinical trials, electronic health records, and medical devices. These data are pivotal
in achieving healthcare’s “quadruple aim”: enhancing outcomes, reducing costs,
improving patient experiences, and supporting practitioners [36]. However, classical
computing systems struggle with the scale and complexity of this data. Quantum
computing offers transformative potential, promising faster processing, deeper
insights, and improved efficiency across various applications. While its adoption
requires significant investment and innovation, quantum computing could reshape
healthcare by augmenting classical systems and addressing critical challenges.

Use Cases Quantum computing can transform healthcare in diagnostics,
insurance, and precision medicine [37]. In diagnostics, it can enhance medical
imaging and biomarker discovery, improving early detection and accuracy [38, 39].
For insurance, quantum algorithms enable more precise risk assessments, fraud
detection, and tailored pricing, lowering premiums and increasing transparency
[20, 40]. In precision medicine [37], quantum models can better predict disease risks
and optimize treatment plans by analyzing complex genetic and molecular data [41–
43]. These advancements promise personalized care, lower costs, and better patient
outcomes, positioning quantum computing as a cornerstone of future healthcare
innovation.

4.7 Insurance

The insurance industry faces significant challenges in maintaining competitiveness
amid technological advancements and economic uncertainty. To keep pace, insurers
require more sophisticated models for pricing, risk management, and claims
processing-tasks that often exceed the capabilities of classical computing. Quantum
computing promises to deliver enhanced computational power, enabling insurers to
improve decision-making, adapt to market changes, and better manage large-scale
risks. By complementing AI and machine learning techniques, quantum technology
could optimize underwriting, customer segmentation, pricing, and overall portfolio
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management, opening new opportunities for innovation and more personalized
services [34, 44].

Use Cases Quantum computing holds great potential to revolutionize the
insurance sector through three key use cases: customer and risk classification, risk
concentration analysis, and catastrophe and mortality protection. In customer and risk
classification, quantum-enhanced machine learning can improve data analysis and
uncover deeper insights, enabling more precise pricing and personalized policies [44].
In risk concentration analysis, quantum optimization could help insurers balance
policy design and pricing more effectively while managing risks [44]. Lastly,
quantum computing can enhance the forecasting of catastrophic events and mortality
risks, improving the accuracy and speed of scenario modeling, leading to better risk
management, capital allocation, and regulatory compliance [25].

4.8 Life sciences

Quantum computing holds transformative potential in life sciences, particularly in
addressing the industry’s most computationally demanding challenges. It could
significantly advance genomics, drug discovery, and protein folding predictions,
unlocking new opportunities in precision medicine. By providing enhanced
computational power, quantum algorithms can model complex molecular interac-
tions, analyze vast datasets more efficiently, and predict biological phenomena with
greater accuracy. This could lead to breakthroughs in personalized treatments, faster
drug development, and better understanding of protein functions, all of which are
critical to improving patient outcomes and advancing healthcare.

Use cases The application of quantum computing in life sciences spans several
key areas. First, in precision medicine, quantum computing can link genomic data
with health outcomes to create highly personalized therapies, improving treatment
efficacy [45–48]. In drug discovery, quantum algorithms can simulate molecular
interactions with greater precision, reducing development time and costs while
identifying more effective drug candidates [49–51]. Lastly, protein folding predic-
tions could be revolutionized by quantum computing, enabling more accurate
predictions of protein structures, which are essential for designing biologic drugs like
antibodies and vaccines [52–57]. These advancements could lead to more effective,
targeted therapies and improve the overall drug development process.

4.9 Logistics

Quantum computing holds significant potential to address the complexities and
challenges faced by the logistics sector. As globalization continues to increase the
scale and scope of supply chain networks, logistics companies need advanced
computational tools to optimize operations, reduce costs, and improve efficiency.
Traditional computing methods often struggle to handle the enormous data volumes
and complexities involved in logistics management, particularly as demand for faster
and more sustainable solutions rises. Quantum computing can provide the required
computational power to enhance solutions for issues such as last-mile delivery,
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disruption management, and sustainable maritime routing, ultimately leading to
improved service and cost savings.

Use cases Quantum computing can be applied to logistics in several impactful
ways. In last-mile delivery, quantum algorithms could optimize routing and fleet
management, enabling more frequent re-optimization and improved efficiency,
reducing transportation costs significantly [58]. In disruption management,
quantum computing could enhance decision-making by simulating multiple
disruption scenarios, improving recovery times and lowering operational costs [59].
Lastly, in sustainable maritime routing, quantum algorithms could help optimize
global shipping operations by forecasting demand more accurately and improving
container repositioning, resulting in cost savings and reduced carbon emis-
sions [57]. These applications demonstrate the transformative potential of quantum
computing in the logistics sector, enabling faster, more sustainable, and cost-
effective operations.

5 Scale, quality, and speed

Quantum computing performance can be measured by the amount of meaningful
work a quantum computer can complete in a given time period. Accurately defining
the appropriate performance metrics is essential for both users and developers of
quantum computing systems.

For instance, Quantum volume (QV) is a key metric that quantifies the capability
of a quantum computer by measuring the largest random circuit it can implement
with equal width and depth [60]. It is closely tied to system performance factors such
as gate error rates, qubit coherence, and connectivity. Higher quantum volumes
generally indicate better overall system performance, including reduced errors and
more efficient computations [60]. Achieving higher quantum volume requires
improvements in high-fidelity operations, robust qubit connectivity, and advanced
circuit rewriting techniques. These improvements, alongside high-quality state
preparation and readout, enable quantum systems to scale up quantum volume while
maintaining or increasing qubit count.

Additionally, the study in [61] highlights three critical attributes for assessing
quantum computer performance: quality, speed, and scale. Quality is evaluated using
quantum volume [60], while scale is determined by the number of qubits. To address
speed, a benchmark for measuring Circuit Layer Operations Per Second (CLOPS) is
introduced in [61]. CLOPS is a metric that indicates the number of QV circuits a
quantum processing unit (QPU) can execute within a given time period. This
benchmark provides insights into how both quantum and classical components
contribute to overall system performance. Additionally, a procedure for measuring
CLOPS and apply it to evaluate the performance of various IBM Quantum systems is
also presented in [61].

As IBM’s quantum processors evolve, these metrics remains a crucial benchmark
for evaluating progress in near-term hardware capabilities. For detailed information
on these performance metrics and their relation to overall quantum system
performance, readers are directed to [60, 61].
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6 The progression of IBM quantum’s hardware

IBM Quantum has developed several generations of quantum computers, each
contributing to the advancement of quantum computing capabilities. These systems
are built with cutting-edge superconducting quantum processors based on transmon
qubits, chosen for their ability to offer control and scalability [62].

Processor types are categorized based on their technological attributes, identified
by a combination of family and revision [63]. The term “family” (e.g., Falcon)
denotes the potential circuit size and complexity achievable on the chip, primarily
dictated by the number of qubits and their connectivity structure. “Revisions” (e.g.,
r1) signify different design variants within a specific family, see Table 1. These
systems represent ongoing advancements in quantum computing hardware, support-
ing research and development in quantum algorithms and applications. In this
section, we summarize the progression of IBM Quantum’s quantum processors.

6.1 Canary

The Canary family encompasses compact designs featuring between 5 and 16 qubits,
utilizing an optimized 2D lattice where all qubits and readout resonators reside on a
single layer [63]. This family has seen several revisions aimed at refining and
expanding its capabilities. The original r1 design (January 2017) introduced the
Canary series with 5 qubits, integrating resonators and qubits on a single lithography
layer, marking an initial step in advancing quantum computational capabilities.
Building upon this, Canary r1.1 (May 2017) expanded the processor’s capacity,
accommodating up to 16 qubits. Also, Canary r1.3 (December 2019), which focused
on a minimalist design featuring a single qubit, aimed at fundamental quantum
computing research [63].

6.2 Falcon

The Falcon family is tailored for medium-scale circuits, boasting a QV (quantum
volume) of 128. It serves as a crucial testing ground for demonstrating performance
enhancements and scalability improvements before integrating them into larger
quantum devices. Native gates and operations supported by Falcon devices include
CX, ID, DELAY, MEASURE, RESET, RZ, SX, X, IF_ELSE, FOR_LOOP,
and SWITCH_CASE.

Within the Falcon family, several revisions have been developed to refine and
expand its capabilities: The series commenced with Falcon r1 in February 2020,
characterized by its 28-qubit design with independent readout and utilizing a heavy-
hexagonal connectivity graph optimized for cross-resonance two-qubit gates. April
2020 saw the introduction of Falcon r4, which introduced multiplexed readout
capabilities, improving qubit state readout efficiency compared to previous
independent signal pathways. Falcon r5.10, released in December 2020, pioneering
advanced on-chip filtering methods that laid the groundwork for faster qubit state
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readouts in subsequent revisions. This version also implemented space-saving
“direct-couplers” to enhance qubit coupling efficiency, crucial for scaling quantum
systems. Falcon r5.11, launched in January 2021, further improved qubit state
readout speed through innovative on-chip filtering techniques, facilitating quantum
error correction and mid-circuit measurements. In September 2021, the introduction
of Falcon r8 brought enhanced coherence properties, building upon the advance-
ments of previous versions [63].

6.3 Egret

The Egret quantum processor features a QV of 512 and introduces tunable couplers
on a 33-qubit platform, significantly enhancing the speed and fidelity of two-qubit
gates. In December 2022, IBM Quantum launched the first iteration of the Egret
processor, designated as r1. It demonstrated the highest QV among IBM Quantum
systems, marking substantial advancements in reducing two-qubit gate error rates.
The Egret quantum processor delivers notable improvements in gate fidelity, with
many gates achieving 99.9% fidelity, while also minimizing spectator errors [63].

6.4 Hummingbird

The Hummingbird family features a QVof 128 and utilizes a heavy-hexagonal qubit
layout, accommodating up to 65 qubits. October 2019 marked the debut of
Hummingbird r1, representing the initial effort to support a large number (>50) of
qubits on a single chip, setting the stage for subsequent advancements in quantum
processor design and scalability. August 2020 saw the release of Hummingbird r2,
featuring 65 qubits and leveraging improvements, such as readout multiplexing,
efficient qubit-qubit couplers, and flip-chip technology, which collectively enhance
the scalability and operational capabilities of the Hummingbird family. In December
2021, Hummingbird r3 introduced a 65-qubit design with enhanced coherence
properties, reflecting advancements in quantum processing stability and performance
[63].

6.5 Eagle

The Eagle family boasts a QV of 128 and integrates advanced packaging
technologies to accommodate 127 qubits [18]. These processors employ a heavy-
hexagonal qubit layout, where qubits are connected to two or three neighbors,
resembling the edges and corners of tessellated hexagons [18], see Fig. 3. This layout
minimizes errors from interactions between adjacent qubits, thereby enhancing
processor reliability and functionality without compromising performance [16].
Native gates and operations supported include ECR, ID, DELAY, MEASURE,
RESET, RZ, SX, X, IF_ELSE, FOR_LOOP, AND SWITCH_CASE.

In December 2021, Eagle r1 was introduced, leveraging similar design elements
and parameters as Falcon r5.11. This version supports fast qubit readout and aims for
comparable gate speeds and error rates [16]. In December 2022, Eagle r3 was
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released, featuring a 127-qubit processor with enhanced coherence properties while
maintaining design continuity with Eagle r1 [63]. Currently, Eagle systems are
deployed at various IBM Quantum’s quantum computers. The error map and layout
of a quantum computer that is built based on an Eagle processor, such as
ibm_sherbrooke, is depicted in Fig. 4.

6.6 Osprey

The Osprey quantum processor boasting 433 qubits, nearly four times the size of its
predecessor, Eagle. Osprey integrates enhanced device packaging technologies and
custom flex cabling within the cryostat, enabling higher I/O capabilities within the
same wiring footprint. IBM Quantum unveiled the Osprey processor in November
2022. Osprey has the potential to execute complex computations far surpassing the
capabilities of classical computers. For context, the number of classical bits required
to represent a single state on the IBM Osprey processor exceeds the total number of
atoms in the observable universe [63].

6.7 Heron

Heron represents a significant advancement in quantum computing, featuring a QVof
512 and incorporating innovations in signal delivery previously seen in the Osprey
processor. With 133 qubits, Heron builds upon the size and capabilities of its
predecessor, Egret, and shares a similar footprint to Eagle. This upgrade includes
enhancements in signal delivery, utilizing high-density flex cabling to facilitate fast
and high-fidelity control over both single-qubit and two-qubit operations. Native

Fig. 3 IBM Quantum’s Eagle processors family configuration. These processors utilize a heavy-hexagonal
qubit layout, where qubits connect with two or three neighboring qubits resembling edges and corners of
tessellated hexagons. This design reduces errors caused by interactions between adjacent qubits, thereby
improving processor reliability and functionality while maintaining high performance
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gates and operations supported by Heron include CZ, ID, DELAY, MEASURE,
RESET, RZ, SX, X, IF_ELSE, FOR_LOOP, and SWITCH_CASE.

In December 2023, Heron r1 was introduced, leveraging 133 qubits as the first
version of Heron, currently accessible through ibm_torino. In July 2024, the
processor has been re-designed to combine 156 qubits in a heavy-hexagonal lattice. It
also offers a new TLS mitigation capability that manages the chip’s TLS
environment, enhancing overall coherence and stability. The Heron r2 processor,
currently accessible through ibm_fez quantum computer [63].

6.8 Condor

In December 2023, IBM Quantum unveiled Condor, a groundbreaking quantum
processor consists of 1121 superconducting qubits and leveraging IBM Quantum’s
cross-resonance gate technology [17, 65]. This technology facilitates precise two-
qubit operations between superconducting qubits with fixed frequencies, known for
their simplicity in implementation and resilience against noise [65].

Condor represents a leap forward in chip design, boasting a 50% increase in qubit
density and notable enhancements in qubit fabrication and laminate size. Moreover, it

Fig. 4 Readout error map and layout of the ibm_sherbrooke quantum computer. This quantum system is
based on an Eagle r3 quantum processor, featuring 127 superconducting transmon qubits. Key
performance metrics include median ECR error: 7:571� 10�3, median SX error: 2:411� 10�4, median
readout error: 1:350� 10�2, median T1: 262.69 ls, and median T2: 176.67 ls, as of August 1, 2024.
Regenerated under the terms of the under a Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/) from [64]
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integrates an impressive length of over a mile of high-density cryogenic flex I/O
wiring within a single dilution refrigerator. With performance comparable to its
predecessor, the 433-qubit Osprey, Condor signifies a significant milestone in
quantum computing innovation. It effectively tackles scalability challenges while
offering valuable insights for future hardware designs [63].

7 Performance and characteristics of IBM’s quantum computers

7.1 Quantum performance progress

Looking at the evolution of IBM’s quantum processors, IBM Quantum has made
significant strides in improving coherence time, gate fidelity, and error rates across
multiple processor generations. The leap from 5 qubits in 2016 to over 1000 qubits
today (e.g., 1121-qubit Condor) involved iterative advancements [16]. Initially,
scaling up the number of qubits was prioritized, requiring innovations in chip design
and materials. Simultaneously, smaller chips were developed with high-coherence
features, which were later incorporated into larger chips, such as the Falcon,
Hummingbird, Eagle, and Osprey families.

Each generation focused on key performance metrics. For example, while Eagle’s
initial coherence times lagged behind Falcon processors, advancements like Falcon
r8 led to improvements in Eagle r3, achieving similar coherence times. IBM also
worked to optimize two-qubit gate fidelities and improve readout metrics, focusing
on parameters like v (coupling strength) and j (photon exit rate), as shown in Fig. 5,
comparing Falcon and Eagle chips. These parallel efforts in scaling and quality have
driven IBM’s quantum hardware development [16]. For a deeper understanding of
the performance of the Eagle processor, readers are encouraged to explore [16]. A
comparison of three generations of chip packaging is shown in Fig. 6. This
methodology allows IBM to continuously improve system performance while scaling
up the qubit count, ensuring meaningful error-corrected computations are
possible [15].

7.2 Evolution of quantum systems

Quantum computing hardware technology is making solid progress each year. In this
changing environment, IBM Quantum is constantly at work improving the
performance of quantum computers by developing the fastest, highest-quality
systems with the most number of qubits [15]. IBM Quantum’s quantum computing
offerings have evolved to include both current and retired systems. These systems
range from early developments to advanced processors with up to 433 qubits (refer to

cFig. 5 a Classical crosstalk levels between Falcon and Eagle processors, shown as a quantile plot, with the
median value at x ¼ 0. b Comparison of v (coupling strength) values for Falcon (Kolkata) and Eagle
(Washington) chips, illustrating differences in readout performance. c Detailed comparison of j values for
Falcon (Kolkata) and Eagle (Washington) chips, further emphasizing their impact on processor
performance. Adapted from [16]

123

  687 Page 18 of 95 M. AbuGhanem



123

IBM quantum computers: evolution, performance, and future directions Page 19 of 95   687 



Table 2 for specific details). The journey from retired systems to the latest
generations reflects IBM’s continuous efforts to push the boundaries of quantum
computation. For a view of the availability and details of IBM Quantum’s current
quantum systems, including access plans, interested readers are referred to [66].

7.3 Retired quantum systems and simulators: paving the path for future
innovations

IBM’s commitment to quantum computing is evident through a series of pioneering
systems, some of which have since been retired. Systems such as ibmq_5_yorktown
and ibmq_16_melbourne, retired on August 9, 2021. ibmq_manhattan followed on
September 22, 2021, and earlier systems such as ibmq_athens and ibmq_rome were
retired on June 30, 2021. Refer to Table 2 for a list of retired systems. These quantum
systems, alongside quantum simulators, were pivotal in early quantum algorithm
experimentation and have paved the way for newer generations that continue to push
the boundaries of quantum computing.

This section offers detailed performance summaries for various retired IBM
Quantum’s quantum computers, along with some performance data from previous
versions of current systems. Tables 3 to 26 provide key specifications such as
coherence times (T1 and T2), qubit frequencies, gate error rates, qubit counts, basis
gates, connections, and calibration dates, documented for historical and educational
purposes within the literature of NISQ computing era. This enables a comparative

Fig. 6 Comparison of chip
packaging across three
generations, highlighting the
evolution from Generation 1 to
Generation 3. In Generation 3, a
sophisticated design is
introduced that enhances signal
delivery, enabling the seamless
integration of hundreds of qubits.
This approach incorporates
technologies adapted from
conventional CMOS processing.
Regenerated from [16]

123

  687 Page 20 of 95 M. AbuGhanem



Table 2 List of IBM Quantum’s retired quantum systems and cloud simulators

IBM Quantum quantum computers

No Quantum
System

Qubit
count

Retirement
date

No Quantum
System

Qubit
count

Retirement
date

1 ibm_algiers 27 April 30, 2024 25 ibmq_bogota 5 June 17, 2022

2 ibm_cairo 27 April 30, 2024 26 ibmq_santiago 5 June 17, 2022

3 ibm_hanoi 27 April 30, 2024 27 ibmq_casablanca 7 March 2, 2022

4 ibmq_kolkata 27 April 1, 2024 28 ibmq_sydney 27 January 11, 2022

5 ibmq_mumbai 27 April 1, 2024 29 ibmq_dublin 27 November 16,
2021

6 ibm_ithaca 65 January 24, 2024 30 ibmq_manhattan 65 September 22,
2021

7 ibm_nairobi 7 November 28,
2023

31 ibmq_5_yorktown 5 August 9, 2021

8 ibm_lagos 7 November 28,
2023

32 ibmq_16_melbourne 15 August 9, 2021

9 ibm_perth 7 November 28,
2023

33 ibmq_paris 27 June 30, 2021

10 ibm_auckland 27 November 9, 2023 34 ibmq_rome 5 June 30, 2021

11 ibmq_guadalupe 16 October 27, 2023 35 ibmq_athens 5 June 30, 2021

12 ibmq_lima 5 September 26,
2023

36 ibmq_berlin 27 December 31, 2020

13 ibmq_belem 5 September 26,
2023

37 ibmq_boeblingen 20 January 31, 2021

14 ibmq_quito 5 September 26,
2023

38 ibmq_ourense 5 January 15, 2021

15 ibmq_manila 5 September 26,
2023

39 ibmq_vigo 5 January 15, 2021

16 ibmq_jakarta 7 September 26,
2023

40 ibmq_valencia 5 January 15, 2021

17 ibm_seattle 433 September 7, 2023 41 ibmq_rochester 53 October 31, 2020

18 ibm_washington 127 June 3, 2023 42 ibmq_cambridge 28 October 31, 2020

19 ibmq_oslo 7 May 4, 2023 43 ibmq_almaden 20 August 31, 2020

20 ibmq_geneva 27 May 4, 2023 44 ibmq_singapore 20 August 31, 2020

21 ibmq_montreal 27 April 11, 2023 45 ibmq_johannesburg 20 August 31, 2020

22 ibmq_toronto 27 April 11, 2023 46 ibmq_essex 5 August 31, 2020

23 ibmq_armonk 1 July 7, 2022 47 ibmq_burlington 5 August 31, 2020

24 ibmq_brooklyn 65 June 28, 2022 48 ibmq_london 5 August 31, 2020

IBM Quantum cloud simulators

No Quantum simulators Qubit counts Processor type Retirement date

1 simulator_stabilizer 5000 Clifford simulator – May 15, 2024

2 simulator_mps 100 Matrix product state – May 15, 2024

3 simulator_extended_stabilizer 63 Extended Clifford
(e.g. Clifford?T)

– May 15, 2024

4 ibmq_qasm_simulator 32 General, context-aware – May 15, 2024

5 simulator_statevector 32 Schrödinger wavefunction – May 15, 2024

Older systems are identified with names starting with “ibmq,” while newer systems use names beginning
with “ibm.”
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assessment of different IBM Quantum systems, highlighting advancements in
technology over time.

7.4 The up-to-date machines’ performance

This section analyzes the performance metrics of 15 up-to-date IBM Quantum’s
quantum machines (see Table 27)). Tables 28 to 42 summarize the hardware
performance, qubit characteristics, and specifications of these quantum computers.
Key parameters such as coherence times (T1 and T2), qubit frequencies, qubit
anharmonicity, readout assignment error, readout length, qubit flip probabilities, as
well as error rates for both single-qubit and two-qubit gates.

8 IBM quantum’s software ecosystem

8.1 Qiskit

Qiskit, the software development kit for quantum information science, launched by
IBM in 2017 as an open-source toolbox for quantum computing. Over the past six
years, it has flourished significantly. Qiskit has been installed over 6 million times,
with current installations occurring at a rate of 300,000 per month [67]. Boasting

Fig. 7 Qiskit’s software architecture: The quantum info module links circuits to quantum information
mathematics. The transpiler optimizes circuits via a pass manager, considering ISA and constraints.
Primitives run circuits on simulators or hardware, evaluating results. Visualization tools and serialization
with OpenQASM and QPY format are also included. Regenerated under a Creative Commons license
(https://creativecommons.org/licenses/by/4.0/) from [67]
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more than 2000 forks, over 8000 contributions, and has facilitated the execution of
over 3 trillion circuits [67]. By a significant margin, Qiskit stands out as the most
widely-adopted quantum computing software.

Qiskit has demonstrated its effectiveness in recent studies in quantum computing,
particularly in error mitigation [10]. Moreover, it played a crucial role in achieving
fault-tolerant magic state preparation surpassing break-even fidelity [68], as well as
in numerous significant studies involving up to 133 qubits and thousands of two-
qubit entangling gates [69–78].

8.2 Qiskit patterns

Qiskit patterns, outline a structured four-step process for executing algorithms on
quantum computers, aligning with its software architecture (shown in Fig. 7).
Initially, classical problems are translated into quantum computations by constructing
circuits that encode the specific problem. Qiskit provides a user-friendly circuit
construction API capable of handling extensive circuits. Subsequently, circuits
undergo transformation-referred to as transpilation-to optimize them for execution on
target hardware, focusing on circuit-to-circuit rewriting rather than full compilation
to classical controller instructions. Following transpilation, circuits are executed on a
target backend using primitive computations. Finally, the obtained results are post-
processed to derive solutions for the original problem.

Workflows may iterate through these steps, incorporating advanced patterns like
generating new circuits based on results from prior batches [79], integrating quantum
and classical computing in a quantum-centric supercomputing architecture [80, 81].

Fig. 8 Examples of Qiskit circuits: a Quantum phase estimation algorithm. b Entanglement distillation
circuit with fallback logic for Bell state preparation. c Trotterized XX þ YY Hamiltonian simulation circuit
with Pauli twirling for noise suppression. d GHZ state preparation circuit optimized for hardware ISA,
using dynamical decoupling to reduce noise. Regenerated under a Creative Commons license (https://
creativecommons.org/licenses/by/4.0/) from [67]
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Complex pattern orchestration is streamlined via the Qiskit serverless
framework [82].

8.3 Qiskit circuits

Quantum circuits are central to Qiskit’s architecture, representing computations as
sequences of instructions that can be manipulated and analyzed within the software.
Qiskit defines circuits broadly, encompassing operations on both quantum and
classical data. This includes standard actions like qubit operations and measurements,
as well as advanced mathematical operators such as unitaries, Cliffords, isometries,
and Fourier transforms. Circuits may also involve classical computations in real-time,
such as applying Boolean functions to measurement outcomes, and classical control
flow mechanisms like loops and branches.

Circuits can also delineate timing operations and continuous-time qubit dynamics
(CTQD) using pulse-defined gates. These levels of abstraction can be combined within a
single circuit, facilitating modular composition. Figure 7 provides an overview of
Qiskit’s architecture, highlighting its components and interactions, while Fig. 8 illustrates
diverse circuit types supported by Qiskit [67]. This flexibility supports the exploration of
various quantum algorithms and physical implementations.

8.4 Scale to large numbers of qubits

In quantum computing, advancing in the field requires tackling utility-scale tasks,
which involve computations on a significantly larger scale. This entails working with
circuits that utilize more than 100 qubits and incorporate over 1000 gates.

To demonstrate large-scale operations on IBM Quantum systems, we consider the
following example, involving the generation and analysis of a 100-qubit GHZ state

(jGHZi100 ¼ 1
ffiffi

2
p ðj0i�100 þ j1i�100Þ) [83]. This approach leverages the Qiskit patterns

workflow and concludes with the measurement of the expectation value hZ0Zii for each
qubit. The process of developing a quantum program using Qiskit entails four essential
steps: mapping the problem to a quantum-native format, optimizing circuits and
operators, executing with a quantum primitive function, and analyzing the resulting data.

● Mapping the Problem. Begin by constructing a function that generates a
QuantumCircuit specifically designed to prepare an n-qubit GHZ state. Then,
apply this function to generate a 100-qubit GHZ state and collect the relevant
observables for measurement.
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● Next, proceed to map to the operators of interest. In this case, the focus is on ZZ
operators between qubits to analyze their behavior over increasing distances. The
goal is to observe how expectation values become progressively less accurate
(more corrupted), indicating the extent of noise present in the system.

● Optimization for quantum hardware execution. Optimize the problem to align
with the Instruction Set Architecture (ISA) of the backend.
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● Execution on quantum hardware. Proceed to submit the job for execution on the
quantum hardware, implement error suppression using a technique known as
dynamical decoupling to mitigate errors, and adjust the resilience level to
determine the degree of error resilience desired. Higher resilience levels yield
more precise results but require longer processing times.
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● Post-processing of results. Visualize the results through plotting after the job
execution is finished. Observing the expectation value hZ0Zii decreases as i
increases, indicating a deviation from the ideal scenario where all hZ0Zii values
should ideally be 1 in simulation.

For the 100-qubit GHZ state, the normalized expectation value hZ0Zii=hZ0Z1i is
crucial for understanding the quantum correlations among the qubits. Figure 9
illustrates how the signal decays with increasing distance between qubits, reflecting
the presence of noise in the system. To delve deeper into quantum computing with
Qiskit, and to gain more detailed insights into its impact on developers and
researchers, as well as an in-depth look at how it empowers the quantum computing
community, we refer readers to the recent review in [67].

9 IBM quantum partnerships and case studies

IBM’s Quantum Network, comprising over 210 Fortune 500 companies, leading
academic institutions, government agencies, start-ups, and national research labs,
plays a crucial role in advancing real-world quantum applications. By collaborating
with these diverse partners, IBM is tackling complex challenges in fields such as
quantum chemistry, optimization, and machine learning. In this section, we explore
IBM Quantum’s use cases and strategic partnerships. These partnerships help bridge
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the gap between theoretical research and tangible, practical solutions, bringing us
closer to achieving a quantum advantage in various industries and demonstrating the
transformative potential of quantum technologies.

9.1 Boeing

Advancing aerospace material design: Boeing is collaborating with IBM Quantum to
tackle the complex challenge of designing strong, lightweight materials, specifically
ply composites used in aerospace applications like spacecraft, satellites, and
commercial jets. These composites consist of thousands of layers of super-strong
materials, each layer angled precisely to achieve optimal strength. The complexity of
these designs, involving up to 100,000 variables, surpasses the capabilities of
classical supercomputers.

Currently, Boeing addresses this challenge by breaking the design problem into
smaller, manageable parts, a method that is effective but time-consuming and costly.
However, through its partnership with IBM, Boeing is exploring quantum computing
as a potential solution. In a recent experiment, they ran a 40-variable model on a
quantum computer, demonstrating that quantum algorithms could efficiently solve a
portion of the complex optimization problem.

While quantum computers are not yet large enough to fully solve these design
challenges, the collaboration marks a significant step toward utilizing quantum
computing to streamline the design of aerospace materials in the future. Boeing sees
quantum technology as a critical tool that will eventually help reduce costs and
improve the efficiency of material design in aerospace engineering.

Fig. 9 Decay of normalized hZ0Zii=hZ0Z1i expectation values for a 100-qubit GHZ state, demonstrating
quantum correlations as distance between qubits increases. Reproduced from [83]
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9.2 CERN

Unveiling the universe’s mysteries: CERN, known for its groundbreaking work in
particle physics, including the discovery of the Higgs boson, is collaborating with
IBM Quantum to explore new ways to analyze vast amounts of data generated by the
Large Hadron Collider (LHC). The LHC produces petabytes of data per second, and
analyzing this data requires a complex and powerful computational effort (1 million
classical CPU cores in 170 locations across the world). Currently, classical
supercomputers rely on a million CPU cores across 170 locations, but quantum
computing offers a potential solution to tackle problems beyond their reach.

By applying quantum machine learning, CERN is exploring how quantum
algorithms can reveal hidden patterns in LHC data. In early experiments, quantum
algorithms showed promising results, even matching the performance of CERN’s
best classical algorithms. This signals a future where quantum computing could help
uncover new physics, such as dark matter and unexplained particle behaviors, as
CERN continues to push the boundaries of our understanding of the universe.

9.3 ExxonMobil

Optimizing Energy Supply Chains: ExxonMobil is collaborating with IBM Quantum
to tackle some of the most complex optimization problems in global energy logistics,
particularly in the transportation of liquefied natural gas (LNG). As the global
population grows, so does the challenge of providing affordable, reliable, and
sustainable energy. One of the major hurdles ExxonMobil faces is ensuring that LNG
is transported efficiently across vast distances to meet fluctuating energy demands,
while minimizing carbon emissions and environmental impacts [84, 85].

Quantum computing offers a solution by exploring optimization problems in new
ways. IBM and ExxonMobil are developing quantum algorithms to model LNG
shipping routes, enabling faster and more efficient solutions. As quantum technology
advances, it could also help ExxonMobil with broader energy challenges like carbon
capture, low-energy processing, and sustainability. ExxonMobil aims to use quantum
computing to address global energy challenges, reduce costs, and improve efficiency
in transporting energy. The collaboration is positioning both companies to lead in
using quantum technology for the future of energy.

9.4 Cleveland clinic

Using the power of quantum to tackle key healthcare challenges: IBM and Cleveland
Clinic have announced a strategic 10-year partnership to advance healthcare and life
sciences through cutting-edge technologies, including quantum computing, hybrid
cloud, and AI. This collaboration aims to establish the Discovery Accelerator, a
platform designed to accelerate medical research and improve patient outcomes. The
initiative will focus on key areas such as genomics, single-cell transcriptomics,
population health, and drug discovery, with an emphasis on utilizing advanced
computational technologies to generate and analyze data.
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As part of this partnership, Cleveland Clinic received the first quantum computer
fully dedicated to healthcare, the IBM Quantum System One, located at its Lerner
Research Institute. This system will significantly enhance research capabilities and
contribute to the center’s Global Center for Pathogen Research & Human Health.

This collaboration aims to revolutionize healthcare discovery, potentially accel-
erating breakthroughs like vaccine development and the creation of personalized
medicine. By integrating quantum computing with classical computing and AI,
researchers hope to dramatically speed up research processes and tailor treatments
more precisely to individuals’ genetic profiles, moving beyond traditional trial-and-
error methods.

9.5 E.ON

Tackling electrical grid complexity: E.ON, one of Europe’s largest energy
companies, is using quantum computing to improve energy pricing and risk
management, particularly in predicting energy costs in the face of uncertain factors
like weather and consumption trends. Currently, E.ON relies on Monte Carlo
simulations for pricing energy derivatives, but these methods are limited by the
computational power of classical supercomputers. Through its partnership with IBM,
E.ON aims to harness quantum computing to solve these complex problems more
efficiently, with the goal of achieving “quantum advantage”-where quantum
algorithms outperform classical methods.

Together, IBM and E.ON have developed a quantum algorithm for managing
weather-related risks in energy pricing. This algorithm could potentially deliver more
accurate predictions for pricing and hedging decisions, benefiting both E.ON’s
operations and its customers by stabilizing energy costs. With advancements in
quantum computing, E.ON expects this collaboration to provide future competitive
advantages and greater efficiency in managing energy supply and pricing.

9.6 Mitsubishi chemical

Pursuing game-changing power sources with quantum: Mitsubishi Chemical, in
collaboration with IBM Quantum, is exploring groundbreaking power sources,
focusing on lithium-oxygen batteries as a potential leap forward in energy storage.
While lithium-ion batteries have been the standard for electric vehicles, they remain
heavy and limit vehicle performance. Lithium-oxygen batteries, however, promise to
be significantly lighter and offer much higher energy densities, potentially enabling
electric vehicles to travel further on a single charge.

The challenge lies in modeling the complex electrochemical reactions that occur in
lithium-oxygen batteries, particularly the lithium superoxide rearrangement process.
This is a task that current supercomputers struggle to handle efficiently. Quantum
computers can simulate these complex reactions at a molecular level, offering
insights that are impossible to achieve with classical methods.

The collaboration has already yielded successful results, including accurate
computational models of the discharge process in lithium-oxygen batteries. By using
quantum computing and developing new algorithms, the team is uncovering
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previously unknown phenomena and accelerating the discovery of new materials and
processes. These advancements could revolutionize battery technology, offering
more efficient, lighter, and longer-lasting power sources for a range of industries,
from automotive to energy production.

9.7 JSR, Mitsubishi chemical, and Keio University

Exploring new forms of light-emitting materials: IBM is collaborating with
Mitsubishi Chemical, JSR Corporation, and Keio University to explore new forms
of light-emitting materials using quantum computing. Their focus is on developing
advanced Organic LEDs (OLEDs) that are more energy-efficient, flexible, and
capable of producing brighter, more vibrant light without relying on rare and costly
heavy metals. This innovation could lead to OLEDs with broader color spectrums,
improved image quality, and even transparent, bendable displays.

The partnership aims to model and analyze complex molecular structures for
OLEDs using quantum computing. Traditional methods struggle to simulate these
molecules’ behavior, especially as their complexity increases. By using IBM’s
quantum devices, the team can simulate molecular properties at an atomic and sub-
atomic level, which is crucial for developing new, high-performance OLED
materials.

The key scientific challenge involves understanding electron transitions within
molecules-similar to bioluminescence in fireflies-where the transformation between
energy states produces light. Quantum computing enables more accurate simulations
of these processes, providing deeper insights into how molecules behave and interact
under different conditions. Although quantum computing is still in its early
stages [1], the partnership is making significant progress in refining these
simulations, accelerating the path toward energy-efficient, scalable OLED technolo-
gies with vast potential for applications like flexible, large-area displays.

9.8 Mercedes-Benz

Revolutionizing electric vehicle battery technology: Mercedes-Benz is collaborating
with IBM Quantum to accelerate the development of next-generation electric vehicle
(EV) batteries, with a focus on lithium-sulfur (Li-S) technology. While today’s
lithium-ion batteries have made significant strides in powering electric cars,
Mercedes-Benz envisions a dramatic leap forward in battery performance-doubling
or even quadrupling capacity, improving battery life, reducing energy loss, and
cutting costs. Achieving these breakthroughs could transform the automotive
industry and help Mercedes reach its ambitious goal of having more than 50% of its
car sales come from all-electric or plug-in hybrid vehicles by 2030.

The challenge lies in simulating complex molecular behaviors involved in battery
chemistry, a task that traditional supercomputers struggle with due to the immense
computational demands. Quantum computers, which operate on the same principles
as the molecules they aim to simulate, offer the potential to perform these simulations
more efficiently and accurately. By using quantum computing, Mercedes-Benz is
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looking to streamline the research and development process, potentially accelerating
the creation of viable Li-S batteries.

10 The quantum computing landscape

IBM’s contributions to quantum computing are undeniably significant, but they exist
within a much larger and rapidly evolving quantum computing landscape. To fully
appreciate the progress being made, it is important to recognize the valuable work
being done by other leading companies and research institutions, each taking
different approaches to tackle the complex challenges of quantum computing. By
considering these diverse contributions [86], we gain a more holistic view of the field
and its potential for transformative impact across industries. As quantum computing
continues to mature, collaboration, innovation, and the convergence of different
technologies will be essential for achieving the long-term vision of scalable, fault-
tolerant quantum computers.

10.1 The race is on

While IBM has made significant strides in quantum computing, particularly with its
superconducting qubit-based systems, it is important to place these efforts within the
broader quantum ecosystem. Several other companies and institutions are pursuing
different quantum technologies, with their own advantages and challenges. For
example, Google Quantum AI [87], a pioneer in quantum computing, utilizes
superconducting qubits as well, most notably with its Sycamore processor [76, 77],
which achieved quantum supremacy in 2019 [88]. Similarly, companies like Rigetti
Computing and Oxford Quantum Circuits (OQC) also focus on superconducting
qubits but are targeting different architectures and scalability solutions.

On the other hand, IonQ’s trapped ion technology [89] and Xanadu’s photonic
approach offer alternative methods for quantum computation [90], each with distinct
strengths. Trapped ion systems, such as those developed by IonQ [89], are known for
their long coherence times and high precision, though scaling these systems remains
a significant challenge. Photonic quantum computing [5, 6], championed by
companies like Xanadu, offers potential for easier integration with existing optical
technologies, though challenges remain in creating efficient photon sources and
detectors [5].

Neutral atom-based quantum processors [91], such as those being developed by
PASQAL and QuEra, represent another promising avenue. These systems leverage
arrays of neutral atoms that can be individually controlled with lasers, enabling a
more scalable architecture. While IBM’s efforts are primarily focused on supercon-
ducting qubits, the development of these alternative quantum computing technolo-
gies highlights the diverse approaches being pursued globally, each with its own
strengths, weaknesses, and scalability potential.

In addition to hardware diversity, cloud access has become a major trend, enabling
global access to quantum resources. IBM’s quantum platform, launched in 2016, was
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one of the first to provide quantum computing via the cloud. Other companies such
as Rigetti, IonQ, and Microsoft have followed suit, providing access to quantum
computing and fostering development of hybrid quantum-classical systems. These
systems combine the power of quantum processors for complex tasks with classical
systems for pre-processing and optimization, as seen in IBM’s Qiskit Runtime.

As shown in Table 43, several major players in the quantum computing space are
advancing different quantum technologies, ranging from IBM’s superconducting
qubits to other approaches such as trapped ions, photonics, and neutral atoms. It

Table 43 Major players in the quantum computing technology space

No. Developer Quantum hardware

Quantum computer Qubit technology Qubit counta

1 IBM Quantum Condor Superconducting 1,121

2 Rigetti Computing Ankaa-2 Superconducting 84

3 IonQ Forteb Trapped ions 36

4 Honeywellc System model H1 Trapped ions 20

5 Quantinuumd System model H2 Trapped ions 56

6 Google Quantum AI Willow Superconducting 105

7 Xanadu Borealis Photonics 216

8 Oxford Quantum Circuits OQC Toshiko Superconducting 32

9 PASQAL – Neutral atom 1,103

10 QuEra Aquila Neutral atom 256

11 Quandela Cloud MOSAIQ Photonics 12

12 Alibaba Quantume – Superconducting 11

13 Intel Quantum Tangle Lake Superconducting 49

14 USTCf Jiuzhang Photonics 76

15 Quantum Inspireg Starmon-5 Superconducting 5

An overview of companies that have made significant strides in developing quantum hardware, including
details on the type of qubit technology and the qubit count for each system. These companies are
facilitating access to quantum computing resources for both academic and commercial users, with some
offering cloud access to their quantum processors, while others (Amazon, Microsoft, Strangeworks, and T-
Systems) adopt a reseller model for web-based services. Note that the qubit counts may change as new
developments emerge in the industry.
aThe quantum processors and their qubit numbers may change at any time, akin to a race, and may
fluctuate due to advancements, new developments, or updates to their capabilities.
bForte is IonQ’s most powerful system to date, featuring the company’s largest single-core quantum
processor.
cMerged in Quantinuum.
dThe newly formed quantum computing company, created from the merger of Honeywell Quantum
Solutions and Cambridge Quantum, is named Quantinuum.
eAlibaba Quantum, the quantum computing division of Alibaba Group, discontinued its quantum com-
puting operations in late 2023.
fQuantum computers, developed by The University of Science and Technology of China.
gDeveloped by QuTech at TU Delft
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highlights innovators that have made substantial advancements in the development of
quantum hardware, providing information on the type of qubit technology employed
and the corresponding qubit count for each system.

Despite the rapid progress, quantum computing faces numerous challenges that
are common across the industry, including scalability, error correction, and qubit
coherence. IBM’s work on quantum error correction (QEC) and modular quantum
processors is part of a broader industry trend toward addressing these issues (as
detailed in Sect. 12), as seen with initiatives from companies like Google (see
Sect. 10.2) and Rigetti (see Sect. 10.3). The challenge of achieving fault tolerance
and scaling quantum systems remains a central focus for the entire quantum
ecosystem. In the following sections, we provide discussions of other major players
in the superconducting quantum computing space, such as Google Quantum AI and
Rigetti Computing, whose advancements are shaping the future of quantum
technologies. For a comprehensive overview of additional key players in the
superconducting quantum computing space, readers are directed to the recent review
by AbuGhanem in [86].

10.2 Google quantum AI

Google Quantum AI has made several groundbreaking advancements, particularly in
quantum error correction and the pursuit of quantum computational advantage [88].
These milestones mark significant progress in overcoming the challenges inherent in
quantum computing.

Google Quantum AI is focused on advancing superconducting (transmon)
qubits [92, 93], which show strong potential for scalable quantum computing due to
their compatibility with existing semiconductor technologies and their ability to
maintain high fidelity and coherence [94, 95]. Through efforts to reduce environ-
mental noise and enhance qubit design, Google has successfully extended qubit
coherence times [96], improving their stability and reliability. As, error manage-
ment [97] is a key priority for Google Quantum AI. By implementing advanced error
correction methods and refining qubit designs [96, 98, 99], they have significantly
reduced error rates, resulting in more accurate and stable quantum computations.

Google Quantum AI’s quantum processors are at the forefront of computational
technology, designed to address challenges that classical computers cannot
solve [88, 100]. Notable processors developed by the company include Fox-
tail [94, 95], Bristlecone [101], and Sycamore [88]. These processors are equipped
with advanced control and precision, enabling highly accurate manipulation and
measurement of qubits [88, 100].

In 2019, major breakthroughs in quantum computing were made, notably in the
demonstration of quantum supremacy [88]. Using a superconducting qubit processor
with 54 qubits, Google Quantum AI and collaborators demonstrated the ability to
create quantum states in a computational space of dimension 253 (about 1016) [88].
The SYC-54 processor completed this task in approximately 200 s, a process that
would take roughly 10,000 years on a top-tier classical supercomputer. Additionally,
the team tested the largest quantum circuit to date, consisting of 53 qubits and 20
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cycles, gathering 30� 106 samples across ten runs. The fidelity of the truncated
circuits was found to be ð2:24� 0:21Þ � 10�3, with the average circuit fidelity
estimated at no less than 0.1 [88].

In 2023, Google Quantum AI and its collaborators made significant strides toward
achieving quantum computational supremacy with the SYCA-67 and SYCA-70
quantum processors, which feature 67 and 70 qubits, respectively [1, 100]. These
experiments investigated the relationship between quantum dynamics and noise,
revealing phase boundaries that help explain how noisy quantum devices can still
improve their computational power. A major breakthrough was achieved in Random
Circuit Sampling (RCS) [102, 103], with the 67-qubit processor maintaining a
fidelity of 1:5� 10�3 after 32 cycles, which involved 880 entanglement gates. This
achievement marked a substantial increase in circuit complexity while preserving
fidelity compared to prior work. The RCS experiment demonstrated that even with
noise, the computational resources required for the 67-qubit processor exceed the
capabilities of current classical supercomputers.

The Google Quantum AI team, in collaboration with other researchers, has made a
significant breakthrough in quantum error correction. Their findings, outlined in
[104], demonstrate impressive reductions in logical error rates relative to physical
error rates across multiple Surface code implementations on superconducting
quantum processors. Using an upgraded 105-qubit processor, the team successfully
implemented a distance-7 code with 101 qubits and a distance-5 code with around 50
qubits. The distance-7 code achieved a logical error rate of 0:143%� 0:003%, with a

Table 44 System parameters for Rigetti’s state-of-the-art quantum processing units (QPUs), spanning from
their large-scale ANKAA systems to their 9-qubit research and development devices, including ANKAA-
9Q-3, ANKAA-9Q-1, ANKAA-2, ANKAA-1, and ASPEN-M-3.

Rigetti’s state-of-the-art QPUs

System parameters ANKAA-9Q-3 ANKAA-9Q-1 ANKAA-2 ANKAA-1 ASPEN-M-3

Qubits 9 9 84 84 80

Tunable couplers – 12 149 149 –

Median Time Duration (ls)

T1 Lifetime 21 16.8 14.8 10.5 23

T2 Lifetime 24 13 8.5 1.8 23

Median Fidelity (per operation)

Single-qubit gates 99.9% 99.9% 99.75% 99.74% 99.7%

Two-qubit gates (CZ) – – – 93.3% 93.3%

Two-qubit gates (ISWAP) 99.2% 98.5% 98% 94.9% –

Two-qubit gates (XY) – – – – 95%

The table includes key performance metrics such as qubit count, dephasing time (T2), relaxation time (T1),
single- and two-qubit gate operation times, and gate fidelities for each of these quantum systems. ANKAA-
9Q-3 was deployed on June 27, 2024.
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suppression factor of approximately 2:14� 0:02. This code also increased qubit
lifetimes by a factor of 2:4� 0:3 compared to the best-performing physical
qubit [88, 96, 105–107]. Additionally, the data showed a clear performance scaling as
the distance increased from 3 to 5 to 7, suggesting that a distance-27 code could
potentially achieve a 10�6 error rate with 1457 physical qubits [104].

Google has developed specialized software and hardware solutions to support the
creation of innovative quantum algorithms aimed at solving practical problems in the
near term. One such solution is Cirq, a Python library designed for creating,
manipulating, and optimizing quantum circuits. Cirq provides precise control over
quantum gates and operations, enabling researchers to fully leverage both quantum
computers and simulators.

As the field continues to evolve, Google Quantum AI’s ongoing efforts are
expected to play a pivotal role in shaping the future trajectory of quantum computing
and driving the next wave of technological breakthroughs. For a comprehensive
review of Google’s achievements in quantum technology over the past decade
(2013–2024), including detailed developments across both hardware and software
domains, readers are encouraged to refer to the review by AbuGhanem in [87].

10.3 Rigetti computing

Since 2017, Rigetti Computing has been providing continuous access to its quantum
computers via the cloud. With each new generation, the company has made
consistent progress in increasing qubit count and enhancing operation fidelity. These
advancements are bringing Rigetti closer to the pivotal moment when quantum
computers are expected to surpass classical systems in performance [1].

Rigetti’s quantum systems are powered by superconducting qubit-based proces-
sors, which leverage the principles of superconductivity to achieve high coherence
times and fast gate operations. These processors form the foundation of Rigetti’s
quantum computing platform, enabling the execution of complex quantum
algorithms with increasing efficiency and reliability. To date, the company has
deployed a range of quantum systems, including: ANKAA-9Q-3, ANKAA-9Q-1,
ANKAA-2, ANKAA-1, ASPEN-M-3, ASPEN-M-2, ASPEN-M-1, ASPEN-11,
ASPEN-10, ASPEN-9, ASPEN-8, ASPEN-7, ASPEN-4, ASPEN-1, ACORN, and
AGAVE.

These quantum processors are accessible via the AWS Braket Service. Addition-
ally, Rigetti’s latest innovation, the NOVERA QPU, builds on the same cutting-edge
technology as its ANKAA-class systems. The NOVERA QPU, designed for high-
performance applications, represents a significant leap forward, offering enhanced
capabilities for solving complex computational problems.

Rigetti’s quantum systems are specifically engineered to minimize errors, one of
the most significant challenges in the field of quantum computing [108–112]. To
address this, the company focuses on enhancing qubit coherence, gate fidelity, and
error correction protocols, which are crucial for improving the reliability and
scalability of quantum operations.
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As detailed in Table 44, the performance characteristics of Rigetti’s QPUs include
key metrics such as qubit count, dephasing and relaxation times (T2 and T1), single-
and two-qubit gate operation times, and gate fidelities. These parameters highlight
the advancements made across Rigetti’s quantum systems, from the large-scale
ANKAA architecture to the more compact 9-qubit research and development
devices.

In addition to hardware advancements, Rigetti’s quantum instruction language,
Quil, provides a high-level abstraction for programming quantum processing units
(QPUs). Resembling an assembly language for quantum computing, Quil enables the
specification of quantum circuits at both the gate and pulse levels, offering fine-
grained control over quantum operations. It also integrates classical instructions and
shared memory, allowing for hybrid quantum-classical algorithms.

11 IBM quantum’s technology roadmap

11.1 The IBM’s era of quantum utility

In 2023, an IBM and UC Berkeley groundbreaking experiment revealed a path
toward practical quantum computing [10]. This experiment demonstrated that
quantum computers could execute circuits beyond the capabilities of brute-force
classical simulations. For the first time, IBM Quantum has hardware and software
capable of running quantum circuits at a scale of 100 qubits and 3000 gates without
prior knowledge of the outcomes [11].

These advancements have prompted IBM Quantum to advocate moving beyond
traditional circuit models by embracing parallelism, concurrent classical computing,
and dynamic circuits. IBM Quantum emphasizes the necessity of a heterogeneous
computing architecture that integrates scalable, parallel circuit execution with
advanced classical computation [11].

IBM Quantum’s vision for the future involves quantum-centric supercomput-
ing [80, 81]. At the IBM Quantum Summit 2023, significant updates were
announced, bringing us closer to this goal, alongside an extended roadmap outlining
IBM Quantum’s journey toward quantum-centric supercomputing over the next
decade. This will enable more advanced utility-scale work and provide a seamless
development environment for IBM Quantum’s users, potentially even before
achieving fault tolerance [10, 11, 113, 114].

11.2 IBM quantum’s hardware development

To guide IBM Quantum’s mission toward achieving quantum-centric supercomput-
ing, IBM Quantum is extending its roadmap to 2033, spanning a decade of quantum
innovation. IBM’s quantum computing roadmap outlines a series of critical
milestones, reflecting both the progress made in quantum hardware and the tools
developed to unlock the potential of quantum systems. By 2023, IBM’s research and
development enabled quantum computers to perform computations that were
previously beyond the capabilities of classical machines, opening new possibilities
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for quantum applications (see Sect. 4). As the roadmap continues, the focus has
expanded to include both the scaling of qubits and the complexity of quantum
circuits, as measured by the number of gates that can be executed. Looking ahead to
2033, IBM is committed to delivering client-facing systems and services that
leverage these advancements, with the ultimate goal of harnessing the full power of
quantum-centric supercomputing. Key to this vision is the development of new tools
for users to explore quantum utility, as well as the incorporation of cutting-edge
techniques in machine learning and generative AI to enhance software performance.

IBM’s Quantum Hardware Development Roadmap has evolved through several
stages, marking key advancements in qubit count, gate fidelity, and error
correction [10]. Beginning with early quantum processors from 2016 to 2019,
IBM introduced the Canary processor (5 qubits), followed by the Albatross (16
qubits), Penguin (20 qubits), and the Prototype (53 qubits), each serving as stepping
stones in the development of quantum technologies. In 2020–2021, IBM’s Falcon
processor emerged, with a focus on benchmarking and operating at 27 qubits. This
was followed by the Eagle processor in 2022–2023, which continued benchmarking
advancements at 127 qubits.

Looking ahead, the Heron processor (2024) will support up to 133 qubits, capable
of executing 5000 gates. The Flamingo quantum processor, scheduled for
deployment from 2025 through 2028, will progressively scale with qubit counts
ranging from 156 qubits and 5000 gates in 2025, 7500 gates in 2026, 10,000 gates in
2027, to 15,000 gates by 2028, with different configurations each year.

Fig. 10 IBM Quantum Hardware Development Roadmap (2024–2033?). The evolution of IBM’s
quantum processors from the Canary (5 qubits) to the Blue Jay processor (2000 qubits, 1 billion gates)
expected in 2033 and beyond. Key milestones include advances in qubit count, gate performance, and error
correction, highlighting IBM’s commitment to scaling quantum computing for practical applications. The
roadmap spans critical developments, including the introduction of modular processors, error-corrected
systems, and the transition from benchmarking to full quantum-centric supercomputing. Adapted
from [115]
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In 2029, IBM plans to introduce the Starling processor, featuring 200 qubits and
the ability to handle up to 100 million gates, with an advanced error-correction
module that supports modularity [115]. By 2033 and beyond, IBM’s Blue Jay
quantum processor will reach an unprecedented milestone, with 2000 error-corrected
qubits and the ability to perform 1 billion gates, paving the way for truly scalable,
fault-tolerant quantum computing.

This milestone signifies a nine-order-of-magnitude increase in gate execution
capability since IBM Quantum first introduced its cloud-based devices in 2016. The
innovation roadmap will demonstrate the necessary technology to implement the
Gross code through processors named Flamingo, Crossbill, and Kookaburra,
utilizing l-, m-, and c-couplers, respectively [115]. Figure 10 illustrates the evolution
of IBM’s quantum processors from the Canary (5 qubits) to the Blue Jay processor
(2000 qubits, 1 billion gates) expected in 2033 and beyond.

11.3 Detailed IBM quantum’s roadmap: milestones (2016- 2033+ )

In this section, we provide a more comprehensive view of IBM’s plans for
maintaining its leadership in quantum computing over the next decade. Each
milestone in this roadmap is outlined in four key areas: (a) Strategy Overview, (b)
Significance for clients and society, and (c) Innovations that will enable this progress,
with an emphasis on (d) the delivery to clients and partners [115, 116].

1. Run Quantum Circuits on the IBM Quantum Platform (2016–2017) Introduced
the ability to execute quantum circuits on the IBM Quantum platform, enabling
practical experimentation and research on real quantum computers.

2. Public Release of Multi-Dimensional Roadmap with Initial Focus on Scaling
(2020) Published a comprehensive multi-dimensional roadmap, with an initial
emphasis on scaling quantum computing capabilities.

3. Enhanced Quantum Execution Speed by 100x with Qiskit Runtime (2021)
Achieved a 100-fold increase in quantum execution speed by integrating Qiskit
Runtime, significantly improving the efficiency of quantum algorithms.

4. Introduced Dynamic Circuits to Enable More Complex Computations (2022)
Implemented dynamic circuits, providing the flexibility to perform more
complex and adaptable quantum computations, unlocking new possibilities for
quantum algorithms.

5. Introduce Parallelization of Quantum Computations (2023)
ðaÞ Strategy Overview In 2023, IBM is focused on accelerating quantum
workflows by integrating parallelization into Qiskit Primitives.
ðbÞ Significance for clients and society Current quantum computing systems are
often limited by capacity, with some user jobs taking days to complete. By
implementing parallelization between Quantum Processing Units (QPUs) and
integrating quantum-classical resource parallelization, IBM can provide clients
with the ability to execute near-term algorithms more efficiently. This
development will reduce job completion times and enhance the overall utility
of quantum systems, bringing us closer to practical quantum solutions for
industries such as pharmaceuticals, finance, and materials science. Significance
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for clients and society:
ðcÞ The innovations that will enable this progress

● Middleware for task distribution Automatically manages the distribution of
tasks across available resources, ensuring that quantum computations are
handled more efficiently.

● Serverless tools These tools will simplify the user experience by allowing
clients to focus on algorithm development without worrying about managing
underlying infrastructure.

● Expanded classical resources in Qiskit Runtime By enhancing classical
computational power, IBM will speed up compilation processes, thereby
optimizing the performance and resource utilization of the QPUs.

ðdÞ Delivery to clients and partners

● IBM will connect multiple 100þ qubit Eagle processors using classical
communication, enabling more robust and scalable quantum workflows.

● Ahead-of-time compilation This feature will allow for better planning of
quantum jobs, maximizing the utilization of available QPUs and ensuring
more efficient execution of tasks across both quantum and classical systems.

6. Expand the Utility of Quantum Computing (2024)
ðaÞ Strategy Overview IBM aims to improve the quality and speed of quantum
circuits in 2024, enabling the execution of circuits with 5000 gates using
parametric circuits. This advancement will allow quantum systems to tackle
larger and more complex problems.
ðbÞ Significance for clients and society Qiskit Primitives, integrated with error
mitigation techniques, will provide a solid foundation for developers. This
platform will enable algorithm and application developers to focus on their
workflows while maximizing the quality of quantum hardware, ultimately
making quantum computing more practical and accessible for a wide range of
industries.
ðcÞ The innovations that will enable this progress:

● Built-in error mitigation This technology will automatically determine the
most effective method for reducing the impact of noise, improving the
reliability and accuracy of quantum computations.

● Transpiler services AI-powered transpiler services will optimize circuit
rewriting for specific hardware, ensuring that quantum circuits are as
efficient as possible on available systems.

● Watson Code Assistant This tool will assist users in writing Qiskit code,
helping them to program quantum systems more easily and efficiently.
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ðdÞ Delivery to clients and partners Multiple higher-quality 100? qubit Heron
processors will be interconnected using classical communication, providing
clients with enhanced quantum capabilities and ensuring greater scalability and
performance for their applications.

7. Demonstrate Quantum-Centric Supercomputing (2025)
ðaÞ Strategy Overview In 2025, IBM will prioritize improving the quality of
quantum circuits, allowing for the execution of up to 7500 gates. This milestone
will integrate modular processors, middleware, and quantum communication
technologies to showcase the first quantum-centric supercomputer, marking a
significant step forward in the integration of quantum and classical computing
resources.
ðbÞ Significance for clients and society The abstraction layer will shift from
quantum circuits to quantum functions, leveraging Qiskit patterns. This
transition will make quantum computing more user-friendly and accessible.
ðcÞ The innovations that will enable this progress

● Quantum node network A quantum node will be part of a larger network that
integrates both classical and quantum communication, enabling the effective
transfer and processing of information between quantum and classical
systems.

● Resource management A sophisticated resource management system will
coordinate quantum and classical workflows, optimizing the use of both
quantum processors and traditional computing resources.

● Qiskit libraries and APIs Qiskit will provide libraries of quantum functions
and higher-level APIs, making it easier for developers to create algorithms
and applications for quantum systems.

ðdÞ Delivery to clients and partners Pre-built Qiskit functions and optimized
libraries will be available to clients, enabling faster development of quantum
algorithms. Additionally, IBM will demonstrate a 1000? qubit Flamingo
system, constructed from multiple processors and multiple chips per processor,
showcasing the potential of large-scale quantum computing.

8. Scale Quantum Computing (2027)
ðaÞ Strategy Overview In 2027, IBM will scale quantum systems by improving
qubits, electronics, infrastructure, and software. The focus will be on reducing
the footprint, cost, and energy usage while improving the quality of quantum
circuits to enable the execution of up to 10,000 gates.
ðbÞ Significance for clients and society Scaling quantum systems will allow
users to tackle larger and more complex computations. The seamless integration
of multiple computing resources will optimize workflow management, extend-
ing the computational reach and practical applicability of quantum systems for a
variety of industries.
ðcÞ The innovations that will enable this progress
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● Intelligent orchestration This system will analyze workflows to determine
the most efficient allocation of resources (QPUs, communication, and
classical resources), ensuring that quantum tasks are handled optimally.

● Qiskit error orchestration Qiskit will integrate approaches to manage errors
effectively, ensuring noise-free outputs and more reliable quantum compu-
tations for users.

ðdÞ Delivery to clients and partners The performance of IBM’s Flamingo
systems will be enhanced, allowing clients to run quantum circuits with up to
10,000 gates and 1000? qubits, enabling the execution of larger and more
sophisticated quantum tasks.

9. Deliver a Fully Error-Corrected System (2029)
ðaÞ Strategy Overview In 2029, IBM will deliver a quantum system with 200
qubits, capable of running 100 million gates. This system will incorporate
advanced quantum error correction techniques to ensure reliability and scalability.
ðbÞ Significance for clients and societyWith this breakthrough, users will be able to
tackle large-scale problems using high-rate quantum error correction, greatly
expanding the practical applications of quantum computing. This will enable clients
to solve previously intractable problems across various industries, from materials
science to cryptography.
ðcÞ The innovations that will enable this progress

● Novel error correction code A new, efficient error correction code will
extend the computational reach of quantum systems, enabling reliable
computation at scale.

● Dedicated classical hardware Low-level classical hardware will be
integrated into the quantum system to support error correction, enhancing
overall performance.

● Quantum-centric supercomputing compiler A specialized compiler will
optimize workflows for the quantum system, ensuring the most efficient
execution of complex tasks.

ðdÞ Delivery to clients and partners The Starling system will be available to
clients, offering a modular, error-corrected quantum-centric supercomputer with
200 qubits and the ability to run up to 100 million gates, enabling the execution
of large-scale quantum applications.

10. Deliver Quantum-Centric Supercomputers with 1000’s of Logical Qubits
(2030?)
ðaÞ Strategy Overview Beyond 2033, IBMwill deliver quantum-centric supercom-
puters with thousands of qubits, capable of running 1 billion gates. These
advancements will unlock the full potential of quantum computing, opening the
door to solving some of themost complex problems across awide range of industries.
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ðbÞ Significance for clients and societyQuantum computers running algorithms with
thousands of logical qubits are expected to revolutionize industries by enabling
general-purpose applications in fields such as security, chemistry, machine learning,
andoptimization.Thiswill provide solutions to real-world problems that are currently
out of reach for classical systems.
ðcÞ The innovations that will enable this progress
● Efficient logical decoding This technology will allow 2000 qubits to

function within a distributed 100,000-qubit machine, significantly enhancing
the computational capacity of quantum systems.

● Middleware for noise management The middleware will include distributed
software tools designed to manage noise-free quantum computations,
enabling seamless integration with classical computing resources.

● General-purpose quantum libraries in Qiskit Qiskit will provide a set of
libraries for general-purpose quantum computing, simplifying the develop-
ment of quantum algorithms and applications for developers.

ðdÞ Delivery to clients and partners The 100,000-qubit Blue Jay system will
define 2000 logical qubits, capable of running a total of 1 billion gates. The
middleware will integrate this system into increasingly powerful quantum-
centric supercomputers, enabling clients to harness the full power of quantum
computing for complex applications.

11.4 IBM quantum safe

Advancements in quantum technology highlight the need for new cryptographic
methods based on mathematical challenges that are challenging for both quantum
and classical computers to solve. IBM Quantum Safe aids enterprises in evaluating
their cryptographic security and updating their cybersecurity strategies for the era of
practical quantum computing.

IBM Quantum Safe roadmap outlines ongoing efforts to advance research in
quantum-safe cryptography, collaborate with industry partners to promote adoption
of post-quantum cryptographic solutions, and innovate new quantum-safe technolo-
gies. This includes “IBM Quantum Safe Explorer,” a cryptographic discovery tool
launched in October 2023.

12 Toward fully fault-tolerant quantum systems

Fault-tolerant quantum computing refers to the ability of a quantum computer to
perform computations accurately despite the inevitable errors that arise from noise
and imperfections in quantum hardware. As quantum computing continues to evolve,
the goal of achieving fully fault-tolerant quantum systems becomes increasingly
critical. Quantum systems inherently face challenges due to noise, decoherence, and
errors arising from imperfections in quantum hardware. Overcoming these obstacles
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is essential to realizing the full potential of quantum computers, which will require
not only scaling systems to larger sizes, but also ensuring they remain reliable and
accurate as they grow in complexity. In the following sections, we explore the key
challenges and solutions that will pave the way toward fault-tolerant quantum
computing, examining the progress IBM is making toward building practical, fully
fault-tolerant quantum systems capable of tackling real-world problems.

12.1 Scalability challenges

While IBM has made significant strides in quantum computing, several challenges
remain in developing fault-tolerant systems, particularly related to noise, error
correction, and qubit connectivity [117]. One of the core limitations in IBM’s current
quantum architecture lies in the trade-offs of superconducting qubits when compared
to other qubit types, such as trapped ions [89] or photonic qubits [5, 6].

Scalability remains another one of the most significant challenges in the
development of quantum computing [14]. As quantum systems grow in size, the
complexity of managing qubits, minimizing noise, and maintaining coherence
increases exponentially. Quantum processors require ultra-low temperatures, preci-
sion control, and error correction to function properly, and these systems become
harder to manage as qubit counts rise. Furthermore, connecting large numbers of
qubits without introducing excessive error rates or cross-talk between them is a
critical hurdle. As the quantum volume grows, the need for efficient qubit
interactions, fault tolerance, and the ability to scale quantum systems without
diminishing performance becomes increasingly difficult to achieve.

12.2 Scalability solutions

IBM Quantum is addressing scalability challenges [14] through a combination of
hardware innovations, modular architectures, and advanced error correction
techniques. According to IBM Quantum’s development roadmap (as detailed in
Sect 11.3), the company plans to scale quantum systems by improving qubits,
electronics, infrastructure, and software. The focus will be on reducing the footprint,
cost, and energy consumption, while improving the quality of quantum circuits.

IBM Quantum also emphasizes modular quantum computing, where smaller
quantum processors are interconnected to form a larger, cohesive system, enabling
scalability without the limitations of a single processor. This modular approach will
be vital for future quantum processors like Starling (2029) and Blue Jay (2033?),
allowing for an increase in qubit count without sacrificing system performance.
Additionally, IBM Quantum is advancing quantum error correction strategies to
enhance fault tolerance, which is essential for scaling quantum computers while
maintaining accuracy. As qubit counts grow, advanced error correction protocols will
be necessary to maintain reliability. IBM is working on error correction methods (see
Sect. 12.3) that will be essential for processors like Starling, supporting up to 200
qubits and enabling fault-tolerant quantum computing. Furthermore, IBM’s integra-
tion of AI and classical-quantum hybrid systems improves scalability by optimizing
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quantum algorithms and offloading certain computations to classical systems,
making the overall system more efficient.

Looking ahead, IBM is exploring quantum networking to link multiple quantum
processors into distributed systems. These quantum networks will enable large-scale
quantum computation by allowing processors to collaborate seamlessly, as seen in
systems like Blue Jay, which will feature up to 2000 qubits and 1 billion gates.

As IBM Quantum moves toward quantum-centric supercomputing, the company
aims to overcome the fundamental limitations of scaling quantum systems, enabling
the execution of increasingly sophisticated quantum tasks with improved error
resilience and faster processing speeds. Through these efforts, IBM strives to make
large-scale, practical quantum computing a reality, addressing the challenges of
noise, qubit connectivity, and system management as quantum systems evolve.

12.3 Quantum error correction

Currently, IBM’s quantum error mitigation and quantum error correction (QEC)
research focuses on developing the necessary quantum codes and modular
approaches to scale quantum processors while maintaining reliability [118–122].
The company is actively working on logical qubit implementations using surface
codes and other error correction schemes [97, 123, 124]. The study in [118]
introduced a post-processing method for error correction, allowing a quantum
computer with 127 qubits to compute the physical properties of a complex model
system-something that is beyond the capability of classical computers.

Fig. 11 The complete cycle of syndrome measurements, which involves 7-layers of CNOT gates. The
circuit provides a local view, highlighting just one data qubit from each of the registers qðLÞ and qðRÞ. The
circuit is symmetric, allowing for vertical and horizontal shifts of the Tanner graph. Each data qubit
interacts with 3 X-check qubits and 3 Z-check qubits via CNOT gates. Reprinted with permission under the
Creative Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/)
from [125]
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Additionally, A recent IBM’s study [125] discusses a quantum error correction
protocol aimed at addressing the accumulation of physical errors [126–128], which
hinder large-scale computations on current quantum computers. The proposed
approach encodes logical qubits into a larger number of physical qubits, enabling
error suppression to maintain computation fidelity [97]. The protocol employs
(LDPC) low-density parity-check codes to achieve a notable error threshold of 0.7%,
comparable to the performance of the surface code, which has been a leading error-
correction method for two decades [129–132]. The method requires a specific qubit
configuration, including ancillary qubits for syndrome measurement and a circuit
with controlled-not gates. The study demonstrates that it is possible to preserve 12
logical qubits over nearly 1 million syndrome cycles using only 288 physical qubits,
far fewer than the 3000 physical qubits the surface code would require. This work is
believed to bring low-overhead fault-tolerant quantum memory closer to practical
implementation on near-term quantum processors [125]. Figure 11 illustrates the
complete cycle of syndrome measurements, which involves 7-layers of CNOT gates.

A quantum error-correcting code is classified as LDPC if each check operator
interacts with only a small number of qubits, and each qubit is involved in a limited
number of checks. Various variants of LDPC codes have been proposed, including
hypergraph product codes [133], hyperbolic surface codes [134–136], balanced
product codes [137], quantum Tanner codes [138, 139], and 2-block codes based on
finite groups [140–143].

IBM Quantum introduces several high-rate LDPC codes designed for QEC,
capable of operating with a few hundred physical qubits. These codes are optimized

Fig. 12 Tanner Graphs of Surface and BB Codes. a A Tanner graph for a surface code, used for
comparison. b The Tanner graph of a bivariate bicycle (BB) code with parameters [12, 12, 145], arranged
on a torus. In this graph, data qubits (represented by blue and orange circles) are linked to check vertices by
edges. Each vertex connects to 6 other vertices, with 4 of these edges being short-range (pointing in the
cardinal directions, NSEW) and two being long-range, though only a few long-range edges are shown for
simplicity. The graph is split into two planar subgraphs, marked by dashed and solid edges. c An extended
Tanner graph for integrating measurement operations (X̂ and Ẑ) with a surface code. This extension
supports quantum teleportation and logical operations through load-store operations, facilitated by
additional edges ('A’ and 'B') within a thickness-2 architecture. Reprinted with permission under the
Creative Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/)
from [125]
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for error thresholds around 0.7%, performing well in the near-threshold regime and
reducing the encoding overhead by a factor of 10 compared to traditional surface
codes. Importantly, the hardware requirements for implementing these codes are
relatively modest, with each physical qubit only needing to interact with six
neighboring qubits through two-qubit gates.

The error correction protocols developed in [125], involve efficient decoding
algorithms, low-depth syndrome measurement circuits, and fault-tolerant techniques
for handling individual logical qubits. While the qubit connectivity graph of these
codes is not locally embeddable into a 2D grid, it can be deconstructed into 2 planar
degree-3 subgraphs, making it suitable for superconducting qubit architectures. This
qubit connectivity structure can be realized by arranging 2 planar layers of couplers
on a chip, which aligns well with the design of superconducting qubits connected by
microwave resonators.

The codes IBM develops are a generalization of “bicycle codes” [144] and are
named “bivariate bicycle (BB) codes”. These stabilizer codes follow the “Calder-
bank-Shor-Steane (CSS)” type [145, 146] and are described by 6-qubit check
operators composed of Pauli X and Z operators. While similar to the 2-dimensional
toric code in structure [129], the BB codes differ in that their check operators are not
geometrically local and involve interactions across 6 qubits rather than four.

The BB codes are described using Tanner graphs, where each vertex represents
either a data qubit or a check operator, and edges connect them based on the
interactions between qubits and checks. Each BB code’s Tanner graph has a vertex
degree of 6 and graph thickness of two [147], meaning it can be decomposed into 2
edge-disjoint planar subgraphs (see Fig. 12). This thickness-2 connectivity is ideal
for superconducting qubit systems, making the code architecture well-suited for
current quantum hardware.

While superconducting qubits present certain hardware trade-offs and scaling
challenges, IBM’s approach-focused on error correction, modular hardware, and
quantum-classical integration-is paving the way for the development of more
reliable, fault-tolerant quantum systems.

12.4 Toward practical fault-tolerant quantum systems

IBM’s vision for the future of quantum computing with superconducting qubits
highlights the challenges and strategies necessary for overcoming them [15].
Achieving a computational advantage with quantum systems will require substantial
improvements in quantum error correction to deal with challenges such as noise,
qubit connectivity, and other hardware limitations [7]. In the short term, IBM sees
promise in combining multiple quantum processing units (QPUs) through “circuit
knitting” and enhancing performance with error suppression techniques, may enable
near-term quantum advantages [1]. This approach, along with the development of
heuristic quantum algorithms [15], is expected to lead to progress toward solving
problems with super-polynomial speedup. Additionally, seamless integration
between quantum and classical processors is central to the concept of “quantum-
centric supercomputing”, as a novel architecture where quantum hardware and
software work in concert to deliver high-performance solutions [15]. It is specifically
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designed to implement error mitigation, circuit stitching, and heuristic quantum
algorithms alongside significant classical computations.

Looking further ahead, IBM’s long-term plans involve leveraging higher-
dimensional qubit connectivity, moving beyond simple 2D topologies, to facilitate
more efficient error correction [119, 129, 138, 148–150]. They also emphasize the
importance of modular architecture designs to scale QPUs and enable parallel
execution of quantum circuits. Superconducting qubit architectures face several
trade-offs, such as the challenge of maintaining high fidelity (99.99% or greater)
while scaling. IBM is tackling these challenges with a combination of error
mitigation techniques and improvements in both hardware and software to improve
quantum system performance. Additionally, scaling up qubit systems introduces
further complexities, such as the increased difficulty of controlling larger arrays of
qubits and managing heat dissipation. To address these issues, IBM is exploring
modular architectures and developing new error correction strategies, like Quantum
LDPC codes [133, 151–153], which provide higher thresholds for error tolerance and
improve the scalability of quantum systems.

While fault-tolerant quantum computing remains an ongoing challenge, IBM is on
track to demonstrate the key principles required for building such systems.
According to IBM’s roadmap (Sect. 11.3), they aim to demonstrate a full fault-
tolerant quantum system (quantum-centric supercomputers with thousands of logical
qubits) by 2033 or later. This system will be able to perform error-corrected quantum
computations at scale, potentially solving real-world problems in fields such as
materials science, optimization, and cryptography.

13 Conclusion

Quantum computing is poised to revolutionize various industries, with major players
like IBM Quantum driving these advancements. This study illuminates the rapid
evolution and promising future of quantum computing within IBM Quantum. From
pioneering quantum hardware advancements to robust software frameworks like
Qiskit, IBM continues to redefine the boundaries of quantum technology.

We have delved into IBM Quantum’s dynamic journey in quantum computing,
providing comprehensive performance evaluations of current and retired quantum
computers that illustrate their evolution and future prospects. The documented
metrics underscore IBM Quantum’s unwavering commitment to advancing quantum
computing technology, offering a comparative framework across different systems
and highlighting significant technological strides over time.

Additionally, we explored the practical applications of IBM’s quantum systems
across a range of industries, including airlines, banking, healthcare, insurance, life
sciences, and more. Through strategic partnerships with organizations like Boeing,
CERN, ExxonMobil, and Mercedes-Benz, IBM is demonstrating how quantum
computing is making an impact and bridging the gap between theoretical research
and real-world solutions.

As we move toward quantum-centric supercomputing and quantum-safe cryp-
tography, IBM Quantum’s trajectory promises transformative capabilities. With
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ongoing innovations and collaborative efforts, IBM Quantum is poised to ushering in
a new era of computing prowess, offering profound implications across scientific,
industrial, and cryptographic domains.

Looking ahead, significant challenges remain in scaling quantum systems and
achieving fault tolerance. These hurdles, such as cryogenics, control electronics, and
error correction, must be addressed to unlock the full potential of quantum
technologies. While quantum advantage in areas like optimization and quantum
chemistry is anticipated, realizing fault-tolerant quantum systems will likely take
several more years. Nonetheless, the progress made so far positions IBM and the
broader quantum ecosystem to overcome these bottlenecks with continued innova-
tion and collaboration.

Collaborative efforts within the quantum computing community, including
strategic partnerships and open-source initiatives, will be pivotal in unlocking the
full potential of quantum technologies. As a leader in the field, IBM Quantum is
positioned to drive these collaborations, fostering innovation across industries,
academia, and government. Moreover, substantial funding and investments at both
national and international levels will be crucial in driving research, accelerating the
development, scaling, and deployment of quantum technologies. IBM’s ongoing
leadership, alongside these collaborative efforts, will be key in realizing the
transformative capabilities of quantum computing in the coming decades.
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