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The Path to Quantum Computing Today 
Quantum computing (QC) may one day enable solutions to perform 
computational challenges that classical computing will never find 
traction on – at least not on any human-relevant timescale. While this 
would almost certainly lead to significant downstream scientific and 
technological breakthroughs, including progress on responding to 
climate change and finding key new medicines for some of humanity’s 
greatest health challenges, achieving this kind of “quantum 
advantage” is both far from certain, and difficult to measure as a 
series of interim goals. In this note, Omdia discusses why clarity on 
progress towards quantum advantage is hard to find, why this lack of 
clarity is a challenge for the industry, and how the industry might 
find benefit using a framework to think about progress towards 
quantum advantage. 

Quantum advantage is a current term of art in the industry to denote 
QCs’ ability to outperform classical computers (having mostly replaced the older, and now mostly 
disfavored, phrase “quantum supremacy”). Unfortunately, “quantum advantage” is used in different 
ways and in different contexts, leading to confusion by potential and current adopters about the current 
and possible future capabilities of QCs, and what adopters can expect in terms of timelines. This 
confusion increases uncertainty and risk regarding the investments that adopters should make in QC, 
and when. Should adopters start to invest now, even if only to experiment and learn about QC 
technology? What scale of investment would lead to a useful outcome? 

Quantum computing 
(QC) may one day 
enable solutions to 
perform 
computational 
challenges that 
classical computing 
will never find traction 
on – at least not on 
any human-relevant 
timescale. 



 

In Pursuit of Fault Tolerant Quantum Computing 2 

Commissioned Research 

 

Tracking the Early Adopters 
Omdia’s research suggests that adoption of QC technology is already 
relatively strong, at least among government, academic, and large 
commercial users (think “Global 2000” companies). We estimate there 
are nearly 500 adopters of QC technology in 2023, and this will rise to 
nearly 6,300 by 2027 and to over 18,000 by 2032. How much are these 
adopters investing in their efforts? Based on anecdotal as well as 
survey-based findings, the typical project spend is in the low single digit 
millions of dollars per year. For example, in Omdia’s 2023 QC adopter 
survey, the largest segment (26%) of respondents in China, Germany, 
and the US stated that their organizations had committed to an annual 
budget of between $1 million and $2 million. And by the way, 13% of 
respondents selected the response of “More than $5 million”.  

What are these adopters getting for their investments? In most cases, these seem to be efforts to 
experiment with QC technology to learn about its capabilities, upskill staff and develop internal QC 
expertise, and, in some cases, to start to develop intellectual property rights (IPR) protections related to 
quantum algorithms adapted for specific applications.  

 

Needless to say, spending millions of dollars on experiments and benchmarking exercises is not an 
option for all potential adopters. However, many adopters view such investments as an “insurance 
policy” against the very real possibility that large scale, fully fault tolerant QCs (FTQCs) could be 
transformative across many industries where complex computational challenges loom large, such as life 
sciences, manufacturing, energy, or chemicals and materials. No company wants to be at a disadvantage 
if and when QC technology passes a “quantum advantage” inflection point (if nothing else, the recent 
and sudden prominence of generative AI and the resulting scramble among executives to determine 
their “ChatGPT play” has been an object lesson on the need to prepare to run the race before the race 
actually starts).  

In some limited cases, however, adopters do claim to find an “advantage” today, even with current 
noisy, intermediate-scale quantum (NISQ) QCs: in the adopter survey referenced above, 29% of 
respondents stated that their organization already sees a “commercially relevant” advantage to using 
QCs (this was particularly true for respondents of Chinese-
headquartered organizations, interestingly). This is a surprising result, 
and one that drives to the heart of the challenge facing in the industry 
of just how we determine when we have a “quantum advantage”. 
Leaving aside a (probably very large) portion of these respondents 
who may define a “commercially relevant” advantage as the ability 
simply to experiment with QC technology and to “prepare to run the 
race”, we find that addressing the definitional challenge is key, as we 
now discuss below.  
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For example, Omdia knows of one major life sciences company that spent what Omdia 
estimates as about $2.5 million for 500 hours of quantum processing unit (QPU) time to 
run a benchmarking project. The company did not develop a directly operational 
capability with this investment – rather, it plans to run this benchmark again in a few 
years to determine how state of the art for QC technology has advanced for the 
company’s specific needs. 



 

In Pursuit of Fault Tolerant Quantum Computing 3 

Commissioned Research 

 

Breaking Down the Quantum 
Advantage 
Omdia believes that “quantum advantage” can be decomposed into three 
consecutive and increasing levels of capabilities relative to classical computing: 

• Commercial advantage is in the eye of the beholder, when an adopter 
believes they receive some commercial benefit to using QC compared to the traditional classical 
computing solution they would normally use. This type of advantage may be in speed but could 
also be measured in the quality of the results or the cost to achieve the results. 

 

 

 

 

A key point to emphasize here is the comparison of the QC results to the “traditional classical 
computing solution” that would normally be used for the application. One could argue that the 
adopter should bypass NISQ era QC and move directly to developing a classical high-
performance computing (HPC)-based solution instead. Nevertheless, organizations can have 
reasons to prefer trying QC over trying classical supercomputers (such as a desire for data 
privacy combined with an unwillingness to build and operate a supercomputer). 

• Computational advantage is more objective but still, in many or most cases, empirical rather 
than formally provable or absolute. For instance, in June 2023, IBM Quantum announced that it 
had achieved a more accurate computational result for a problem of commercial interest than 
could be returned from a classical supercomputer (i.e. not just “the traditional alternative 
solution” but the best that classical computing can offer). Interestingly, within a week several 
other research groups responded that they had found better classical algorithms that 
outperformed the IBM Quantum result. IBM Quantum positions this as a healthy back and forth 
between the QC and classical computing camps. This result is important, however, because it 
highlights that a strong rationale for using QCs operationally may exist even in the NISQ era, if, 
as expected, QC technology continues to advance along a spectrum of growing scale and 
increasingly performant error suppression and error mitigation capabilities. If these capabilities 
advance sufficiently, NISQ-era QCs may be able to provide a computational advantage in some 
instances over classical computing. It may be unclear how long each period of QC computational 
advantage might last before QCs are once more surpassed by classical HPCs, but we might 
expect that over time, and with further QC technology advancements, these periods grow 
increasingly longer. This would be highly positive in moving customers from small-scale 
experiments to large-scale operations. However, this conjecture is very speculative, and we 
need to stress that many experts in the field believe that NISQ-era QCs will never provide a 
computation advantage over classical computing. 

• Tractability advantage is what many people think of as “quantum advantage” ― the point at 
which no classical supercomputer could conceivably match the results of a QC, at least on 

For example, one air cargo transport company conducted a test using historical logistical 
data in which a QC was able to show how to successfully load and transport the 20% of 
cargo in the dataset that the classical logistics system had been unable to allot space for 
on the planes. Had the QC been used operationally, the ability to move this cargo in the 
first instance would have resulted in more efficient revenue generation since the cargo 
company is only paid for cargo that reaches its destination. 
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human-relevant timescales (in other words, if it took a supercomputer 100 years, or 1,000 years, 
to complete a calculation, it’s probably useless as a practical matter). It will almost certainly take 
an FTQC to achieve this, and most estimates are that this will require another 10 or more years 
to develop. There is also the consideration of where the industry will see a true superpolynomial 
or exponential advantage, as we will discuss further below. Although, even if tractability 
advantage is “limited” to physical simulation, this alone would be a world-changing result with 
vast economic and societal impacts. 

The Quantum Tractability Advantage and Microsoft’s Goal 
Simply put, while isolated examples of “quantum commercial advantage” are periodically announced 
(almost always in the context of experimentation rather than operational use), these are very far from 
the full potential of QC if FTQCs are achievable. Commercial advantage might provide an incremental 
benefit on a case-by-case basis, but will not be the inflection needed to, for example, meet Microsoft’s 
aspirational goal to “compress the next 250 years of scientific discovery into the next 25.” For that, the 
industry will need to achieve “quantum tractability advantage”. 

Achieving such a tractability advantage will require perhaps up to ten or more years and necessitate 
significant scientific and technical breakthroughs. These advances will be necessary in both the 
development of FTQCs (i.e. large volumes of logical qubits) and, if possible, the discovery of new 
superpolynomial quantum algorithms. On the hardware front, there are half a dozen promising physical 
qubit modalities, ranging from various types of superconducting circuit qubits to nitrogen vacancy (NV 
centers).  

Notably, Microsoft Azure Quantum recently passed a key milestone in developing its own 
type of qubit—a topological qubit—that should be significantly more robust than current, 
more established qubit technologies, if fully realizable.  

To give a sense of the potential performance benefit of topological qubits, Microsoft 
Azure Quantum is targeting error rates of 10^-4 (compared to current state of the art 
error rates ranging from 10^-2 to 10^-3) and suggests that a path exists to achieve error 
rates as low as 10^-6. While quantum error correction codes would still be needed to 
achieve the 10^-12 to 10^-18 error rates necessary for FTQC, this order(s) of magnitude 
improvement will have a material benefit in the types of QEC codes that are used, and 
how they are used, which in turn has a benefit in the ratio of physical to logical qubits 
required for FTQC. This improvement in ratio scaling, in turn, positively impacts how 
quickly FTQCs can progress along the “quantum supercomputer” performance spectrum.  

Relatedly, Microsoft expects their topological qubits to lead to benefits in QPU size, per 
operation speed, and relieving the I/O bottleneck between the qubits and the classical 
control system. More specifically, Microsoft plans to fit more than a million physical 
topological qubits on a wafer that is smaller than the security chip on a credit card. This 
should negate the need for complex, entangled quantum communications between 
multiple modules in a QPU. Likewise, Microsoft’s goal is for a per operation speed as low 
as 100 nanoseconds, on par with superconducting circuit qubits. Finally, Microsoft has 
developed a cryoCMOS approach to control chip design to enable placement of control 
circuitry physically close to the qubits, in the same cryogenic system, albeit in a different, 
thermally isolated segment. It is critical that lower physical error rates do not come at 
the price of reduced speed in the case of topological qubits. Moreover, they also have a 
path to solving the I/O bottleneck through cryogenic CMOS control because their 
operations are fundamentally digital, not analog. 
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The Industry Challenges Ahead 
The major project for QC hardware will be to increase both the number of 
qubits and to reduce the error rates of the physical qubits, which is directly 
implicated in how effectively quantum error correction (QEC) codes can be 
implemented in the creation of logical qubits. Essentially, the physical qubit 
error rate must be about 100 to 1,000 times lower than the QEC code 
breakeven error threshold to enable logical qubits based on a “practical” ratio 
of physical to logical qubits in the range of several hundred to one or a thousand to one. (If the physical 
qubit error rate is just slightly below the QEC code breakeven error threshold, each logical qubit would 
require a completely unrealistic several hundred thousand physical qubits),.  

The need for superpolynomial quantum algorithms is an underappreciated challenge in the industry. 
Basically, due to the overhead inherent in QC operation compared to classical computers, a quantum 
tractability advantage is likely only achievable (even for FTQCs) if the quantum algorithm offers a 
superpolynomial, and ideally an exponential, advantage over the classical analogue. Unfortunately, to 
date it appears that to achieve such a speedup requires an underlying structure to the computation 
itself (rather than be a “black box” computation requiring each potential solution to be tried in parallel). 
Shor’s Algorithm for factorization leverages such structure. Likewise, algorithms for the simulation of 
quantum mechanical physical systems show such structure (i.e. the way electrons interact with nearest 
neighbors), although, the very fact that quantum systems are governed by quantum mechanics 
inherently make them exponentially harder to model and compute on classical computers compared  
with using a QC. 

However, we haven’t yet found similar structure for algorithms in the 
quantum machine learning (QML) and combinatorial optimization use 
cases, at least in a broad-based way applicable to many or most QML 
and combinatorial optimization algorithms. Perhaps such structure 
will be found eventually with the efforts of the growing quantum 
community to unlock new solutions. If not, it’s very likely that 
quantum tractability advantage will be focused on applications 
requiring the simulation of quantum mechanical physical systems like 
chemistry and materials science. Even if this turns out to be the case, 
this would arguably be a fantastic, earth-changing result, leading to 
the types of advances mentioned at the outset of this note. 

Nevertheless, the semantic ambiguity around the term “quantum 
advantage”, the diversity of approaches to instantiating physical (and logical) qubits, and the complexity 
in finding superpolynomial quantum algorithms, all make measuring and understanding the industry’s 
progress towards quantum tractability advantage exceedingly hard to do. Particularly for QML and 
combinatorial optimization use cases, we may only be able to understand advantage as an empirical 
result, requiring many instances of such an advantage being announced by multiple adopters before the 
industry can collectively have confidence that a specific implementation of QC technology truly does 
offer a benefit over classical computing alternatives. This both makes it challenging for potential 
adopters to organize their investments in QC technology, and, concurrently, for vendors to find sales 
traction. 
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Adopters need benchmarks and a framework for thinking about the development of QC technological 
capabilities in order to rationally allocate investments. Originally (and still), the total number of physical 
qubits has been one simple benchmark for QC functionality, and most vendors announce the number of 
qubits offered by their system. More recently, “quantum volume” (a measure that seeks to embed 
multiple functional parameters in one number) has gained popularity. However, quantum volume, and 
related measures that focus on the performance of physical qubits, will offer an incomplete view of the 
performance of FTQCs as we move into a regime of computation using logical qubits. A broader view 
that extends into the FTQC era will be needed.  

Introducing rQOPS and the Quantum 
Computing Implementation Levels 
Framework 
A possible way for the industry to benchmark efforts in the FTQC regime is 
encompassed by Microsoft Azure Quantum’s proposal for the “reliable 
quantum operations per second” (rQOPS) metric and Quantum Computing Implementation Levels 
framework. rQOPS is a new industry metric proposed by Microsoft to help understand how capable a 
quantum system is of solving tangible problems (as opposed to only considering qubit performance). It 
is calculated by multiplying the volume of logical qubits in a system by the hardware’s logical clock 
speed and is expressed with a corresponding logical error rate giving the maximum allowable error rate 
of the system’s operations on the logical qubits.  

 

By measuring how many reliable quantum operations can be executed in a second, this metric enables 
measurement of scale, speed, and reliability of an FTQC. 

Omdia notes that some QC software vendors are emphasizing 'quantum-inspired' 
functionalities, or leveraging today's supercomputing and artificial intelligence 
capabilities, recognizing the need to deliver value in the short-term while the QC market 
is still developing. 

As a formula, rQOPS is given by the number Q of logical qubits in the quantum system 
multiplied by the hardware’s logical clock speed f: 

rQOPS = Q· f 

It is expressed with a corresponding logical error rate pL, which indicates the maximum 
tolerable error rate of the operations on the logical qubits 
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Figure. Illustration of rQOPS at work 

 

Source: Microsoft, Omdia 

The Quantum Computing Implementation Levels framework is a useful approach for thinking about QC 
technological progress beyond the NISQ era into the fault tolerant regime. The framework contains 
three sequential levels: 

Level 1—Foundational: Quantum systems that run on noisy physical qubits, including all 
of today’s Noisy Intermediate Scale Quantum (NISQ) computers. Level 1 denotes the 
current state of QC technological development, which relies on small scale computation 
directly on physical qubits. This level aims to provide a foundation to start experimenting 
with quantum technologies. The industry is only starting to experimentally show that 
logical qubit error rates can fall below physical qubit error rates. There is still some doubt, 
particularly in a small share of the academic physics community, that the industry can 
successfully deliver FTQC. Omdia believes the probability of ultimately passing out of Level 
1 to achieve working logical qubits with error rates below physical qubits is high; we 
estimate the probability at above 90%. 

Level 2—Resilient: Quantum systems that operate on reliable logical qubits. Level 2 is the 
successful development of effective logical qubits. At this stage, QCs should enable 
experimentation with quantum algorithms written for logical qubits, and these 
experiments may demonstrate increasingly robust commercial advantages to using QCs 
rather than classical computing. Again, the advantage may be incremental and empirical, 
rather than formally provable in a complexity theoretic manner, but there could be 
growing certainty in the industry that operational benefits will follow from investments 
into QC. At this stage, there will still be many different types of underlying physical qubits 
and using different modalities may be akin to working with GPUs as opposed to CPUs. 
Different qubit types will have different connectivity models, modularity considerations, 
physical error rates, and coherence times, for example. 
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Level 3—Scale: Quantum supercomputers that can solve impactful problems which even 
the most powerful classical supercomputers cannot. Level 3 is solidly in the “quantum 
tractability advantage” regime mentioned above. At this level, the rQOPS metric becomes 
central to capturing what a “quantum supercomputer” can achieve in solving the types of 
exponentially challenging computations described at the outset. Interestingly, Microsoft 
suggests that at least a million rQOPS—a million reliable operations per second—will be 
needed by a QC able to power exponential class quantum algorithms, with an associated 
logical error rate of at most 10^-12 (or one only one error for every trillion operations) for 
simple quantum materials simulation. The company believes one billion rQOPS, with a 
logical error rate of at most 10^-18, will be needed for complex chemical and materials 
science simulation. (Microsoft strongly believes that exponential class quantum 
algorithms for QML or combinatorial optimization will not 
be found, hence their focus on physical simulation, 
though this view is not universally shared in the 
industry). 

While QC holds vast potential for helping to solve some of society’s 
most significant challenges, the technology and market are still at an 
extremely early and ill-defined stage of development, making it 
challenging for current and potential adopters to plan their 
investments effectively. Frameworks to think about “quantum 
advantage” and figures of merit to measure progress towards FTQC 
will be enormously helpful in increasing the efficiency of activity in the 
industry. the Quantum Computing Implementation Levels and rQOPS 
figure of merit, proposed by Microsoft, are useful contributions to this 
effort at organizing thinking about such progress.  

 

 

 

Appendix 
Further reading 
Microsoft achieves first milestone towards a quantum supercomputer - Microsoft Azure Quantum Blog 

Quantum Advantage: Hope and Hype - Microsoft Azure Quantum Blog 

Evaluating Quantum Computing Research | LinkedIn 

Quantum Computing: The Importance of Fidelity and Error Correction | LinkedIn 
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https://cloudblogs.microsoft.com/quantum/2023/05/01/quantum-advantage-hope-and-hype/
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