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Why now?

If you’re a tech leader, it can be pretty hard to know what to make of 
quantum computing. How do you distinguish hype from reality? Is quantum 
computing a likely flash in the pan that you can safely ignore, or an 
extinction event for companies who don’t start preparing now? What sort of 
team do you need to put together, and how do they get started? How much 
will it cost, and what will the benefits be?

In this article we’ll walk you through the lessons we’ve learned in our role 
as a commercial data science company approaching quantum computing. 
We’ll answer the above questions and more, and help clarify the busy, ever-
changing world of quantum computing and what it could do for you.

Given quantum computing (QC) has been an academic 
field for nearly forty years, one of the best Uuestions to 
ask is “why am I hearing about this now?”. While it’s true 
that the burgeoning quantum hardware ecosystem has 
seen unprecedented investment and expansion over 
several years, it is the recent advent of 5uantum-as-a-
7ervice �5aa7
 that has been the trigger for many Ƅregularƅ 
companies to sit up and take notice.  

QaaS has been gathering pace in the past 12 months. 
-&1 was the first company to offer cloud access to 
quantum computers (their own devices in that case). 
1ore recently, in 2020,  Amazon BraKet was announced, 
with 1icrosoft following soon after with Azure Quantum. 
+oogle – owner of possibly the worldƅs most powerful 
quantum computer – also has a cloud offering, though it 
is currently open to selected partners only.

Cloud access to third-party Uuantum devices marks the 
start of a democratisation of Uuantum computers, with 
the best applications likely to come after these devices 
become available to an audience that extends beyond just 
physicists. The cloud providers are aware that the average 
company is not overƽowing with 5C experts, nor well-
enough connected to 5C start-ups to negotiate access to 
nascent quantum computers. 

As a result, many 5aa7 vendors are striving to 
provide a full development environment for learning, 
exploring, simulating, and ultimately executing Uuantum 
computation.  8his is great news for your company, 
but also for your competitors. 8o make sure youƅre not 
left behind as Uuantum devices continue to evolve and 
become more powerful, you need to begin considering 
how to harness the power of Uuantum computation now.

https://aws.amazon.com/braket/
https://azure.microsoft.com/en-gb/services/quantum/
https://quantumai.google/


How seriously should I take it?
3ne of the hardest things for a 
tech leader to do when diving into 
quantum computing is looking 
beyond the hype and working out 
how important it could be to your 
business. Can you sidestep the need 
to develop a detailed understanding 
of Uuantum computers and the 
current state of the possible under 
the assumption that if Ama^on, 
1icrosoft, and +oogle are getting 
involved then everything must 
be fairly legitimate# -tƅs certainly 
tempting.   

3ne cautionary comparison, 
though, might be the separate field 
of driverless cars� a lot has been 
promised within certain timeframes, 
and while impressive technical feats 
have been demonstrated, we still 

seem to be some way from fulfilling 
the early promises. This is also a 
field in which some of the tech giants 
play – so it bears asking whether 
quantum might be on the same 
trajectory.

The answer to that question is best 
broken down into two parts:  

i. understanding what the different 
types of Uuantum computer are, 
and what their limitations might 
be, and� 

ii. making some informed 
judgements on how quickly 
things will evolve. 

We (attempt to) answer these key 
questions later in this paper.

We will see that many things – the 
hardware itself, programming 
languages, algorithms, and even the 
metrics for Nudging progress – are 
already changing very quickly. That 
pace of change is unlikely to slow 
any time soon. 8he era of 5aa7 may 
herald the start of a virtuous circle 
leading to rapid market evolution, as 
5aa7 stimulates demand, leading to 
money ƽowing to Uuantum startups 
which can in turn be invested into 
hardware improvements and capacity 
expansions. -n addition, the entry of 
Ama^on, 1icrosoft, and others into 
the QaaS market is likely to mean 
that competition for cloud business 
will stimulate improvements for the 
end-user.  

7o, if you are going to get into 5C, 
what do you need to know? Let’s start 
at the beginning.
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Figure 1: Does the advent of QaaS herald a virtuous 
circle of investment and device improvement?
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What is quantum computing?
The easiest way to explain QC is by comparing it to 
classical computation. You’re probably aware that in a 
normal computer we represent information using bits. A 
bit can be 0 or �, but – importantly – not both at the same 
time. A seUuence of bits gives us a binary number, e.g., 
the binary number ��0�, which represents the decimal 
number 13. 

Binary numbers are stored in a computer memory 
location called a register. 6egisters can vary in si^e. 8he 
binary number ��0�, for example, would be stored in a 
�-bit register. Applying different mathematical operations 
to these registers allows us to build up more complicated 
calculations and ultimately construct the software which 
we run on our laptop and desktop machines. 

9nderneath all of this is an actual physical system – such 
as the electric charge level in a 6A1 chip, or the direction 
of magnetisation on a disk – that allows us to physically 
store a bit. Bits can be stored either temporarily (as is the 
case with 6A1
 or permanently, usually on a disk. 7o far, 
so good – but where does quantum come into this? 

At small scales and extremes of temperature, the real 
physical world follows the laws of Uuantum mechanics. 
5uantum mechanics is a fascinating and sprawling 
subNect, and one that we could easily devote the rest of 
this paper to. The most important thing to know about 
Uuantum mechanics in relation to computing, however, 
is that Uuantum particles can exhibit some fantastically 
strange and counterintuitive properties that can be 
exploited for information processing.

8he Uuantum eUuivalent of a bit is known as a Uubit. 
0ike the 0 and � states of the bit, a Uubit has two states, 
commonly denoted by the symbols |0⟩ and |1⟩. Unlike 
bits, however, a Uubit – written as |q⟩ – can exist as any 
combination �superposition
 of these two states. ;e write 
this as, |q⟩= α|0⟩+ β|1⟩. 8his is the Uubit eUuivalent of 
Schrödinger’s famous cat that is a superposition of Ƅaliveƅ 
and Ƅdeadƅ. 

As with classical computation, we can build up registers 
of Uubits, and apply mathematical operations to these 
quantum registers. 

0etƅs take a �-Uubit register as an example�                          
|q4 q3 q2 q1⟩. 7ince this �-Uubit Uuantum register can 
represent a superposition of all the 24 = 16 possible 
�-bit binary numbers, when we apply a mathematical 
operation to this Uuantum register, what we get back is 
a single (quantum) register that encapsulates the results 

of applying the calculation to all �� possible �-bit binary 
numbers. 7imilarly, a mathematical operation applied 
to an �-Uubit register encapsulates the results of the 
28, or 2�� classical calculations. A ��-Uubit register 
encapsulates the results of 264 ≅1.84 x 1019 classical 
calculations. 

While these quantum registers are relatively small 
compared to the si^e of the classical registers available in 
a standard laptop, note we can manipulate mathematical 
calculations at tremendous scale. Quantum computing 
takes us way beyond anything that any classical computer 
can currently do, or is likely to be able to do even in the 
future – no matter how state-of-the-art it may be. 8his is 
what is referred to as quantum supremacy.

It is important to emphasise at this point that quantum 
computation is not doing parallel computation. We state 
above that a mathematical operation applied to an 2-Uubit 
Uuantum register returns an obNect that Ƅencapsulatesƅ 
the results of applying the mathematical operation to all 
the possible 2-bit binary numbers. ,owever, when we 
look at or Ƅmeasureƅ the contents of the obNect returned 
by the Uuantum calculation, we see only the result of the 
mathematical calculation applied to a single 2-bit binary 
number. ;hich of those 2N calculations gets returned by 
the Ƅmeasurementƅ is random. 

8his is the eUuivalent of opening the box in 7chrʯdingerƅs 
cat experiment – once we open the box, we donƅt see a 
cat that is a superposition of Ƅaliveƅ and Ƅdeadƅ. -nstead, 
obviously, we see either a cat that is alive, or one that is 
dead. 8he goal of a Uuantum computation program is to 
perform operations on the Uuantum registers in such a 
way that when we measure the result, we get – with a very 
high probability – values that are more useful to us. 8his 
is the primary skillset reUuired of a Uuantum computer 
programmer – to design such a seUuence of operations.

8he computational scale offered by 5C is clearly vast, but 
the Uuestion remains� how could 5C help your company# 
-n the following sections weƅll look at the current Uuantum 
landscape – how it differs from the hype you may have 
heard, and what exactly the current generation of 5aa7 
devices are good for.

  |q⟩= α|0⟩+ β|1⟩ 

https://en.wikipedia.org/wiki/Schr%C3%B6dinger%27s_cat
https://www.nature.com/articles/d41586-019-03213-z
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What can I use quantum computing for?
*irstly, letƅs state what Uuantum computers are not. 
They are not a next generation of faster, smaller, more 
powerful ‘regular’ computers. They are significantly 
different beasts. -t is unlikely that Uuantum-based 
machines will ever displace classical computers. -nstead, 
they will excel at a subset of very specific problems. 

What is that subset of problems?

=ou may have heard or read that, in the future, Uuantum 
computers will be used to break the encryption systems 
that currently underpin much of the worldƅs digital 
communications and commerce. 8hat may be true, but 
the key words to bear in mind there are ƈin the futureƉ. 
We’re not there yet. 

8he limitations of the current generation of Uuantum 
hardware are best summarised by the now-famous 
acronym NISQ: Noisy Intermediate Scale Quantum. 
As discussed above, todayƅs Uuantum devices can 
perform a series of manipulations on a Uubit register to 
carry out a calculation. 8he Ƅnoisyƅ part of 2-75 means 
these gate operations (amongst other things) are not 
perfect. &ecause of this, there are a limited number of 
computational steps one can deploy before the fragile 
coherence of the Uuantum register – and thus any hope 
your calculation returns a good answer – is irreparably 
degraded.  8hink of 2-75ƅs Ƅ2ƅ as limiting the length of a 
computation you can perform.

8he Ƅintermediate scaleƅ aspect of 2-75 refers to 
limitations regarding the number of Uubits. 9sing Uuantum 
computers of the si^e available through 5aa7 today, you 
would not have access to sufficient Uubits to run Shor’s 
algorithm to factorise a �0��-bit encryption key into 
its prime factors. Google’s state-of-the-art versions of 
Shor’s algorithm suggest that at least 2N+1 qubits are 

reUuired to factorise an 2-bit number, meaning that at 
least ���� Uubits would be reUuired to factor a �0��-bit 
key. At time of writing, the largest Uuantum computer �by 
number of Uubits
 available via either the 1icrosoft or 
Ama^on 5aa7 offerings has �2 Uubits. 

7o if we canƅt use current 5aa7 hardware for breaking 
encryption, and we are limited for the time being to 
intermediate scale problems, what is 5C good for# 3ur 
explanation above of Ƅ;hat is 5C#ƅ provides a hint. 5C 
will be good for challenges such as high-dimensional 
discrete optimisation problems, where solving them 
classically would reUuire us to perform numerous function 
evaluations. ;ith 5C, we can instead take advantage 
of superposition and entanglement to enhance the 
probability of finding states that are interesting solutions 
to our problem. 

+iven that all commercial organisations seek to refine 
their operations and maximise profits, it is no surprise 
that optimisation is one of the main potential applications 
of 5C in retail. -ndeed, it is the possibility of exploiting 
near-term Uuantum advantage in the many optimisation 
problems that arise in dunnhumby’s customer data 
science that piqued our interest in QC.

https://en.wikipedia.org/wiki/Shor%27s_algorithm
https://en.wikipedia.org/wiki/Shor%27s_algorithm
https://arxiv.org/abs/1706.07884


We have used a quantum algorithm to determine 
the optimal set of products to include in a 
promotional campaign. This requires selecting 
products on the basis of minimi^ing the sales that 
one product will cannibali^e from another. 3ne 
also has to choose a promotional strategy for each 
product - advertising and display mechanisms - to 
maximi^e the profit. *or a best-in-class grocery 
retailer these optimi^ation tasks are central to the 
profitable management of a product category, 
whilst for the (ata 7cience teams within those 
retailers, they represent a significant high-
dimensional, highly interacting, constrained 
optimi^ation challenge.

Another hard combinatorial retail problem we have 
explored Uuantum solutions to is that of optimi^ing 
store arrangement and the allocation of shelf 
space to products.  Like the promotional strategy 
example, this is a constrained problem with many 
interacting components that can affect revenue, 
including� product position on shelf, proximity 
of complementary products, number of product 
facings, and shelf location in store.  Current 
solutions are limited in scope, as only a limited 
number of products can be tackled at a time.  8he 
potential paradigm shift as promised by 5C may 
enable data scientists to tackle the richer, higher 
value, problem of optimi^ing over an entire store   
at once.

It is not just dunnhumby that is exploring the 
potential for 5C to solve high-dimensional 
commercial optimi^ation problems. 5uantum 
computing has been applied to problems as 
diverse as financial portfolio optimisation, used 
by the likes of JP Morgan and Goldman-Sachs, 
to traffic light arrangement studied by Toyota. 
Again, as QC expert Scott Aaronson explains on 
his blog, we want to emphasise that 5C is good 
at solving these high-dimensional optimisation 
problems not because it is doing any sort of naʩve 
parallel computation and searching for a needle 
in a high-dimensional haystack, but because 
the QC algorithm is able to exploit some global 
characteristic of the problem to enhance the 
chances of returning the best solution. 
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“At around fifty qubits one famously 
hits ‘quantum supremacy’ - the point 
at which a classical computer cannot 
match the performance of a quantum 
counterpart.”

https://www.insidequantumtechnology.com/news-archive/how-goldman-sachs-and-jpmorgan-are-using-quantum-computing/
https://arxiv.org/abs/2003.07527
https://www.scottaaronson.com/blog/?p=208
https://www.scottaaronson.com/blog/?p=208
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3ne key dichotomy for tech leaders to consider is the 
difference between current efforts to achieve Uuantum 
advantage for specific problems with small, noisy �but 
rapidly improving
 2-75 hardware, and the ultimate goal 
of massive �millions of Uubits
, fault-tolerant �immune to 
noise
 Uuantum computers. 8he latter of those realities 
is likely at least a decade away, and we do not address 
it here. What we are concerned with in this paper is the 
evolution of the 2-75 5aa7 landscape as it stands today.

;eƅve talked about ƈrapidly improvingƉ 2-75 hardware, but 
how does one measure the power of a Uuantum computer 
and Nustify the claim that things are improving# 7ome 
metrics are easier to grasp than others, with the number 
of Uubits being the easiest. *or every Uubit you add to a 
Uuantum computer, for example, the si^e of the regular 
classical computer needed to match its performance 
it doubles. At around fifty Uubits one famously hits 
ƄUuantum supremacyƅ – the point at which a classical 
computer cannot match its performance �in certain tasks, 
at least).  

8he raw number of Uubits is not the final word, however. 
=ou could have thousands of Uubits, but your computer 
might still be useless if the coherence of the Uubit register 
cannot be maintained across the duration of time reUuired 
to run your program. 8his is where the concept of noise 
comes in, often Uuantified through a statement of the 
error rate. *or instance� the higher the error rate of two-
Uubit gates in a Uuantum device, the fewer computational 
steps you can apply to your Uubit register before your 
calculation is terminally degraded.  Qubit connectivity also 
has a crucial effect on performance.

-t is even possible to roll metrics like the number of 
Uubits, error rate, and Uubit connectivity into a higher-
level metric known as the Uuantum volume �5:
, an 
attempt at creating a one-stop shop for Uuantifying device 
power.  8hings are changing so fast, however, that even 
the metrics for Nudging the computational power of a 
quantum device are evolving. This makes it even harder 
for the Uuantum newcomer to understand the lay of the 
land.  

6ecently, -on5 have taken an additional step in defining 
“algorithmic qubits” – logical qubits protected by error 
correction. Each logical qubit is realised by a larger 
number of physical Uubits, trading the number of Uubits 
for reduced error. 8his concept of an algorithmic Uubit 
somewhat replaces quantum volume as the layperson’s 
go-to metric for parsing the power of a device.  

As Peter Chapman, CEO of IonQ, notes, ƈwith better 
Uuantum computers, the 5: metric will become unusable 
because the numbers grow so Uuickly. ;e foresee a time 
in the near future when 5: numbers will grow so large 
they wonƅt fit on your screen.Ɖ   8he number of algorithmic 
qubits is logarithmically related to the quantum volume 
(doubling QV is equivalent to adding one algorithmic 
Uubit
.  ,aving to change a metric to a logarithmic version 
is a fairly dramatic indication of the speed of progress�

9sing these metrics, we can at least begin to parse which 
of the competing 2-75 devices available via 5aa7 are the 
Ƅbestƅ. &ut what do they tell us about what one can actually 
achieve with a nascent, commercially available Uuantum 
computer# Are you going to be able to find better routing 
solutions for your ƽeet of 2,000 delivery vans using 5aa7 
today?

What is the current                             
state-of-the-possible?
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Figure 2: Recent trends in the 
performance of quantum computers

Projecting how quantum volume (QV) will 
evolve - even in the near future - is a fool’s 

errand, with new devices and new companies 
regularly dropping out of stealth mode. The data 

points below represent QV’s experimentally 
demonstrated by various companies (only the 
turquoise data points have been published in a 
peer-reviewed journal). IonQ suggest they will 
release a device with a QV of 4.19e6 later this 
year. That’s not a typo. That would represent a 

massive jump from the existing trend.

https://ionq.com/posts/december-09-2020-scaling-quantum-computer-roadmap
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Well, the answer to that question, to varying levels of 
detail is: 

i. No.

ii. No, probably not right now unless you are cleverer 
than everyone else. 

iii. No, probably not right now unless you are cleverer 
than everyone else – but things are changing very 
quickly, so who’s to say that practical quantum 
advantage isn’t just round the corner in a few years?

*acetious though it might be, this seUuence is meant to 
highlight three things. At time of writing, 5aa7 devices are 
not good enough to give obvious Uuantum advantage for 
real business optimisation tasks. 6ather, they are mostly 
used to demonstrate clever ideas that people have for 
attacking small, related problems. As a result, current 
5aa7 work is concerned more with tailoring of algorithms 
to specific problems rather than attacking broad Uuantum 
advantage. 

8hat said, it is by no means impossible that either some 
super-smart person will think of a killer algorithm that will 
cause an immediate paradigm shift for certain problems, 
or that with rapidly improving hardware and  startups 
coming out of stealth mode, someone will drop a maNor 
improvement that makes quantum advantage suddenly 
achievable.

It is also worth calling out what we have not discussed so 
far – data. 8he problems and examples weƅve used to date 
in order to illustrate the potential and advantages of 5C 
are largely mathematical calculations. 8he input data for 
these problems is small – an integer here, to represent the 
si^e of the problem, perhaps a small-scale matrix there, 
stored as a 2(-array, to represent some interaction costs.

As data scientists we are used to processing big data, 
building statistical and machine learning models. It is only 
natural to ask if Uuantum computers can be applied to 
machine learning. The short answer is yes, but caution 
should be exercised. Whilst quantum machine learning

is a growing field, with machine learning frameworks such 
as TensorFlow having a quantum offering, we have yet 
to see what we consider to be any killer applications. Even 
many of its leading proponents supposedly suggest 
being wary of the hype. 

-n part, this may be because the focus of research in 
5C to date has been on computation, not on end-to-end 
data-processing workƽows. 8o use 5C for processing of 
data requires the loading of classical data into quantum 
registers, and hence a whole new set of Uuantum circuits 
and associated Uubits. 0ikewise, extracting the results of 
any quantum data processing back into classical registers 
would also introduce additional overhead. As yet, this is a 
less explored, or at least less discussed aspect of 5C.

*inally, while this article is chieƽy concerned with gate-
based Uuantum computers, we should highlight that 
two distinct types of hardware are available via 5aa7� 
gate-based devices and Uuantum annealers. 8he fully 
programmable gate-based computers fulfil the picture we 
painted in ƈ;hat is 5C#Ɖ, with a Uubit register that one can 
apply a series of gate operations to in order to manipulate 
and progress the processing of information.  5uantum 
annealers physically realise a system with an energy 
landscape that can represent a mathematical problem. 
6ather than applying gates to specific Uubits, the whole 
system continuously evolves in an effort to reach the 
lowest energy state, representing, for example, the best 
solution to an optimisation problem.

The key message is that although you won’t experience 
a paradigm shift in the speed and Uuality of technical 
solutions today – and no one can say exactly when 
that day will arrive – it is approaching.  And given the 
complexity of the subNect matter, you may need to start 
planning for that day now.  

Crucially, that means answering questions like...

https://arxiv.org/pdf/1409.3097.pdf
https://www.nature.com/articles/nature23474
https://www.tensorflow.org/quantum
https://en.wikipedia.org/wiki/Quantum_machine_learning#Skepticism
https://en.wikipedia.org/wiki/Quantum_machine_learning#Skepticism
https://arxiv.org/pdf/1803.01958.pdf
https://arxiv.org/pdf/1803.01958.pdf


9  |  © 2021 dunnhumby / All rights reserved

+iven the current state of Uuantum hardware and the 
anticipated roadmaps into the future, what can we say 
about a quantum workplan at commercial companies 
today? The best advice we can give is that now is the time 
to be in learning and exploration mode, gaining technical 
expertise and developing informed opinions in preparation 
for the time when Uuantum advantage for business 
applications is robustly demonstrated.  

*or those who wish to start down that path, there is 
likely a resourcing issue to take into consideration too. 
Constructing a Uuantum program reUuires a different 
way of thinking about computations. As a result, in 
the short-term at least, the practical utilisation of 
quantum computation within industry may be limited 
by the availability of developers familiar with Uuantum 
programming concepts and paradigms.

The good news is that there has never been a better time 
to start learning about quantum computation.  The cloud 
providers are striving to open up Uuantum for everyone 
and, clearly aware that many will be newcomers, are 
providing a realm of introductory material and example 
code for implementing Uuantum algorithms. A good 
example is 1icrosoftƅs Quantum Katas, a series of 
notebooks through which one can learn key concepts and 
literal code.

When it comes to applying quantum computing 
to business problems, what do you need to think 
about? Figure 3 demonstrates one way to break down 
the elements involved, based on our experience of 
approaching combinatorial optimisation problems that 
occur in a retail grocery context.

The elements to consider:

• ,ow to map a business problem into a form suitable for tackling on a Uuantum device. 8his can involve encoding 
constrained combinatorial optimisation problems in a constraint-free form, including 5uadratic 9nconstrained 
&inary 3ptimisation �59&3
 formulations.

• 9nderstanding and choosing Uuantum algorithms suitable for 2-75 hardware.

• +aining experience programming for Uuantum hardware. &oth explicit experience in specific languages, and, 
conceptually, how to think when writing Uuantum programs.

• 7imulation � execution, and what you can hope to learn from this, including consideration of classical vs. Uuantum 
performance and mid-term scope for non-trivial achievements � Uuantum advantage.

How does my company get started?

Figure 3:  How to think about quantum approaches to business problems. The workflow can become very rich when these elements interact 
with each other. For example, understanding how choices in problem and formulation, broad-level algorithm-selection, and algorithm tailoring 
interact with each other to impact resource scaling and performance in the face of imperfect hardware.

Business 
problem

QUBO         
formulation

Run on 
quantum 
hardware

QC code Simulation

Algorithm 
choice: QAOA, 

Grover’s for 
optimisation

6esource estimation, problem si^e considerations

9nderstand hardware limitations, conseUuences for algorithm choice,
problem choice and formulation

https://github.com/microsoft/QuantumKatas
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Even selecting the right problem is a non-trivial exercise, 
as discussed in this paper by Chancellor et al. Many 
business optimisation problems can be considered in the 
form of a network of nodes and edges. ,ow closely the 
underlying structure of this network matches the Uubit 
connectivity – a hardware specific characteristic – can 
have important conseUuences for how many Uubits you 
will need to execute a calculation. 1ore importantly, you 
need to pick problems that are currently intractable at a 
certain scale, and that will really benefit from the potential 
paradigm shift offered by 5C.

3nce you have your problem, you also need to ensure 
that it is expressed in a suitable mathematical form. ;e 
previously discussed how quantum computers are not 
general-purpose supercomputers, but instead excel at 
certain tasks. 3ne problem formulation which can be 
attacked by a Uuantum computer is that of 59&3, and so 
if a constrained optimisation problem can be mapped into 
the 59&3 form then it can also be addressed by 5C.

Once you have your optimisation problem in the right 
mathematical form, there are some big decisions to 
make – and this is where it gets hard for the Uuantum 
novice. +ate-based computation or Uuantum annealing#  
-f gate-based, which algorithm to use# A huge amount 
of understanding and expertise is needed to answer 
Uuestions like this, as well as how the choices you make 
will interact with hardware limitations �system si^e, error 
rates, Uubit connectivity
 and problem youƅre seeking to 
resolve.  

As well as parsing the different approaches that exist, 
one also has to consider the extent to which quantum 
algorithms for 2-75 hardware benefit from problem-
specific tailoring. 8he best 5C industry teams in the world 
today are publishing papers that demonstrate how they 
pick a problem, map it to 59&3 form, simulate solving 
a small problem instance with an original tailoring of a 
Uuantum algorithm, and finally demonstrate it running on 
a quantum device via QaaS.

;hatever your choice of algorithm, you will need to code 
it up and represent the quantum circuit employed to solve 
the problem as a program. 8he state of programming 
languages for Uuantum hardware serves as a nice 
microcosm of the embryonic, still-settling state of the 
wider Uuantum computing world� there are many choices, 
and each of the big cloud providers is pushing their 
particular ƽavour. -n time, a champion will likely emerge. 

Even for a specific language, rapid changes in syntax 
and libraries can mean that freUuent updates to code are 
reUuired. 8hat said, we have not found learning specific 
languages to be a maNor overhead –  it is a second-
order concern compared with understanding quantum 
algorithms.

*inally, one has to consider execution on real Uuantum 
hardware. And how do you get a quantum computer?  
=ou donƅt� itƅs the era of 5aa7. &ut how much is it going 
to cost#  Ama^on &ra/et have a nicely explained price 
breakdown. And while figures like �0.0� per shot �one 
execution of a specific Uuantum program
 may seem 
low, bear in mind in that for some of the algorithms and 
approaches for 2-75 hardware you may need to run a 
program thousands of times.

8he arrival of Uuantum advantage for real business 
problems wonƅt Nust mark an inƽection point in hardware 
development. It will also represent the turning point in the 
mode of working for companies. ;hen that happens, we 
will move from the exploration and education that we see 
today into the real integration of Uuantum advantage into 
technical solutions. ;e might not have a date to aim for, 
but thereƅs no doubt that waiting for the demonstration of 
Uuantum advantage is risky� you need to start preparing 
today.

https://arxiv.org/abs/2006.05846
https://aws.amazon.com/braket/pricing/
https://aws.amazon.com/braket/pricing/
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Quo Vadis quantum computation?
-f you do dip your toe into the 5C waters, you can do so 
with the expectation that things are going to evolve rapidly. 
&ut where to, precisely# 

8rying to predict what will happen with any emerging field 
is always a difficult and almost foolhardy task. 8he precise 
timing and nature of any advances is hard to say. ;ith that 
in mind, our aim here is to speculate on possible themes 
that could emerge over the next few years, and to provide 
food for thought. 3ur opinions are based solely on the 
perspective of where we stand today and we would advise 
you to treat them as such.

We can break our speculations down into five natural 
sub-questions:

i. What advances in QC hardware will we see?

ii. What advances in QC software will we see?

iii. What advances in QC algorithms will we see?

iv. What advances in QC applications will we see?

v. What advances in QaaS will we see?

0etƅs unpack each of these in turn.

ii. ;e will see Uuantum hardware continue to improve, 
both in terms of numbers of Uubits and reduction 
in problems caused by noise (both with error rates 
falling and error correction schemes that can realise 
logical Uubits from a larger number of physical 
Uubits
. 1any of the most-visible Uuantum hardware 
providers today such as IBM and IonQ have published 
roadmaps showing exactly how they expect their 
devices to improve over the next five years.

1ore speculatively, over the medium-to-long term, we 
would also expect to see consolidation in the QC hardware 
provider market – a point also echoed by McQuarrie et 
al in their recent review of the commercial aspects of 
QC. 8his is the natural evolution of any market. As some 
approaches to physically representing qubits prove to be 
difficult to scale, those 5C hardware providers will cease 
to trade. Alternatively, acUuisition of 5C hardware start-
ups by more established tech companies and/or other QC 
hardware providers will naturally lead to consolidation. 

6ecently the industry has seen some dramatic movement, 
with electronics giant ,oneywell to spin out ,oneywell 
5uantum 7olutions - a leader in Uuantum hardware which 
will then merge with Cambridge Quantum Computing 
�C5C
. C5C bring complementary expertise as one of 
the most established players in Uuantum software and 
algorithm development. The new combined company 
�at time of writing as yet unnamed
 will be a powerhouse 
in the Uuantum industry landscape, not to mention an 
attractive investment opportunity. 

-n the short-term, there may be growth in the 5C hardware 
market with cash inƽows into the field attracting new 
startups. We do not expect this expansion to be large 
– creating a Uuantum computer is capital intensive, 
requiring highly specialised skillsets that are currently 
in short supply. Ƅ*irst-mover advantageƅ is a strong 
differentiator, however, and so we would anticipate that 
new entrants to the hardware market will attempt to 
distinguish themselves by using less common physical 
representations of Uubits such as topological based 
qubits that use the fractional quantum Hall effect, or 
qubits based on Majorana fermions.

What advances in QC hardware will we see?
8here are two, perhaps uncontroversial, statements we 
can make about where the 5C hardware field will go. 

In order of certainty, these are:

i. ;e will see significant revenue and capital investment 
inƽows into the various 5C hardware providers. 8his 
will be a result of the burgeoning 5aa7 market, and as 
investors spy the opportunity to invest in the ‘next 
big thing’.

https://www.nature.com/articles/s42254-020-00247-5
https://www.nature.com/articles/s42254-020-00247-5
https://www.honeywell.com/us/en/press/2021/06/honeywell-quantum-solutions-and-cambridge-quantum-computing-will-combine-to-form-worlds-largest-most-advanced-quantum-business
https://www.honeywell.com/us/en/press/2021/06/honeywell-quantum-solutions-and-cambridge-quantum-computing-will-combine-to-form-worlds-largest-most-advanced-quantum-business
https://physicstoday.scitation.org/doi/10.1063/1.2138406
https://physicstoday.scitation.org/doi/10.1063/PT.3.4499
https://www.nature.com/articles/d41586-019-02935-4
https://www.nature.com/articles/d41586-019-02935-4
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What advances in QC software will we see?
8he successful proof-of-concept demonstration of 
Uuantum computers, such as (-;ave selling its first 
commercial Uuantum annealer in 20��, led to an explosion 
in associated 5C software vendors, a point highlighted in 
the recent review by McQuarrie et al. 

This is a trend we expect to continue, for                
several reasons:

i. 9nlike 5C hardware production, 5C software 
production is considerably less capital intensive.

ii. 8he opening up of a 5aa7 market will allow a greater 
number of 5C software start-ups to enter the 
market, without the need to have a tie-up or special 
relationship with a QC hardware provider.

iii. 8here is a large number of potential domains to 
which 5C software solutions can be applied, and so, 
in contrast to the 5C hardware market, the potential 
software market space – within which solution 
vendors can differentiate themselves –  is bigger. 8he 
ever-widening set of application domains will act as a 
pull on the 5C software market.

iv. As appropriate high-level 5C language abstractions 
are created, it will be easier to scale the 5C software 
skill-base compared to scaling the 5C hardware skill-
base. Existing software developers, data scientists 
and machine-learning engineers can adapt to 5C 
with support from the appropriate language tools. -n 
contrast, individuals entering the 5C hardware domain 
will need to acUuire a reasonable understanding of 
quantum mechanics. 

As we alluded to above, an inevitable part of that market 
pull will be 5C software providers offering higher-level 
language abstractions, a necessity if the 5C field is to 
scale. Currently, there is a rich ecology of 5C languages 
– recently surveyed by Heim et al. 8hese range from 
1icrosoftƅs Q# language, which provides a relatively 
higher level of abstraction with choice of gates and 
precise circuit design hidden, to languages such as -&1ƅs 
qiskit and Cirq from +oogle which give the user more 
fine-grained control. 

As with any programming challenge, there is a trade-off 
to be made between high-level abstraction and low-level 
control. ,igh-level abstraction may lead to inefficient 
circuit design, a particularly important issue in these 
early days of 5aa7 where the number of Uubits available 
is limited. -n contrast, low-level control increases the 
cognitive overhead put on the user, and the skillset 
reUuired. Certainly, some form of high-level abstraction 

will have to occur, and so we expect 5C programming 
languages to be a ƽuid area over the next one to five 
years. -ndeed, we are already beginning to see new 
entrants such as Silq into the high-level end of the field.

At the other end of the scale, we will also see advances 
in Uuantum firmware – the software layer that sits 
Nust above the actual physical hardware, and mediates 
between the high-level code of the programmer and 
the specific hardware being used. 8he firmware acts as 
another abstraction layer so that the Uubits the high-level 
code interacts with have superior performance compared 
to the Uubits in the bare hardware. 5uantum firmware 
provides an alternative to Quantum Error Correction (QEC) 
as a means of dealing with the conseUuences of noisy 
Uubits with fragile coherence. As Ball et al highlight, 5EC 
can be resource costly, and so this acts as an incentive for 
the development of efficient Uuantum firmware.

What advances in QC algorithms will we see?
;e have already emphasised that a large number of 5C 
solutions make use of a small number of 5C algorithms. 
8hese include the 5uantum *ast *ourier 8ransform 
�5**8
 that underpins 7horƅs algorithm, +roverƅs 
algorithm that underpins several optimisation routines, 
and the adiabatic theorem that underpins the quantum 
annealing approaches to optimisation. 8hese well-used 
algorithms form what one might think of as the current 
design patterns in QC. 

;ill we see a new fundamental algorithm or design 
pattern emerge over the next few years# 4robably not. ;e 
say this based not on detailed evidence, but more because 
it is difficult to see from where such a new algorithm 
might emerge. 8he number of fundamentally distinct 
families of algorithms is small, despite it being nearly 
�0 years since the field of 5C was first established. 8he 
rate at which fundamentally new 5C algorithms emerge 
is modest and this forms our prior expectation. 6ecent 
investments at national level by countries such as the UK, 
USA, and China will undoubtedly increase this rate, but it 
is likely to remain low.

;hat we are more likely to see are significant 
improvements and refinements in the many variants of 
algorithms that have already been developed, as they 
are applied to more and more realistic and challenging 
problems. *or example, we are already seeing the 
modification of +roverƅs Adaptive 7earch �+A7
 algorithm 
from 59&3 problems to quadratic (and higher order) 
optimisation problems that include equality and 
inequality constraints. 

https://www.nature.com/articles/s42254-020-00247-5
https://www.nature.com/articles/s42254-020-00245-7
https://azure.microsoft.com/en-us/resources/development-kit/quantum-computing/
https://qiskit.org/
https://quantumai.google/cirq
https://silq.ethz.ch/
https://physicstoday.scitation.org/doi/10.1063/PT.3.4698
https://uknqt.ukri.org/
https://www.quantum.gov/
https://www.wired.co.uk/article/quantum-computing-china-us
https://arxiv.org/abs/1912.04088
https://arxiv.org/abs/1912.04088
https://arxiv.org/abs/1912.04088
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What advances in QC applications will           
we see?
It is inevitable that we will see an increase in the number 
of domains that 5C is applied to. As 5C moves through 
its hype cycle there will be an undoubted increase in the 
number of unachievable promises about the potential of 
5C made by some vendors. 8owards the end of the next 
three to five years we will see a reduction in the froth 
as users figure out what works and what doesnƅt. -n the 
short-term �one to three years
 we will see the biggest 
advances in the areas where progress is easiest. 

We anticipate these to be:

1. Emulation of quantum-mechanical systems: this is 
an application area we have not yet mentioned. It is 
the application of 5C to the simulation of Uuantum 
systems themselves, such as in quantum chemistry. 
,ere the Uuantum computer is being used as an 
accurate and faithful facsimile of the system we 
are trying to understand. 7imilar uses of 5C have 
been made in the fields of drug discovery and 
materials science. 8he use of 5C here is perhaps 
uncontroversial. ConseUuently, we would expect 
significant further advances in the use of 5C in 
these fields, and any other fields where Uuantum-
mechanical effects cannot be ignored.

2. Commercial optimisation problems: as highlighted 
previously, combinatorial optimisation problems are 
a natural application of 5C and we expect to see 
significant growth in terms of the number of different 
applications. There will be advances in the application 
of both Uuantum annealers and gate-based Uuantum 
computers to commercial optimisation problems. 
This is because both technologies have their 
advantages and drawbacks – quantum annealers 
such as those from (-;ave offer significantly more 
qubits but are restricted to problems that can easily 
be mapped to finding the minimum of an energy 
landscape.

3. Genuine quantum machine learning (QML) 
applications: despite the elevated hype associated 
with 510, this area will still naturally attract a lot 
of attention, particularly from academic research 
groups. ,owever, it is likely that any advances will 
remain within the academic sphere for the time being 
– it is unlikely to lead to a short-term revolution in 
the kind of tooling that a (ata 7cientist uses for their 
everyday tasks.  

What advances in QaaS will we see?
;e discuss the 5aa7 market last, primarily because 
its evolution and success will be dependent upon what 
happens in relation to the other issues we have raised. 
*irstly, we will certainly see an increase in the si^e of the 
hardware available via 5aa7, and we will see a reduction in 
costs. 7econdly, we will see an increase in the number of 
users in the short-term. 

,ow sustainable the increase in the 5aa7 market is will 
depend primarily upon how quickly hardware capabilities 
can grow. -f 5aa7 hardware improves, it will leave users 
free to focus on solving their problems. 

A key turning point to look out for will be if and when 
users are able to integrate quantum solutions into a wider 
workƽow. 8his will reUuire and drive enhancements in the 
capacity, stability, and performance of 5aa7.

The bottlenecks to QaaS sustainability will then be:

i. whether users can achieve some form of genuine 
near-term quantum advantage, and; 

ii. the ease of use of the various language tools. 

8o some extent, the creation of 5aa7 by the likes of A;7 
and 1icrosoft A^ure appears to be a Ƅchicken-and-eggƅ 
experiment. Certainly, the next half decade will prove to be 
critical – and extremely interesting – for that experiment.

Conclusion
It is an exciting time to embrace quantum computing.  
8he next few years will likely see dramatic advances 
– some expected, some unforeseen – in hardware, 
approaches, and the ability to integrate the power of 5C 
into commercial solutions. &ut the promise of a paradigm 
shift in computation tomorrow reUuires a shift in your 
mindset and capabilities today.  

8hank you for taking the time to read this paper, and 
we hope that you have fun bounding up the Uuantum   
learning curve�

https://arxiv.org/abs/1812.09976
https://www.pharmaceutical-technology.com/features/is-quantum-computing-pharmas-next-big-disruptor/
https://www.nature.com/articles/s41524-020-00353-z
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