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INTRODUCTION
Whether it is logistics, drug discovery, robotics, finance, energy or environment. The problems they face
all boil down to the same fundamental problems in computation which have remained unsolved for 100’s
of years. We simply don’t know how to solve them. And progress in 40 plus domains of human technology
is stuck because of such unsolved problems. In trying to solve them we have maxed out our
supercomputers and tried every trick in the book. We have thrown money and resources at them, all we
had.
Feynman, one of the top physicists of the last century said we could use Quantum Physics to create a
computer which could probably solve such problems. And it will be more powerful than any
supercomputer we can imagine.
The entire world today is in the race to build such computers called Quantum Computers. Not many
people understand how they work and the pop media is full of articles, which promise the sky. The reality
if quite different. Only a few handful people on the planet really really understand quantum computing
and quantum technologies. It is said that around 600 people today in the entire world are good at using
quantum physics and doing calculations. But only 5 or 6 people in the world truly understand Quantum
Physics and how and why it works the way it does under the hoods. It’s a small world, everyone knows
each other by name or face.
Today Quantum Computing is reaching the peak of its hype cycle. The next 100 or 1000 years of mankind
will be defined by Quantum Computing, Artificial Intelligence and the combination of the two.
This annual research report covers the entire evolution of the field and the reality of what we have today.
What works, what doesn’t and where we will go from here.

WHY IS EVERYONE TRYING TO BUILD QUANTUM COMPUTERS?
NP problems are basically Non-Deterministic
Polynomial problems. Which is a fancy way of
saying that any attempt to solve them would
require an exponential amount of computational
effort the extent of which depends on the size of the
problem.
Being able to solve, or to attempt to solve NP
problems in Polynomial Time (or reasonable effort)
was one of the primary motivations behind trying to
build Quantum Computers.
Richard P. Feynman one of the top physicists of the
last century in his Keynote talk, 1st conference on
Figure 1- Complexity Theory
Physics and Computation, MIT, 1981. Proposed the
idea that Simulating Quantum Systems would require an exponential effort using classical computers,
which is impossible and infeasible. But Quantum Computers can simulate them in polynomial time (with
reasonable effort). This is the second biggest motivation behind trying to build Quantum Computers.
5
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THE BEGINNING
In the year 1981, at Argonne National Labs, Paul Benioff was the first to propose a quantum mechanical
model of computing, i.e. a Turing machine that operated on quantum mechanical principles.
His goal was to show that a quantum mechanical model of computation was not impossible, despite
certain problems. For simplicity, he focused on a Turing machine that ran on a finite tape. It also had to
maintain a history tape to provide reversibility.
Feynman's goal was to simulate physics with computers, but he was not satisfied with an approximate
simulation. He wanted an exact simulation that did not require gazillions of years to perform. He stated
this problem in his 1981 speech appropriately titled "Simulating Physics with Computers."
Feynman was also the first to coin the term quantum computer. He asked if such simulations could be
done with quantum computers.
In his paper “Quantum theory, the Church-Turing principle and the universal quantum computer”,
regarded as the epoch of quantum computing, David Deutsch showed that a universal quantum computer
was in fact possible.

SO CAN QUANTUM COMPUTERS SOLVE NP-HARD OR NP-COMPLETE
PROBLEMS?
NP Problems or Non-Deterministic Polynomial Problems are basically those problems which definitely
require exponential effort to solve classically. They have other attributes, like solving them will take an
exponential effort classically but if someone magically gives us the solution we can verify the solution very
efficiently in polynomial time. And the cryptic name Non-deterministic Polynomial (NP) basically means
that a Non-Deterministic Turing Machine can in principle solve such problems in polynomial time. But lets
not worry about that because nobody knows how to make such a Non-Deterministic Machine, or else we
would have solved such problems long ago.
One such famous NP problem is the Travelling Salesman Problem. It’s the most researched NP-Hard
problems in the history of computer science. It basically says given ‘N’ locations with pairwise distances
between them known. What is the shortest path between them such that if we start from one location
cover all the locations once and return to the starting location. This problem feels very simple but is
unsolvable.
We encounter such problems in Logistics, Supplychain as routing problems aka The Vehicle Routing
Problem. And for example in Chip Layout Design to try and create a layout with the shortest distances
between the components to minimize energy consumption, connectivity and layout space.
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Figure 2- The NP-Hard Travelling Salesman Problem

So the question is – Can Quantum Computers solve NP problems efficiently for us? Which mankind has
not been able to solve classically till now and being able to do so in the future seems bleak.
In a 1997 paper Bennett, Vazirani et al. proved, that assuming that The Quantum Schemes we have are
optimal. And hence by using those optimal schemes we can’t do any better. Hence we cannot solve NP
problems with Quantum Computers in sub-exponential time.

Figure 3- Bennett, Vazirani et al. (1997)

They proved that – “furthermore, even with the spectacular speedups, the class NP cannot be solved on
a quantum computer in sub-exponential time.”
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So basically Quantum Computers cannot solve NP Problems which was the primary purpose behind
inventing them. The other inspiration was to simulate other Quantum Systems.

THE EXTENDED CHURCH TURING THESIS
The Church–Turing–Deutsch principle (CTD principle) is a stronger, physical form of the Church–Turing
thesis formulated by David Deutsch in 1985. The principle states that a universal computing device can
simulate every physical process.
Which basically means that we can simulate Quantum Computers and Quantum Physics using our Laptops
and Desktops.
But as Feynman said that would cause an exponential slowdown. But in theory we can. Which implies
Quantum Computers cannot do anything Classical Computers cannot. And that Classical Computers can
do everything a Quantum Computer can albeit with an exponential slowdown.
Which means that Quantum Computers cannot solve the impossible problems (NP Problems) we initially
hoped they would help us solve. They can only solve problems which we can already solve with Classical
Computer albeit more efficiently.

QUANTUM TURING MACHINE

Figure 4- A Turing Machine

A Quantum Turing machine (QTM) or universal quantum computer is an abstract machine used to model
the effects of a quantum computer. It provides a simple model that captures all of the power of quantum
computation—that is, any quantum algorithm can be expressed formally as a particular quantum Turing
machine.
8
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Versus Physical Hardware Quantum Computer
A Physical Hardware Quantum Computer is very different from a theoretically perfect Quantum Turing
Machine.
Firstly, All the Qubits are not connected to each other in a NxN connectivity. Because that’s impossible to
do in physical 3D space. So we need to run our algorithms such that they utilize the available connectivity
in the underlying quantum computer hardware and still hope to solve the problem.
Secondly, the Qubits, Gates, State Preparation and Measurements are not perfect. They have errors and
random noise. We have to work within the Fidelity possible.
Thirdly, there is Decoherence. The state gets corrupted and decays with time. We have to finish all our
computations within 50-100ms (Ion Trap Quantum Computers have a coherence time of a few minutes)

SO WHAT IS THE USE & BENEFIT OF QUANTUM COMPUTERS?
One common myth in the pop media is that Quantum Computers will soon replace our Desktops and
Laptops and will be in our homes very soon. This couldn’t be further from the truth.
Quantum Computers are bulky, they take up an entire room. And they cost $15-25 million each to make.
That’s for NISQ Quantum Computers which are toys at best. And not even Production Grade Quantum
Computers.
The other thing is that Quantum Computers are meant to solve Engineering and Scientific problems. And
require high qualified people to operate. Engineers and Scientists with Advanced Degrees, Ph.D.’s, Post
Doctorates, create algorithms and programs for Quantum Computers.
Apart from a Quantum Random Number Generator which is a Quantum Related Technology which can
create random scenes, game play. Quantum Computers cannot be used to play games, do excel, send
email, play music or watch a movie. None of that is going to happen, not anytime soon, but never.
So what is a Quantum Computer good for?
1. Faster Solutions
2. Better Solutions
3. Reduction in Energy Consumption
Large Corporations and Governments will buy them to solve engineering and scientific problems
pertaining to their business, products and services.
And by solving these problems on a Quantum Computer instead of a Classical Computer we hope to gain
two things; faster and better solutions.
Since quantum computers use Quantum Physics which is way more powerful compared to digital logic
based computations. We have a chance of exploiting quantum computers to get ‘better’ solutions.
And similarly, quantum computers can be more efficient at solving such problems. And can give us a
computational acceleration compared to solving them on classical computers, e.g. Quadratic or even
Exponential Acceleration.
9
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But when we cannot hope to get faster or better solutions using Quantum Computers. We can try to see
if we can solve the problems which we already solve classically but with lesser energy consumption by
using Quantum Computers.
But, what kind of problems can we solve with Quantum Computers?
We would like to point the reader to a cartoon from XKCD which perhaps clarifies the possible answer to
this question.

Figure 5- Sciences (Ref: XKCD)

So basically the answer is that Quantum Computer might be able to help us with any and all problems
we come across, especially the ones we have difficulty solving classically.

THE PHANTOM MENACE
It all sounds so good. We are making Quantum Computers which will solve problems better and more
efficiently for us. But there is one tiny problem.
Qubits can be 0 or 1 or a mixture of both states (Superposition). They affect each other and create
combined states (Entanglement). It seems like one huge manipulation of Probability Distributions.
How do we even do this? How do we even make algorithms to solve problems of interest to us? It is mind
bogglingly complex.
In the last 100+ years of Quantum Physics and 50+ Years of Quantum Computing we only have 25-30 core
Quantum Algorithms which have been created after years or even decades of research and engineering.
The biggest problem we still face is – how to make quantum algorithms or quantum programs that can
solve problems of interest to us?

HOW DO QUANTUM COMPUTERS WORK?
You must have heard that Quantum Computers use Quantum Physics to do computations. And Quantum
Physics is a huge huge complicated subject. Which not many people really understand. So while creating
10
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a physical hardware Quantum Computer does require decades of Experimental Quantum Physics and
Engineering Physics education. To understand how a Quantum Computer works you just need to
understand 3 fundamental Quantum Physics Principles.
1. Entanglement
2. Superposition
3. Tunneling
Entanglement
Quantum entanglement is a physical phenomenon that occurs when a pair or group of particles are
generated, interact, or share spatial proximity in a way such that the quantum state of each particle of
the pair or group cannot be described independently of the state of the others, including when the
particles are separated by a large distance. The topic of quantum entanglement is at the heart of the
disparity between classical and quantum physics: entanglement is a primary feature of quantum
mechanics lacking in classical mechanics.
Measurements of physical properties such as position, momentum, spin, and polarization performed on
entangled particles can, in some cases, be found to be perfectly correlated. For example, if a pair of
entangled particles is generated such that their total spin is known to be zero, and one particle is found
to have clockwise spin on a first axis, then the spin of the other particle, measured on the same axis, is
found to be counterclockwise. However, this behavior gives rise to seemingly paradoxical effects: any
measurement of a particle's properties results in an irreversible wave function collapse of that particle
and changes the original quantum state. With entangled particles, such measurements affect the
entangled system as a whole. (Ref: Wikipedia)
Superposition
Quantum superposition is a fundamental principle of quantum mechanics. It states that, much like waves
in classical physics, any two (or more) quantum states can be added together ("superposed") and the
result will be another valid quantum state; and conversely, that every quantum state can be represented
as a sum of two or more other distinct states. Mathematically, it refers to a property of solutions to the
Schrödinger equation; since the Schrödinger equation is linear, any linear combination of solutions will
also be a solution. (Ref: Wikipedia)
*** Entanglement & Superposition are two fundamental properties of Qubits used in Circuit Quantum
Computers.
Tunnelling
Quantum tunnelling is the quantum mechanical phenomenon where a wavefunction can propagate
through a potential barrier.
The transmission through the barrier can be finite and depends exponentially on the barrier height and
barrier width. The wavefunction does not disappear on one side and reappear on the other side. The
wavefunction and its first derivative are continuous. In steady-state, the probability flux in the forward
direction is spatially uniform. No particle or wave is lost. Tunneling occurs with barriers of thickness
around 1–3 nm and smaller.
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Some authors also identify the mere penetration of the wavefunction into the barrier, without
transmission on the other side as a tunneling effect. Quantum tunneling is not predicted by the laws of
classical mechanics where surmounting a potential barrier requires potential energy. (Ref: Wikipedia)
*** Quantum Tunnelling is utilized in Quantum Annealing Quantum Computers to move through barriers
or high energy peaks around a local minima to go through the barrier towards the global minimum energy
state. In Classical Computing one would have to increase energy and jump over the barriers (small ones)
and yet reaching a global optima energy state wouldn’t be guaranteed. This is what Quantum Annealing
Quantum Computers (in theory) can use to solve global optimization problems (by minimizing the
analogous energy of the formulation)

MEET A QUANTUM COMPUTER
Have you ever seen a Quantum Computer?
Most people, almost everyone uses a Quantum
Computer remotely, over the cloud. Not many
have seen it physically. This is what a Quantum
Computer looks like from the outside.
A big, black box measuring approximately –
10’×10’×12’ (3m×3m×3.7m)
What does it contain?

Figure 6- A Quantum Computer from the outside

It’s mostly empty space besides radiation shielding,
dilution refrigerator, quantum processor chip,
enclosure, cabling, and tubing.

And a very low tech concrete slab placed on the
floor inside it. Which is used to shield it from
vibration as the heavy weight of the concrete slab
dampens the vibrations.
So what does it look from the inside?

Figure 7 - Inside a Quantum Computer
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Inside the Black Box of the Quantum Computer is a vacuum. In which
we have this. It looks like a chandelier.
The Quantum Computer has to work at very low temperatures. Almost
near to absolute 0 Kelvin e.g. 15mK or 15 milli Kelvin. That’s 0.015 K
This cooling is done by the dilution refrigerator.
Most of the rods are gold-plated brass that move cooling fluids,
because gold reflects away heat in the form of infrared radiation.
And most of the cables contain microwave signals, which send lowenergy pulses coming from the controller that command or read data
from each qubit, depending on the shape of the wave.

Figure 8- Dilution Refrigerator &
Quantum Processor

HOW ARE QUANTUM COMPUTERS MADE?
Well we have to basically somehow make usable Qubits and implement Unitary Quantum Gate Operations
on them. Besides designing for supporting things like state preparation, control, measurements,
reliability, fidelity, coherence, error correction etc.
What is a Qubit? And how are they physically made?
Quantum Computers are based on Quantum Physics. That means it works using Photons, Electrons,
Atoms, Ions, Photons etc.
But Quantum Computers are not limited to using just those. They can use pretty much anything which has
2 Discrete Energy States. In the quantum world everything can have multiple energy states but we can
conveniently use the lowest energy state to represent |0⟩ state and the next higher one to represent |1⟩
state. That’s how we make a Qubit.
Now to make a functional Quantum Computer we have to then figure out how to make those qubits
interact (i.e. perform Quantum Gate Operations on them), how to control them, and how to measure
them, how to initialize them (prepare state). And we have to design for and take care of errors and noise
etc.

13
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Figure 9 - The Bloch Sphere Representation Of A Qubit

What is a Bloch Sphere?
A Bloch sphere in quantum mechanics and computing, is a 3D geometrical representation of the pure
state space of a two-level quantum mechanical system (qubit), named after the physicist Felix Bloch.
What is the mathematical representation of a Qubit?
The probability amplitudes for the superposition state

How Do We Design Physical Qubits?
Engineers are designing Qubits in one of the following many ways…

14
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Figure 10- Making Qubits

How Do Gates Work?
Gate are Unitary Quantum Operations on 1, 2 or more qubits. Though 2 Qubit Gates are Universal and
any higher order Gates can be decomposed into a combination of 1 or 2 Qubit Gates.
They are the building blocks of quantum circuits, like classical logic gates are for conventional digital
circuits. Unlike most classical logic gates, all quantum logic gates are reversible.
Given the current quantum state represented by one or more qubits. A Gate performs a matrix
multiplication on it to produce the target quantum state. And as such any Gate can be represented by a
matrix (of complex numbers).

15
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Figure 11- Some Gates And Their Matrix Representations

Native Gate Set
We can implement a Rich Set of Quantum Gates we want to use for Quantum Computation using only a
few common Quantum Gates.
When a Hardware Quantum Computer is designed, we don’t implement all the possible gates in hardware.
We implement just a few Native Gates which are easy and natural to implement in that specific quantum
hardware technology. And then our software compiler replaces all the gates we use in our Quantum
Algorithms in terms of the combinations of such Native Gates. This process is transparent to the quantum
programmer.
*** The Native Gate Set is specific to each underlying hardware.
16
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Hilbert Space
A Hilbert Space is a huge dimensional space containing all the outputs that are possible from a Quantum
Computation.
When we measure a Qubit the only two answers we can get is a 0 or 1. So when we perform a Quantum
Computation with e.g. 1000 qubits. We can get 21000 combinations of outputs. This is called the Hilbert
Space of the quantum program.
And our ‘perfect’ ‘best’ answer we are trying to search for by running this Quantum Program will be just
one or a few handful of these 21000 combinations.
If we compare to our universe, then 21000 is more than the number of atoms in the Universe. That is the
mindboggling complexity of the problems we try to solve with Quantum Computers. And once we have
Production Grade Quantum Computers we hope to solve problems using millions of Qubits. Or Hilbert
Spaces of 21000000 or above.

QUANTUM INFORMATION
How do we represent Quantum Information? When we are using Quantum Particles for our Qubits and
they can have multiple energy levels. The question to ask is why did we choose the lowest and lowest but
one energy level and use them to represent the Quantum States |0⟩ and |1⟩? Can we do anything else?
Perhaps better? Or is that all there is to it?
Actually, when it comes to representing Quantum Information in Physical Quantum Particles we can do
quite a few things. Lets see…
Qubits – Have two states |0⟩ and |1⟩ aka the zero and one states and they can exist in a
mixture/superposition of various proportions of these two states.
Qutrit – A quantum trit; is a unit of quantum information that is realized by a quantum system described
by a superposition of three mutually orthogonal quantum states.
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Figure 12- A Qutrit (Ref: Wikipedia)

Qudit – A quantum dit; the unit of quantum information described by a superposition of ‘d’ states , where
the number of states ‘d’ is an integer greater than two e.g. 3 or even 10 or 100 or 982… anything. It’s a
generalization of the Qubit and Qutrit. Sum of squares of all probability amplitudes is equal to 1.0
*** So compared to Qubits, Qutrits and higher order Qudits are more and more robust to decoherence,
errors, noise etc.
Can we do anything else? It seems, yes we can still do even better.
Continuous-Variable (Quantum Information) – is the area of quantum information science that makes
use of physical observables, like the strength of an electromagnetic field, whose numerical values belong
to continuous intervals. One primary application is quantum computing, another one is Quantum
Communication.
In a sense, continuous-variable quantum computation is "analog", while quantum computation using
qubits is "digital."
In more technical terms, the former makes use of Hilbert spaces that are infinite-dimensional, while the
Hilbert spaces for systems comprising collections of qubits are finite-dimensional.
One motivation for studying continuous-variable quantum computation is to understand what resources
are necessary to make quantum computers more powerful than classical ones.
So how do we make them?
There are two popular approaches – Photons and Ions.

18
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The first approach to implementing continuous-variable quantum information protocols in the laboratory
is through the techniques of quantum optics. By modeling each mode of the electromagnetic field as a
quantum harmonic oscillator with its associated creation and annihilation operators, one defines a
canonically conjugate pair of variables for each mode, the so-called "quadratures", which play the role of
position and momentum observables. These observables establish a phase space on which Wigner
quasiprobability distributions can be defined. Quantum measurements on such a system can be
performed using homodyne and heterodyne detectors.
Another approach is to modify the ion-trap quantum computer: instead of storing a single qubit in the
internal energy levels of an ion, one could in principle use the position and momentum of the ion as
continuous quantum variables.

Figure 13- Matrix Representation Of Continuous Variable Gates

HOW DO ‘ALL’ QUANTUM ALGORITHMS WORK?
To run a Quantum Algorithm/Program on a Quantum Computer. We need to start with all the Qubits in
|0⟩ states and then we prepare the initial state, by performing quantum processing (Gate Operations) on
these Qubits.
Once the Qubits are in a collective initial state which we require for our program to execute on. We then
run the main computations (Gate Operations).

19
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And then finally we measure each of the qubits we are interested in which encode the answer to our
problem.
State Preparation
Main Algorithm

Qubits

Measurements

Temp. Qubits
Figure 14- A Quantum Circuit Example

All this is hugely probabilistic. The Quantum Computer can output many answers with various degrees of
probability. Due to the way it works.
Every Quantum Algorithm has one thing common in the way it works. They all manipulate the Qubit states
(via Gate Operations) in such a way that they manipulate their combined (entangled) Quantum States.
Such that they assign low probabilities to wrong answers and extremely high probabilities to the
combination with the right answer. So that finally when the quantum program ends and we measure the
qubits. We get the correct answer with the highest probability.
And we have to do all this in the presence of noise and errors, in the NISQ era.

CRYO-CMOS CONTROLLERS
Until now every qubit required its own cable to control it. Trying to make a quantum computer with 1000
or million qubits would have required the same number of cables. That’s clearly not possible.
Cryo-CMOS based controllers use multiplexing technology that enables the system to scale and reduce
errors from “phase shift” — a phenomenon that can occur when controlling many qubits at different
frequencies, resulting in crosstalk among qubits. The engineers can tune various frequencies leveraged
with high levels of precision, enabling the quantum system to adapt and automatically correct for phaseshift when controlling multiple qubits with the same radio frequency (RF) line, improving qubit gate
fidelity.
Cryo-CMOS controllers also offer the ability to manipulate and read qubit states and control the potential
of several gates required to entangle multiple qubits. They generate RF pulses to manipulate the state of
the qubit, known as qubit drive.
Cryo-CMOS controllers eliminate the need for multiple racks of equipment and thousands of wires running
into and out of the refrigerator in order to operate the quantum computer. Its a highly integrated system20
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on-chip (SoC) that simplifies system design and uses sophisticated signal processing techniques to
accelerate setup time, improve qubit performance, and enable the engineering team to efficiently scale
the quantum system to larger qubit counts.
Microsoft and Intel have released CMOS based Controllers which work at cryogenic temperatures so they
can work at the same temperatures as the quantum processing unit (QPU). But more than that instead of
requiring a thousand or a million cables, one each for each qubit. They can control around 50,000 qubits
with just 3 cables.

Figure 15- Look Ma! No more wire mess

Figure 16- Cryo-CMOS Controller

WARM QUBITS
Quantum Computers work at near absolute zero kelvin temperatures. The biggest challenge is to find a
temperature whereby both the qubits and the electronics are able to function properly. On the one hand,
researchers are attempting to make the electronics function at a lower temperature. On the other hand
researchers are trying to make qubits work at a slightly higher temperature.
Warm Qubits made of Silicon Carbide can function at around 1.1-1.5Kelvin instead of 15milliKelvin earlier.
This might seem like a small 1 degree increase in temperature. But in the world of physics it’s a huge huge
difference. It requires equipment worth millions of dollars to cool to 15 milliKelvin but it only requires
equipment worth a few thousands of dollars to cool to 1.1-1.5Kelvin. And at this higher temperature we
can get electronics e.g. controllers to work properly alongside the QPU too. So, warm qubits solve quite a
few problems.

DILUTION REFRIGERATORS
Dilution Refrigerators are used in applications including nanostructure studies, superconductivity
research, low temperature detectors, solid state physics at extremely low temperatures. And in Quantum
Computing.
Vendors offer off the shelf or customized versions of dilution refrigerators and dilution refrigeration
systems. The variations include - cryogen-free, conventional and inverted (reversed) systems, integrated
with cryogen-free or LHe superconducting magnets.
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The top vendors globally are…
1.
2.
3.
4.
5.
6.

Bluefors
Montana Instruments
HPD
Cryomagnetics
Quantum Design
Oxford Instruments Nanoscience

A Dilution Refrigerator is what is responsible for cooling the quantum computer down to 15 milli Kelvin.

THE PROBLEM WITH DILUTION REFRIGERATORS
It takes a couple of days for a dilution refrigerator to cool to sub kelvin temperatures and to warmup back
to room temperature if the quantum computer is shutdown.
Marketing material usually doesn’t show the dilution refrigerators used by modern superconducting
quantum computers. Which require large, noisy and power-hungry compressors and gas handling units.
The full systems are difficult to mass-manufacture, and, since they rely on mechanical pumps and
pressurized gases, they will never exist as a fully solid-state technology.
It is extremely difficult to put quantum computers in datacenters. And you definitely cannot put them in
server racks. Quantum Computers are rarely shipped on-premise to the customers. They are basically
scientific hardware, and extremely clumsy, bulky and fragile. They are best managed behind the scenes
by vendors with specialized teams.
Dilution Refrigerators also constrain engineering. If you want to quickly experiment and make changes to
the quantum processor. You will have to shutdown, make the changes and restart. Which will take 5-10
days.
And one has to create a huge dilution refrigerator to cool a million physical qubits someday. But we will
cross the bridge once we get to it. So much so for now.
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ADIABATIC DEMAGNETIZATION REFRIGERATION

Figure 17- The ADR Cycle

Adiabatic Demagnetization Refrigeration (ADR). This technique takes advantage of the fact that the
entropy of paramagnetic materials in a magnetic field is lower than when no field is present. The lower
entropy comes from the magnetic regions in the paramagnetic material being aligned and thus more
ordered in the presence of a magnetic field. A more ordered solid has lower entropy.
In effect, the ADR transfers entropy between the random thermal vibrations of the paramagnetic material
and the alignment of the magnetic regions. Consider an adiabatic (thermally isolated) sample. When the
magnetic field is raised, the magnetic regions align and release entropy into the thermal vibrations heating
the material. When the magnetic field is reduced, the regions drop out of alignment and absorb entropy
from the thermal vibrations cooling the material.
A simple example of an ADR system consists of a paramagnetic solid connected to the object to be cooled
and via a thermal switch to a heat sink. The ADR system is cyclic. In the first part of the cycle, the
paramagnetic solid is thermally isolated and a magnetic field is applied to the solid. As the field is
increased, the magnetic regions in the solid start to align and the paramagnetic solid heats up.
Next, the thermal switch is connected and heat is transferred from the solid to the heat sink while the
magnetic field is held constant. This reduces the temperature of the solid, back to near its starting point.
The thermal switch is now closed, isolating the solid and the magnetic field is now reduced. This is the
adiabatic demagnetization portion of the cycle. As the magnetic field is reduced the paramagnetic regions
become more disordered and absorb entropy from the thermal vibrations resulting in a cooling of the
paramagnetic material and of the object being cooled.
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In typical applications, the heat sink is a liquid helium bath and the ADR reaches temperatures down to
the mK level. As cyclic devices, ADRs typically can be built to hold the object being cooled to mK
temperatures for up to several days. After this time, the system is recycled with the temperature being
raised up to near that of the heat sink before the cycle is repeated. ADR systems that provide continuous
cooling, generally by using more than one ADR operating in tandem, have also been developed.
There is, of course, a lot of detailed design work required for successful ADRs. This includes proper
selection of the paramagnetic solid; Gadolinium-Gallium Garnet (GGG) or Ferric Ammonium Alum (FAA)
are typical examples; and proper design of both the superconducting magnet and thermal switch.
Starting from a pumped helium bath temperature of 1.4 K, it is possible to achieve temperatures as low
as 40 mK with a Ferric Ammonium Alum (Refrigerant) ADR - or, by controlling the magnetic field applied
to the salt, to maintain a selected temperature between 40 mK and 1.4 K with great accuracy.
ADR is a Pure Electric Refrigeration Solid State Method. It is clean, non-messy and less bulky in comparison
to dilution refrigerators. And operates continuously.
Ref: Cryogenic Society & NASA

HOW MANY QUBITS DO WE NEED?
When we talk of Qubits we refer to two things. Logical Qubits and Physical Qubits. Logical Qubits are the
number of Qubits needed in a Quantum Algorithms when run on a perfect Quantum Turing Machine
(Theoretically the most perfect Quantum Computer with no errors). But to correct errors each Logical
Qubit is implemented as a set of Physical Qubits.
The number of Logical Qubits needed...
1.
2.
3.
4.
5.
6.
7.
8.

To Break RSA-2048 is 4099 (2 * #bits + 3)
To Break AES-256 is 257 (log2(n) + 1)
For Machine Learning is 100-1000's
For Optimization is 100-1000's
For Quantum Chemistry is 100-200+
For Material Science is 100-1000's
For Quantum Gravity is 100,000 - 1000,000+
For HHL Algorithm (Solving a Linear System of Equations) of a Matrix 1000x1000 is 71
(7*log2(Square Matrix Length) + 1)
9. For The Travelling Salesman Problem (TSP) with 101 locations is 10,000 Qubits ( (n-1)^2 )
The Number of Physical Qubits Required to implement "Each" Logical Qubit is 1000 - 10,000 - 1000,000+
Therefore for a Quantum Algorithm requiring 100 Logical Qubits would need 100,000 to 1 million to 100
million+ Physical Qubits depending on the desired level of error correction.
Automatski uses 1 Physical Qubit to implement each Logical Qubit. Hence it doesn't suffer from this
exponential explosion in engineering Qubit implementations. Since 2014 Automatski's Quantum
Computers support 1+ Billion 'Logical' Qubits and Gates.
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EXTENDING THE MOORE’S LAW TO QUANTUM COMPUTING
What will happen in the future? Is there a way of predicting and planning for whats going to come next?
We can extend Moore’s Law to Quantum Computing and extrapolate what we have to what we might get
in the future.
Moore's law is the observation that the number of transistors in a dense integrated circuit doubles about
every two years. Moore's law is an observation and projection of a historical trend. Rather than a law of
physics, it is an empirical relationship linked to gains from experience in production.
Similarly in the domain of Quantum Computing we have the empirical observation that ‘The Number Of
Qubits Will Double Every 6 Months’.
*** This doesn’t include the Billion Infinite Precision Qubit Quantum Computer(s) from Automatski.

VARIOUS MODELS OF QUANTUM COMPUTATION
Adiabatic Quantum Computing
This model of quantum computation is motivated by ideas in quantum many-body theory, and differs
substantially both from the circuit model (in that it is a continuous-time model) and from continuous-time
quantum walks (in that it has a time-dependent evolution).
Let λ be the energy gap between the lowest energy state at all time 0⩽t⩽T and the next higher energy
state at all times 0⩽t⩽T. The way adiabatic computing works is by slowly evolving the Hamiltonian such
that it doesn’t jump from the lowest energy state to any higher states. Which it won’t if the speed of
evolution is slow enough and the gap λ is large. If the evolution continues slowly enough along the lowest
energy path. Then in the final state at time T the Hamiltonian will encode inside it the solution to the
Quantum Problem. If the energy gap is too small or the speed of Hamiltonian evolution is large and it
jumps above the lowest energy state to any of the higher energy states then it will corrupt the solution
you get in the end.
The basis of the adiabatic model is the adiabatic theorem, of which there are several versions. The version
by Ambainis and Regev implies that if there is always an "energy gap" of at least λ>0 between the ground
state of H(t) and its first excited state for all 0⩽t⩽T, and the operator-norms of the first and second
derivatives of H are small enough (that is, H(t) does not vary too quickly or abruptly), then you can make
the probability of getting the output you want as large as you like just by running the computation slowly
enough. Furthermore, you can reduce the probability of error by any constant factor just by slowing down
the whole computation by a polynomially-related factor.
Despite being very different in presentation from the unitary circuit model, it has been shown that this
model is polynomial-time equivalent to the unitary circuit model. The advantage of the adiabatic
algorithm is that it provides a different approach to constructing quantum algorithms which is more
amenable to optimisation problems. One disadvantage is that it is not clear how to protect it against noise,
or to tell how its performance degrades under imperfect control. Another problem is that, even without
any imperfections in the system, determining how slowly to run the algorithm to get a reliable answer is
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a difficult problem — it depends on the energy gap, and it isn't easy in general to tell what the energy gap
is for a static Hamiltonian H, let alone a time-varying one H(t).
Measurement Based Quantum Computers
This is a way to perform quantum computation, using intermediary measurements as a way of driving the
computation rather than just extracting the answers. It is a special case of "quantum circuits with
intermediary measurements", and so is no more powerful.
The core concept is adaptive single-qubit measurements performed on a large entangled state, or a state
which has been subjected to a sequence of commuting and possibly entangling operations which are
either performed all at once or in stages.
This model of computation is usually considered as being useful primarily as a way to simulate unitary
circuits. Because it is often seen as a means to simulate a better-liked and simpler model of computation.
MBQC may suggest new ways of thinking about building algorithms which is not as easily presented in
terms of unitary circuits — but there can be no question of a computational advantage or disadvantage
over unitary circuits, except one of specific resources and suitability for some architecture.
The Circuit Model
This is the best well-known model of quantum computation.
In the beginning all Qubits are initialized to state |0⟩ followed by a sequence of Unitary Gate Operations.
And finally we measure the Qubits we are interested in, to get classical measurement values of {0,1} for
each Qubit.

Figure 18- Quantum Circuit

Discrete Time Quantum Walks
A "discrete-time quantum walk" is a quantum variation on a random walk, in which there is a 'walker' (or
multiple 'walkers') which takes small steps in a graph (e.g. a chain of nodes, or a rectangular grid). The
difference is that where a random walker takes a step in a randomly determined direction, a quantum
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walker takes a step in a direction determined by a quantum "coin" register, which at each step is "flipped"
by a unitary transformation rather than changed by re-sampling a random variable.
This model of computation is strictly speaking a special case of the unitary circuit model, but is motivated
with very specific physical intuitions, which has led to some algorithmic insights for polynomial-time
speedups in bounded-error quantum algorithms. This model is also a close relative of the continuous-time
quantum walk as a model of computation.

Figure 19- Discrete Time Quantum Walk

Quantum Annealing
Quantum annealing is a model of quantum computation which, roughly speaking, a special case of the
adiabatic model of computation applied specifically to solving optimization problems. It has attracted
popular — and commercial — attention as a result of D-WAVE's work on the subject.
Quantum annealing gets its name from a loose analogy to (classical) simulated annealing. They are both
presented as means of minimising the energy of a system, expressed in the form of a Hamiltonian:

Figure 20- Classical & Quantum Hamiltonians

With simulated annealing, one essentially performs a random walk on the possible assignments to the
'local' variables si∈{0,1}, with a certain probability of actually making a transition. A Temperature governs
the probability of transitions.
One starts with the system at 'infinite temperature', which is ultimately a fancy way of saying that you
allow for all possible transitions, regardless of increases or decreases in energy. You then lower the
temperature according to some schedule, so that time goes on, changes in state which increase the energy
become less and less likely (though still possible). The limit is zero temperature, in which any transition
which decreases energy is allowed, but any transition which increases energy is simply forbidden. For any
27
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temperature T>0, there will be a stable distribution (a 'thermal state') of assignments, which is the uniform
distribution at 'infinite' temperature, and which is which is more and more weighted on the global
minimum energy states as the temperature decreases. If you take long enough to decrease the
temperature from infinite to near zero, you should in principle be guaranteed to find a global optimum to
the problem of minimising the energy. Thus simulated annealing is an approach to solving optimisation
problems.
Quantum annealing is motivated by the work by Farhi et al. on adiabatic quantum computation, with the
idea of considering what evolution occurs when one does not necessarily evolve the Hamiltonian in the
adiabatic regime. Similarly to classical annealing, one starts in a configuration in which "classical
assignments" to some problem are in a uniform distribution, though this time in coherent superposition
instead of a probability distribution: this is achieved for time t=0, for instance, by setting
A(t=0)=0, B(t=0)=1
in which case the uniform superposition |ψ0⟩∝|00⋯00⟩+|00⋯01⟩+⋯+|11⋯11⟩ is a minimum-energy
state of the quantum Hamiltonian. One steers this 'distribution' (i.e. the state of the quantum system) to
one which is heavily weighted on a low-energy configuration by slowly evolving the system — by slowly
changing the field strengths A(t) and B(t) to some final value
A(tf)=1, B(tf)=0.
Again, if you do this slowly enough, you will succeed with high probability in obtaining such a global
minimum. The adiabatic regime describes conditions which are sufficient for this to occur, by virtue of
remaining in (a state which is very close to) the ground state of the Hamiltonian at all intermediate times.
However, it is considered possible that one can evolve the system faster than this and still achieve a high
probability of success.

SPECIAL MENTION – QUANTUM INSPIRED ALGORITHMS
Some people believe that Quantum Computing is still very far away. But we can exploit its benefits today
using classical algorithms which are inspired from quantum principles. And yet which do not require a
Quantum Computer at all and can run on regular classical computers.
These algorithms are shown to have an exponential or quadratic asymptotic speedup compared to
previously known classical methods for a small subset of suitable problems, which have suitable
characteristics. Just like mainstream pure play Quantum Algorithms.
Some examples of such Quantum Inspired Algorithms are ones used for optimization problems, genetic
algorithms, quantum machine learning, linear algebra, singular value decompositions etc.
Silicon integrated circuits containing parts that can manipulate light are not new. But a chip from Hewlett
Packard, which integrates 1,052 optical components, is the biggest and most complex in which all the
photonic components work together to perform a computation. It is an implementation of an Ising
machine—an approach to computation that could potentially solve some problems, such as the infamous
“traveling salesman problem,” faster than conventional computers can. Ising Machines are used to solve
optimization problems. And this chip is purely classical. Yet inspired by similar Quantum Principles.
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The Digital Annealer from Fujitsu provides an alternative to quantum computing technology, which is at
present both very expensive and difficult to run. Using a digital circuit design inspired by quantum
phenomena, the Digital Annealer focuses on rapidly solving complex combinatorial optimization problems
without the added complications and costs typically associated with quantum computing methods. The
Digital Annealer computational architecture bridges the gap to the quantum world and paves the way for
much faster, more efficient solving of today’s business problems. The quantum-inspired computing
solution is designed to solve large-scale combinatorial optimization problems which are unsolvable using
today’s classical computers.

SPECIAL MENTION – P-BITS
aka The Poor Man’s Qubit

Figure 21- P-Bits
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Applications of P-Bits
1.
2.
3.
4.
5.

Combinatorial Optimization
Bayesian Inference
Invertible Boolean Logic
Machine Learning
Quantum Emulation

P-bits can be arranged in ways to mimic qubits to solve problems that are generally reserved for quantum
computers, like quantum annealing.

SPECIAL MENTION – SIMULATED BIFURCATION ALGORITHM
Toshiba has developed the SBA algorithm (Purely Classical) for combinatorial optimization that involves
selecting the best possible outcomes from a large number of combinatorial patterns.
This algorithm uses bifurcation phenomena — adiabatic processes and ergodic processes in classical
mechanics. It is derived from a quantum computer theory proposed by Toshiba itself. Simulated
Bifurcation Algorithm delivers highly accurate approximate outcomes for large-scale and complex
combinatorial optimization problems.
Before this algorithm, people believed that such a massive computation power for developing an
algorithm to solve an optimization problem is only achievable through quantum computers. But the new
algorithm is capable of solving such problems with 100,000 fully connected variables in just a few seconds.

Figure 22- Simulated Bifurcation Algorithm

SBA can provide accurate solutions for an optimization problem with 2,000 fully connected variables in
just 0.05 milliseconds. This is 10-times faster than the laser-based quantum computer used for solving
complex problems.
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APPLICATIONS OF QUANTUM COMPUTING IN THE NISQ ERA
Optimization
Given a mathematical model representing a problem its domain and its constraints and an expression
describing the goal. An optimization problem tries to optimize i.e. maximize or minimize the goal. In some
cases there are no constraints and the problem is called unconstrained optimization. Which is extremely
hard classically as it is definitely exponential in complexity. But on quantum computers it can be optimized
by minimizing or maximizing the energy.
Optimization is one of the first use cases of quantum computing. Primarily Quantum Annealing, but in a
few cases even circuit based quantum computers. In the NISQ era the quantum computers are noisy,
unreliable and error prone. But in an optimization problem even an approximate solution close to the
optimum is also good enough. Which can be done even with quite a few quantum errors. Hence the
popularity of the use case.
Optimization problems can be solved using Quantum Annealers, or (Classical) Digital Annealers or by using
algorithms like QAOA on Circuit Based Quantum Computers. Though we believe that using (Classical)
Digital Annealers, which are based on Quantum Inspired Algorithms, are the best bet as of today.
The problem is when someone attempts to solve constrained problems. Things get tricky because
constraints in such models are represented as high (anti) energies. Which leads to exponential model
sizes. Such kind of solutions warrant Deterministic Polynomial Time Solvers from Automatski.
Simulations
A universal quantum simulator is a quantum computer proposed by Yuri Manin in 1980 and Richard
Feynman in 1982. Feynman showed that a classical Turing machine would experience an exponential
slowdown when simulating quantum phenomena, while his hypothetical universal quantum simulator
would not. David Deutsch in 1985, took the ideas further and described a universal quantum computer.
In 1996, Seth Lloyd showed that a standard quantum computer can be programmed to simulate any local
quantum system efficiently.
Many important problems in physics, especially low-temperature physics and many-body physics, remain
poorly understood because the underlying quantum mechanics is vastly complex. Conventional
computers, including supercomputers, are inadequate for simulating quantum systems with as few as 30
particles. Better computational tools are needed to understand and rationally design materials whose
properties are believed to depend on the collective quantum behavior of hundreds of particles. Quantum
simulators provide an alternative route to understanding the properties of these systems. These
simulators create clean realizations of specific systems of interest, which allows precise realizations of
their properties. Precise control over and broad tunability of parameters of the system allows the
influence of various parameters to be cleanly disentangled.
Quantum simulators can solve problems which are difficult to simulate on classical computers because
they directly exploit quantum properties of real particles. In particular, they exploit a property of quantum
mechanics called superposition, wherein a quantum particle is made to be in two distinct states at the
same time, for example, aligned and anti-aligned with an external magnetic field. Crucially, simulators also
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take advantage of a second quantum property called entanglement, allowing the behavior of even
physically well separated particles to be correlated.
Simulating Quantum Systems of interest to us using a Quantum Computer which we can control was one
of the reasons to try and make Quantum Computers in the first place.
Using Quantum Computers we can simulate Fermions and Bosons, Condensed Matter Physics, Materials,
basically all of Physics, Chemistry from first principles.
There are many classical techniques to simulate quantum systems which use various approximations. And
then there are pure quantum simulations of other quantum systems which can be 100% accurate atleast
in theory.
Whatever the case may be. We have to understand each method and its pros and cons using the following
4 Attributes of Simulations
1.
2.
3.
4.

System size
Time scale
Accuracy or approximation
Efficiency of computations

System Size – what is the size of the maximum system that the method can simulate?
Time Scale – what is the time scale that the method can simulate. Is it a couple of nano seconds or a few
milliseconds?
Accuracy or Approximation – what is the underlying approximation used in the method and what is its
capability to reach desired levels of accuracy?
Efficiency – What is the order of the algorithms i.e. what is their computational complexity? How much
resources do we need to perform those simulations using a method? Do we need a supercomputer, or a
GPU HPC Cluster or nothing less than a Production Grade Quantum Computer?
Hybrid Quantum + Classical Algorithms
In the NISQ era the quantum computers are small, noisy, unreliable and have limited capabilities. A great
way to exploit their special, but limited, abilities is to adopt a hybrid model which leverages both quantum
and classical computation. Perhaps the most promising example is in quantum chemistry, where
Variational Quantum Eigensolver (VQE) algorithms perform a kind of heuristic search by iterating between
a quantum machine and a classical supercomputer. The goal is to find the lowest energy state of a
chemical compound (the ground state). We start from the best known configuration of electrons from a
classical supercomputer and estimate the energy of that configuration using the quantum machine. This
estimate is then given back to a classical supercomputer to guide its search towards a configuration with
lower energy. In this way, the quantum machine acts as an accelerator for the energy modeling part of
the computation. By solving for lowest energy under different configurations and constraints, we can
explore a range of molecular reactions.
The general category of Variational Algorithms work by varying parameters in an Ansatz (A Parameterized
Circuit) which is then used to solve problems by finding the best parameters for the circuit which deliver
the best solution. These algorithms form the majority of Hybrid Algorithms today.
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Variational algorithms are used for Quantum Chemistry, solving QAOA optimization problems etc.
Neural Networks
Quantum neural networks are computational neural network models which are based on the principles
of quantum mechanics. The theory of quantum mind, posits that quantum effects play a role in cognitive
function. However, typical research in quantum neural networks involves combining classical artificial
neural network models (which are widely used in machine learning for the important task of pattern
recognition) with the advantages of quantum information in order to develop more efficient algorithms.
One important motivation for these investigations is the difficulty in training classical neural networks,
especially in big data applications. The hope is that features of quantum computing such as quantum
parallelism or the effects of interference and entanglement can be used as resources.
Machine Learning
Quantum machine learning is the integration of quantum algorithms within machine learning programs.
The most common use of the term refers to machine learning algorithms for classical data executed on a
quantum computer, i.e. quantum-enhanced machine learning. While machine learning algorithms are
used to compute immense quantities of data, quantum machine learning utilizes qubits and quantum
operations or specialized quantum systems to improve computational speed and data storage done by
algorithms in a program. This includes hybrid methods that involve both classical and quantum processing,
where computationally difficult subroutines are outsourced to a quantum device. These routines can be
more complex in nature and executed faster on a quantum computer. Furthermore, quantum algorithms
can be used to analyze quantum states instead of classical data.
The primary goal of Quantum Machine Learning is to achieve a Quadratic or Exponential Acceleration over
Classical Machine Learning. Though there could be other secondary advantages in Machine Learning with
Quantum Computing due to attributes of Quantum Mechanics.

QUANTUM ADVANTAGE & QUANTUM SUPREMACY
Quantum advantage refers to the moment when a quantum computer can compute hundreds or
thousands of times faster than a classical computer.
The phrase “quantum supremacy” The phrase was coined in 2012 by John Preskill, a theoretical physicist
at Caltech, to describe the point at which quantum computers can do things that classical computers
simply can’t.
Automatski achieved Quantum Supremacy in 2014 using its Billion Qubit Infinite Precision Quantum
Computer. The second company to achieve Quantum Supremacy was Google in Oct 2019, using its 53
Qubit NISQ Quantum Computer called Sycamore.
Google showcased a solution called Random Circuit sampling, which has absolutely no practical real world
use. Except as a technique to show usage and power of Quantum Computers by doing something which
Classical Computers cannot.
IBM counter argued Googles claim. IBM researchers in a blogpost written in response to the work, argued
that the Oak Ridge supercomputer could solve the randomness problem in 2.5 days, perhaps less,
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depending on how it was programmed. They add that because “quantum supremacy” requires a quantum
computer to solve a problem that is beyond a classical computer, Google’s claim does not hold up.
It is believed that a Quantum Computer with 50-100+ Logical Qubits would outperform any classical
computer or supercomputer and will be able to do things classical computers will never be able to do.
Hence we can probably prove Quantum Supremacy with 50-100 Logical Qubits.

THE WORLDS MOST POWERFUL PRODUCTION GRADE QUANTUM
COMPUTERS
Outside Automatski the world has erroneous, noisy toys which are not and will not be useful for any
production grade applications anytime soon. There is doubt if mankind can ever make a production grade
Quantum Computer. Basically quantum systems are very fragile and we are fighting the Universe by trying
to make a Quantum Computer by going against its rules and the way it works.
But at Automatski it’s a completely different story. Automatski made the worlds first and only Production
Grade Billion Infinite Precision Qubit Quantum Computer (Circuit Based) in 2014. We have been using it
internally for our research and product development ever since. Besides a few government agencies
across the world for things they know better.

QUANTUM COMPUTING VS QUANTUM TECHNOLOGY
Quantum Computing is basically the domain of using a new type of computer, the Quantum Computer to
solve computational problems. The Quantum Computer itself under the hoods works using principles of
Quantum Physics.

Figure 23- Quantum Sensors

35
COPYRIGHT ©2020 AUTOMATSKI SOLUTIONS PRIVATE LIMITED. ALL RIGHTS RESERVED.

The Executives Guide To Quantum Computing v2020
While Quantum Technology is the entire field of using quantum physics principles like entanglement,
super position etc. to create new devices which are way superior to the ones using classical mechanisms.
Such devices are more efficient, accurate, safer (little or no radiation) etc. These are things like
1.
2.
3.
4.
5.
6.
7.
8.

Quantum Dots
Quantum Sensors
Quantum Radar
QKD – Quantum Key Distribution (aka The Quantum Internet in popular media)
Quantum Metrology
Quantum Imaging
Quantum Image Processing
Quantum Signal Processing

These have industrial and scientific applications, and for things like Astronomy, Medical Imaging,
Geosensing, Defence etc.

TOPOLOGICAL QUANTUM COMPUTING
Topological Quantum Computing (TQC) is based on Topological Quantum Field Theory (TQFT). It is
basically a way of Quantum Computing by moving around quantum particles. And the order in which we
move them around defines the computation.
Topology as a subject is concerned with the properties of a geometric object that are preserved under
continuous deformations, such as stretching, twisting, crumpling and bending, but not tearing or gluing.
Topological Quantum Computing is hence a way of Quantum Computing by geometric changes.
It is an approach to realizing quantum computing with non-Abelian anyons/quasi-particles found in
certain two dimensional quantum systems (on the 2D surface). The information is encoded in non-local
degrees of the system making it fault-tolerant to local errors. The process of information is achieved by
braiding (just like girls braid their hair) of anyons, which effects a unitary transformation acting as
quantum gates. Measurement of states is performed through fusing anyons. In terms of computational
power, TQC is equivalent to the standard circuit model.
Non-Abelian anyons/quasi-particles can be found in certain fractional Quantum Hall States. For example,
think of a plane of electrons subject to a strong magnetic field in the vertical direction where the
temperature is lowered to close to absolute zero degree.
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Figure 24- The Exchange or Braiding Causes a Phase Shift in The Quantum State Which is a Unitary Transformation Equivalent to
Applying a Quantum Gate

To perform computations by braiding topological states, it is necessary that these particles follow a nonabelian statistics, which means that the order with which they are braided has an impact in the resulting
phase.

Figure 25- The Process Of Topological Quantum Computation
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To perform topological computation we start in an initial state. And perform braiding. This is equivalent
to executing quantum gates on qubit states (in the circuit quantum computation model)
In the end we fuse pairs of particles which gives us a measurement (result) or they annihilate.

Topological Quantum Computing has the advantage of being automatically faulttolerant to local errors

What is the advantage of Topological Quantum Computing over other approaches?
In most quantum systems, information is encoded in the properties of particles, and the slightest
interaction with their surroundings will destroy their quantum state. This means they operate with a
precision of maybe 99.9%, or what we call three nines. To do real problems, we need precision at the level
of ten nines, so you need to create a massive array of qubits that allows you to correct for the errors.
Topological quantum computing has the promise of reaching up to six or seven nines, which means we
wouldn't need to have this extensive and expensive error correction.
So, what about topological quantum computing makes it so robust?
Noise from the environment and other parts of the computer is inevitable, and that might cause the
intensity and location of the quasiparticle to fluctuate. But that’s OK, because we do not encode
information into the quasiparticle itself, but in the order in which we swap positions of the anyons.We
call that braiding, because if you draw out a sequence of swaps between neighbouring pairs of anyons in
space and time, the lines that they trace look braided. The information is encoded in a ‘topological’
property—that is, a collective property of the system that only changes with macroscopic movements,
not small fluctuations.

38
COPYRIGHT ©2020 AUTOMATSKI SOLUTIONS PRIVATE LIMITED. ALL RIGHTS RESERVED.

The Executives Guide To Quantum Computing v2020

PHOTONIC QUANTUM COMPUTING

Figure 26 - Photonic Quantum Processor

Quantum Computers based on Photons may possess key advantages to ones with superconducting qubits
or electron spin qubits.
Probable Advantages of Photonic Quantum Computing…
1. Quantum computers that rely on qubits based on photons can, in principle, operate at room
temperature.
2. They can also readily integrate into existing fiber optic–based telecommunications infrastructure,
potentially helping connect quantum computers together into powerful networks and even a
quantum Internet.
3. With the addition of so-called “time multiplexing” architectures, photonic quantum computing
can in principle scale up to millions of qubits.
Two Approaches to Photonic Quantum Computing…
The classic approach to photonic quantum computing, linear optical quantum computing, relies on qubits
each based on a single photon. This strategy manipulates photons with mirrors, beam splitters, and phase
shifters which implement the gates (which are probabilistic and don’t scale very well). Single photon
detectors are then used to help read the results of what these devices have done. The problem with this
approach is that single photons are difficult to control and work with, generally limiting this strategy to a
handful of photons.
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This is called a Dual Rail Qubit where each qubit state |0> and |1> is represented by a ‘single’ photon in
one of the two rails.

Figure 27- Dual Rail Qubit Encoding

It is extremely difficult to produce single photons and detect single photons. For which cryogenic systems
are used. So Photonic Quantum Computing doesn’t necessarily work at room temperatures. Besides this
there is sizeable loss in the circuits. The theoretical maximum of 75% or 25/32 is the highest success
probability of such systems till now. (aka boosted bell state measurement)
A newer approach, known as continuous variable quantum computing, does not employ single-photon
generators. Instead, they rely on so-called “squeezed states” consisting of superposition’s of multiple
photons.
Squeezed states take advantage of a key tenet of quantum physics: Heisenberg's uncertainty principle,
which states that one cannot measure a feature of a particle, such as its position, with certainty without
measuring another feature of that particle, like its momentum, with less certainty. Squeezed states take
advantage of this tradeoff to “squeeze” or reduce the uncertainty in the measurements of a given variable
while increasing the uncertainty in the measurement of another variable the researchers can ignore. This
improved certainty can in principle help entangle large numbers of photons.
So how does all of this work?
Sequences of laser pulses fired into microchips couple with microscopic resonators to generate squeezed
states. The light next flows to a network of beam splitters and phase shifters, which perform the desired
computation. The photons then zip out of the chips to superconducting detectors that count the photon
numbers to extract the answer to the computation.
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One current limitation stems from the superconducting photon counters being used. Those
counters require ultra-cold temperatures less than 1 degree above absolute zero. However, future
detectors may not require superconductivity or cryogenic temperatures.
A past criticism of photonic quantum computing was that it lacked fault tolerance and error correction.
The newer approach of continuous variable quantum computing is compatible with more sophisticated
strategies for error correction and fault tolerance than earlier photonic approaches were.

COHERENT ISING MACHINES
What is a Coherent Ising Machine?

A coherent Ising machine (CIM) is a network of optical parametric oscillators (OPOs),
in which the “strongest” collective mode of oscillation at well above threshold
corresponds to an optimum solution of a given Ising problem.

Figure 28- Coherent Ising Machines

CIMs constitute a promising approach to solve computationally hard optimization problems by mapping
them to ground state searches of the Ising model and implementing them with optical artificial spinnetworks. Similar to quantum annealing devices, CIMs constitute an efficient way to solve
computationally hard optimization problems by performing ground state searches of Ising models.
CIMs with all-optical mutual injection reaches the GW solution in constant number of round trips, i.e.,
constant time independent of the input problem size.
*** a semi-definite programming relaxation algorithm with 87.8%-performance guarantee was proposed
by Goemans and Williamson (GW). Hence we discuss time required for achieving GW level solution.
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Figure 29- Accelerator Suitability

DOPO CIMs
Measurement-feedback-based DOPO (degenerate optical parametric oscillators) Ising machines allow
connections between any spin and any other spin, and is fully programmable.
*** Fully connected superconducting Ising machines have been also proposed recently.
CIMs based on degenerate optical parametric oscillators (DOPOs) have demonstrated large potential to
outperform digital computers and quantum annealing devices, which can have a significant impact on
important areas such as pharmaceutics, machine learning, finance and logistic. However, DOPO-based
CIMs require large phase-locked ring cavities and nonlinear optical components, which results in large and
expensive setups and makes it challenging to build and operate these machines.
OEO CIMs
Newer fully programmable CIMs, are based on opto-electronic oscillators subjected to self-feedback
[Using opto-electronic oscillators (OEOs) subjected to self-feedback] . Contrary to earlier CIM designs, the
artificial spins are generated in a feedback induced bifurcation and encoded in the intensity of coherent
states. This removes the necessity for nonlinear optical processes or large external cavities and offers
significant advantages regarding stability, size and cost.
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Figure 30- Optical CIMs vs Quantum Annealers

HYBRID DISCRETE + CONTINUOUS VARIABLE QUANTUM COMPUTING

Figure 31- Hybrid Discrete + Continuous Quantum Computing

Quantum Computing is commonly based on two kinds of encoding. Most Quantum Computers work with
discrete-variables (DV), where the information is encoded in a finite-dimensional Hilbert space, for
instance on the polarization of single photons, spins of electrons etc. Using Qubits have two basis states
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|0⟩ and |1⟩ and they exist in a superposition of both these states. Thats Discrete Quantum Computing.
Newer approaches to Quantum Computing focus on the continuous-variable (CV) approach, where the
information is encoded in an infinite-dimensional Hilbert space, for instance on the quadrature
components of light modes. Hybridization of CV and DV photonic technologies enables novel quantum
state engineering and processing capabilities. Latest research is trying to put to use the realization of
hybrid mechanisms for entanglement characterization, the generation of highly non-gaussian states and
hybrid entangled states between particle- and wave-like optical qubits and the use of such resources for
Quantum Computing.
*** Qubits made from things like Photons or Magnetic Fields can have Continuous Variables.
But why would anyone use that? Its way more complex and non-intuitive.
Because CV Quantum Computing promises exponential acceleration of computation. Thats why.
“DV and CV encoding have distinct advantages and drawbacks,” says Hugues de Riedmatten of
the Institute of Photonic Sciences in Barcelona. CV systems encode information in the varying
intensity, or phasing, of light waves. They tend to be more efficient than DV approaches but are
also more delicate, exhibiting stronger sensitivity to signal losses. Systems using DVs, which
transmit information by the counting of photons, are harder to pair with conventional information
technologies than CV techniques. They are also less error-prone and more fault-tolerant,
however. Combining the two, de Riedmatten says, could offer “the best of both worlds.”
So proponents of Hybrid Discrete & Continuous Variable Computing say that they can build Quantum
Computers using Photons which can use both Discrete Qubits and Continuous Variable Quantum
Computing schemes. Delivering the combined benefits of both.

DISTRIBUTED QUANTUM COMPUTING
Lets say you have 10 Quantum Computers each with a 10 Qubit Capacity (like what we have today). So in
total they have 100 usable Qubits. Lets say you have a problem to solve which requires 100 Qubits. You
breakup the problem in such a fashion that each quantum computer processes a small part requiring 10
qubits and then you aggregate the solutions together to get the final answer. There is a huge huge
problem with that.
What is the problem?
Well Quantum Computers are being built for a reason. And that is to solve the most difficult problems
which we have which cannot be solved with Classical Computers. And 'all' such problems have one
attribute. They cannot be broken up into parts, solved in parts and the results aggregated into the final
'perfect' solution. If that was possible then these problems would have been solved already. So basically,
this version of Distributed Quantum Computing won't work.
But, there is a twist to the story. What is that?
Proponents of DQC say that by distributed we mean just 10 meters. All these QC's are separate physical
entities but they are kept only 10 meters apart in the same room.
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OK. Then what?
Then the second twist is that the proponents claim that instead of breaking up the problem into 10 parts.
We will integrate all the Quantum Computers such they function as one logical quantum computer with
100 qubits. Then they will be able to solve the 100 Qubit problem? right?
Well, theoretically yes! If such an integration is possible. Which maintains All-To-All Qubit connectivity,
and desired levels of coherence times and fidelity.
1. By a distributed quantum computer, we mean a network of quantum computers
interconnected by quantum and classical channels
2. The distributed computing paradigm provides an effective way to utilize a number of small
quantum computers. Especially in the NISQ era.
So what do we have to do to make this possible?
First of all, such an integration is not ‘natively’ possible with Superconducting Qubits because we cannot
move them around. It is also not possible with Ion Qubits for the same reason. It might just be possible
with Photonic Qubits. Because we can move entangled photons around pretty easily.
It is yet to be seen if distributed quantum computing delivers practical benefits than what is possible
today.

UNIVERSAL COMPUTATION
The Necessary and Sufficient condition to perform Universal Computation with Quantum Computers is
the ability to perform Logic & Arithmetic operations.

Figure 32- Logic Gates

1. AND, OR and NOT (a Full Set)
2. AND and NOT (a Complete Set)
3. OR and NOT (a Complete Set)
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4. NAND (a Minimal Set)
5. NOR (a Minimal Set)
We know that NAND or NOR gates each by themselves is Universal. And can implement any logic gate.

Figure 33- Implementing All Logic Gates Using Only NAND Gates

When it comes to Arithmetic Operations like Addition, Subtraction, Multiplication and Division. The set of
Addition & Multiplication operations is Universal and can be used to implement any Arithmetic
Operations.

Quantum Computers can execute any Program which can be executed on Classical
Computers. By virtue of their ability to perform arbitrary Arithmetic & Logic
Operations.
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UNIVERSAL GATE SET
The question we have to ask is which gate or set of gates is/are Universal for
Quantum Computing?

Deutsch identified a three-qubit gate that is universal for quantum logic.

Figure 34- The Deutsch Gate

{CNOT , T, H} is a universal quantum gate set. Which stand for Controlled Not, T-Operator and Hadamard
Gates.
The T-Operator makes it possible to reach all the different points on the Bloch Sphere, through a property
called T-depth. It is a non-Clifford gate, which causes a π/4 phase shift on the Bloch Sphere.
{H, Toffoli} is also a universal quantum gate set.

Two-qubit gates, are universal for quantum logic. Any arbitrary unitary matrix can be
simulated in terms of two-qubit gates.

CIRCUIT OPTIMIZATION
Synthesizing minimum depth quantum circuits takes exponential complexity computations. We can resort
to heuristics to get an approximately optimal minimum circuit in polynomial time.
Most methods focus on reducing Gate Count. And as a by product they reduce Circuit Depth.
We can resort to pattern matching (using known Gate Reduction Patterns) to minimize a circuit.
We need to make sure that the accuracy of the minimized circuit is within the tolerance limits required to
get the same expected results as the original circuit.
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By Optimizing Quantum Circuits we might be able to fit the Circuit/Program Depth
and Results within the Accuracy and Capabilities of NISQ Quantum Computers

Otherwise also it is useful to have the smallest most compact version of the program we want to execute.
Most of the times such compact versions are so abstract that they cannot be created by hand or intuitively
understood. Hence such circuit optimizations are done transparently behind the scenes by the compiler
before execution on the physical quantum computer hardware.

ZX CALCULUS
The ZX-calculus is a graphical language for reasoning about quantum computation that has recently seen
an increased usage in a variety of areas such as quantum circuit optimization, surface codes and lattice
surgery, measurement-based quantum computation, and quantum foundations. The ZX-calculus can
also be used for computations on quantum circuits and states. The Clifford computation and the graphical
proof of the Gottesman-Knill theorem, introduced an extension of the ZX-calculus that allows Toffoli
gates, and the algebraic origins of the ZX-calculus that represent mixed states, measurement, classical
control and higher-dimensional Qudits.
ZX-diagrams are essentially a graphical notation for complex matrices of size 2n × 2m.
ZX-calculus allows us to do calculations with ZX-diagrams, transforming it from notation into a language.
With rules for doing the calculations.

Figure 35- Basic Rules Of ZX – Calculus

ZX-calculus focuses on gate sets consisting of single-qubit gates combined with the CNOT gate. While the
ZX-calculus is very useful when it comes to reasoning about circuits based on CNOT gates and related
gates like the CZ or the Ising-type unitaries such as the phase gadget, it is considerably harder to work
with multiply-controlled gates.
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Figure 36- The Phase Free Rules Of ZH – Calculus

ZH – Calculus deals with rules of H-Boxes. Its a variation on the ZX-calculus. It was introduced in 2018 by
Backens and Kissinger and introduces a new generator, the H-box, that generalizes the Hadamard box
everyone had been using to arbitrary arity earlier, and which allows an easy representation of Toffoli gates
and other multiply-controlled gates.

Figure 37- Rules Of ZW – Calculus

The ZW-calculus is universal for matrices over the integers. And deals with GHZ-states and W-states.
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Figure 38- Extended Rules Of ZX - Calculus

The reader might now wonder: ZX-calculus, ZH-calculus, ZW-calculus, how many Z*-calculi are there? The
answer turns out to be that these are essentially the only ones.
The next question will be – yet why so many calculi? If ZX – Calculus is Universal and we can represent and
do anything in it? Because ZX - Calculus is perhaps not the best and most efficient way to represent and
compute for specific cases. And hence the need for two more calculi.
We have intentionally left out many definitions of the terms in this section. Because this is meant to be
an executives guide. And not a scientific research paper or an advanced degree course. But we hope it is
good enough to give the reader a reasonable overview of the ZX – Calculus. And its use and benefits.

TENSOR NETWORKS
Tensor network methods are taking a central role in modern quantum physics and beyond. They can
provide an efficient approximation to certain classes of quantum states, and the associated graphical
language makes it easy to describe and pictorially reason about quantum circuits, channels, protocols,
open systems and more.
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Figure 39- Tensor Networks

What are they?
Tensor networks are useful constructs for efficiently representing and manipulating correlated data. They
work by decomposing high-dimensional data (expressed as a many index tensor) as a product of few index
tensors, each of which contains only a relatively small number of parameters.
Originally developed in the context of quantum many-body theory, tensor networks have not only aided
in the theoretical understanding of quantum wave functions, especially in regards to quantum
entanglement, but also form the basis of many powerful numerical simulation approaches.
More recently, tensor networks have found a diverse range of applications in research areas such as
quantum gravity and holography, error correcting codes, classical data compression, big data analysis and
machine learning.
For our purposes, a tensor can simply be understood as a multi-dimensional array of numbers. Typically
we use a diagrammatic notation for tensors, where each tensor is drawn as a solid shape with a number
of 'legs' corresponding to its order:
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We can form networks comprised of multiple tensors, where and index shared by two tensors denotes a
contraction (or summation) over this index:

Notice that the example above on the left is equivalent to a matrix multiplication between matrices A and
B, while the example on the right produces a rank-3 tensor D via the contraction of a network with three
tensors. Even in this relatively the simple example, we see that the diagrammatic notation is already easier
to interpret than the corresponding index equation!
In many applications, the goal is to approximate a single high-order tensor as a tensor network composed
of many low-order tensors. Since the total dimension of a tensor (i.e. the parameters it contains) grows
exponentially with its order, the latter representation can be vastly more efficient!
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Much of tensor network theory focuses on understanding how these representations work, and in what
circumstances are expected to work.
In contrast, tensor network algorithms typically focus on methods to efficiently obtain, manipulate, and
extract information from these representations.
Some tensor network algorithms are DMRG, TEBD, MERA etc.

QUANTUM INFORMATION DECISION DIAGRAMS
As in the conventional domain, decision diagrams are heavily used in different design tasks for quantum
computation like
1. Synthesis,
2. Verification, or
3. Simulation
However, unlike decision diagrams for the conventional domain, decision diagrams for quantum
computation as of now suffer from a trade-off between accuracy and compactness.
While there are many variants, Quantum Information Decision Diagram (QUIDD) (Binary |0⟩ & |1⟩ states)
and Quantum Multi-Valued Decision Diagrams (For Qudits & Qutrits) are most commonly used in
Quantum Logic.

Figure 40- Representation Of A Quantum State As A Vector & Decision Diagram
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Figure 41- Representation Of A Quantum Operation As A Matrix & Decision Diagram

Figure 42- Sketch Of DD-based Matrix-Vector Multiplication With Operation M and State V . The Triangles Represent SubDiagrams, Where Same Colors Indicate Equal Sub-Diagrams

The Most Important Use Case – Simulation
The simulation of quantum computations plays a vitally important role in design automation, since
physical quantum computers are prohibitively expensive and the fundamental restrictions at the quantum
level do not allow to directly access the amplitudes of a quantum state. To mitigate this issue, simulations
on classical computers are conducted for the development and testing of quantum algorithms.
On the conceptual level, the simulation of a quantum computation is simple as it “just” requires matrixvector multiplication. However, due to the exponential memory needed to store the matrices and vectors,
all but the most trivial examples require dedicated approaches to successfully perform the simulation.
With decision diagrams’ drastically decreased memory consumption and runtime for many quantum
algorithms they promise substantially faster simulation times.
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CLASSICAL SIMULATION OF QUANTUM GATES
There are two groups of quantum gates - Clifford gates and non-Clifford gates.
Representatives of Clifford gates are Pauli matrices I, X, Y and Z, Hadamard gate H, S gate and CNOT gate.
Non-Clifford gates are for example T gate and Toffoli gate.
As per the Gottesman–Knill theorem, Clifford gates can be simulated on classical computer efficiently (i.e.
in polynomial time), non-Clifford gates cannot.
If both Clifford and non-Clifford gates could be simulated efficiently by classical computers, there would
be no (or at least drastically reduced) motivation to build quantum computers.

GOTTESMAN–KNILL THEOREM
Not all quantum dynamics are difficult to simulate by classical digital computers. Some of representative
and important quantum processes, including entangled state generation and purification, can be
efficiently simulated by classical methods, so that such a quantum system alone is unlikely to achieve a
computation power exceeding the current states of art in digital computing technology.
Gottesman and Knill were the first to point out this subtle distinction between classical and quantum
information processing. The statement of the Gottesman–Knill theorem can be summarized as follows:
If a quantum process starts with
1. computational basis states, such as ground states |0⟩1|0⟩2⋯|0⟩N,
2. employs a limited set (Clifford group) of unitary gates such as Hadamard gates, phase gates and
controlled-NOT gates, and ends with
3. projective measurements along the computational basis states {|0⟩|1⟩},

such a quantum process can be efficiently simulated by classical digital computers. A reader who is familiar
with the famous Shor’s factoring algorithm knows that it requires implementation of a fractional phase
which is not included in the above Clifford group constraint, so that the Shor algorithm is outside of the
above limitation.
A continuous variable (harmonic oscillator) version of the above theorem was developed by Bartlett et al.
The statement of this theorem runs as follows:
If a quantum process with harmonic oscillators starts with
1. Gaussian states, such as coherent states |α⟩1|α⟩2⋯|α⟩N,
2. employs a limited set of unitary gates such as squeezing gates and displacement gates, and ends
with
3. projective measurements of one quadrature amplitude (by homodyne detection) or two
quadrature amplitudes (by heterodyne detection),
such a quantum process can be efficiently simulated by classical digital computers.
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REVERSIBLE COMPUTING
Reversible computing, in a general sense, means computing using reversible operations, that is,
operations that can be easily and exactly reversed, or undone. In technical terms, a reversible operation
performs a bijective transformation of its local configuration space.
When this kind of reversibility is maintained at the lowest level, in the physical mechanisms of operation
of our bit-devices (such as transistors), it avoids dissipating the energy that is associated with the bits of
information that are being manipulated. This can help to reduce the overall energy dissipation of
computations, which can in turn increase battery life or processing speed in heat-limited systems.
By about 2050 (perhaps sooner), nearly all computing will be heat-limited, as bit energies approach the
absolute thermodynamic lower bound of kT ln 2, where only one bit's worth of physical information
(physical entropy) is used to encode each logical bit. Reversible computing is a necessity in order to
further increase a system's rate of computation per unit power consumed beyond the point where that
limit has been reached.
Furthermore, when reversibility is maintained at the highest levels, in one's computer architectures,
programming languages, and algorithms, it provides opportunities for interesting applications such as bidirectional debuggers, rollback mechanisms for speculative executions in parallel and distributed systems,
and error and intrusion detection techniques.
Finally, the two types of reversibility (low-level and high-level) are deeply connected, because, as it turns
out, achieving the maximum possible computational performance for a given rate of bit dissipation
generally requires explicit reversibility not only at the lowest level, but at all levels of computing--in
devices, circuits, architectures, languages, and algorithms (a strongly conjectured, but not yet formally
proven result-call it Frank's Law).

It is expected that Reversible Computers will consume 1000X-10,000X Lesser Energy
than our Current Computers.

Reversible circuits or Gates generates unique output vector form each input vector, and vice versa, i.e.,
there is a one to one correspondence between the input and output vectors. Thus, the number of outputs
in a reversible gate or circuit has the same as the number of inputs, and commonly used traditional NOT
gate is a reversible gate. More formally, a reversible logic gate is a K-input, K-output (denoted K*K) device
that maps each possible input pattern into a unique output pattern.
While constructing reversible circuits with the help of reversible gates, there are some constraints.
1.
2.
3.
4.

Firstly, in reversible logic circuits the number of inputs must be equal to the outputs.
Secondly, for each input pattern there must be a unique output pattern.
Thirdly, each output will be used only once, that is no fan out is allowed.
Finally, the resulting circuits must be acyclic.
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Typical Gates used in Reversible Computing are…
1.
2.
3.
4.
5.
6.
7.

NOT
FEYNMAN
TOFFOLI
FREDKIN
PERES
NEW
TR

Quantum Computing is Reversible. It can be executed from the end to start without any loss of generality
and each of its operations can be reversed.

PULSE LEVEL PROGRAMMING
The quantum circuit model is an abstraction that hides the underlying physical implementation of gates
and measurements on a quantum computer. For precise control of real quantum hardware, the ability to
execute pulse and readout-level instructions is required. This paradigm is called Pulse Level Programming.
Pulse programming in the field of experimental physics refers to engineering sinusoidal electromagnetic
waveforms to have programmable frequencies, phases, and amplitudes. The main techniques and
terminology arose in the study of nuclear magnetic resonance (NMR) during the 1970s, but has since been
adopted in many other experimental settings, usually associated with quantum computing research and
experiments.
These include electron spin resonance (ESR), trapped ions, quantum dots, the phase/flux/charge across a
superconducting junctions, and many other quantum bit implementations. Traditionally, pulse
programmers were built using hard-wired analog electronics to produce a fixed sequence of waveforms,
but modern pulse programmers make use of direct digital synthesis programmable electronics controlled
by a personal computer to make precisely reproducible sequences.
A primary challenge with quantum research and development is that every quantum computer has its
own unique hardware. "The unique nature of every system results in engineers spending inordinate
amounts of time coding and programming new programs and algorithms, with any variation in the
underlying hardware requiring either restarting the process or even re-routing the control hardware
itself,"
Quantum circuits and pulse schedules are both representations of a quantum program. The transpiler
optimizes quantum circuits according to the properties of the targeted quantum system such as the device
topology, the native gate set, and the gate fidelities. To execute the most accurate low level program
possible on the available physical hardware given the high level program.
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Figure 43- Pulse Level Programming
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OPENQASM VERSION 2/3

Figure 44 - Quantum Error Correction w/ OpenQASM v2

Open Quantum Assembly Language (pronounced open kazm) is an intermediate representation for
quantum instructions. It is capable of describing universal quantum computing using the circuit model,
measurement-based model, and near-term quantum computing experiments.
OpenQASM v2 provided a generic mechanism for describing static circuits, that is circuits without classical
control flow. These are important (and large!) family of circuits, with sufficient expressibility for most
textbook quantum algorithms. From another perspective, though, it is quite constrained.
The broader family of dynamic circuits allows for the interaction of real-time classical computation with
the gates and measurements of static circuits. Eventual fault-tolerant quantum computers will require
dynamic circuits to describe the interaction of classical decoders and qubits in quantum error correction
schemes. In the near term, there are already interesting use cases for teleportation and new algorithms
like iterative phase estimation and repeat until success that require real-time classical processing.
Sometimes a gate-level description of a circuit is too high-level. We may need to specify the signals on the
control wires attached to the quantum processor. This need motivated the OpenPulse specifications.
However, today’s users are forced to choose between the world of pulses and the world of gates, while
blending the two is common in calibration and characterization use cases.
OpenQASM v2 is also timing unaware. It contemplates an abstract machine model of unitary
transformations and measurements on qubits. Again, however, there are frequent use cases such as
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coherence measurements (inversion recovery, Ramsey sequences, etc.) and all flavors of dynamical
decoupling where having control over timing in a gate-level description is desired.
OpenQASM v3 is designed for the next-generation of quantum computing hardware that interfaces the
classical and quantum regimes, it incorporates a multi-level programming model that will allow the
dynamic exploration of quantum systems. It includes…
1. A broader family of computation with classical logic
2. Explicit timing
3. Embedded pulse-level definitions

OPEN SOURCE QUANTUM COMPUTING
While most Quantum Computing SDK’s and Frameworks e.g. Qiskit from IBM, Cirq from Google claim to
be open source. They do retain rights and control over their creations.
Qiskit [kiss-kit] is an open source SDK for working with quantum computers at the level of pulses,
circuits and application modules.
Cirq is a Python software library for writing, manipulating, and optimizing quantum circuits, and
then running them on quantum computers and quantum simulators. Cirq provides useful
abstractions for dealing with today's noisy intermediate-scale quantum computers, where details
of the hardware are vital to achieving state-of-the-art results.
One of the first truly open source frameworks was ProjectQ
ProjectQ is an open-source software framework for quantum computing started at ETH Zurich. It
allows users to implement their quantum programs in Python using a powerful and intuitive
syntax. ProjectQ can then translate these programs to any type of back-end, be it a simulator run
on a classical computer or an actual quantum chip.

OpenFermion is an open source library for compiling and analyzing quantum algorithms to
simulate fermionic systems, including quantum chemistry. This includes data structures and tools
for obtaining and manipulating representations of fermionic and qubit Hamiltonians.
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OpenSuperQ is the worlds first Open Source
Quantum Computer, based on Superconducting
Qubits. Its an European initiative aimed at
designing, building and operating a quantum
information processing system of up to 100
qubits.
KQCircuits is an open source software from IQM
to design superconducting quantum processors.
KQCircuits enables quantum chip development
through a simple and open framework, from chip
design and simulation to fabrication. With KQCircuits, quantum engineers and physicists can conveniently
generate chip designs with a simple click. They can also check the signal routing before the device
fabrication process to avoid making costly errors.
QOSF is Quantum Open Source Foundation who’s mission is supporting the development and
standardization of open tools for quantum computing.

CRYPTOGRAPHY & CRYPTANALYSIS
Everyone knows that Quantum Computers will be able to literally break all existing cryptography using
Quantum Algorithms like Shor’s Algorithm (RSA Cryptography and Discrete Logarithms) and Grovers
Algorithm (AES Cryptography). So its just a matter of time before someone outside Automatski creates a
Production Grade Quantum Computer and breaks all cryptography. That will instantly break havoc in the
world and all security would instantly get compromised. And considering it would take years to upgrade
all systems to cryptography that is immune to quantum attacks. It is better late than never to get started
upgrading our security systems.
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Figure 45- Impact of Quantum Computers on Cryptography (Ref: University of Waterloo)

Shor’s Algorithm
Shor's algorithm is a quantum computer algorithm for integer factorization. Informally, it solves the
following problem: Given an integer N, find its prime factors. It was invented in 1994 by the American
mathematician Peter Shor.
Shors Algorithm can be used to break existing Public Key Cryptography like RSA, ECC, Digital Signatures
etc.
Shors Algorithm completely destroy such traditional cryptography and there is no fix. Other than
deploying Post Quantum Cryptography.
Grovers Algorithm
Grover's algorithm is a quantum algorithm that finds with high probability the unique input to a black box
function that produces a particular output value, using just
evaluations of the function, where N
is the size of the function's domain. It was devised by Lov Grover in 1996.
Grovers Algorithm is basically a very general Quantum Search Algorithm. Given a set of N unsorted
Objects. It can find the desired Object with just

quantum operations.

Grovers Algorithm reduces the power of AES Algorithms by half. So the current efforts to secure AES
Cryptographic Algorithms against Quantum Hacks is to double or Quadruple their bit strength. But then it
becomes computationally intensive on low power devices. So we need to figure a way out.
Grovers algorithm is considered to be optimal and we can’t do any better. And hence we cannot use it to
solve NP Problems in Polynomial Time using Quantum Computers.
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QUANTUM RANDOM NUMBER GENERATOR (QRNG)

Figure 46- Quantum Random Number Generator

Systems that rely on deterministic processes such as Pseudo Random Number Generators (PRNGs) to
generate randomness are not secure because they rely on deterministic – thus predictable – algorithms.
A better solution is to use hardware random number generation. However, not all of them are equally
good. Many still rely on classical physics processes that run in an uncontrolled and chaotic manner.
Additionally, they heavily rely on post-processing algorithms – that are deterministic thus vulnerable – to
provide randomness as the quality of their entropy source is not consistent.
Quantum RNGs exploit elementary quantum optic processes that are fundamentally probabilistic to
produce true randomness. As the quantum processes underlying the QRNG are well understood and
characterized, their inner working can be clearly modelled and controlled to always produce
unpredictable randomness.
Types of RNG
1. (Classical) Pseudo-RNG
2. (Classical) Physical RNG
3. (Quantum) Physical RNG
IDQuantique is a world leader of sorts that offers QRNG’s with 240mbps entropy sources. Which can be
combined together to create an Enterprise Class entropy source.
Some applications of QRNG’s are…
1.
2.
3.
4.

Key Generation for Any cryptographic algorithms and protocols (IPSEC, TLS, SSH, etc)
Gaming (Random Game Play, Scenarios, Scenes, Maps etc.)
Scientific Modelling & Simulations (e.g. Monte Carlo)
Statistical Research
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POST QUANTUM CRYPTOGRAPHY

Figure 47- Lattice Based Cryptography

Post-quantum cryptography refers to cryptographic algorithms that “are thought” to be secure against an
attack by a quantum computer. PQC is classical cryptography.
The most promising flavors of PQC are…
1. Lattice Based Methods
2. Supersingular Elliptic Curve Isogeny Cryptography

Figure 48- Elliptic Curve Isogeny Cryptography

The US DoD in its reports has already advised not to go with Quantum Internet or QKD. And we also have
explained in an earlier section that QKD doesn’t work. So its not worth spending billions on dollars in QKD.
DoD has advised going with PQC as it is more or less proven (though yet to be standardized by NIST. Its in
the final stages). And it works and is both necessary and sufficient for all our Post Quantum Security needs.
Automatski has one of the earliest PQC implementations in production since 2014. Which it uses in its
applications.

64
COPYRIGHT ©2020 AUTOMATSKI SOLUTIONS PRIVATE LIMITED. ALL RIGHTS RESERVED.

The Executives Guide To Quantum Computing v2020

ALGORITHMIC DIFFERENTIATION

Figure 49- Algorithmic Differentiation

Gradients or Derivatives play an important role in Optimization Procedures and many Scientific Solutions.
Training a Deep Learning Network is basically optimization of the cost function.
Automatic differentiation (AD) is a conceptually well-established tool to calculate numerical gradients up
to machine precision, by iteratively applying the chain rule and successively walking through the
computational graph of numerically implemented functions. Therefore, AD facilitates the computation of
exact derivatives of coded algorithms with respect to all its variables without having to implement any
other expression explicitly. AD circumvents challenges arising in traditional approaches. For example, the
evaluation of analytical expressions tends to be inefficient, and numerical gradients can be unstable due
to truncations or round-off errors. AD has been successfully implemented to various applications. For
example, AD has been used for quantum control in open-quantum systems to find an optimal timedependent field to obtain a specific state. Leung et. al used a parallelized machine learning tool,
TensorFlow, to obtain the optimal parameters to minimize several kinds of cost-functions to tune the
evolution of quantum states.
Using AD we can compute gradients of variational quantum circuits in a way that is compatible with
classical techniques such as backpropagation. The automatic differentiation algorithms common in
optimization and machine learning can be extended to include quantum and hybrid computations like
optimization of variational quantum eigensolvers, quantum approximate optimization, quantum machine
learning models etc.
But why do we want Quantum Circuits to be Differentiable? Because, we would like to use Quantum
Circuits as Layers in our Deep Neural Networks. And the traditional way Neural Networks is by
Backpropagation of errors or loss. And hence the necessary condition for traditional Neural Networks to
work is that everything in it, including all layers, logic etc. should be differentiable.
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QUANTUM MONTE CARLO

Figure 50- Computational Complexity of Various Quantum Simulation Methods

Quantum Monte Carlo (QMC) is a classical computational technique which allows us to approximately
solve the equations of quantum mechanics – which are far too complicated to solve exactly – and in most
cases get essentially the right answer. Its key advantage is that, unlike with all other known highly accurate
techniques, it is still possible to do the calculations for relatively large systems with many atoms –
providing you have a big enough computer.
Quantum Monte Carlo simulations, while being efficient for bosons, suffer from the "negative sign
problem'' when applied to fermions - causing an exponential increase of the computing time with the
number of particles. A polynomial time solution to the sign problem is an active area of research since it
would provide an unbiased and numerically exact method to simulate correlated quantum systems.
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Figure 51 - Quantum Monte Carlo Simulations

QUANTUM MATERIAL SIMULATIONS

Figure 52- Open Source Tools For Quantum Material Simulations

Variational Quantum Eigensolver (VQE)
VQE is a hybrid quantum-classical algorithm in which a parameterized quantum circuit is used to construct
a wavefunction while a classical computer is used to optimize these parameters to minimize the
expectation value of the Hamiltonian. VQE can be summarized in the following steps: (i) start with a
random set of parameters θ, (ii) prepare the trail wavefunction |ψ (θ)⟩ on the quantum computer, (iii)
measure the expectation value of the Hamiltonian for |ψ (θ)⟩, (iv) find a new set of parameters θ, (v)
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repeat until the convergence in energy is achieved. At this point, the parameterized circuit should prepare
the ground state, or a state very close to the ground state, of the Hamiltonian. VQE requires substantially
smaller number of gates and shorter coherence times than QPE. It trades a reduction in required
coherence time with a polynomial number of repetitions. It is thus better suited for NISQ architectures.
Quantum Phase Estimation (QPE)
QPE can be used to find the phase θ of an eigenvalue of a unitary matrix, i.e., U |ψ⟩ = e2πiθ |ψ⟩, where U
is a unitary matrix and |ψ⟩ is its eigenvector. If we set U = e −iHt , where H is the system Hamiltonian, then
the eigenvalues are proportional to the energy levels of the system. Within materials problems, therefore,
QPE is generally used to find the ground state energy of a material, which is simply the smallest eigenvalue
of the material’s Hamiltonian.

Figure 53- Various Ways Of Representing Qubits & Hamiltonians

First Quantization
In the first quantization, the Hamiltonian is defined by sums over the particles in the system. In this sense,
particles are distinguishable, and care must be taken to antisymmeterize initial states when simulating
fermions. Within the first quantization, materials can be modeled by spin-lattice models or defined by the
real-space positions of their constituent atoms. The two most commonly used spin-lattice models in the
first quantization are the Heisenberg model and the Ising model, which is actually a subset of the
Heisenberg model.

Figure 54- The General Heisenberg Model Hamiltonian

Second Quantization
In the second quantization, the Hamiltonian is defined by sums over basis states. In this regime, particles
are indistinguishable, as it is only necessary to keep track of the number of particles that occupy a given
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state (0 or 1 for fermions). Thus, care must be taken to ensure that the operators acting on the
distinguishable qubits are anti-symmetric. Various transformations, including the Jordan-Wigner, BravyiKitaev, and others have been developed for this. As in the Simulating Quantum Materials with Digital
Quantum Computers first quantization, in the second quantization materials can be modeled by spinlattice models or defined by the real-space positions of their constituent atoms.
The most commonly used spin-lattice model in the second quantization is the Hubbard model, a minimum
model that accounts for the quantum mechanical motion of spins on a lattice as well as the repulsive
interaction between them. It is defined as

Figure 55- The Hubbard Model

Second quantization looks at the problem of electronic structure through a different lens. Rather than
assigning each of the Ne electrons to a specific state (or orbital), second quantization tracks each orbital
and stores whether there is an electron present in each of them and at the same time automatically
ensures symmetry properties of the corresponding wave function. This is important because it allows
quantum chemistry models to be specified without having to worry about anti-symmetrizing the input
state (as is required for fermions) and also because second quantization allows such models to be
simulated using small quantum computers.
As an example of second quantization in action, let's assume that ψ0⋯ψN−1 are an orthonormal set of
spatial orbitals. These orbitals are chosen to represent the system as accurately as possible within the
finite basis set considered. A common example of such orbitals are atomic orbitals which form an
eigenbasis for the hydrogen atom. Because electrons have two spin states, two electrons can be crammed
into each such spatial orbital. That is to say, the valid basis states are of the form
ψ0,↑,…,ψN−1,↑,ψ0,↓,…,ψN−1,↓ where ↑ and ↓ are labels that specify the two eigenstates of the spin
degree of freedom. This combined index of (j,σ) for σ∈↑,↓ is called a spin-orbital because it stores both
the spatial as well as the spin degree of freedom.
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SIMULATING HAMILTONIAN DYNAMICS

Figure 56- Hamiltonian Dynamics

Quantum mechanics is largely the study of quantum dynamics, which seeks to understand how an initial
quantum state |ψ(0)⟩ varies over time. Specifically, given this initial condition a quantum state, an
evolution time and a specification of the quantum dynamical system, a quantum state |ψ(t)⟩ is sought.
There are 4 primary techniques to simulate Hamiltonian Dynamics
Trotter-Suzuki Decompositions
Also known as Trotter formulas, Product formulas simulate the sum-of-terms of a Hamiltonian by
simulating each one separately for a small time slice. If

for a large r; where r is the number of time steps to simulate for. The large the r, the more accurate
the simulation.

If the Hamiltonian is represented as a Sparse matrix, the distributed edge coloring algorithm can be used
to decompose it into a sum of terms; which can then be simulated by a Trotter-Suzuki algorithm.
Taylor Series

By the Taylor Series expansion. This says that during the evolution of a quantum state, the
Hamiltonian is applied over and over again to the system with a various number of repetitions.
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The first term is the identity matrix so the system doesn't change at first, but in the second term
the Hamiltonian is applied once. For practical implementations, the series has to be truncated

where the bigger the N, the more accurate the simulation.
Quantum Walks
In the quantum walk, a unitary operation whose spectrum is related to the Hamiltonian in
implemented then the Quantum phase estimation algorithm is used to adjust the eigenvalues.
This makes it unnecessary to decompose the Hamiltonian into a sum-of-terms like the TrotterSuzuki methods.
Quantum Signal Processing
The quantum signal processing algorithm works by transducing the eigenvalues of the
Hamiltonian into an ancilla qubit, transforming the eigenvalues with single qubit rotations and
finally projecting the ancilla. It has been proved to be optimal in query complexity when it comes
to Hamiltonian simulation.
The Hamiltonian simulation can be studied in two ways. This depends on how the Hamiltonian is given. If
it is given explicitly, then gate complexity matters more than query complexity. If the Hamiltonian is
described as an Oracle (black box) then the number of queries to the oracle is more important than the
gate count of the circuit. The following table shows the gate and oracle query complexity of the previously
mentioned techniques.

Figure 57- Complexity of Hamiltonian Dynamics Simulations
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Applications
1. Simulating quantum physics
2. Implementing continuous-time quantum algorithms (quantum walk, adiabatic optimization, ...)

ANALOG QUANTUM COMPUTING
Applying quantum simulation to real physical and computational problems has been a main thought of
quantum information science since Feynman raised the concept of quantum computing. Quantum
simulation is to use the Hamiltonian of a quantum system to simulate the Hamiltonian of the target
system. The mapping needs not to be highly strict, but only to be able to produce some key features of
the target system, and even some qualitative results instead of full quantitative details are very valuable.
In the two major genres of quantum computing, the universal (or digital) one and the analog one, the
former is more prone to the influence of errors and rely more heavily on error corrections. On the other
hand, the analog quantum computing have the advantages of the lower resource requirements and the
higher tolerance level to imperfections of the quantum system. Together with the aforementioned wide
demand and loose requirement for simulating target systems, all these facts have made analog quantum
computing an important tool for quantum simulation, with a rich diversity of applications in condensed
matter physics, high-energy physics, atomic physics, quantum chemistry, and biology, etc.
Photonic Quantum Computing
Among a variety of physical systems that have been employed to quantum computing, including solid
state devices, atomic or nuclear spin systems, superconducting devices, etc, photons have many inherent
advantages for quantum information, due to their fast speed and a lack of the interaction with the
environment. In particular, photonic systems are very suitable for analog quantum computing and
quantum simulation because the high mobility of photons enables flexible constructions of the
corresponding Hamiltonian systems using the photonic systems. Some most representative examples of
photonic analog quantum computing include quantum walks and boson sampling that evolves
continuously in the well-designed photonic arrays. A quantum walk based on real two-dimensional space
was recently demonstrated on a photonic chip. Quantum walks are regarded as a highly versatile
approach for quantum simulation of different tasks, and recent advances for flexible evolution paths on
the photonic chip make their real applications more possible. Boson sampling, a scheme that requires
only passive linear optics interferometer, single photon source and photodetection, may set a key
milestone in the quantum computing field called quantum supremacy and have inspired many early
experimental explorations.
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Figure 58- Photonic Analog Quantum Computing (Quantum Walks)

*** Quantum Walks are Universal for Quantum Computing and can simulate any Quantum
Algorithm/Circuit.
Phononic Quantum Computing
Researchers at the University of Arizona Department of Materials Science and Engineering have
demonstrated the possibility for acoustic waves in a classical environment to do the work of quantum
information processing without the time limitations and fragility.

“We could run our system for years,” said Keith Runge, Director of Research

They have demonstrated for the first time that that classical nonseparability can be applied to acoustic
waves, not just light waves. They use phi-bits, units made up of quasi-particles called phonons that
transmit sound and heat waves.
Researchers sent a wave of sound vibrations down three aluminum rods (with enough epoxy to connect
them and some rubber bands for elasticity), and then monitored two degrees of freedom of the waves:
what direction the waves moved down the rods (forward or backward) and how the rods moved in
relation to one another (whether they were waving in the same direction and at similar amplitudes). To
excite the system into a nonseparable state, they identified a frequency at which these two degrees of
freedom were linked and sent the waves at that frequency. The result? A Bell state.

“So, we have an acoustic system that gives us the possibility creating these Bell
states,” Deymier said. “It’s the complete analog to quantum mechanics.”
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TENSORFLOW QUANTUM

Figure 59- Hybrid Quantum + Deep Learning Algorithms

TensorFlow Quantum (TFQ) is a quantum machine learning library for rapid prototyping of hybrid
quantum-classical ML models. It combines Cirq, an open source quantum circuit library, and the
TensorFlow machine learning platform.
Today, TensorFlow Quantum is primarily geared towards executing quantum circuits on classical quantum
circuit simulators. In the future, TFQ will be able to execute quantum circuits on actual quantum
processors that are supported by Cirq, including Google's own processor Sycamore.
It integrates with QSim (Quantum Simulator) which supports executions of quantum circuits with 30
qubits on a laptop and 40 qubits on the cloud. It works great for a lot of machine learning scenarios,
without requiring a physical hardware quantum computer.

The future might not be Tensorflow Quantum specifically but the general category of
Quantum-Classical Machine Learning Models.

QUANTUM ACCELERATOR CARDS
Nitrogen Vacancy Centers in Diamond can be used to create Quantum Accelerator Cards for Desktops,
Servers, Satellites, and Embedded Systems etc. that work at room temperature.
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As its name implies, a nitrogen-vacancy (NV) center consists of a nitrogen atom adjacent to a missing
carbon atom within a host diamond lattice. The electrons of the dangling bonds at the NV site hybridize
to produce a spin-1 system with well-defined energy states and long spin lifetimes, even at room
temperature. This permits the spin-manipulation techniques of magnetic resonance—i.e., the application
of precisely timed microwave magnetic fields—to manipulate and interrogate the state of the NV spin.
That spin state can then be used as a sensor of external environment, since its energy levels are sensitive
to external magnetic and electric fields.

Figure 60- Diamond lattice with an NV site comprised of carbon atoms (gray), nitrogen atom (orange), and adjacent vacancy,

Recently, the diamond nitrogen-vacancy (NV-1) center has emerged as a leading qubit candidate because
it is an individually addressable quantum system that may be initialized, manipulated, and measured with
high fidelity at room temperature.
In 2020 ElementSix launched the first diamond general purpose CVD Quantum Grade Diamond (DNVB1TM). It offers…
1. Long Decoherence Times ( > 1ms )
2. Room Temperature Operations
3. Optically initialized and easy read out
The implementation of a high-fidelity two-qubit quantum logic gate remains an outstanding challenge for
isolated solid-state qubits such as Nitrogen-Vacancy (NV) centers in diamond.
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Figure 61- Quantum Accelerator Cards

Quantum Sensors
Embedded in nanocrystals, they can serve, for example, as robust single-photon sources or as fluorescent
biomarkers of unlimited photostability and low cytotoxicity. The most fascinating aspect, however, is the
ability of the nitrogen-vacancy (NV) center, to locally detect and measure a number of physical quantities,
such as magnetic and electric fields. This metrology capacity is based on the quantum mechanical
interactions of the defect's spin state. A number of the diverse and exciting applications may be enabled
by these novel sensors, ranging from measurements of ion concentrations and membrane potentials to
nanoscale thermometry and single-spin nuclear magnetic resonance.
Similar properties are exhibited by for example deep centers in 4H silicon carbide (SiC) aka 4H-SiC. Which
can also be researched for similar Quantum Computing and Quantum Sensor Applications.

QUANTUM CHEMISTRY
Catalysis is the cornerstone of the modern chemical industry. Catalysts not only convert natural resources
into the products that we use in our daily lives, but they also reduce unwanted reactions and increase
process efficiency. Catalysts minimize the energy penalty of reactions and maximize selectivity for desired
products.
One of the most anticipated uses for quantum computers is for developing new drugs, catalysts, and
materials.

Chemistry Is Quantum Computing's Killer App.
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Goldilocks Effect — some catalysts are too ineffective while others are too uneconomical. Catalyst testing
also takes a lot of time and resources. New breakthroughs in quantum chemistry, however, hold promise
for discovering catalysts that are “just right” and thousands of times faster than standard approaches.
3 Approaches To Molecular Modelling
1. HPC & Supercomputing Simulations
2. Quantum Computers
3. Machine Learning
Today, computational modeling provides us with new insight into these catalyst reactions at the molecular
level.
Most exciting however is quantum chemistry, which can simulate the structures and dynamics of many
atoms at a time. Coupled with the growing field of machine learning, we can more quickly and precisely
predict and simulate catalytic models.

Figure 62 - FeMoco

Specialized bacteria use a catalyst containing an iron- and molybdenum-based cofactor called FeMoco to
transform atmospheric nitrogen into a form usable by plants. Researchers hope quantum computers can
reveal how FeMoco works and thus help design new catalysts.
A quantum computer with around 200 perfectly-operating qubits could solve the FeMoco problem in a
matter of weeks or months
Quantum Computers are far from competing with today’s increasingly powerful classical simulation
methods. The technology’s ability to make a near-term impact is way overhyped currently.

77
COPYRIGHT ©2020 AUTOMATSKI SOLUTIONS PRIVATE LIMITED. ALL RIGHTS RESERVED.

The Executives Guide To Quantum Computing v2020
Emergence of different quantum materials, which are strongly correlated systems with interesting
electronic and topological properties, opened the possibilities of testing their applications in various
catalysis. Interesting electron correlation and surface electronic properties of these quantum materials,
which include different strongly correlated materials, topological materials, graphene-like interesting
band structure occupying materials, and strongly correlated perovskites etc., can display tunable catalytic
activities where the novel concepts such as spin-assisted catalysis can be implemented. Apart from their
fundamental interests, these novel catalysis approaches may work in low energies with high efficacy and
can be triggered by renewable stimulus such as light, as in the case of perovskite. In general, there has
been an agreement that only the surface participates in catalytic processes. Hence, tuning the preferential
exposure of surface with certain ions and planes in a solid can augment the whole process. Single atom
site catalysis is another novel concept emerged in recent days. There are enormous possibilities in
engineering materials and their surface states to develop highly efficient catalysts for next generation
devices which are devoid of precious metals.
80-year head start for classical computers
For now, classical computer simulation remains king. That’s thanks to an almost eight-decade history,
going back to World-War-II-era Monte Carlo simulations of nuclear detonations. The 1950s saw the
development of molecular dynamics techniques, which treat atoms as balls and chemical bonds as springs.
And in the 1960s, physicists developed density functional theory (DFT), a method to approximate the
quantum interactions of electrons within molecules or materials.

Figure 63- Density functional theory (DFT) abandons the manyparticle electron reality in favor of electron density.

The computational technique known as molecular dynamics can simulate millions of atoms at a time but
does not capture quantum-mechanical interactions between electrons.
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Figure 64 –Molecular Dynamics

Molecular dynamics (MD) is a computer simulation method for analyzing the physical movements
of atoms and molecules. The atoms and molecules are allowed to interact for a fixed period of
time, giving a view of the dynamic "evolution" of the system.
Today chemists and materials scientists can run molecular dynamics simulations of millions of atoms,
though without an explicit representation of individual electrons. And thanks to large supercomputers,
researchers using DFT can approximate the electronic structures of complicated molecules and materials
with thousands of atoms.
Kristin Persson, a materials scientist at Lawrence Berkeley National Laboratory in California, for example,
has used DFT to simulate possible cathode and electrolyte materials for a new kind of battery that would
use magnesium ions, rather than lithium ions, as charge carriers. Researchers produced her most
promising candidates in the lab and confirmed that they have the properties she predicted.
Emily Carter, a theoretical chemist at the University of California, Los Angeles, says quantum computing
may help in studying materials whose complex electronic structures strain existing classical methods, such
as superconductors in which individual electron-electron interactions determine the material’s behavior.
If researchers can develop quantum algorithms for simulating such “strongly correlated” materials, “you
could end up learning things that are qualitatively new,” she says.
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Existing classical methods also struggle at estimating the rates of chemical reactions, which are highly
sensitive to even small errors in molecular energy calculations. DFT will continue to dominate molecularstructure calculations, but quantum computers could start to handle reaction mechanisms and rates,
where accuracy is paramount.

SO, WHAT ARE THE VARIOUS WAYS TO SOLVE COMPUTATIONAL
PROBLEMS?
Basically if the problem is in P (has a classical polynomial time solution). Then we can always solve it
classically. In some cases we can use Quantum Computers and get a quadratic or even exponential
acceleration (advantage) over classical methods.
If the problem is in NP. Then even Quantum Computers cannot solve the problem in sub-exponential time.
We can use classical heuristics or approximation algorithms to get a quick reasonably usable solution.
Albeit it will be way far from the perfect, globally optimum solution. But if approximate solutions work
then this could be a way to go.
We can also use Quantum Inspired solutions. Which take inspiration from Quantum Physics. Which
though aren’t full quantum computing, but which do a reasonable job at solving the problem
approximately. Which might be good enough for most scenarios.
So basically we have the following options to solve problems
1.
2.
3.
4.
5.

[Classical] Polynomial Time Algorithms for Problems in P
[Classical] Heuristics and Approximations for Problems in NP
[Classical] Quantum Inspired Algorithms
Hybrid [Classical + Quantum] Algorithms
Full Quantum Algorithms

In either cases, unless we know about the attributes and benefits of the method. We would have to solve
the problem using multiple approaches and benchmark them.

QUANTUM COMPUTER OPERATING SYSTEM
In May 2020, Riverlane revealed that they will lead a consortium which has been awarded a £7.6m grant
to build a radically new operating system for quantum computers. The first trials of Deltaflow.OS followed
in September, using quantum hardware belonging to leading trapped-ion company, Oxford Ionics.
The public release of the first version of Deltaflow.OS; ‘Deltaflow-on-ARTIQ’ followed in December, 2020.
It enables quantum hardware companies as well as algorithm and app developers to accelerate their
research by making collaboration easier and reduce down-time in labs (Heating – Upgrade - Cooling of
Quantum Hardware in the process of making changes). This version uses simulated hardware and ARTIQ
as a backend. ARTIQ is a control system which is widely used in the trapped-ion community.
Deltaflow-on-ARTIQ consists of the Deltaflow language (Delta language), and various hardware models on
which the language can be run, including an emulator of the ARTIQ control system. The Delta language
lets users define a graph of different hardware nodes corresponding to the type of hardware elements
found in labs. After defining a programme, users can test it on increasingly realistic hardware models.
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Figure 65- Riverlane DeltaFlow v2.0

In Feb 2021, a new Quantum Computer OS, named Origin Pilot,developed by Origin Quantum Computing
Technology Co Ltd.,in Hefei, capital of eastern China's Anhui Province, was launched which is optimized
for the resource management and parallel processing capabilities of quantum computers. It can also
calibrate the quantum chips automatically.

OPTIMIZING QUANTUM COMPUTER PERFORMANCE
The Automated Closed-Loop Hardware Optimization tool from Q-CTRL called Boulder OPAL leverages AI
to enable quantum computers to optimize their own performance autonomously without user
intervention.
It is basically a quantum control tool to reduce errors and optimize performance.
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Figure 66- Optimizing a Quantum Computers Performance using A.I.

Automatski
Automatski not only created the worlds first billion qubit quantum computers. It also did it with literally
infinite precision. But Automatski’s method is very different.
When a Quantum Gate is applied on an Input State it gives an Output State which could contain errors.
So what Automatski’s Quantum Computers Automagically do, since Quantum Computing is Reversible, is
that they apply the inverse quantum gate on the output state and get its analogous input state. And then
the Quantum Computer matches both the input states. It repeats this process as many times as need,
until it gets a very accurate Output State. And then and only then does it proceed with the next operations
in the quantum circuit. This might have a 10X overhead compared to simply running the circuit and wishing
a praying for good results. But it allows Automatski to create literally infinite precision quantum
computers.
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QUANTUM COMPUTER BENCHMARKS
Not many people understand how quantum computers work under the hoods. And vendors use marketing
jargons and confusing terms to describe their capability in the NISQ era. When the quantum computers
are noisy, error prone and have very limited capacity.
The two common methods to compare Quantum Computers are…
1. Quantum Volume - IBM proposed comparing NISQ Quantum Computers using something called
a Quantum Volume. Quantum Volume is calculated by taking into account several features of a
quantum computer, starting with its number of qubits. Other measures used are gate and
measurement errors, crosstalk and connectivity. Qubits decohere with a resulting loss of
performance so a few fault tolerant bits are more valuable as a performance measure than a
larger number of noisy, error-prone qubits. Generally, the larger the quantum volume, the more
complex the problems a quantum computer can solve.
2. Q-Score - Atos introduced something called Q-Score which measures a NISQ Quantum
Computer’s effectiveness at handling real-life problems, those which cannot be solved by
traditional computers, rather than simply measuring its theoretical performance. Q-Score focuses
on the ability to solve well-known combinatorial optimization problems.
3. Algorithmic Qubits (AQ) – IonQ defines it as the largest number of effectively perfect qubits you
can deploy for a typical quantum program. It’s a similar idea to Quantum Volume, but takes errorcorrection into account and has a clear, direct relationship to qubit count. In the absence of errorcorrection encoding, AQ = log2(QV), or inversely, QV = 2AQ. AQ represents the number of “useful”
encoded qubits in a particular quantum computer and is a simple proxy for the ability to execute
real quantum algorithms for a given input size.
What we really need is a way for customers and users to figure out the capability of a quantum computers
at arms length. This warrants the need to create comprehensive vendor agnostic benchmarks of a suite
of problems (not just combinatorial optimization) that represent the problems of interest to a wide
population. And then the benchmark suite can periodically execute the benchmark problems on various
quantum computer backends. And analyze the performance (i.e. accuracy) of each of those quantum
computers for those various tasks.
In the end we all want to know, if we spend millions of dollars on purchasing or renting quantum
computers; will they be able to solve the problem we want them to solve for us in practice. Even though
in theory every perfect quantum computer should be able to solve those given problems perfectly the
reality is quite different in the world of NISQ Quantum Computers.

VERIFICATION OF QUANTUMNESS
Quantum Computers are complicated. Not many people understand how they work inside. But it is
important to verify that quantum chips are computing correctly. That they have inherent quantumness
and not just a complicated piece of classical hardware at best. That they have the possibility of offering a
quantum advantage or supremacy eventually.
Researchers have designed a system that can verify when quantum chips have accurately performed
complex computations that classical computers can't. The protocol is called Variational Quantum
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Unsampling. And the way it works is that it essentially traces an output quantum state generated by the
quantum circuit back to a known input state. Doing so reveals which circuit operations were performed
on the input to produce the output. Those operations should always match what researchers
programmed. If not, the researchers can use the information to pinpoint where things went wrong on the
chip.

THE RACE OF WORLD DOMINATION
Today, more than twenty nations are competing to win the quantum future. One of those is the United
States, whose major IT companies—Microsoft, Intel, Google, IBM—are currently leading efforts to
develop the world’s first fully functional quantum computer. Russia and China have also invested billions
of dollars in Quantum Computing and Quantum Technologies.

Figure 67- Alice in Wonderland: And who is to be master?

The implications of the quantum race are profound. The
outcome will determine the twenty-first-century answer to
an age-old question, the one posed in Alice’s Adventures in
Wonderland: “Who is to be master?”
That question was answered in the seventeenth and eighteenth centuries by the country which possessed
the biggest navy and the most colonies: in that case, Great Britain was the master. In the nineteenth and
twentieth centuries it was the country that had the most advanced military technologies and the biggest
industrial base, including nuclear weapons. In the end, the United States emerged on top.

In the twenty-first century, supremacy will belong to the
nation or entity or individual that controls the future of
computing, which is quantum.
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THE ROAD AHEAD
There are two views to what lies ahead. The first view is that a breakthrough to genuine quantum
supremacy is now a matter of applied engineering rather than scientific research—and only a matter of
time.
The second view from scientists like Gil Kalai is that it is impossible to create a ‘Physical’ Quantum
Computer. It is not a matter of engineering. It is in contradiction to the way Quantum Physics works under
the hoods in our Universe. Which prevents anyone from making a production grade Quantum Computer.

WHY IS IT NEXT TO IMPOSSIBLE TO MAKE A QUANTUM COMPUTER?
Quantum Computers caught the attention of popular media in the last few years. But it has been more
than 40 or 50 years since we have been trying to make a Quantum Computer. Not 5 or 10. And billions of
dollars have been invested in trying to build one. Then why does it still elude us?
Basically to run production grade applications we need Quantum Computers with long coherence times.
And we need a way to correct errors. As time passes Qubits degrade into decoherence and give
increasingly nonsensical answers. Quantum Systems are affected by ‘Everything’ in the universe and decay
with time. It is simply the way Quantum Physics works in our Universe. Some believe trying to get longer
coherence times is an exercise in futility.
Secondly, everyone across the world is trying to correct errors by implementing each Logical Qubit as
multiple Physical Qubits. Usually people debate if Exponential or Polynomial number of Physical Qubits
are required to Correct Quantum Errors with increasing amount of error correction (precision). But that’s
not the entire story.
People like Prof. Gil Kalai of Hebrew University Jerusalem have argued that Error Correction in Quantum
Computers is NOT an Engineering Problem that can be achieved with more effort and ingenuity. It is
against the rules of how Quantum Systems work. And Error Correction is impossible.
Thirdly, it is impossible to connect ‘All’ the Qubits each one to each one i.e. NxN connectivity in physical
3D space.
There are no Production Grade Quantum Computers outside Automatski. Every effort outside Automatski
are basically toy contraptions. And cannot be used to solve any problems of any consequence.

QUANTUM COMPUTERS: MIRACLE OR MIRAGE?
Prof. Gil Kalai, a mathematician at Hebrew University in Jerusalem, argue that Quantum Computers are a
Mirage. That there exist good theoretical reasons why the innards of a quantum computer — the “qubits”
— will never be able to consistently perform the complex choreography asked of them. Others say that
the machines will never work in practice.
Kalai has analyzed the issue by looking at computational complexity and, critically, the issue of noise. All
physical systems are noisy, he argues, and qubits kept in highly sensitive “superpositions” will inevitably
be corrupted by any interaction with the outside world. Getting the noise down isn’t just a matter of
engineering, he says. Doing so would violate certain fundamental theorems of computation.
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I tried to understand what happens if the errors due to noise are correlated — or
connected. There is a Hebrew proverb that says that trouble comes in clusters. - Kalai

Kalai’s earlier work on noise used a mathematical approach called Fourier analysis, which says that it’s
possible to break down complex waveforms into simpler components. We found that if the frequencies
of these broken-up waves are low, the process is stable, and if they are high, the process is prone to e
In his latest work Kalai’s calculations suggest that the noise in a quantum computer will kill all the highfrequency waves in the Fourier decomposition. If you think about the computational process as a
Beethoven symphony, the noise will allow us to hear only the basses, but not the cellos, violas and violins.
These results also give good reasons to think that noise levels cannot be sufficiently reduced; they will still
be much higher than what is needed to demonstrate quantum supremacy and quantum error correction.

Many researchers believe that we can go beyond the threshold, and that constructing
a quantum computer is merely an engineering challenge of lowering it.

However, Kalai’s first result shows that the noise level cannot be reduced, because doing so will contradict
an insight from the theory of computing about the power of primitive computational devices. Noisy
quantum computers in the small and intermediate scale deliver primitive computational power. They are
too primitive to reach “quantum supremacy” — and if quantum supremacy is not possible, then creating
quantum error-correcting codes, which is harder, is also impossible.

I think that the effort required to obtain a low enough error level for any
implementation of universal quantum circuits increases exponentially with the
number of qubits, and thus, quantum computers are not possible. – Prof. Gil Kalai

WHAT IS THE PROBLEM WITH QUANTUM ANNEALING?
Quantum Annealers are basically special purpose
Quantum Computers which can be ‘only’ be used to
solve optimization problems at their core. Though
which can be adapted to solve about 20 other
problem types using just their capability of
optimization.
D-Wave is the worlds leading firm which sells a 5000
Qubit Quantum Annealer. Which can be combined
with their Hybrid [Quantum + Classical] Solver to
Figure 68- The D-Wave Quantum Processor
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solve problems which require around ~1000,000 Qubit capacity. As per their claims.
Companies like Fujitsu are offering a Digital Annealer [Classical] solution which they claim can solve
problems requiring ~1000,000 Qubit capacity.
Given a problem e.g. the vehicle routing problem or some financial risk optimization problem with ‘N’
variables. The problem when defined in the QUBO format (The Ising Model) which can be fed to an
Annealer and solved would require between N2 to N3 Qubits. Which means that while 1 million Qubit
capacity which initially seems very very large can actually just solve a real world problem with only ~100
variables (1003 = 1000,000) Which is good enough for quite a few things because there are problems we
can solve within that capacity which even Supercomputers would struggle with, and there are some such
known problems with just 20-50 variables.
But other than that what we can do is quite limited. But there is another advantage, a Quantum Annealer
or a Quantum Computer works at the speed of ~1 million operations per second. So the solvers are
actually quite fast in real time. And have been used for things like real time arbitrage, algorithmic trading
etc.
So, what if someday we are able to build an Annealer with 1 billion qubit capacity? Cetris Paribus (all things
remaining equal) that would basically imply that we would be able to solve real world problems with
~1000 variables (10003 = 1 billion) which is not bad.

WHAT IS THE PROBLEM WITH ADIABATIC QUANTUM COMPUTING?

Figure 69- Adiabatic Quantum Computation

A Hamiltonian represents the energy of any quantum system. First, a (potentially complicated)
Hamiltonian is found whose ground state describes the solution to the problem of interest. Next, a system
with a simple Hamiltonian is prepared and initialized to the ground state. Finally, the simple Hamiltonian
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is adiabatically evolved to the desired complicated Hamiltonian. By the adiabatic theorem, the system
remains in the ground state, so at the end the state of the system describes the solution to the problem.
Adiabatic quantum computing has been shown to be polynomially equivalent to conventional quantum
computing in the circuit model.
The time complexity for an adiabatic algorithm is the time taken to complete the adiabatic evolution which
is dependent on the gap in the energy eigenvalues (spectral gap) of the Hamiltonian. Specifically, if the
system is to be kept in the ground state, the energy gap between the ground state and the first excited
state of H(t) provides an upper bound on the rate at which the Hamiltonian can be evolved at time t.
When the spectral gap is small, the Hamiltonian has to be evolved slowly. The runtime for the entire
algorithm can be bounded by:

where gmin is the minimum spectral gap for H(t).
So why doesn’t Adiabatic Quantum Computing work?
Simply because this energy gap decreases exponentially even for small quantum systems and small
problems with even 20-30 variables. Which means we need to evolve the system slower and slower.
Which means that the Universe will come to an end before we finish our computations. Hence AQC is
infeasible. One might go faster than this minimum speed but it will corrupt the solution. So it contradicts
the very purpose of the computations we are trying to do in the first place. Though in some cases we can
go faster and live with the results of approximately accurate solutions we get in the end. But even such
faster speeds are mostly infeasible even if we were ready for approximate solutions and not the best
accurate solution.

WHAT IS THE PROBLEM WITH THE QUANTUM INTERNET?
Traditional Optical Fiber Communication simply works using light. If you want to signal 1 you put a bright
light. If 0 you stay dark. Pretty much like that.
Quantum Internet is different (aka QKD – Quantum Key Distribution) the way it works is by sending
Quantum State encoded in Photons. And light diffuses into oblivion as it passes through optical fibers. So
every ~100 kms you need to reamplify it and send across further to the other side (every ~100 kms). This
works very well with Traditional Optical Fiber Communication because all you have to do is detect photons
and produce more of them and send across the other side. But with The Quantum Internet, principles of
Quantum Physics apply and one such principle is The No Cloning Theorem. Which basically says you cannot
Clone Quantum State. So it is against the principles of Quantum Physics and the known principles of this
Universe to try and copy photons with quantum state. Hence it is impossible to amplify photons with
quantum state every ~100 kms. Well, you can still do it by reading the quantum state of the photons and
creating more photons with the same state. But that would violate the very principles of the Quantum
Internet because then every ~100 kms in the attempt to amplify the signal you would have decrypted the
communication and it would be out in the open in plain text for anyone to intercept.
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So, basically The Quantum Internet doesn’t work and won’t work. Some proponents claim they can
overcome the no cloning theorem and clone state which is a weird claim considering the principles of
known quantum physics theory. But even if that could be done that would imply that so could a hacker
and the encrypted communication can be read and decrypted.
Doing QKD with satellites in space is a different story. Because the assumption there is that nobody would
go into deep space and tamper with your satellite.

WHAT IS THE PROBLEM WITH VARIATIONAL ALGORITHMS?

Figure 70- Variational Quantum Eigensolver

Variational Algorithms have found applications in NISQ Quantum computing. They form a majority of the
Hybrid Quantum + Classical Algorithms in use alongside NISQ Quantum Computers.
The way it works is that the Classical Computer initializes a Parameterized Quantum Circuit (aka Ansatz)
and chooses some initial parameters.
The Quantum Computer then does its part (the difficult part) by executing the parameterized circuit and
outputting the results.
The Classical Computer takes a Black Box Approach to what the Quantum Computer is doing. And is
concerned with only taking the Results and executing a Classical Optimization Algorithm to figure out how
to change the parameters so as to minimize or maximize the results. (Optimization Problem)
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That’s how ‘All’ Variational Algorithms work. The classical counterpart varies the parameters of a
parameterized circuit in the hope of meeting an objective like minimizing energy or a cost function. And
the quantum counterpart executes the parameterized circuit.
In the case of a Variational Quantum Eigensolver. The objective is to find the lowest energy state of a
Quantum System (represented by a parameterized circuit).
So what is the problem with ‘All’ Variational Algorithms? Which nobody seems to be talking about. And
announcing victories with hyperbole and marketing jargon?

With NISQ Hardware with errors, noise and qubit connectivity limitations, only simple Ansatz (aka
Parameterized Circuits) corresponding to sparse correlated quantum states work to a reasonable extent.
It is next to impossible to compute with densely correlated quantum states. And we can only process
circuits with a limited/fixed circuit depth.
But even if we had the perfect Quantum Computer, all this is heuristics. And they work ok with small
problem sizes. But like all heuristics, they absolutely fail and offer no guarantees of hitting the global
optima with bigger problems. In other words “All” variational methods specifically and “All” hybrid
quantum + classical methods in general are Grossly Suboptimal.

QUANTUM MEAN VALUE PROBLEM

Figure 71- Quantum Mean Value Problem

Quantum mean value problem is the task of estimating the expectation value of an n-qubit tensor product
observable O1⊗ O2⊗...⊗ On in the output state of a shallow quantum circuit. This task is a cornerstone
of variational quantum algorithms for optimization, machine learning, and the simulation of quantum
many-body systems. Its a common step of NISQ era quantum algorithms such as VQE or QAOA.
We can approximate arbitrary QMVs “Classically” within error bounds in polynomial time using Monte
Carlo methods combined with Matrix Product State techniques.
If each operator Oj is Hermitian then the tensor product O ≡ O1 ⊗ O2 ⊗ · · · ⊗ On is an observable and its
mean value with respect to the state U|0n⟩ is given by

Figure 72- Quantum Mean Value
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The mean value µ can be efficiently estimated on a quantum computer by repeatedly preparing the state
U|0n⟩, measuring each single-qubit observable Oj , and averaging the product of the measured
eigenvalues.
Where and how is this used?
The mean value problem, i.e., estimation of µ, for tensor product observables is a common step of NISQ
era quantum algorithms since the readout requires only single-qubit operations which tend to be more
reliable than two-qubit gates.
For example, variational quantum algorithms such as VQE or QAOA aim at minimizing the expected energy
, where H is a Hamiltonian and U is a shallow quantum circuit chosen from a suitable
variational class.
In many interesting cases, such as quantum chemistry simulations, the Hamiltonian H can be written as a
linear combination of poly(n) Pauli operators, and so the expected energy
is a sum of poly(n)
mean values µ of the form shown in the equation above.
The mean value µ can also represent an output probability of the quantum circuit, i.e., the probability of
observing a particular measurement outcome if we prepare the state U|0n⟩ and measure some of the
qubits in the standard basis. In this case each observable Oj is either a projector |0⟩〈0|, |1⟩〈1| or the
single-qubit identity operator. The estimation of output probabilities is a key step in variational quantum
classifiers where the mean value of the observable O = |0⟩〈0|⊗n encodes a single entry of the classifier
kernel function.
It goes unsaid that this task is BQP-complete almost by definition.

FASTER QUANTUM COMPUTERS
There are basically two techniques for making Circuit based Quantum Computers run faster.
1. Batch Processing, and
2. Parallel Gate Execution
Batch Processing basically means executing more than one problem/circuits on a Quantum Processor at
the same time. Assuming the problems are small enough to fit together into one Quantum Processor.
While executing one Circuit. Typically Quantum Gates are executed one by one in a sequence. There is a
theoretical possibility of executing a few Gates in Parallel. And this can help Quantum Computers run
faster.
*** Automatski’s Quantum Computers support both of these
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BEYOND QUANTUM COMPUTING

Figure 73- Quantum Gravity

Hypercomputation or super-Turing computation refers to models of computation that can provide
outputs that are not Turing computable. For example, a machine that could solve the halting problem
would be a hypercomputer; so too would one that can correctly evaluate every statement in Peano
arithmetic.
Basically, a system able to perform countable infinite computational steps within a finite time.
In laymans terms, Hypercomputing and Hypercomputers are way beyond any classical computer we have
today or any quantum computer. It borders on ‘infinite’ ‘God’ like powers of computation. Which is why
everyone is interested in it.
Quantum Gravity Computer is one such hyper computer. A computer that is infinitely more powerful than
even a Quantum Computer or any other Classical Computer. It uses Quantum Computing and Quantum
Gravity. It eliminates Causality and Time. And hence is infinitely more powerful.
Automatski created the worlds first Billion Compute Unit scale infinite precision production grade
Quantum Gravity Computer in 2015-16 CE. And will be making it generally available for its customers
sometime very soon.
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LET THE PATENT WARS BEGIN
As per RS Components (UK) the number of Quantum Computing Patents by companies are as follows
Serial
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

Company
Microsoft
Elwha LLC
DWave Systems
IBM
Intel
Northrop Grumann Systems
Google
Marvell Technology Group
HP
Kabushiki Kaisha Toshiba
Nvidia
President & Fellows Of Harvard College
Rigetti
MIT
The Boeing Company
Element Six (UK)
Source Photonics (Chengdu)
Qucor
The Regents Of The University Of California
Ellis Frampton E
Samsung Electronics
Bank Of America
PSI Quantum
Royce & Levien

#Patents
425
332
307
296
242
143
125
118
87
52
49
48
46
45
45
33
32
28
25
24
23
22
22
22

Figure 74- Quantum Computing Patents By Companies

Lets draw an analogy to understand whats happening here. We all know what is Bureaucracy. While some
people spend their lifetimes to solving problems, inventing things and building solutions. There are a
whole lot of people in this world who spend their time excelling at creating or fighting Bureaucratic battles
and red tape. Similarly some people invent and solve problems while others fight over patents and
territorial rights.
The concept of Patents is quite controversial. Contrary to the original purpose behind it, that of protecting
inventions in return for a full and unconditional disclosure. Does it really reward inventors? That’s
questionable because to file a patent you really don’t need to invent anything. Nobody verifies anything
physically. All you need is to describe an idea of something in detail and lay claims to its attributes, designs
for a purpose by arguing the novelty you bring via the idea.
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But if you don’t need to invent anything to file patents and all you need is a description. Then why does
everyone spend time and money on doing it? Simple, so that they can stop others from doing it
commercially. That’s called a block patent. And is the game of Patent Trolls.
And just because you successfully file a patent means literally nothing. You need to figure out who is
violating it and how. And spend years and millions of dollars on patent litigation.
So which way you look at it. Patents might not really be promoting innovation. But rather be a technique
for territorial warfare.
At Automatski we normally don’t file patents. Primarily because we will never disclose our millennium
inventions. And secondly, we demonstrate our inventions publicly and set it up as a prior art. So nobody
else can patent it, ever. And everyone in the world is free to invent it or make in on their own and use it,
or sell it. We believe that’s what is meant by democratizing innovation. And that should be the way
forward. But it’s a free world. To each his own.

BUDGETARY DECISIONS – HOW MUCH DO QUANTUM COMPUTERS
COST?
Outright Purchase
If you want to outright purchase and install a Quantum Computer on your premises. A 50-100 Qubit Circuit
Based Quantum Computer or a 5000 Qubit Quantum Annealer will set you back between US$15-US$25
million. And they are NISQ devices.
A Production Grade Quantum Computer will cost a lot lot more. Will it cost a billion dollars was the
question doing the rounds a few years back. We think certainly not. But it will be around low triple digit
millions of dollars atleast.
It will consume between 25-50 KilloWatts of power. At 10cents per KilloWatt. That’s US$5 per hour of
power consumption. Which is a pittance compared to supercomputing setups.
Yearly Subscription
Most vendors are charging US$ 5 million / annum for a Subscription to their NISQ Quantum Computers.
And some are also splitting the subscription further into US$ 1 million / annum for a subscription which
entitles the customer to 20% of workload on the Quantum Computer for one year. Basically the Quantum
Computer will be shared by 5 customers.
Pay Per Use
Some vendors are charging per Qubit charges in a pay per use model. If you want to execute a quantum
program once on a NISQ Quantum Computer which uses ‘N’ Qubits and below a limit of circuit depth (i.e.
number of gates) then the charges are around US$ 250/qubit/execution.

Automatski’s Millennium Lowest Price Guarantee
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Automatski offers its customers the lowest price guarantee.
“Double The Qubits, Effectively At Half The Price” Valid for the
next 1000 years. Let Automatski know if you find a lower
‘economically viable’ vendor price and it will match it using its
lowest price guarantee policy.

OPEN QUESTIONS
Error Correction
Quantum error correction is a set of methods to protect quantum information—that is, quantum states—
from unwanted environmental interactions (decoherence) and other forms of noise. The information is
stored in a quantum error-correcting code, which is a subspace in a larger Hilbert space. This code is
designed so that the most common errors move the state into an error space orthogonal to the original
code space while preserving the information in the state. It is possible to determine whether an error has
occurred by a suitable measurement and to apply a unitary correction that returns the state to the code
space without measuring (and hence disturbing) the protected state itself. In general, codewords of a
quantum code are entangled states. No code that stores information can protect against all possible
errors; instead, codes are designed to correct a specific error set, which should be chosen to match the
most likely types of noise.
Quantum error correction is used to protect information in quantum communication (where quantum
states pass through noisy channels) and quantum computation (where quantum states are transformed
through a sequence of imperfect computational steps in the presence of environmental decoherence to
solve a computational problem). In quantum computation, error correction is just one component of faulttolerant design. Other approaches to error mitigation in quantum systems include decoherence-free
subspaces, noiseless subsystems, and dynamical decoupling.
Coherence
The problem with Quantum Systems is that they are affected by everything in this universe. Everything
means everything, from heat, light, vibration, ions, particles, and even the cables and parts of the quantum
computer itself. And the Qubits decay into incoherence even in millseconds, and produce nonsensical
answers thereafter. Which is not enough to complete our quantum algorithms. How do we fix it? Are we
going against the laws of the universe and the way it works in trying to do quantum computations?
Fidelity
In a Quantum System there can be uncountably infinite number of states. Fidelity is a measure of the
"closeness" of two quantum states. It expresses the probability that one state will pass a test to identify
as the other.
When we say a Quantum Computer has 99.9% Gate Fidelity we mean that once we perform the Gate
Operation on one or two qubits. The achieved resultant state has 99.9% proximity to the perfect
theoretical desired target state.
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To use quantum computers to solve practical real world problems we would need fidelities in atleast 1015 decimal places of accuracy. And perhaps even 1000’s of decimal places of accuracy.
Connectivity

Figure 75- Qubit Layout and Physical Connectivity on a Real Quantum Processor Hardware

In a theoretically perfect quantumcomputer each qubit is connected to every other qubit i.e. full NxN
qubit connectivity. This allows us to execute arbitrary quantum algorithms in which any qubit can interact
with any other qubit. But full NxN qubit connectivity is not possible in the physical 3D space. What we
manage to create in quanum computers physically is where one Qubit is connected to 6 or 12 other
Qubits. This can be very limiting. To execute an arbitrary quantum program we need to perform some
transformations to map it to the physical hardware.
How is it done in Quantum Annealing Quantum Computers?
To solve an Ising spin problem with arbitrary pairwise interaction structure, the corresponding
connectivity graph must be minor embedded into a quantum processors available physical connectivity
graph. This is called minor graph embedding.
How is it done in Circuit Quantum Computers?
Circuit transformations & routing, modify a given quantum circuit to fit an architecture, allowing for any
initial and final mapping of circuit qubits to architecture qubits. This overcomes the limitations imposed
by the physical hardware on possible Qubit interactions. Qubits can be moved around by using SWAP
Gates which swap the states of two Qubits (Remember due to Quantum No Cloning Theorem we can’t
actually clone Qubit states onto other Qubits. The best we can do is Swap/Interchange Qubit States). Since
we need to move Qubits logically from their original positions to positions where we can perform the
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Qubit Interactions. We encounter what is called a Routing Problem. And we need to be able to move
multiple Qubits around in parallel, this is called the Parallel Routing Problem. To do this we use Heuristics,
for which we establish bounds. Even though theoretically such Qubit Routing requires only a polynomial
number of steps. We want to minimize the SWAP operations as each operation leads to noise and errors.
Besides a computational overhead. Latest approaches use Reinforcement Learning for performing Qubit
Routing.

“Qubit routing” refers to the task of modifying quantum circuits so that they satisfy
the connectivity constraints of a target quantum computer. Œis involves inserting
SWAP gates into the circuit so that the logical gates only ever occur between
adjacent physical qubits. The goal is to minimise the circuit depth added by the SWAP
gates.

The tket framework, by Cambridge Quantum Computing, is a software platform for the development and
execution of gate-level quantum computation, with backend agnostic circuit compilation. The toolset is
designed to aid platform-agnostic software and extract the most out of the available NISQ devices. It is
freely available as a part of Pytket python library.
The list of supported backends are...
1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.

Qiskit
Cirq
PyQuil
ProjectQ
AQT
Honeywell
Braket
QSharp
PyZX
Qulacs
IonQ

Noise Models
Noise is the central obstacle to building large-scale quantum computers.

Quantum systems with sufficiently uncorrelated and weak noise could be used to
solve computational problems that are intractable with current digital computers.

There has been substantial progress towards engineering such systems. However, continued progress
depends on the ability to characterize quantum noise reliably and efficiently with high precision.
We need an estimate of the effective noise and to detect correlations within arbitrary sets of qubits.
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To do that we construct a quantum noise correlation matrix allowing the easy visualization of correlations
between all pairs of qubits, enabling the discovery of long-range two-qubit correlations.
Quantum Noise Modelling will pave the way for noise metrology in next-generation quantum devices,
calibration in the presence of crosstalk, bespoke quantum error-correcting codes and customized faulttolerance protocols that can greatly reduce the overhead in a quantum computation.
Is NP ⊆ BQP ?
The BQP (bounded-error quantum polynomial-time) class covers problems that are solvable by a quantum
computer in polynomial time, with at most 1/3 chance of error. We know that problems in P are also in
BQP. That is to be expected considering quantum computing is a generalization of classical computing,
and a quantum computer can be programmed to behave like a classical computer. It is BQP’s relation with
NP that interests us.

Figure 76 - Probable Relation Between BQP And Other Complexity Classes

BQP— basically means all the problems a Quantum Computer can solve efficiently in polynomial time.
The Question everyone is still debating about is whether NP is a subset of BQP. Or in other words, is it
possible for Quantum Computers to solve ‘all’ NP Problems in polynomial time. Which is one of the
reasons everyone is trying to build quantum computers in the first place.
Bennett, Vazirani and all proved in 1997 that Quantum Computers cannot solve NP Problems in subexponential time, i.e. BQP doesn’t contain the entire class of NP Problems.
So we know for sure that NP is not a subset of BQP, so quantum computers won’t magically solve all
problems requiring exponential resources on classical computers. Furthermore, it is deemed unlikely that
BQP contains NP-complete problems. So BQP contains some problems from NP, and possibly some from
outside it, but the boundary between BQP and NP is still an open problem.
Yet the NP vs BQP debate continues.
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TOP GLOBAL QUANTUM COMPUTING COMPANIES
1Qbit
1Qbit is building software that allows applications to continually benefit from advances in both quantum
and classical hardware. In a way abstracting out the backend solvers. So that one can build applications
and run them on any backend hardware, classical or quantum. And as quantum computers become more
powerful to shift to them.
Alibaba
Alibaba hopes to achieve a general quantum computing prototype with 50–100 qubits by 2030. Its
subsidiary Aliyun is also offering a new 32-qubit quantum computer simulation service.
Amazon
Amazon offers a managed service called Braket to consume Rigetti, IonQ and D-Wave Quantum
Computing Services via their cloud.
Amazon is also partnered with CalTech to conduct research and is rumoured to be developing its own
quantum computer.
Atom Computing
Atom Computing is building scalable quantum computers out of individual atoms. They use quantum
mechanical properties of atoms to process information and solve problems beyond the reach of
traditional computers, including drug design, computational chemistry, etc.
Automatski

Why is Automatski mentioned here?

Because Automatski is the worlds first company to make production grade Billion Infinite Precision Logical
Qubit Quantum Computer(s). And it has used them to solve 40+ problems across 40+ industries and
domains.
And Automatski also offers the worlds best Heuristic Solvers and the world first Deterministic Solvers aka
The Quintillion Annealers for [Constrained] MAXCUT/QAOA, MAXSAT, QUBO, PUBO, QUSO, PUSO, ISING,
DQM, (MBO & MIP Experimental) Problems. And they work at the Scale of a Quintillion Qubits and
Clauses/Terms. Automatski also offers to its Customers, The Quintillion Annealer Framework.
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Figure 77- The Quintillion Annealer Framework

Automatski’s Quantum Computers are being used for Applications like…
1.

Optimization

17.

Weather Forecasting

2.

Machine Learning

18.

Fertilizers

3.

Logistics & Supply Chain

19.

Quantum Chromodynamics

4.

Financial

20.

Superconductivity

5.

Drug Discovery

21.

Boson & Fermion Simulations

6.

Computational Biology

22.

Quantum Field Theory

7.

Chemistry

23.

Dark Matter & Energy

8.

Materials

24.

Particle Physics

9.

Batteries

25.

Ultracold Physics

10.

Solar Capture

26.

Cosmology & Astrophysics

11.

Climate

27.

Nuclear & Plasma Physics

12.

Desalination

28.

Condensed Matter Physics

13.

Photosynthesis

29.

Quantum Gravity

14.

Proteomics

30.

Antimatter

15.

Medical Diagnostics

31.

Information Processing

16.

Cryptography & Cryptanalysis
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ColdQuanta
Quantum Core captures, cools, and controls cold and ultracold atoms. Its lasers can cool atoms to
temperatures less than a billionth of a degree of absolute zero. Quantum Core claims it can control billions
of atoms at once, or one atom at a time, enabling everything from atomic timekeeping to quantum logic.
D-Wave
D-Wave offers a Quantum Annealer and a Hybrid Solver which can be used to solve Optimization Problems
using the QUBO Model (Quantum Unconstrained Binary Optimization)
Fujitsu
Fujitsu has developed a proprietary processor called Digital Annealer (Quantum-inspired computing with
special-purpose hardware), purposefully designed for more efficiently solving larger and more complex
combinatorial optimization (CO) problems.
Google
Google has developed a 54 Qubit Circuit Based Quantum Computer. Which they used for Random
Sampling to demonstrate Quantum Supremacy in 2019. Google has been extremely silent about its
Quantum efforts since a long time. Maybe it is waiting to make big bang breakthrough announcements
very soon.
Honeywell
The newest generation quantum computer from Honeywell offers 10 fully connected qubits, a proven
quantum volume of 128 (the highest measured in the industry) and unique features such as mid-circuit
measurement and qubit reuse, which were made possible through Honeywell's heritage of precision
controls expertise. They are hoping to increase quantum volume by at least an order of magnitude
annually for the next five years.
HPE
HPE is developing optical chips (aka Ising Machines) to solve Optimization Problems. (Quantum Inspired
but Classical Computing)
IBM
IBM recently released a 32-qubit quantum processor with a quantum volume of 64. And hopes to create
a million physical qubit quantum computer by 2030 CE.
It was one of the first to offer Quantum Computers through its Cloud. And has one of the largest
communities of developers for its QisKit Quantum Programming Framework and related educational
programs.
Intel
Intel’s Third-generation Tangle Lake quantum processors contain 49 superconducting qubits. It offers
Horse Ridge 2 processor for controlling quantum computers.
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Intel hopes its spin qubit chips, which can be made on the same processes as it uses for conventional
computer chips, will give it a come-from-behind victory over today's quantum computing leaders. Spin
qubits use individual electrons as qubits, manipulating them with magnetic fields and storing data through
a quantum mechanical state of the electron called spin.
"A spin qubit is a million times smaller than a superconducting qubit"
IonQ
IonQ is developing a Trapped Ion Quantum Computer. It has 32 qubits, minuscule gate errors, and an
expected quantum volume greater than four million. With focus on applications in chemistry, medicine,
finance, logistics etc.
IQM
Is developing superconducting quantum computers. And has been selected to create one for Finland.
Microsoft
Microsoft is working on Topological Quantum Computing and are yet to create a working prototype
quantum computer.
Together with their partners 1QBit, Honeywell, IonQ, and QCI, Azure Quantum Cloud has assembled and
offers a diverse set of quantum solutions, software, and hardware from across the industry.
PsiQuantum
Founded in 2016 by British professor Jeremy O’Brien and three other academics, Terry Rudolph, Mark
Thompson, and Pete Shadbolt. They claim they are going to build a fault-tolerant quantum computer with
a staggering one million qubits, within five years. Their claim is based on the use of Silicon Photonics. They
have raised $215m in funding.
Critics at MIT say that - existing nano-photonics based on CMOS fabrication technologies is able to
fabricate thousands of optical components on a single chip. However, even if they had very highperformance photonics on a single photonic chip the size of a wafer, that would at best get you maybe
thousands of qubits.
Q-CTRL
Focuses on quantum control engineering. This spans open-quantum-system dynamics, open-loop control
and dynamic error suppression, feedback control, and input-output theory. Applications of machine
learning to control engineering with experience spanning robotics and quantum coherent devices. Also
reinforcement learning and automated optimization of quantum hardware. Q-ctrl offers characterization,
verfication and validation of quantum hardware. And applications like Precision Metrology, Sensing,
Clocks and Navigation.
Honeywell is the dominating incumbant with precision control expertise.
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QC Ware
Offers enterprise software and services for quantum computing. Ready to use Quantum Algorithms
combined with Consulting and Advisory Services.
Rigetti
Rigetti develops quantum integrated circuits used for quantum computers. The company also develops a
cloud platform called Forest that enables programmers to write quantum algorithms.
SeeQC
SeeQC is focused on a new approach to quantum computing that involves using a hybrid architecture that
combines quantum processors with classical computers. They claim to be able to reduce decoherence.
Other types of quantum computing systems require massive, costly infrastructure to stabilize those
qubits. Seeqc claims to have the potential to scale to thousands or even millions of qubits.
Strangeworks
Strangeworks is lowering the barrier to entry into quantum computing by providing tools for development
across and agnostic to all quantum hardware and software platforms.
Xanadu
Xanadu is building a universal quantum computer using silicon photonic hardware. It provides users access
to near-term quantum devices through its Xanadu Quantum Cloud (XQC) service. They also lead the
development of PennyLane, an open-source software library for quantum machine learning and
application development.
Zapata Computing
Zapata offers Orquestra® which is a workflow engine that unifies quantum hardware and software. It also
offers Quantum Machine Learning and Optimization solutions. And is building applications for chemistry,
finance, logistics, pharmaceuticals, engineering, and materials.

KEY DRIVERS, USE CASES & ISSUES
The Key Drivers for Quantum Computing adoption across enterprises are…
1.
2.
3.
4.
5.
6.

The Early Adopters want a Competitive Advantage
The Early Majority wants to catchup with their Competitors
To Solve Unsolvable Problems
Create New Products & Services
Cost Reduction
Better ROI

The Business Use Cases are…
1. Impossible Problems
2. Previously Uncomputable or Intractable Problems (Using Known Methods)
3. Problems Unsolvable in any known way (Method Not Known)
103
COPYRIGHT ©2020 AUTOMATSKI SOLUTIONS PRIVATE LIMITED. ALL RIGHTS RESERVED.

The Executives Guide To Quantum Computing v2020
4.
5.
6.
7.

Problems that are too Complex
Problems that require too many Resources
Problems that took too long to solve
Problems that were Economically Unviable to solve earlier

*** All these Use Cases had been abandoned earlier, sometimes after long and expensive efforts.
The consololation was that it was ok because no one else could do them either. There is a long backlog of
Use Cases, someone has to just (rediscover and list the problems and) match the pending problems with
new techniques. And get started. It is critical to the business to solve these problems which otherwise
remain unsolved.
Issues
Almost everyone acknowledges that Quantum Computing will disrupt entire industries.
But the immediate problem almost everyone is facing is the huge skill shortages. And what about existing
teams? Can't hire and build an entire new organization for both existing and new products and services.
We have to figure out ways to enhance, train and use a majority of the existing teams.
The biggest confusion is – What is the best way for our organizations to ‘consume’ the innovations in A.I.?
Can we create a couple of new ‘Processes’? Are there any gottcha’s we should know of? Any tips and tricks
of the trade? Any checklists or best practices?

WHO TO HIRE?
Basically people who can – “Integrate & Compute Wave Functions”

Researchers

Engineers

Application Developers

Job Description
Discover and/or
invent new methods
and algorithms.
Apply those
methods to solve
many types of
problems.
Develop the
applications and
wiring around the
core solutions.

Time Horizon
~10 years

Qualifications
M.S. / Ph.D. / Post
Doctoral Fellows

~3 Years

M.S. / Ph.D. / Post
Doctoral Fellows

~1 Year

B.S.

MARKET FORECAST
The quantum computing market will reach $2.2 Billion by 2026 according to IQT Research’s new report,
Quantum Computing: A Seven-year Market Forecast. (Nov 16th 2020)
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We have not done our own market forecasting studies and due to copyright reasons we cannot elaborate
on the IQT Research Report further than this. This is the (Public Information) headline issued by IQT
Research in its Press Release.

LOW HANGING FRUIT(S)
Adopters of Quantum Computing should definitely start with ‘Optimization’ solutions Based on Quantum
Annealing.
It seems it is the best to use the Fujitsu Digital Annealer or Toshiba’s SBA with 1 million Qubit capacity.
To start with if you have unconstrained problem models.
If you have complicated models or constraints then probably the best way to go about them is to use
Automatski’s Quantum Annealing Solutions.

THE FUTURE OF MANKIND
Is…

A.I. & Quantum Computing & The Combination Of The Two

These two things and their combination will define the next 100-1000 years of mankind. They will
overshadow almost any and all other technology achievements and innovations in all probability.
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Figure 78- The Future Is Coming Faster Than You Think

Both Quantum Computing & A.I. will help the human race become an inter-galactic race.
But there is a difference…
1. Quantum Computing will have a $200-$1000 trillion impact on mankind
2. Deep Learning will only have a sub $1 Trillion impact on mankind at best
3. ‘Realtime’ A.I. if invented will have a $200-$1000 trillion impact on mankind
*** (3) Because we will literally invent a new species
*** We assume Robotics is subsumed by A.I.
Currently there is almost $2 billion in venture capital chasing Quantum Computing every year. And about
$20 billion chasing Deep Learning every year. The A.I. spring and its hype is slowing down. While Quantum
Computing is picking up. Even though outside Automatski, Production Grade Quantum Computers are
probably decades or even centuries away. Both investors and customers place more value in Quantum
Computing as we know a lot about its power and applications, and have more than 120 years of research
behind it. Deep Learning only has 30+ years behind it and has a lot of uncertainty in terms of its
applications and success. And there aren’t many takers for the possibility of A.I. being invented anytime
soon. (Note: A.I. is artificial intelligence, it has not been invented yet. It is different from Deep Learning)
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About Automatski
Automatski is a millennium firm which deals almost exclusively with solving problems which cannot be
solved in a millennia (1000 years) given the current state of human technology and capability. Automatski
has over a 100+ millennium inventions including but not limited to the worlds first Billion Qubit Infinite
Precision Quantum Computer developed in 2014 CE.
DISCLAIMER
The information contained herein has been obtained from sources believed to be reliable. Automatski
Solutions Private Limited disclaims all warranties as to the accuracy, completeness, or adequacy of such
information. Automatski Solutions Private Limited shall have no liability for errors, omissions, or
inadequacies in the information contained herein or for the interpretations thereof. The reader assumes
sole responsibility for the selection of these materials to achieve its intended results. The opinions
expressed herein are subject to change without notice.
Automatski conducts business primarily in US and EU/UK. It doesn’t have a business presence in India.
And India is not its target market.
Investors
List of Automatski ventures http://automatski.com/investors.html
Email: investment@automatski.com
Business & Partnerships
Email: info@automatski.com
Technology & Research
Email: teagan@automatski.com
References
American Affairs Journal – Winning The Race In Quantum Computing
COVER IMAGE: ENVATO.COM
Copyright ©2020 by Automatski Solutions Private Limited. All rights reserved. All product names or
services identified throughout this article are trademarks or registered trademarks of their respective
companies.
108
COPYRIGHT ©2020 AUTOMATSKI SOLUTIONS PRIVATE LIMITED. ALL RIGHTS RESERVED.

