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Developing the full quantum stack
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Quantum	bits	and	quantum	gates

Materials	and	Device	Simulations	on	HPC	machines

Cryogenic	classical	control	and	memory

Cryogenic	runtime	operating	system

Quantum	compilers

Quantum	and	classical	libraries

Quantum	algorithms

Commercial	quantum	applications

Semiconductor/superconductor	fab
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True and perfect randomness

Quantum mechanics can give true  
and perfect random numbers
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0 1photo detectors

photon source

semi-transparent  
mirror

0

1. Photon source emits a photon

2. Photon hits semi-transparent mirror

3. Photon follows both paths

4. The photo detectors see the photon only  
    in one place: a random bit
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The quantum bit (qubit)

Classical bits can be      or 

Qubits can be both at once 
 
 
 
 
“quantum superposition”
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Measuring a quantum superposition

▪ when measuring (looking) we only ever get one classical bit: 0 or 1 

▪ When we measure we always get either 0 or 1! 

▪ Quantum random number generator:  
 
prepare and the state                          and measure
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α 2 + β 2 = 1

ψ = 1
2
0 + 1

2
1

ψ =α 0 + β 1
0 with probability α 2

1 with probability β 2

An application for a 1-qubit 
quantum computer!
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The magic of “quantum entanglement”

A single qubit gives a random bit when measured 

“Entangled states” can give random but identical results 

Measuring qubit A gives a random result a 
Measuring qubit B gives a random result b 

However, always a=b no matter how far apart the qubits are  

A shared secret key that an be made provably secure!
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ψ = 1
2
0 + 1⎡⎣ ⎤⎦
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     Interlude: quantum hardware
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Topological quantum bits: hope for a disruptive breakthrough

Encoding the information into a non-local (topological property) makes it robust 
and creates a long-lived “Schrödinger cat”

16

0 1Split         or        electrons into two “Majorana” particles and separate them
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Simulating quantum computers on classical computers

Simulating a quantum gate acting on N qubits needs O(2N) memory and 
operations  

17

Qubits Memory Time for one operation
10 16 kByte microseconds on a smartwatch
20 16 MByte milliseconds on smartphone
30 16 GByte seconds on laptop
40 16 TByte seconds on cluster
50 16 PByte minutes on top supercomputers?
60 16 EByte hours on exascale supercomputer?
70 16 ZByte days on hypothetical future supercomputer?
… … …
250 size of visible universe age of the universe
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Using Quantum Mechanics for Computing

Quantum mechanics considers all paths at once  

It enormously accelerates some calculations by  
operating on all inputs simultaneously
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Quantum programming and compilation

let QFT (qs : Qs) = 
 let n = qs.Length - 1 
 for i = 0 to n do 
  let q = qs.[i] 
  H q 
  for j = (i + 1) to n do 
   let theta = 2.0 * Math.PI /  
    float(1 <<< (j - i + 1)) 
   CRz theta qs.[j] q 
 for i = 0 to ((n - 1) / 2) do 
  SWAP qs.[i] qs.[n - i] 

20

Mixed	classical	and	quantum	operations

cold	classical	control
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A classical computer architecture view of quantum algorithms 

▪ “A quantum computer can compute on all inputs at once” 

▪ Pros: An extreme SIMD machine with exponential “vector length” 
▪ Cons: 
▪ pure SIMD, only reversible logic 
▪ very limited readout and small set of reduction operations
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Quantum computing beyond exa-scale

What are the important applications …  

… that we can solve on a quantum computer … 

… but not special purpose post-exa-scale classical hardware that we may build in 
ten years?

22

Q
Prerelease	0.1	-	not	for	distribution
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The D-Wave quantum annealer

An analog quantum device to solve  
quadratic binary optimization problems

23

Can be built with imperfect qubits 
Significant engineering achievement to scale it to two thousand qubits 
Nobody knows if it can solve NP-hard problems better than a classical computer 
So far no (scaling) advantage has been observed

C(x1,..., xN ) = aij
ij
∑ xix j + bi

i
∑ xi

with xi = 0,1
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Quantum algorithms with quantum speedup

50+ quantum algorithms with quantum speedup, that is 
better asymptotic scaling than any classical computer 

24

http://math.nist.gov/quantum/zoo/
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Shor’s algorithm for factoring

Factoring small numbers is easy: 15 = 3 x 5 
Factoring large numbers is hard classically: O(exp(N1/3)) time for N digit-numbers 

Polynomial time on a quantum computer (P. Shor)
25
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Solving linear systems of equations

▪ Solve linear system Ax=b in log(N) time  

▪ Time evolution using the matrix A  
needs to be implemented efficiently 

▪ Exponential speedup for  
wave scattering problem (Clader et al, PRL, 2013)! 

▪  Estimated to  use 1029 gate operations for a problem that  
is still tractable on a classical supercomputer  
(arXiv:1505.06552). Significant optimization is required!
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Harrow, Hassidim, Lloyd, PRL (2009)
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Incident Field

Scattered Field

FIG. 9. Two-dimensional finite element mesh with square finite elements. The scattering region is shown in grey, and can be
any arbitrary design. The incident field interacts with the metallic scatterer and scatters o↵ into all directions.

and less dense when lower accuracy is su�cient. However one of the key constraints with the QLSA is that the matrix
elements must be e�ciently computable. This restricts one to semi-regular or functionally defined meshes.

As a simple toy–problem example, we will model the scattering of a plane wave o↵ an arbitrary 2D metallic
scattering region with a uniform rectangular mesh, as shown in Fig. 9. Following standard FEM techniques[18], we
write the free-space Maxwell’s equation as a functional

F (E) =

Z
V

⇥
(r⇥E) · (r⇥E)� k2E ·E

⇤
dV + ik

Z
S

Et ·EtdS, (62)

where

E(x, y) = E
0

p̂e�ik·r(x,y) (63)

is the vector electromagnetic field propagating in direction k̂ = k/k = cos ✓x̂+ sin ✓ŷ, at position r(x, y) = xx̂+ yŷ,
with magnitude E

0

, wavenumber k, and polarization p̂ = r̂ ⇥ ẑ. The label Et indicates the component tangential to
the surface S, V is the volume of the computational region, and S is the outer surface of the computational region.
By taking �F = 0, the volume term gives Maxwell’s equation for the electric field, while the surface integral is an
artificial absorbing term used to prevent reflections o↵ the artificial computational boundary. On the inner metallic
scattering surface the boundary condition

n̂⇥E = �n̂⇥Ei (64)

where Ei is the incident field, and n̂ is the unit vector normal to the surface is applied.
Within an element labelled e the electric field can be expanded in terms of edge basis vectors [19],

Ee =
4X
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N e
i e

e
i (65)

where eei is the magnitude of the electric field along edge i and
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Feynman proposed to use quantum 
computers to simulate quantum physics 

We can surpass the best classical 
computers with only 50 qubits! 
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Simulating Physics with Computers 
Richard P. Feynman 

Department of Physics, California Institute of Technology, Pasadena, California 91107 

Received May 7, 1981 

1. INTRODUCTION 

On the program it says this is a keynote speech--and I don't  know 
what a keynote speech is. I do not intend in any way to suggest what should 
be in this meeting as a keynote of the subjects or anything like that. I have 
my own things to say and to talk about and there's no implication that 
anybody needs to talk about the same thing or anything like it. So what I 
want to talk about is what Mike Dertouzos suggested that nobody would 
talk about. I want to talk about the problem of simulating physics with 
computers and I mean that in a specific way which I am going to explain. 
The reason for doing this is something that I learned about from Ed 
Fredkin, and my entire interest in the subject has been inspired by him. It 
has to do with learning something about the possibilities of computers, and 
also something about possibilities in physics. If we suppose that we know all 
the physical laws perfectly, of course we don't  have to pay any attention to 
computers. It's interesting anyway to entertain oneself with the idea that 
we've got something to learn about physical laws; and if I take a relaxed 
view here (after all I 'm here and not at home) I'll admit that we don't  
understand everything. 

The first question is, What kind of computer are we going to use to 
simulate physics? Computer theory has been developed to a point where it 
realizes that it doesn't make any difference; when you get to a universal 
computer, it doesn't matter how it's manufactured, how it's actually made. 
Therefore my question is, Can physics be simulated by a universal com- 
puter? I would like to have the elements of this computer locally intercon- 
nected, and therefore sort of think about cellular automata as an example 
(but I don't  want to force it). But I do want something involved with the 
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Simulating quantum materials on a quantum computer

Can we use quantum computers to design new quantum materials? 
▪ A room-temperature superconductor? 
▪ Non-toxic designer pigments? 
▪ A catalyst for carbon sequestration? 
▪ Better catalysts for nitrogen fixation (fertilizer)? 

Solving materials challenges with strong correlations has  
▪ exponentially complexity on classical hardware 
▪ polynomial complexity on quantum hardware!

28
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The polynomial time quantum shock

▪ Estimates for an example molecule: Fe2S2 with 118 spin-orbitals 
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Gate count 1018

Parallel circuit depth 1017

Run time @ 100ns logical time 300 years
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Quantum software optimization

▪ Estimates for an example molecule: Fe2S2 with 118 spin-orbitals  

▪ Attempting to reduce the horrendous runtime estimates we achieved  
Wecker et al., PRA (2014), Hastings et al., QIC (2015), Poulin et al., QIC (2015) 

▪ Reuse of computations:                              O(N) reduction in gates 
▪ Parallelization of terms:                              O(N) reduction in circuit depth 
▪ Optimizing circuits:                                      4x reduction in gates 
▪ Smart interleaving of terms:                        10x reduction in time steps 
▪ Multi-resolution time evolution:                    10x reduction in gates 
▪ Better phase estimation algorithms:              4x reduction in rotation gates 

30

Gate count 1018

Parallel circuit depth 1017

Run time @ 100ns logical time 300 years

Reduced gate count 1011

Parallel circuit depth 1010

Run time @ 100ns gate time 20 minutes
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Nitrogen fixation: a potential killer-app

Fertilizer production using Haber-Bosch process (1909) 
Requires high pressures and temperatures 
3-5% of the world’s natural gas  
1-2% of the world’s annual energy 

But bacteria can do it at room temperature! 

Quantum solution using about 200 qubits 
▪ Understand how bacteria manage to turn air into ammonia! 
▪ Design a catalyst to enable inexpensive fertilizer production? 

31



||Matthias Troyer

Quantum computers are around the corner

▪ Will solve some problems exponentially faster than the best classical algorithms 

▪ Break RSA and ECC cryptography 
▪ Accurately solve problems in quantum chemistry and materials science 
▪ Accelerate solving linear systems of equations and machine learning 

▪ Quantum computers require radically different programming paradigms: 
reversible computing and “extreme SIMD” algorithms 

▪ First devices will have limited number of qubits, making algorithmic optimization 
and hardware-software co-design crucial
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Computation is becoming quantum
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▪ First devices can be bought 
▪ Quantum random numbers 

▪ Quantum communication 
▪ Analog devices for solving problems 
▪ “solve” quantum models by implementing them in the lab 

▪ solve optimization problems through quantum annealing 
▪ Quantum computers will revolutionize computing 
▪ Breaking of RSA encryption (?) 
▪ Design of catalysts and materials 
▪ Secure and private cloud computing 

Need quantum software engineers to find more applications! 
New ideas by bright students!  Quantum games, quantum Facebook ….
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