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Most promising applications of Quantum Computing

Ping Yeh, Google Santa Barbara ATLAS Software and Computing Week #62 2019-06-28



Complexity Classes 



A.Ochoa (Strangeworks)



Company Type Technology Now
Next 

Goal

Intel Gate Superconducting 49 TBD

Google Gate Superconducting 72 TBD

IBM Gate Superconducting 50 TBD

Rigetti Gate Superconducting 19 128

USTC (China) Gate Superconducting 10 20

IonQ Gate Ion Trap 11 79

IQOQI/Univ. Ulm/Univ. Innsbruck Gate Ion Trap 20 TBD

NSF STAQ Project Gate Ion Trap N/A ≥64

Intel Gate Spin 26 TBD

Silicon Quantum Computing Gate Spin N/A 10

CEA-Leti/INAC/Institut Néel Gate Spin N/A 100

Univ. of Wisconsin Gate Neutral Atoms 49 TBD

Quantum hardware I

https://quantumcomputingreport.com/scorecards/qubit-count/

https://newsroom.intel.com/news/intel-advances-quantum-neuromorphic-computing-research/
https://medium.com/rigetti/the-rigetti-128-qubit-chip-and-what-it-means-for-quantum-df757d1b71ea
https://ionq.co/news/december-11-2018#appendix
https://arxiv.org/pdf/1711.11092.pdf
https://www.nsf.gov/awardsearch/showAward?AWD_ID=1818914
https://spectrum.ieee.org/nanoclast/computing/hardware/intels-new-path-to-quantum-computing
http://www.cea.fr/presse/Pages/actualites-communiques/sciences-de-la-matiere/Un-ERC-Synergy-Grant-pour-la-recherche-grenobloise-sur-les-technologies-quantiques-.aspx
https://arxiv.org/abs/1605.05207


Harvard/MIT
Quantum 

Simulator  
Rydberg Atoms 51 TBD

Univ. of Maryland 

/ NIST

Quantum 

Simulator
Ion Trap 53 TBD

D-Wave Annealing Superconducting 2048 5000+

iARPA QEO 

Research 

Program

Annealing Superconducting N/A 100

NTT/Univ. of 

Tokyo/Japan NII

Qtm Neural 

Network
Photonic 2048 >20,000

Quantum hardware  II

https://quantumcomputingreport.com/scorecards/qubit-count/

https://arxiv.org/abs/1707.04344
https://www.nature.com/articles/nature24654
https://www.iarpa.gov/index.php/research-programs/qeo
https://qnncloud.com/


R. LaRose. Overview and comparison of gate level quantum software platforms. arXiv:1807.02500



Algorithm: Factoring (1994)
Speedup: Superpolynomial
Description: Given an n-bit integer, find the prime factorization. 

The quantum algorithm of Peter Shor solves this in O(n3) time. The fastest known classical algorithm 

for integer factorization is the general number field sieve, which runs in time exp(O(n1/3))
Shor's factoring algorithm breaks RSA public-key encryption and the closely related quantum 
algorithms for discrete logarithms break the DSA and ECDSA digital signature schemes and the 
Diffie-Hellman key-exchange protocol.

P. Shor

Some practical quantum algorithms 

https://math.nist.gov/quantum/zoo/

Algorithm: Searching (1996)
Speedup: Polynomial
Description: We are given an oracle with N allowed inputs. For one input w ("the winner") the 
corresponding output is 1, and for all other inputs the corresponding output is 0. The task is to find w. 

On a classical computer this requires Ω(N) queries. The quantum algorithm of Lov Grover achieves 

this using O(N1/2) queries, which is optimal.

L. Grover

Algorithm: Linear Systems (2008)
Speedup: Superpolynomial

Description: We are given oracle access to an n×n matrix A and some description of a vector b. We 
wish to find some property of f(A)b for some efficiently computable function f. Suppose A is a 
Hermitian matrix with O(polylog n) nonzero entries in each row and condition number k. As it was shown 
by Aram Harrow, Avinatan Hassidim and Seth Lloyd (HHL algorithm) ,  a quantum computer can 

in O(k2logn) time compute to polynomial precision various expectation values of operators with 
respect to the vector f(A)b (provided that a quantum state proportional to b is efficiently 
constructable). For certain functions, such as f(x)=1/x, this procedure can be extended to non-
Hermitian and even non-square A. The runtime of this algorithm was subsequently improved 

to O(k log3k logn) . 

S. Lloyd

A.Harrow A.Hassidim



Metric of IBM for Performance of Quantum Computing



Experimental Errors on  IBM Q Yorktown with 5 qubits 

3-qubit equal superposition Output on classical simulator



https://newsroom.ibm.com/2019-03-04-IBM-Achieves-Highest-Quantum-Volume-to-Date-Establishes-Roadmap-for-
Reaching-Quantum-Advantage



Criteria for a universal Quantum 
Computer

1. Scalable system with well-defined qubits

2. Initializable to a simple fiducial state

3. Long decoherence time

4. Universal set of quantum gates

5. Permit efficient, qubit-specific measurements

David DiVincenzo
The Physical Implementation of Quantum Computation

Fortschritte der Physik. 48 (9–11): 771–783. arXiv:quant-ph/0002077v3

additional criteria for quantum communication:

6. The ability to interconvert stationary and flying qubits

7. The ability to transmit flying qubits between specified locations



Source: Peter McMahon, Q2B 2018

https://q2b2018.qcware.com/videos-presentations



Source: Peter McMahon, Q2B 2018

https://q2b2018.qcware.com/videos-presentations



The strong Church-Turing thesis

Church-Turing thesis: Any algorithmic 
process can be simulated on a Turing
machine.

Strong Church-Turing thesis (E.Bernstein, U.Vazirani. Quantum Complexity 
Theory. SIAM J. Comput., 26(5), 1411–1473,1997). 

Any physically reasonable algorithmic process can be simulated on a Turing 
machine, with at most a polynomial slowdown in the number of steps required 
to do the simulation.

The strong Church-Turing thesis implies that the problems in P are precisely 
those for which a  polynomial-time solution is the best possible, in any
physically reasonable model of computation.

Ad hoc empirical justification!

Quantum Supremacy:  find a problem A, such that
Complexity ( A | classical computer) >> Complexity (A | quantum computer )

violation ? 



Noisy Intermediate Scale Quantum (NISQ) Era

In quantum computers qubits lose their (quantum) state due to the errors
caused by noisy gates and decoherence. Quantum Error Correction Codes 
(QECC) can protect again errors . Unfortunately, QEC requires significant 
overheads, typically 10-50 extra qubits to encode one fault-tolerant qubit. 

Source: Adam Bouland, Q2B 2018

https://q2b2018.qcware.com/videos-presentations



Ping Yeh, Google Santa Barbara ATLAS Software and Computing Week #62 2019-06-28

Random Quantum Circuit Simulation benchmark 

ArXiv:1905.00444 

QPU
NASA  ORNL

281        

Pflops/s

NASA  ORNL

281        

Pflops/s



How many qubits can be simulated?

One can simulate ≤ 60 qubits 





• 21 •

Adiabatic Quantum Computation (AQC)

E. Farhi et al., Science 292, 472 (2001)

System Hamiltonian:

H = (1- s) Hi + s Hf

Linear interpolation: s = t/tf

0 ≤ s ≤ 1

• Ground state of Hi is easily accessible.

• Ground state of Hf encodes the solution 

to a hard computational problem.

Energy Spectrum

http://qserver.usc.edu/qec07/QEC07/MohammadAmin.ppt



• 22 •

Adiabatic Quantum Computation (AQC)

E. Farhi et al., Science 292, 472 (2001)

System Hamiltonian:

H = (1- s) Hi + s Hf

Linear interpolation: s = t/tf

0 ≤ s ≤ 1

• Ground state of Hi is easily accessible.

• Ground state of Hf encodes the solution 

to a hard computational problem.

Energy Spectrum
Effective 
two-state 

system

Gap = gmin

http://qserver.usc.edu/qec07/QEC07/MohammadAmin.ppt



Adiabatic Theorem

To have small error probability:     tf  >> 1/gmin
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http://qserver.usc.edu/qec07/QEC07/MohammadAmin.ppt



Solver for Quadratic Unconstrained Binary Optimisation Problems (QUBOs)

𝐸(𝑠1, 𝑠2,…, 𝑠𝑛) = σ𝑖 ℎ𝑖𝑠𝑖 + σ𝑖𝑗 𝐽𝑖𝑗𝑠𝑖𝑠𝑗 with 𝑠𝑖 ∈ 0,1

What is an Adiabatic Quantum Computer?

Source: D-Wave Sys.

ℎ𝑖 ∈ On-site strength

𝐽𝑖𝑗 ∈ Coupling

https://slideplayer.com/slide/9262338/





ATLAS and CMS @ HL-LHC 
Computing models and CPU needs

T.Boccali. INFN Pisa / CERN





Table from: Biamonte, Jacob, et 
al. "Quantum machine learning." 
Nature 549.7671 (2017): 195.

Aaronson, Scott. "Read the fine print." Nature 
Physics 11.4 (2015): 291.

1. The input problem: Quantum algorithms provide 
dramatic speedups for processing data, they 
seldom provide advantages in reading data. The 
cost of reading in the input can dominate the cost 
of quantum algorithms. This cost can be 
exponential!

2. The output problem. Obtaining the full solution 
from some quantum algorithms as a string of bits 
requires learning an exponential number of bits.

Quantum speedup for machine learning

Quantum Machine Learning. Behnam Kia. NC State University. April 2018

Caveats



Bo Ewald (D-Wave)



Source: Adam Bouland, Q2B 2018

https://q2b2018.qcware.com/videos-presentations



Source: Adam Bouland, Q2B 2018

https://q2b2018.qcware.com/videos-presentations



Source: Adam Bouland, Q2B 2018

https://q2b2018.qcware.com/videos-presentations



• Quantum information is fundamentally different than classical 
information. Quantum theory allows new ways of storing and 
processing information which are not there in the classical world.

• Copying, deleting, flipping, and partial erasure, etc....are impossible 
in quantum world.

• No-hiding theorem provides new insight into the different laws 
governing classical and quantum information. 

• Unlike classical information, QI cannot be completely hidden in 
correlations.

• Applications: Randomization, Quantum teleportation, 
Thermalization, Black hole evaporation and many more.

• Whenever information disappears from one system it moves to 
somewhere else.

Quantum Information : No-Go Theorems 



Source: John Preskill, Q2B 2018

https://q2b2018.qcware.com/videos-

presentations



Conclusion

Source: Paul Nation, Q2B 2018

https://q2b2018.qcware.com/videos-presentations


