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Demonstrate an end-to-end rigorously quantifiable 
quantum performance improvement over classical 
analogs, especially for problems of practical value

Grand Challenge

5 Priority Research Directions across a general stack

ASCR COMPUTING AND NETWORKING WORKSHOP



SOME CONTEXT 
FOR THE GRAND 

CHALLENGE



Quantum computing 
system design informed by 
insights from higher levels 

of the stack

Realistic estimates of 
hardware resources, 

evaluation of hardware 
execution

New algorithms and 
analysis techniques

Novel applications of 
quantum technologies

Fair and rigorous 
evaluation of quantum 

advantages

EXAMPLE OF A STACK FOCUSED ON QUANTUM ADVANTAGES



Quantum Algorithms for Ideal Abstract Quantum Computers

Models: based on abstract models of quantum computation
Goal: identification of rigorous asymptotic quantum advantages
Challenge: potentially difficult to practically realize advantages

Quantum Algorithms for Physical Quantum Computers

                  Models: implementation on current- and near-term quantum computers 
                                 (e.g. “quantum software engineering” on commercial systems)             
                  Goal: empirical demonstration of quantum “wins”
                  Challenge: wins may be platform-specific, not sustainable asymptotically as problems grow, 
                                      or have no immediate practical applications

Quantum Algorithms for Physically-inspired Abstract Quantum Computers

Models: abstract imbued with physically-inspired features 
               (e.g. using few ancilla, restricted gate sets or topologies, fidelity/noise-based limitations)
Goal: rigorous quantum advantages under resource restrictions
Challenge: models and results should help bridge ideal-physical gap

DIFFERENT QUANTUM ALGORITHMS FOR DIFFERENT FOLKS



QUANTUM ADVANTAGES NEED MANY THINGS TO GO RIGHT

Find efficient
quantum algorithm

Find a problem admitting
(exponential) quantum

advantage

Find proof or evidence
no efficient classical

algorithm exists

Find applications where
discovered advantages

translate to impact

See Aaronson [arXiv:2209.06930] for recent high-level survey of exponential quantum advantages



Known quantum speedups are limited, so we look for quantum 
algorithms that are better (for some resource), not necessarily faster 

Polynomial
speedup

Exponential
speedup

Against best-possible
classical algorithm

Against best-known
classical algorithm

e.g. Shor’s algorithm for 
integer factorization 

e.g. Grover’s algorithm for 
unstructured search 

?

e.g. checking if an 
integer is prime

See https://quantumalgorithmzoo.org for state of quantum speedups

Prime?864 No

LOOKING BEYOND QUANTUM SPEEDUPS

https://quantumalgorithmzoo.org/


QUANTUM ADVANTAGES BY MAKING PROBLEMS HARDER
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Input: direct representation of matrix A
  (size of input depends directly on A)

Output: numerical value 
(precision depends on A)

Succinct 
algorithm 

representing A

i

j

A(i,j)

Input: algorithm indirectly representing matrix A
  (A could be exponentially large in size of input)

Output: numerical value 
(precision depends on A)

Exponential quantum

advantages possible!



Qubits are expensive, so we want algorithms using few of them as possible (minimize space)

HOW ABOUT SPACE INSTEAD OF TIME?



When dealing with very small space algorithms, it matters how you receive the input dataset 

Streaming 

  Dataset is built up by a “stream” of small updates 

  Answer is expected at the end of the stream

STREAMING ALGORITHMS
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When dealing with very small space algorithms, it matters how you receive the input dataset 

Streaming 

  Dataset is built up by a “stream” of small updates 

  Answer is expected at the end of the stream

STREAMING ALGORITHMS
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Large social network arising from real-time frenemy-ships



QUANTUM STREAMING ADVANTAGES FOR GRAPH PROBLEMS

Exponential advantage for Boolean Hidden Matching
[Gavinsky, Kempe, Kerenidis, Raz, and de Wolf 2008]

First natural problem: polynomial advantage for triangle counting
[Kallaugher 2021]

No quantum advantage possible: Max Cut graph partitioning problem
[Kallaugher, P 2022] ASCR ARQC FAR-QC Project

Exponential advantage for natural problem: Directed Max Cut problem
[Kallaugher, P, Voronova 2023] ASCR ARQC FAR-QC Project

A first quantum approximation advantage for approximating discrete 
optimization (albeit in streaming model)



Max Cut

Following slides courtesy of John Wright
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Directed Max Cut



STREAMING APPROXIMATIONS FOR MAX CUT

approx factor = ½ (random)

0.878 is best possible for standard non-
streaming version

[Goemans, Williamson 1995]

1

Quantum space:
  
  Classical space:

No nontrivial approximations possible!

Max Cut is hard to solve exactly, so we turn to approximations



STREAMING APPROXIMATIONS FOR DIRECTED MAX CUT

0.874
[Lewin, Livnat, Zwick 2002]

1

Quantum space:

  Classical space:

0.484

Directed Max Cut leaves room for an exponential quantum advantage!



Citations of “A Quantum Approximate Optimization Algorithm” by Farhi, Goldstone and Gutmann

THE QUEST FOR QUANTUM APPROXIMATION ADVANTAGES

Despite considerable work in quantum approximation for discrete optimization 
problems, no provable advantages have been discovered

Directed Max Cut work is first such result, albeit it is a space advantage



• Considering resources beyond runtime may open door to new quantum advantages

• Quantum advantages are highly sensitive to problem details: 
e.g., input/output models and problem formulation (e.g. directed vs undirected)

• Are we overlooking important quantum advantages because of focus or bias toward 
certain kinds of problems?

• Quantum advantages for the problems we are currently solving may not exist. 
What overlooked problems should we be solving to impact science mission?

TAKEAWAYS



PRIORITY 
RESEARCH 

DIRECTIONS



Priority Research Direction: Software Toolchains



Priority Research Direction: Quantum Advantages



Priority Research Direction: Benchmarking



Priority Research Direction: Error Resilience



Priority Research Direction: Quantum Networks



THANKS FOR KINDLY 
RESTRAINING 

YOURSELF FROM 
THROWING 

TOMATOES, ETC.!


	Default Section
	Slide 1: PRIORITY RESEARCH DIRECTIONS for Quantum computing and NETWORKING
	Slide 2
	Slide 3
	Slide 4: SOME CONTEXT FOR THE GRAND CHALLENGE
	Slide 5
	Slide 6
	Slide 7: QUANTUM ADVANTAGES NEED MANY THINGS TO GO RIGHT
	Slide 8: LOOKING BEYOND QUANTUM SPEEDUPS
	Slide 9: QUANTUM ADVANTAGES BY MAKING PROBLEMS HARDER
	Slide 10: HOW ABOUT SPACE INSTEAD OF TIME?
	Slide 11: STREAMING ALGORITHMS
	Slide 12: STREAMING ALGORITHMS
	Slide 13: STREAMING ALGORITHMS
	Slide 14: STREAMING ALGORITHMS
	Slide 15: QUANTUM STREAMING ADVANTAGES FOR GRAPH PROBLEMS
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30: STREAMING APPROXIMATIONS FOR MAX CUT
	Slide 31: STREAMING APPROXIMATIONS FOR DIRECTED MAX CUT
	Slide 32
	Slide 33: TAKEAWAYS
	Slide 34: PRIORITY RESEARCH DIRECTIONS
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40: Thanks for kindly restraining yourself from throwing tomatoes, etc.!


