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Due Sunday, Sept. 20: read one of four 
articles. Share sketches / notes.

• Quantum Computing: Progress and Prospects. National Academies Report. 2019.

• Quantum Computer Systems for Scientific Discovery. NSF. 2019.

• Challenges and Opportunities of Near-Term Quantum Computing Systems. IBM. 2019.

• Quantum computer architecture: towards full-stack quantum accelerators. Delft. 2019.
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The role of abstractions in classical computing

What is an abstraction? 

What are examples of abstractions?

Why are abstractions good and important?



The role of abstractions in classical computing

What is an abstraction? 

What are examples of abstractions?
• APIs, Python, C, assembly, machine code (ISA), CPU-memory (von 

Neumann), pipeline, gates, binary, discrete time evolution

Why are abstractions good and important?
Hides details so that users & programmers can be creative



The role of abstractions in classical computing

Are abstractions always good?

What are examples of deliberately breaking abstractions?



The role of abstractions in classical computing

Are abstractions always good?

What are examples of deliberately breaking abstractions?
• Python calling C binary (Breaking interpreted high level PL abstraction)
• Assembly code routines (Breaking structured programming abstraction)
• FPGAs (Breaking ISA abstraction)
• ASICs (Breaking von Neumann abstraction)



These two lectures: Broad view of open 
challenges in quantum computer engineering

• A complete view of full-stack quantum 
computing.

• In short, challenges are in finding and building 
abstractions.

• In each layer, why we don’t or can’t have good 
abstractions right now.

• Recent and rapidly developing field of 
research.

A Microarchitecture for a Superconducting
Quantum Processor. Fu et al.



All the quantum computer abstractions we 
don’t yet have right now
0.   Quantum computer support for quantum computer engineering
1. Fault-tolerant, error-corrected quantum algorithms
2. Mature, high level quantum programming languages
3. Universally accepted quantum ISAs
4. Uniform, fully connected quantum device architectures
5. Reliable quantum gates and qubits
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Role of simulation in classical computer 
engineering

• VirtualBox
• Gem5
• Synopsys / Cadence
• Spice

Warner Brothers Pictures



Why is simulation important?

• "Developing good classical simulations (or even attempting to and 
failing) would also help clarify the quantum/classical boundary.”
—Aram Harrow

• Development and debugging of quantum algorithm implementations



Classical simulations of quantum computing

Quantum supremacy using a programmable superconducting processor (supplement). Arute et al.



• Until we have quantum computer systems, building and testing 
quantum computers will rely on classical computer systems.
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QDB: From Quantum Algorithms Towards Correct Quantum Programs. Huang and Martonosi.



QDB: From Quantum Algorithms Towards Correct Quantum Programs. Huang and Martonosi.

Fault tolerant, 
error corrected 
quantum 
algorithms

Noisy, 
intermediate-
scale quantum 
algorithms



Grover’s database search algorithm

• Unstructured search problem. Based on amplitude amplification.

• Classical algorithm: needs O(N) queries

• Quantum algorithm: needs O(sqrt(N)) queries



Nielsen and Chuang, p251

Grover’s database search



Nielsen and Chuang, p251

Grover’s database search
Classical information input Measurement to obtain 

classical information



Nielsen and Chuang, p251

Grover’s database search

Operations based on 
classical problem information



Nielsen and Chuang, p251

Grover’s database search

Iterations of 
quantum 
circuit 
operations 
concentrates 
the probability 
amplitude 
distribution
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Grover’s database search algorithm

• Unstructured search problem.

• Classical algorithm: needs O(N) queries

• Quantum algorithm: needs O(sqrt(N)) queries



Shor’s integer factoring algorithm 

Factoring underpins cryptosystems.
For number represented as N bits—

Classical algorithm: needs 𝑶(𝟐
𝟑 𝑵) operations

Factoring 512-bit integer: 8400 years. 1024-bit integer: 13*1012 years.

Quantum algorithm: needs 𝑶(𝑵𝟐 𝐥𝐨𝐠 𝑵 ) operations
Factoring 512-bit integer: 3.5 hours. 1024-bit integer: 31 hours.

A Practical Architecture for Reliable Quantum Computers. Oskin et al.



A Blueprint for Building a Quantum Computer. Van Meter and Horsman.



An Outlook for Quantum Computing. Maslov et al.



An Outlook for Quantum Computing. Maslov et al.

How to factor 2048 bit RSA 
integers in 8 hours using 20 
million noisy qubits. Gidney
and Ekerå. 2019.



Quantum Computing Progress and Prospects. National Academies Press.



An Outlook for Quantum Computing. Maslov et al.

Need applications to 
motivate further 
research.



QDB: From Quantum Algorithms Towards Correct Quantum Programs. Huang and Martonosi.

Fault tolerant, 
error corrected 
quantum 
algorithms

Noisy, 
intermediate-
scale quantum 
algorithms
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