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Presenter Notes
Presentation Notes
My goal today is to convince you that quantum computing is at a historic time, that there are exciting problems to be solved, and that computer architects are critically needed to solve those problems.Many of the ideas I will talk about today come from discussions with the EPiQC team, a new NSF Expedtion in Computing
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Quantum Ecosystem
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Presenter Notes
Presentation Notes
Why focus on quantum computing?  Perhaps the largest potential impact of quantum computation is to fundamentally change what is computable.  Quantum computing is the only method by which we can potentially scale computation exponentially with the number of devices.  This scaling may allow us to soon solve currently intractable problems in chemistry, simulation, and optimization.Successful demonstration of practical quantum computation would also lead to a new quantum computing industry and provide a new means of scaling computation for specific key applications.  As Moore’s Law slows, quantum scaling may become an important technique for some applications.Research in quantum computing also has led to insights in other sciences, notably chemistry, physics, and classical cryptography.  Furthermore, progress in quantum algorithms challenges classical algorithms to do better.Quantum algorithms also promote a healthy competition with classical algorithms, spurring improvements on the classical side



Why Quantum Computing?
■ Fundamentally change what is computable

❑ The only means to potentially scale computation exponentially with the number of devices
■ Solve currently intractable problems in chemistry, simulation, and optimization

❑ Could lead to new nanoscale materials, better photovoltaics, better nitrogen fixation, and more

■ A new industry and scaling curve to accelerate key applications
❑ Not a full replacement for Moore’s Law, but perhaps helps in key domains

■ Lead to more insights in classical computing
❑ Previous insights in chemistry, physics and cryptography
❑ Challenge classical algorithms to compete w/ quantum algorithms
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Why Now?
Now is a privileged time in the history of science and technology, as we 
are witnessing the opening of the NISQ era (where NISQ = noisy 
intermediate-scale quantum). 
– John Preskill, Caltech

IBM 
133 superconductor qubits

Quantinuum
56 atomic ion qubits

Infleqtion
100+ neutral atom qubits



The EPiQC Goal
Co-design algorithms, software, and hardware to close the gap between 
algorithms and devices by 100-1000X, accelerating QC by 10-20 years.
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EPiQC NSF Expedition (2018-2024)
■ Many optimizations, each 2-10X, up to 10000X
■ 150+ papers, 10 best paper awards
■ 21 PhDs -> 7 faculty 
■ 1 startup
■ 1 textbook, 5 EdX courses
■ Techniques integrated into IBM QISKit, Google Cirq, 

Intel Quantum Compiler, Rigetti Pyquil, CQC TKET, 
ORNL XACC and QCOR

8



Quantum Bits (qubit)

■ 1 qubit probabilistically represents 2 states
|a> = C0|0> + C1|1>

■ Every additional qubit doubles # states
|ab> = C00|00> + C01|01> + 

C10|10> +C11|11>
■ "Parallelism" on an exponential number of states

■ But measurement collapses qubits to single classical values
■ Noise in computation and measurement

F. Chong -- QC 9



Neutral Atom Quantum Computer

20:11 10

[Radnaev+ 2024]
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Quantum Software: Please break abstraction layers!

Shortcut

Stack: rigid layers + interfaces

Benefits
• Taming 

complexity

Problems
• Lost opportunities for optimization

• QC stack + layers change

We should compile to 
hardware primitives. 
Physics first.

X. Fu et al. (2017) 
arXiv:1708.07677

© Infleqtion 2023 11
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Scalability vs Deep Optimization

12
Gokul Subramanian Ravi, Kaitlin N. Smith, Pranav Gokhale, Frederic T. Chong:
Quantum Computing in the Cloud: Analyzing job and machine characteristics. IISWC 2021: 39-50



Hybrid Quantum-Classical Computing:  
Contest of Exponentials
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The Secret Menu of Quantum Hardware

© Infleqtion 2023 14

Presenter Notes
Presentation Notes
Some of you are who are visiting from abroad...
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MENU
Item    Price
1. NOT 0.1% error
2. RZ(θ) 0.01% error
3. CNOT Market price

No substitutions permitted.

SECRET HARDWARE PRIMITIVE MENU

4. CR(θ) 0.4% error
5. Parametric e-i θ ZZ ~1.0% * θ/π
6. |1> -> |2> qutrit transition 0.3% error

Additional options available—ask your friendly physicist.

© Infleqtion 2023 16

Presenter Notes
Presentation Notes
In first half of this talk, I have 7 examples so rather than try to cram all 7, I'm going to do a deep dive on 1 of them and then cram in 6.



1. Swap Gates and ECA
■ Optimized SWAP networks with equivalent circuit averaging for QAOA, Akel 

Hashim , Rich Rines, Victory Omole, Ravi K. Naik, John Mark Kreikebaum, 
David I. Santiago, Frederic T. Chong, Irfan Siddiqi, and Pranav Gokhale. 
Physical Review Research 4, 033028
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Advanced Quantum Testbed (AQT)

Single-qubit gates:

Entangling gates: Parallel gate performance:

Photo: A. Hashim, et al., Randomized compiling for scalable quantum computing on a noisy superconducting quantum 
processor, arXiv:2010.00215 (2020).

(Rabi, 
30ns)(virtual
)

gate time 30ns 200ns 200ns 150ns 150ns

ϵT (10-2) 0.19(8) 1.09(9) 2.3(1) 0.68(9) 1.07(9)



Application: QAOA for Weighted Max-Cut

Problem: Max-cut on a fully connected graph, edge weights ∈ {-1, 1}

⇒ Efficiently mapped to linear topology

-1 +1
-1

-1

-1

+1



Equivalent Circuit Applications

Optimized Scheduling:
• Iteratively select decompositions to maximize 

prior gate cancellation

Equivalent Circuit Average 
(ECA):
• Randomly select decompositions to generate M 

logically equivalent circuits, to mitigate coherent 
error

ECA + Optimized scheduling:
• Only randomize over decompositions minimizing 

critical path depth

32 unique CZ-CZ-CZ decompositions

64 unique CZ-CZ-CS decompositions

2 commutation rules



ECA + Optimized Scheduling on the AQT

QAOA, p = 1:

• Gate /schedule  opt.: 30% error reduction
• ECA-OPT (M=20): 60% error reduction (TVD)

QAOA, p = 2:

• Gate/schedule opt.: 7% error reduction
• ECA-OPT (M=20): 30% error reduction



2. Direct-to-Pulse Compilation
■ Optimized Compilation of Aggregated Instructions for Realistic Quantum 

Computers, Yunong Shi, Nelson Leung, Pranav Gokhale, Zane Rossi, 
David I. Schuster, Henry Hoffman, Frederic T. Chong, International 
Conference on Architectural Support for Programming Languages and 
Operating Systems (ASPLOS '19)

■ Partial Compilation of Variational Algorithms for Noisy Intermediate-Scale 
Quantum Machines, Pranav Gokhale, Yongshan Ding, Thomas Propson, 
Christopher Winkler, Nelson Leung, Yunong Shi, David I. Schuster, Henry 
Hoffmann, Frederic T. Chong, International Symposium on 
Microarchitecture (MICRO ’19)

■ Quantum Compilation for NISQ Algorithms with Pulse-Backed Augmented 
Basis Gates, Pranav Gokhale, Ali Javadi-Abhari, Nathan Earnest, Yunong
Shi, and Frederic T. Chong.  The International Symposium on 
Microarchitecture (MICRO ‘20)

22



Gates vs Pulses
Quantum 
Assembly

Quantum 
Function

CNOT q1, q2
RZ t1, q2
CNOT q1, q2
SWAP q1, q2

23



Direct-to-Pulse Results
■ 2X to 10X faster
■ But it can take hours to 

compile a program before 
we can run it

■ This is a problem for an 
important class of 
algorithms that alternates 
between classical and 
quantum computing

24

Start

End



Variational Quantum Algorithms

Compile
Loops 1000s of times

Presenter Notes
Presentation Notes
Here is a schematic summary of a variational quantum algorithm. The left box describes an execution of a quantum program (for example, the circuit on the right hand side), for a choice of theta vector over the variational parameters. On the right, a classical optimizer suggests the theta vector for the next iteration. And this procedure loops 1000s of times.



Flexible Partial Compilation

Presenter Notes
Presentation Notes
We also thought about getting two or more angles in a block, but found the best results for hyperparameter tuning using single angle blocks.So again to sum up, with flexible partial compilation, we take a variational quantum circuit and slice it into pieces that only depend on one parameter. Then we pre-compute good hyperparameters for that each slice, and that at runtime, when we know the actual parameters, GRAPE will converge very fast.



Partial Compilation Results
■ 2x pulse speedups
■ 10-80x faster compilation than 

previous method
■ 2 patents pending

■ The key was to break the 
abstraction of machine 
instructions and target pulses

27



3. Qutrits instead of Ancilla
■ Asymptotic Improvements to Quantum Circuits via Qutrits, Pranav

Gokhale, Jonathan Baker, Casey Duckering, Natalie Brown, Ken Brown, 
and Frederic T. Chong. International Symposium on Computer 
Architecture (ISCA ‘19) (QIP Best Poster, 3 of 480)

■ Efficient Quantum Circuit Decompositions via Intermediate Qudits, 
Jonathan M. Baker, Casey Duckering, Frederic T. Chong.  International 
Symposium on Multi-Valued Logic (ISMVL’20)

■ Extending the Frontier of Quantum Computers with Qutrits, P. Gokhale, 
J.M. Baker, C. Duckering, N.C. Brown, K.R. Brown, F.T.Chong. IEEE 
Micro Top Picks in Computer Architecture (2020)

■ Improved Quantum Circuits via Intermediate Qutrits, Jonathan Baker, 
Pranav Gokhale, Casey Duckering, Natalie Brown, Ken Brown, and 
Frederic T. Chong.  ACM Transactions on Quantum Computing (2020).

28



Qutrits versus Qubits

■ Store 3 values instead of 2 in each 
hardware device

■ 3-level logic is not new, but makes 
more sense for quantum devices

■ Especially useful for programs that 
need some extra quantum bits to be 
more efficient (some temporary 
space)

29

[Koch 07]



Qutrit Results
■ Fewer devices needed

❑ Up to 70X reduction for 
some programs

■ A lot of interest from 
hardware platforms
❑ IBM OpenPulse

experiment
■ Also won the “Top Picks” 

best papers for 2019 
award

■ The key was to break the 
binary abstraction

30

[Gokhale+ Micro20]



4. Ququart Gates and Compilation
■ Time-Efficient Qudit Gates through Incremental Pulse Re-seeding, Lennart 

Maximilian Seifert, Jason Chadwick, Andrew Litteken, Frederic T. Chong 
and Jonathan M. Baker. IEEE International Conference on Quantum 
Computing and Engineering, 2022.

■ Qompress: Efficient Compilation for Ququarts Exploiting Partial and Mixed 
Radix Operations for Communication Reduction, A. Litteken, L. Seifert, J. 
Chadwick, N. Nottingham, F. Chong, and J. Baker. International 
Symposium on Architectural Support for Programming Languages and 
Operating Systems (ASPLOS), 2023.

■ Dancing the Quantum Waltz: Compiling Three-Qubit Gates on Four-Level 
Architectures, Andrew Litteken, Lennart Maximilian Seifert, Jason 
Chadwick, Natalia Nottingham, Tanay, Ziqian Li, David Schuster, Frederic 
T. Chong, and Jonathan M Baker.  International Symposium on Computer 
Architecture (ISCA), 2023.

31



Motivation
■ Ququarts would give more general 

compression/decompression and fast qubit 
operations inside a ququart

■ Theory predicts quadratic scaling of gate 
duration with radix

■ Maybe pulse implementation would be better…

32



• Example: QOC for 𝑋𝑋4, 𝐹𝐹 = 99.9%

Quantum optimal control for qudits
Rotating frame ctrl – 1 Max-p=1.265e+01 Max-q=1.724e+01 MHz 



Pulse duration minimization using IPR

• Time-optimized pulse duration scaling: Single-qudit gates
• Observe near-linear scaling up to 𝑑𝑑 = 8 qudits



Qudit Conclusion

3
5

• Near-linear scaling in practical qudit regime 𝑑𝑑 ≤ 8

• Enables upcoming compiler optimizations allowing
2X device savings with comparable fidelity



Qudit Conclusion
• Near-linear scaling in practical qudit regime 𝑑𝑑 ≤ 8
• Enables compiler optimizations allowing 2X device savings with

comparable fidelity (Qompress ASPLOS23)
• Enables ququart-qubit Toffoli (Quantum Waltz ISCA23)



5. Virtualized Logical Qubits

■ “Virtualized Logical Qubits: A 2.5D 
Architecture for Error-Corrected Quantum 
Computing,” Casey Duckering, Jonathan 
Baker, David Schuster, Frederic T. 
Chong. Micro 2020. Micro Top Pick 
2021.

37



Virtualized Logical Qubits

Virtualize logical qubits by storing them in memory layers

Physical 2D address, virtual 2D+mode index

Load to apply error correction and to compute

Presenter Notes
Presentation Notes
Slice up the gridTile this image in 2DDRAM refreshVirtualize 3D mode coordinate2D coordinate is the physical address used for computationvs. embedding the 2D plane by folding.This is the high level now I’ll go into how this is used and it’s benefits



Transversal CNOT

Not possible in 2D

6x faster

No measurements

Verified with process 
tomography

Presenter Notes
Presentation Notes
Move then transversal CNOTHigher connectivity, fewer extra qubits needed for routing*To learn about our compact variant which saves 2x transmon qubits, see the paper.



Compact Version

Use each transmon for both 
data and ancilla qubits

Same hardware connectivity

Saves 2x transmons

Slower and requires more 
memory accesses With adjusted coordinates 

Presenter Notes
Presentation Notes
Does not affect logical operationsMore details on memory access cost laterVery reasonable cost



VLQ Summary

■ We virtualize logical qubits with memory separate but local to 
computation

■ 10x reduction in transmon qubits and control hardware 
■ Minimum proof of concept for 10 logical qubits requires only

11 transmons and 9 cavities.
■ The key was to go beyond 2 dimensions and match the 

computation to the architecture

Presenter Notes
Presentation Notes
***Realizable quantum error correction protocols are a critical step in the path towards fault tolerant quantum computing.***We set out to exploit memory in a 2.5D architecture and we achieved a compact scalable architecture with some nice extra benefits.New memory architecture, beginning to separate memory from computation in quantum systems.Allowing error correction to be realized sooner on small architecturesPromising path towards scaling*We hope this guides further efforts in qubit-local memory technologiesBiggest downside, hopefully convincedCorrelated errors?  Not a problem.(Cavity isolation widget)We hope this work motivates further experimental efforts and prompts industry to adopt and scale-up this architecture.



6. Interleaved Logical Qubits in Atom Arrays

J. Viszlai, S. F. Lin, S. Dangwal, C. Bradley, V. Ramesh, J. M. Baker, H. Bernien, 
and F. T. Chong, “Interleaved Logical Qubits in Atom Arrays,” presented at the 
2025 IEEE International Symposium on High-Performance Computer 
Architecture (HPCA), March. 2025. 

3X faster using
transversal gates



7. Partial Error Correction

“Variational Quantum Algorithms in the Era of Early Fault Tolerance,” S. Dangwal, S. 
Vittal, L. Seifert, F. Chong, and G. Ravi.  International Symposium on Computer 
Architecture (ISCA 2025)

>25X higher 
fidelity with
physical rotations



Hybrid Quantum-Classical 
Computations

20:22 44



8. Quancorde: Boosting fidelity with Quantum Canary Ordered Diverse Ensembles

Gokul Subramanian Ravi, Jonathan Baker, Kaitlin 
Smith, Nathan Earnest, Ali Javadi-Abhari, Frederic 
Chong. ICRC, December 2022 (Selected Highlight Paper)



9. CAFQA: A classical simulation bootstrap for variational quantum algorithms

Gokul Subramanian Ravi, Pranav Gokhale, Yi Ding, William M. Kirby, Kaitlin N. Smith, Jonathan M. 
Baker, Peter J. Love, Henry Hoffmann, Kenneth R. Brown, Frederic T. Chong. ASPLOS, March 2023.



10. Clapton: Clifford-Assisted Problem Transformation for
Error Mitigation in Variational Quantum Algorithms (VQAs)

L. M. Seifert, S. Dangwal, F. T. Chong, and G. S. Ravi, “Clapton: Clifford-
Assisted Problem Transformation for Error Mitigation in Variational Quantum 
Algorithms,” ASPLOS’25. 
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Multimodal Feature Selection

© Infleqtion 2025 49



Hyper-RQAOA
𝐻𝐻PCBO = �

𝑙𝑙

𝛼𝛼𝑙𝑙𝑃𝑃𝑙𝑙 = �
𝑖𝑖

𝐶𝐶(𝑖𝑖)𝑍𝑍𝑖𝑖 + �
𝑖𝑖<𝑗𝑗

𝐶𝐶(𝑖𝑖, 𝑗𝑗)𝑍𝑍𝑖𝑖𝑍𝑍𝑗𝑗 + �
𝑖𝑖<𝑗𝑗<𝑘𝑘

𝐶𝐶(𝑖𝑖, 𝑗𝑗,𝑘𝑘)𝑍𝑍𝑖𝑖𝑍𝑍𝑗𝑗𝑍𝑍𝑘𝑘

“1st-order edge” “2nd-order edge” “3rd-order edge”

Recursively 
fix edge

Recursively 
fix edge

cutoff
N=4 N=3 N=2

Solve this last subproblem with 
classical solver (bruteforce, 

QBSolv, Gurobi, etc)

Teague

© Infleqtion 2025 50



First demonstration of parameter transfer 
for RQAOA and real-world problems

𝜃𝜃
→ 𝜃𝜃′

𝜃𝜃∗
x1000 x1

01101 …

Variational optimization is expensive Because QAOA exhibits the parameter concentration1 property, we can transfer 
parameters between problems

• Many quantum circuit evaluations required to 
traverse the loss landscape

• Limits the scalability of our classical 
simulations and hardware 
experiments

Energy landscape for an 8-qubit problem Energy landscape for a 10-qubit problem

Aram

© Infleqtion 2025
[1] Brandao, Fernando GSL, Michael Broughton, Edward Farhi, Sam Gutmann, and Hartmut Neven. "For fixed control 
parameters the quantum approximate optimization algorithm's objective function value concentrates for typical instances." arXiv
preprint arXiv:1812.04170 (2018). 51

Presenter Notes
Presentation Notes
Animation: This is the first example of parameter transfer for RQAOA and on real world data!



A Hybrid Path to Quantum Advantage

• We envision this hybrid approach as a viable pathway to quantum advantage 
• QBSolv struggles at 20 qubits -> Gurobi struggles at 50-100 qubits

© Infleqtion 2025 52

Presenter Notes
Presentation Notes
We may want to simplify this slide, or maybe show 2 versions: first without the bruteforce boxplots and then with them.��Also, maybe we can avoid using the same hashing for Gurobi and for bruteforce? (Hashing in both diagonal directions for Gurobi, versus in just one direction for bruteforce.)��
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Summary
■ QC is at a historic time
■ Physics-aware, full-stack 

SW can greatly accelerate 
progress

■ Hybrid quantum-classical 
compute will be key

■ More info:  
epiqc.cs.uchicago.edu
infleqtion.com
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EPiQC Alum
Yongshan Ding (Yale)
Quantum RAM,
Crosstalk mitigation, 
Qubit reuse,
Synthesis book 

Jonathan Baker (UT Austin)
Qudit circuits,
Memory architectures,
2.5D error correction, 
Circuit mapping/sched

Kaitlin Smith (Northwestern)
Modular architectures,
Qudit circuits,
Information leakage

Gokul Ravi (Michigan)
Cross-layer optimization,
Hybrid quantum-classical,
Error mitigation

Prakash Murali (Cambridge)
Noise-aware mapping,
Design-space studies,
Resource estimation

Poulami Das (UT Austin)
Error mitigation,
QEC decoding,
Variational algorithms

Saeed Mehraban (Tufts)
Complexity theory,
NISQ computation,
Holomorphic QC
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Upcoming Graduates
Siddharth Dangwal 2026
Partial QEC,
Measurement error mitigation,
Scalable noise simulation

Joshua Viszlai 2026
QEC-HW co-design,
Efficient QEC decoding,
QLDPC memories

57


	Physics-Aware, Full-Stack �Quantum Software Optimizations
	Why Computer Architecture?
	Why Quantum Architecture?
	Quantum Ecosystem
	Why Quantum Computing?
	Why Now?
	The EPiQC Goal
	EPiQC NSF Expedition (2018-2024)
	Quantum Bits (qubit)
	Neutral Atom Quantum Computer
	Quantum Software: Please break abstraction layers!
	Scalability vs Deep Optimization
	Hybrid Quantum-Classical Computing:  �Contest of Exponentials
	�The Secret Menu of Quantum Hardware
	Secret Menu
	Secret Menu
	1. Swap Gates and ECA
	Advanced Quantum Testbed (AQT)
	Application: QAOA for Weighted Max-Cut
	Equivalent Circuit Applications
	ECA + Optimized Scheduling on the AQT
	2. Direct-to-Pulse Compilation
	Gates vs Pulses
	Direct-to-Pulse Results
		Variational Quantum Algorithms
		Flexible Partial Compilation
	Partial Compilation Results
	3. Qutrits instead of Ancilla
	Qutrits versus Qubits
	Qutrit Results
	4. Ququart Gates and Compilation
	Motivation
	Quantum optimal control for qudits
	Pulse duration minimization using IPR
	Qudit Conclusion
	Qudit Conclusion
	5. Virtualized Logical Qubits
	Virtualized Logical Qubits
	Transversal CNOT
	Compact Version
	VLQ Summary
	6. Interleaved Logical Qubits in Atom Arrays
	7. Partial Error Correction
	Hybrid Quantum-Classical Computations
	8. Quancorde: Boosting fidelity with Quantum Canary Ordered Diverse Ensembles
	9. CAFQA: A classical simulation bootstrap for variational quantum algorithms
	10. Clapton: Clifford-Assisted Problem Transformation for�Error Mitigation in Variational Quantum Algorithms (VQAs)
	Biomaker 
	Multimodal Feature Selection
	Hyper-RQAOA
	First demonstration of parameter transfer for RQAOA and real-world problems
	A Hybrid Path to Quantum Advantage
	Chart
	Unlocking True Commercial Advantage
	Summary
	EPiQC Alum
	Upcoming Graduates

