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Discussion Questions:

1. What were the expectations for quantum computing in 2016 when the term NISQ was introduced, how far have we come and what 
are the expectations now? 

2. Different researchers have different definitions of quantum  advantage. Which definition are you mostly in favor of and why? Should 
these definitions be unified?

3. How can researchers bridge the gap between NISQ and FTQC? 

4. Transitioning to FTQC will require multidisciplinary expertise 
- what do researchers from your discipline need from 
other disciplines? E.g., what do quantum algorithm 
developers need from quantum computer architects, etc.?

5. What is the most important open problem in your corner 
of quantum computing?
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Quantum Computing regimes

3. How can we bridge the gap between NISQ and FTQC?

Early-Fault-Tolerant Quantum Computing, 
Amara Katabarwa, Katerina Gratsea, Athena Caesura & Peter D. Johnson, PRX Quantum 5, 020101 (2024).  

EFTQC: 

● could help move beyond this NISQ and FTQC dichotomy  
● suggests some limited ability to achieve fault-tolerance
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Quantum Computing regimes
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❏ Will this regime of limited-scale quantum 
computers exist in a meaningful way?

❏ If so, will we be able to unlock quantum utility 
at scale in this regime?

Our results suggest that 
the EFTQC regime could exist in a meaningful way:
 
✔ using the same quantum resources compared to 

FTQC (number of physical qubits and QEC model)

✔ affording the use of a larger number of logical 
qubits.



Achieving Utility-Scale Applications 
through Full-Stack Co-Design of FTQC

Katerina Gratsea, University of Wisconsin-Madison

arXiv:2510.26547, K. Gratsea and M. Otten



The quest for quantum applications
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When will Quantum Computers be useful?
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 Assessing requirements to scale to practical quantum advantage,  Beverland et. al., 
arXiv: 2211.067629 (2022).  



The necessity of 
Quantum Resource 

Estimations
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 ➔ Map applications to quantum 
hardware metrics 

➔ Explore the effect of advances 
throughout the stack 

➔ Help co-design FTQC 
architectures 

➔ Identify utility-scale applications 



Quantum computations with ion-trap systems
The work of Beverland et. al. has resource estimations of Complex XVIII, 
one of the stable intermediates in the ruthenium-catalyzed carbon fixation cycle.

For ion-trap systems, the runtimes are at a very high end.

Is it only an issue of the quantum hardware?

Assessing requirements to scale 
to practical quantum advantage,

Beverland et. al., 
arXiv: 2211.067629 (2022).

Katerina Gratsea, IPAM BNF2026

https://journals.aps.org/prresearch/pdf/10.1103/PhysRevResearch.3.033055
https://journals.aps.org/prresearch/abstract/10.1103/PhysRevResearch.3.033055


 Application: 
CO2 utilization for 
green energy

Katerina Gratsea, IPAM BNF2026
The technological and economic prospects for CO₂ utilization and removal. 

Hepburn, C. et al. (2020). Nature, 575, 87–97.
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Quantum computing enhanced computational catalysis, M. Troyer et. al. 2021,

arXIv:2007.14460

Intermediate reaction:

Relative Electronic Energy:

 Application: 
CO2 utilization for 
green energy



Classical benchmarking

Katerina Gratsea, IPAM BNF2026

Accurate prediction of rates k
unlocks knowledge on

- Temperature dependance.
- Rate-determining step.
- Catalyst optimization.



Quantum Benchmarking Graph
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Can Quantum Computers help?
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Problem: Complex XVIII (64e, 56o)
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DFTHC quantum algorithm

- Graph state compilation
- ZX calculus

- Magic state cultivation

- Detailed ion-trap hardware model with 
effective all-to-all connectivity

 Total runtime: 22 years in Beverland et al.

Total runtime: 1 day in this work.

Our work:
Enhanced Performance 

with Full-Stack Co-Design:



Predicted Runtime Quantum Advantage
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2. Different researchers have different definitions of quantum  advantage. Which 
definition are you mostly in favor of and why? Should these definitions be unified?



Quantum algorithmic layer
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- Spectrum amplification and 
DFTHC quantum algorithm

- Rubin, N. C et. al., (Feb 2025). Fast quantum simulation of 

electronic structure by spectrum amplification. arXiv:2502.15882.

The quantum circuits are generated in pyLIQTR.



Logical quantum processor layer
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- Devitt, S. J. et. al. (2022). Compilation of algorithm‑specific graph 
states for quantum circuits, arXiv:2209.07345.

- Graph state compilation
- ZX calculus

The quantum circuit is mapped to 
an algorithm-specific graph state.



Logical quantum processor layer
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- Devitt, S. J. et. al. (2022). Compilation of algorithm‑specific graph 
states for quantum circuits, arXiv:2209.07345.

- Graph state compilation
- ZX calculus

Decomposition to
Clifford+T

Teleported T-gate 
implementation

Algorithm-specific
graph state



Logical quantum processor layer
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- Devitt, S. J. et. al. (2022). Compilation of algorithm‑specific graph 
states for quantum circuits, arXiv:2209.07345.

- Graph state compilation
- ZX calculus

Total runtime = 
Cycles x cycle time



Logical quantum processor layer
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- Devitt, S. J. et. al. (2022). Compilation of algorithm‑specific graph 
states for quantum circuits, arXiv:2209.07345.

- Graph state compilation
- ZX calculus

Identifies redundancies and algebraic identities

Total runtime = 
Cycles x cycle time



QEC implementations:
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- Litinski, D., (2024). Magic state distillation: Not as Costly as You 
Think. arXiv: 1905.06903.
- Gidney, C., Shutty, N., & Jones, C. (2024). Magic state cultivation: 
Growing T states as cheap as CNOT gates. arXiv: 2409.17595

- Magic state distillation

An example of a distillation protocol:
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- Litinski, D., (2024). Magic state distillation: Not as Costly as You 
Think. arXiv: 1905.06903.
- Gidney, C., Shutty, N., & Jones, C. (2024). Magic state cultivation: 
Growing T states as cheap as CNOT gates. arXiv: 2409.17595

- Magic state cultivation

Magic state cultivation help save on 
both physical qubits and runtime.

� Pphys = 1e-4
� Pout = 1e-12
� Qubits = 9200
� Cycles = 20
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Physical processor implementations:
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- Devitt, S. et. al. (2025). Resource overheads and attainable rates 

for trapped‑ion lattice surgery. arXiv: 2406.18764.

- Detailed ion-trap hardware model with 
effective all-to-all connectivity

Elementary Logical Unit (ELU)

- Each ELU maps to 1 logical qubit.

 
- ELU units can support around 1K ions.



QEC implementations:
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- Devitt, S. et. al. (2025). Resource overheads and attainable rates 

for trapped‑ion lattice surgery. arXiv: 2406.18764.

- Detailed ion-trap hardware model with 
effective all-to-all connectivity

- Hardware modeling to support 
T= 1e-4 seconds at the inter-ELU level.

Goal: Find the minimum number of 
communication ions that can support the 1e-4 SCC time.

Hardware assumptions: 

- Ion-to-Ion entanglement success probability 
pe = 0.00416  given 10% photon collection efficiency.

- Pulse rate of 1MHz and 100 attempts.
- Required success probabilities.
- Constraint of approximately 1K physical qubits per ELU.
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Detailed breakdown of QRE
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Detailed breakdown of QRE
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Example 1: 
Effect of DFTHC 

quantum algorithm

Example 2: 
Impact of different

combinations of the innovations



Detailed breakdown of QRE
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Detailed breakdown of QRE
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Note on runtime estimations
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Problem: Complex XVII (64e,56o)

Quantum algorithms suited for 

early-fault tolerant quantum computers.

Compilation methods that exploit the 
hardware connectivity capabilities.

State-of-the-art QEC techniques.

Detailed quantum hardware models.

*Beverland et. al.considered SCC 6e-4 s vs 1e-4 in this workTotal runtime: 6 days in this work*

 Total runtime: 130 years in Beverland et al.*
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Neutral atom QRE analysis:

Katerina Gratsea, IPAM BNF2026



Neutral atom QRE analysis:
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Erasure conversion enabled by 
high-fidelity atom loss detection 
in neutral atom arrays 
raises the error threshold to 4.15e-2 
from 1.4e-2 typically used.

Results to both smaller 
runtime and physical qubit counts.

Thompson, J. D. et.al. (2022). Erasure conversion for 
fault-tolerant quantum computing in alkaline-earth 
Rydberg atom arrays. Nature Communications, 13, 4657.



Superconducting qubits QRE analysis:
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arXiv:2411.10406



Superconducting qubits QRE analysis:
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arXiv:2411.10406



Predicted Runtime Quantum Advantage:
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In a nutshell: 
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4. Transitioning to FTQC will require 
multidisciplinary expertise - what do 
researchers from your discipline need from 
other disciplines? E.g., what do quantum 
algorithm developers need from quantum 
computer architects, etc.?

5. What is the most important open problem in 
your corner of quantum computing?



In a nutshell: 
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For quantum computing to 
fulfill its potential: 

➢ all layers of computation 
must advance in parallel,

➢ Quantum Resource 
Estimations can guide R&D 
efforts and

➢ identification of utility-scale 
applications is crucial for 
real-world impact.




