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GAT E-BASED QUANT UM COMPUTING

Background: classical QC simulation

1 GB

10 GB

100 GB

1 TB

10 TB

100 TB

A100 · 40 GB

CPU node · 512 GB

1.1 GB

26

17 GB

30

275 GB

34

4.4 TB

38

70 TB

42

qubits n

state-vector memory (2ⁿ × 16 B, log scale)

Nielsen, Michael A., and Isaac L. Chuang. Quantum 
computation and quantum information. Vol. 1. Cambridge: 
Cambridge university press, 2000.
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BACKGROUND

Circuit simulators

Statevector / Density Matrices Tensor Network (MPS) Stabilizer Pauli Frame Tracking / 
extended T-gate Stabilizer 
(quantum error correction)

Exact Approx~ QEC
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Qirsp / qiskit / cudaq Itensors, qiskit Stim / tsim
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Circuit simulators
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Circuit Simulators Literature
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Simulation



DEPLOYMENT

GPU nodes
1 × AMD EPYC CPU · 4 × NVIDIA A100 (40 GB) · NVLink · Slingshot NIC

CPU
AMD EPYC

A100 #0
40 GB

A100 #1
40 GB

A100 #2
40 GB

A100 #3
40 GB

NVLink · state vector sharded across the four GPUs (CUDA-Q multi-GPU)

Slingshot NIC
to other nodes

… × 256 nodes
1,024 A100 GPUs · MPI

42-qubit state vector in
aggregate GPU memory

≈100% GPU utilization
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Simulation



 

GPU -> processes -> warps -> threads  
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Simulation & Results



Nvidia 
collaboration
redesign CudaQ 
framework

Mathematical 
Tensors store gate-by-gate
 kernel transformation
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Simulation

Main take away
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Algorithms

ascii
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Algorithms



Probability density function (PDF)
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Algorithms
Decoding



Quantum arithmetic 

Quantum computing is linear how do we enable universal quantum
 capability for classical computation?

X+Y?
X*Y
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Algorithms

Arccos(x)
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Algorithms
 arccos(x1))*arccos(x2)

Z

 w*arccos(x1))* (1-w) * arccos(x2)
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Algorithms



Why Ry rotation?
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Algorithms



Putting it all together for Polynomial nonlinear function
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Algorithms



NISQ RESULTS

Algorithms

1.46×10−3

median CZ error, IBM Heron-3 (best 
device used)

≈41–43
CZ gates before 20-qubit circuits 
degrade on Heron
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Algorithms

Quick review for modern LLM architecture

LLM has linear operation
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CAN WE ACHIEVE QUANTUM I NFORMATION ADAVANTAGE
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Algorithms
https://bbycroft.net/llm
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Algorithms
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Algorithms



Vectorized attention dot product
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Algorithms CLOPSFLOPS



Algorithms
RESULT
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Reloadable nonlinear function solver with 
quantum circuit simulation 
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Algorithms
Circuit Cutting and Knitting



local operations and classical communication (LOCC)
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Algorithms
Two options:
1. Postprocess with MPS
2. MPS cutting
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Algorithms
NISQ RESULTS



We collaborate with quantum lab (UMD) for getting the correct native Gpi gate / MZ-based CZ gate routing  
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Algorithms

Because of the 
Postprocessing requires
Correct bitstrings order
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Optimization



D here is the graph degrees

Optimization

n is total number of bits (n = D+1)
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2019
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Optimization



Optimization
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Optimization



Can we map the problem directly into quantum 
circuit based on the clause (constraint)?  
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Optimization
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Optimization



Ziqing Guo TTU CS Department 41 / 71

Optimization
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Optimization
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Optimization
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Optimization
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LLMs
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LLMs

What are the frontier AI models are doing? 
Not proprietary models but what can we learn
From open-source models



Delta Net
how can a model 
remember earlier tokens 
without repeatedly 
searching an ever-growing 
history
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LLMs
LOW LEVEL COMPUTAT ION EFF IC IENCY



LLMs
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LLMs
HIGH LEVEL HARNESS ENGINEERING



AI4Q Ai for quantum

Ziqing Guo TTU CS Department 51 / 71

LLMs

A good way to simulate quantum circuit is to make it explainable



reinforcement learning with verifiable rewards (RLVR) 

Clifford, T-count, hardware, fidelity, efficiency

LLMs
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 QEC experiments in real-time for up to 1 million rounds.
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QEC
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QEC



Why quantum error correction (QEC) is necessary

Long computations require reliability beyond the fidelity of any single physical operation.

QEC lets a computation 
continue through faults instead 
of requiring a fault-free run.

Independent-fault model: P(≥1 fault) = 1 − (1 − p2)^N; p2 = 4 × 10^-4.
Visual reference: Nature 656, 47–53 (2026), Extended Data Fig. 1.

https://www.nature.com/articles/s41586-025-09848-5/figures/1
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QEC



Fault-tolerant quantum computations

How about making this the 3rd slide, title:  Fault-tolerant quantum 
computations?

FPGA/ASIC

real time QEC ?
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QEC



Example: 4.8.8 [[7, 1, 3]] color code (steane)

Readout bit strings

Raw decoder

distance 5 7 9 11 13 15
data qubits 17 31 49 71 97 127

num of corr 2 3 4 5 6 7
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QEC Encoder-> Stabilizer -> Decoder



Randomized Benchmarking (RB) estimates fidelity

A random Clifford group followed by its exact inverse has a known ideal answer.

|00>_L

logical error rate (LER)
= 1 − F_L

err: |01>L, |10>L, |11>L

100 RB sequences × 1,000 shots
= 100,000 shots per RB 

https://arxiv.org/pdf/2408.12064

One-qubit Clifford group: 24 combinations
Two-qubit : 11,520 combinations

DRBG

01 Encode

two |0L  blocks⟩

02 Compute

m random Cliffords
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QEC



Two logical blocks run the same random workload with full X+Z QEC cycles inserted.

03 Correct

R full QEC cycles

04 Decode

data + syndrome 
history

2 Logical 0L with QEC rounds = 2, RB rounds = 4  
In real RB, we choose 240 length 
because it has many divisors 2, 3, 4, 
5, 6, 8, 10, 12, …

With q = R + 1 equal 
circuit segments, q 
divides m and each 
segment contains exactly 
m/q random Cliffords.

Pauli frame tracking in post 
processing

Noise model: p1 = 10^-4; p2 = 4 × 10^-4; ideal reset and readout.

QEC
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QEC



Chromobius decoder (used in this work)

The color-code decoder: map the three-color detector 
triples onto a matchable two group subgraph in a 
hypergraph, run minimum weight perfect matching 
inside it, then lift the matching back to a physical 
correction. Also we only track pauli frames.

Lookup table for decode? 

d=15, 2 logical -> 252 detector bits per 
round of QEC
R = 19: 252 x 19 = 4788 bits per shot
2^4788 ~= 10^1441 RAM 
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QEC



Logical error versus number of QEC rounds

Circles mark the minimum LER at each distance. Chromobius minima decrease from d = 5 to 15.

For d = 15,  LER: 0.39003 → 0.00459

85× lower logical error rate
with more advanced decoder

Naive MWPM decoder Advanced Chrombius decoder

stim + time series detector events

num of QEC rounds

lo
gi

ca
l e

rr
or

 r
at

e
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QEC



runtime and scaling
SAME RB-240 WORKLOAD (same podman image)

platform workers wall time

Laptop 8 49h m*

Perlmutter CPU 100         4h

*Laptop value is projected from Perlmutter worker scaling; it was not 
measured on a laptop.

MEASURED PERLMUTTER JOB

4.8M shared shots · RB = 240 · d = 11, 13, 15
·  16 values of R · two decoders · ≈390 worker-hours

390/100 ~= 4h

WHAT EACH FACTOR DOES TO WALL TIME

factor range in this study exact count that grows effect on wall time

shots per RB point 25k → 100k independent samples per point: 4× linear — 4× shots, 4× time

workers 8 → 100 the same shots split across workers inverse-linear because shots are independent

RB depth m 120 → 480 noisy 1q + CNOT gate slots per shot: 4× more linear in m

QEC rounds R 1 → 19 QEC gate slots + detector bits: 126 R per block at d = 15 linear in R

code distance d 5 → 15 n = (d²+2d−1)/2: 17 → 127 qubits, 16 → 126 checks gate slots grow with n, so quadratic in d

noise strength p1, p2 10−4, 4 × 10−4 nothing — gate and detector counts are unchanged negligible

decoder-model build once per (d, R) one compile per configuration negligible against 100k shots

Every count above is exact. The shots and workers rows are linear by construction because shots are independent; the wall-time slopes for m, R and d were not timed 
factor by factor.   CNOT = controlled-NOT gate. We also note that RB circuits we use HPC to pregenerate all.
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QEC



Self-dual Calderbank–Shor–Steane (CSS) quantum low-density parity-check (QLDPC) block with
 [[n, k ≥ 2, d]]. we want high rate: [7,1,3] 1/7 -> [16,4,4] -> 1/4

https://journals.aps.org/
prxquantum/abstract/
10.1103/
PRXQuantum.5.030352

https://arxiv.org/abs/
1208.0928

logical qubits        code distance
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QEC



QEC
Quantum Entropy 

To train a LLM what considers as the most 
significant important

Synthetic Data
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Recently NIST update the rules FIPS140-3

RSA / EC - > ML-KEM / ML-DSA 
FIPS 140-3
SP-800-80 A/B/C  
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QEC
However,
Entropy comes from GCP Numpy 
Permutation of the classical RNG



The circuit was submitted to the cloud based on the fixed structure. 

AES-256  
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QEC



Summary

• Introduce a large scale quantum simulation paradigm
• Showed that we could use quantum information theory to approximate 

nonlinearity and solve the arithmetic problems more efficiently in terms
of quantum encoding space. We emphasize that BQP != NP

• Our proposed Large Language Model framework enables a variety of 
applications such quantum circuit synthesis, randomize circuit 
benchmarking, solving polynomial roots.

• Entropy enhanced quantum error correction encoder allows an 
unpredictable error propagation, which increase the cloud security. 
çç
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Outlook
• With my collaborators, I have introduced multiple quantum simulation 

and tools on github that are public accessible; feel free to join and use.
To that end: https://github.com/gzquse/qgear
• Richard Hamming said working on something meaningful (it might be hard)

but solvable problems. Such we cannot teleport people however, we could 
use teleportation mechanism for quantum error correction as well as 
key distribution.

• Hard / interesting but solvable problems: 
• Nonlinearity solver
• Quantum Synthetic Data
• Running high dimension system at the scale
• Exploit quantum algorithm entanglement properties
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https://github.com/gzquse/qgear
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Thank you
Questions?

Ziqing Guo · ziqguo@ttu.edu · github.com/gzquse · ORCID 0009-0006-3999-2221
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appendix

https://arxiv.org/abs/
2105.13082

https://
ui.adsabs.harvard.edu/abs/
2019PhRvB..99i4103P/
abstract

MWMP
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appendix

belief propagation
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A better way to decode use mobius

appendix

MWPM
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THREAT  MODEL

A public encoder is a reusable target
shared cloud QPU
bounded cloud fault model: weight-one Pauli faults, all 3n locations enumerated

your job

[[n,k,d]] encoder E

|ψ  → E|ψ |0…0⟩ ⟩ ⟩
syndrome check → accept / reject

logical qubit

co-tenant adversary
same chip, same time

injects one Pauli fault

learns the public encoder,
then chooses where to strike

fixed public encoder
same E every run → reusable target

reseeded encoder
fresh seed per run → fault map changes

adversary picks the fault after learning E

fault must be fixed before the seed is known
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https://www.nature.com/articles/s41534-024-00805-0#Fig1
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https://arxiv.org/abs/quant-ph/9811052
The toric code, memory only.
https://arxiv.org/abs/quant-ph/0110143
Computation using a stack of tori with transversal interactions.
https://arxiv.org/abs/quant-ph/0510135
Computation using a 3D cluster state, only local interactions in 3D.
https://arxiv.org/abs/quant-ph/0610082
https://arxiv.org/abs/quant-ph/0703143
Building the 3D cluster state layer by layer so only a bi-layer of locally connected 2D hardware is required.
https://arxiv.org/abs/0803.0272
A version of the 2D scheme cut down to a single nearest-neighbor coupled 2D layer of hardware. At this point everything was based on braiding holes (defects) in the surface.
https://arxiv.org/abs/0805.3202
A simplified version of the 3D cluster state scheme (I found the original papers hard to understand).
https://arxiv.org/abs/1009.3686
https://arxiv.org/abs/1110.5133
Beginning to learn how to decode the surface code better.
https://arxiv.org/abs/1111.4022
Original proposal for lattice surgery on an unrotated surface code.
https://arxiv.org/abs/1206.0800
Proof that high levels of error can be suppressed exponentially using the surface code.
https://arxiv.org/abs/1208.0928
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BACKUP ·  B1

Hardware used in this dissertation
DEVICE TYPE QUBITS CALIBRATION FIGURE REPORTED USED IN

IBM Torino Heron-1, superconducting 133 — DEAL (Ch. IV)

IBM Marrakesh Heron-2, superconducting 156 — DEAL (Ch. IV), ShardQ (Ch. V)

IBM Pittsburgh Heron-3, superconducting 156 1.46 × 10 ³ median CZ error⁻ QAWA (Ch. IV), ShardQ (Ch. V)

IBM Boston Heron-3, superconducting 156 — NNQA (Ch. V)

IBM Kingston Heron, superconducting — — VQT (Ch. V), NNQA

IBM Miami Nighthawk, superconducting — — NNQA (Ch. V)

IonQ Aria-1 trapped ion — — QPIE, VQT (Ch. V)

IonQ Forte / Forte-1 trapped ion 36 — NNQA, RubriQ validation (Ch. V, VI)

Amazon Braket SV1 state-vector simulator — — QPIE (Ch. V)

NERSC Perlmutter A100 40 GB / 80 GB nodes — — Q-GEAR, ShardQ, NNQA training, RubriQ (Ch. III, V, VI)

Per-device T1/T2 and error tables are in the individual papers; dashes mark values not reproduced here.
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BACKUP ·  B2

Q-GEAR gate mapping
QISKIT GATE PARAMETERS CUDA-Q KERNEL OPERATION

h — h(q)

ry θ ry(θ, q)

rz φ rz(φ, q)

u3 θ, φ, λ u3(θ, φ, λ, q)

cx — x.ctrl(c, t)

cp λ r1.ctrl(λ, c, t)

swap — swap(a, b)

measure — mz(q)

ENCODING

Each gate becomes one row across the three tensors: gate id, 
qubit indices (control, target), and parameters. Unused 
parameter slots are left empty.

STORAGE

Tensors are written to HDF5 with the circuit metadata (qubit 
count, shots, seed) so a run is reproducible on CPU, one GPU 
or 1,024 GPUs.

NOTE

Operation names follow the CUDA-Q Python API; the exact 
emitted code is in the qgear repository.
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BACKUP ·  B3

DEAL, in pseudo-code
# Direct Entanglement Ansatz Learning (DEAL) — sketch
input  QUBO matrix Q (n = 20), device coupling map, CZ budget ≈ 41–43
output bitstring x*, energy E*

γ, β ← direct_map(Q)           # angles from Qᵢᵢ, Qᵢ; no optimizerⱼ
p   ← bayes_select_layers(Q, budget)   # 7 layers ≈ QAOA at 9
for λ in noise_scales:                  # adaptive digital ZNE
    C ← entangling_ansatz(γ, β, p, coupling_map)   # echoed cross-resonance
    C ← insert_delays(C, λ)               # crosstalk / coherence control
    E[λ] ← run(C, shots)
E*  ← extrapolate(E, λ → 0)
x*  ← argmin_sample(C)
QNRE ← |E* − E_exact| / noise_limit           # reported metric

INSTANCES

Travelling salesman, knapsack 
and MaxCut; Table II optima 
8.795 / 7.468, 39.167 and 
14.184.

VALIDATION

20-qubit circuits were simulated 
with the Q-GEAR GPU path 
before submission to IBM Torino 
and Marrakesh.

CODE

github.com/gzquse/DEAL_QUBO
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BACKUP ·  B5

Reproducibility and artifacts
WORK REPOSITORY /  ARCHIVE CONTENTS

Q-GEAR github.com/gzquse/qgear · gzquse/cudaq-perlmutter nbdev package, Apache-2.0, 241 commits; 
multi-node CUDA-Q scripts for Perlmutter

QPIE github.com/gzquse/QPIE_datacircuit PennyLane Dockerfile, PyTorch 24.06 Shifter 
container, inference scripts

DEAL github.com/gzquse/DEAL_QUBO distributed training, D-Wave Leap baseline, 
Qiskit GPU kernel, IBM job tracking

VQT github.com/gzquse/quantum-transformer · gzquse/paper_AAAI2025-
quantum · gzquse/vectorized_encoding

model code, figure reproduction, Mathematica 
derivations

ShardQ · QAWA 
· NNQA

github.com/gzquse/ShardQ_v2 · gzquse/qawa_data_circ · gzquse/nnqa SparseCut and MPS knitting (MIT); 
QAWA_v2.py; NNQA toolkit and cloud jobs

RubriQ github.com/gzquse/rubriq-artifact · Zenodo 10.5281/zenodo.21284556 GRPO fine-tuning, 21 evaluator tests; archived 
artifact, CC-BY-4.0

Nonlinear 
waves

Zenodo 10.5281/zenodo.21245905 (SplitStepQUDE) code and data for the split-step solver, CC-
BY-4.0 / Apache-2.0

QEC audit anonymous.4open.science/r/usenix_qec_hse-32FE · 
gzquse/ExploreQEC_mar

containerized, seeded, deterministic audit; 
Stim/Qiskit/Guppy toolboxes

QPC SDK Zenodo 10.5281/zenodo.21895102 v1.0.0, Linux x86_64, 1.1 MB, CC-BY-4.0

Ziqing Guo TTU CS Department
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