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Abstract

Quantum machine learning (QML) has attracted growing in-
terest for their ability to achieve superior performance with
significantly fewer parameters. However, the high cost and
scarcity of current hardware push inference to cloud-hosted
quantum devices, creating a tension between verifiability and
confidentiality. This work proposes a novel framework that
converts quantum neural network operations into classical
arithmetic circuits that faithfully approximate genuine quan-
tum computations. By encrypting these circuits with zero-
knowledge proofs, it ensures computational validity while
concealing internal parameters. Experimental results show
that our classical circuits achieve fidelity above 0.9996 and
total variation distance below 1% compared to actual quan-
tum computations, verifying the practicality of trustworthy
and privacy-preserving quantum inference.

Introduction
With the rapid progress of artificial intelligence (AI), quan-
tum computing has emerged as a promising paradigm for
extending AI capabilities (Roh et al. 2025). Quantum ma-
chine learning (QML) models are widely studied for their
supremacy to retain expressive power while using fewer pa-
rameters than classical neural networks (Son et al. 2025).
However, today’s costly and scarce hardware forces infer-
ence to be outsourced to cloud-hosted quantum devices,
creating tension between ensuring the trustworthiness of
inference and protecting the confidentiality of model pa-
rameters. Existing proof techniques often demand quantum-
capable verifiers (Fitzsimons et al. 2017) or interactive pro-
tocols (Mahadev 2018), limiting scalability. Meanwhile, the
emerging field of ZKML1 (Chen et al. 2024) provides non-
interactive proofs for classical models but struggles to scale
to large ones (Sun et al. 2024).

To address these challenges, this paper proposes zkQML,
a framework that bridges ZKML with QML by targeting
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1Zero-Knowledge Proofs for Machine Learning
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Figure 1: Overview of zkQML.

parametrized quantum circuits (PQCs). PQCs serve as the
inference layer in QML-based neural network architectures.
Therefore, the proposed framework focuses on PQC to en-
able privacy-preserving and classical proofs of quantum in-
ference. This integration marks a crucial step toward trust-
worthy AI, where verifiable reasoning enhanced with zero-
knowledge proofs ensures the reliability of quantum infer-
ence without compromising privacy. While QML provides
superior expressive power over classical ML, its reliance
on remote quantum hardware prevents classical users from
verifying the correctness of results. zkQML closes this gap
by combining quantum expressivity with zero-knowledge
verification, enabling secure, non-interactive verification of
QML inference in untrusted environments. Consequently,
even verifiers without quantum capability can trust the cor-
rectness of quantum computations, while secret internal pa-
rameters remain protected and computation integrity is guar-
anteed.

Our contributions are threefold: (1) The first framework
for non-interactive, classical-verifier proofs of QML infer-
ence, enabling privacy-preserving validation without expos-
ing model parameters; (2) Novel arithmetic modeling tech-
niques that encode PQCs as proof constraints, balancing
consistency and efficiency; (3) A prototype system showing
the practicality of privacy-preserving quantum inference.
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Figure 2: Bloch-sphere visualization of state evolution in the
prime-field PQC, compared with the quantum PQC outputs.

zkQML Framework
zkQML provides a bridging architecture that converts quan-
tum operations into classical arithmetic circuits and gener-
ates zero-knowledge proofs, enabling classical verification
of quantum computations.
Procedure. As shown in Fig. 1, the framework comprises
four stages: 1⃝ the quantum state passes through the trained
PQC to produce an inference; 2⃝ through arithmetic model-
ing, the input, PQC gate operations, and output are trans-
formed into prime-field vectors and an arithmetic circuit;
3⃝ the proof backend compiles these vectors and the arith-

metic circuit into constraints, generating a classical zero-
knowledge inference proof that hides the internal parame-
ters; and 4⃝ the proof is transmitted to a classical verifier,
which performs cryptographic validation of the PQC infer-
ence in a non-interactive manner. This process ensures trust-
worthiness and privacy while maintaining succinctness, hid-
ing parameters, and enabling entirely classical verification.
Arithmetic Modeling. The core of bridging QML with
ZKML is the arithmetic encoding of PQCs. Since zero-
knowledge proofs operate over prime fields, PQC operations
must be reformulated as field arithmetic while preserving
the consistency of computation. Quantum states are repre-
sented as amplitude vectors with complex coefficients, de-
composed into real and imaginary parts, and mapped into
fixed-point form over a prime field. This encoding is pre-
served under PQC transformations, maintaining states and
parameters as field elements within bounded precision. Pa-
rameterized gates such as U3(θ, ϕ, λ) and CU3 are modeled
as linear transformations, using low-degree polynomial ap-
proximations for trigonometric functions and control logic
enforced via masking. These encodings inevitably introduce
discretization and approximation error. To guarantee consis-
tency, zkQML enforces agreement between the original and
arithmetic-encoded PQC outputs within tolerance ε, captur-
ing fixed-point errors. Agreement is evaluated by fidelity for
global state similarity and total variation (TV) distance for
comparing probability distributions. This ensures that the
encoded PQC remains faithful to the original computation,
with verifiable correctness.

Experimental Results
Setting. zkQML is experimentally evaluated on an Intel i7-
11700 CPU with 32 GB RAM utilizing quantum comput-
ing simulation libraries (e.g., TorchQuantum v0.2.0) and the

Depth 1 2 3 4
Fidelity 0.9997500 0.9996591 0.9996525 0.9996560

TV Distance 0.0089895 0.0090602 0.0062066 0.0079591

Table 1. Comparison of original and arithmetic-encoded 4-
qubit PQC of U3CU3 layers.

Halo2 v0.3 ZK toolchain (Rust v1.89.0, Pasta curves). This
experiment evaluates a four-qubit PQC-based QML infer-
ence model trained on MNIST. The PQC layer depth is var-
ied from 1 to 4 to scale the quantum operations. The circuit
employs the widely studied U3CU3 design, which captures
both single-qubit rotations and entangling gates.
Results. This experiment measures how closely the modeled
prime-field PQC approximates the actual quantum PQC op-
erations, thereby verifying that the cryptographically proven
PQC arithmetic circuits constitute a trustworthy proof of
conventional QML inference. By increasing the layer depth,
we further examine whether a stable error bound is main-
tained as the quantum operations scale. Fig. 2 illustrates the
trajectory of the input state vector through the prime-field
PQC up to depth four. The markers denote the corresponding
states obtained from a quantum PQC simulator at each layer
depth. The close alignment between the trajectory and the
markers shows that the prime-field PQC modeled in zkQML
faithfully tracks the evolution of actual quantum operations.

Table 1 reports the quantitative results. For depths up to
four, the fidelity remains above 0.9996 and the TV distance
below 0.01, with values near 1 and 0 corresponding to higher
similarity and smaller discrepancy, respectively. These re-
sults confirm that the modeled prime-field PQC preserves
inference consistency with negligible error as the depth in-
creases. This further suggests that zkQML can provide prac-
tical and consistency-preserving inference proofs for classi-
cal verifiers.

Conclusion

This paper presents zkQML, the first framework for non-
interactive, classical-verifier proofs of QML inference. By
bridging QML with cryptographic proof systems, zkQML
combines the expressive power of quantum models with
the verifiability and privacy guarantees of zero-knowledge
proofs. Our experiments demonstrate that zkQML can faith-
fully reproduce the inference behavior of established quan-
tum simulators, yielding fidelity above 0.9996 and total vari-
ation distance below 0.01 across multiple PQC depths. This
result indicates that the arithmetic-encoded prime-field PQC
in zkQML preserves the functional equivalence of genuine
quantum inference, validating its correctness under noise-
free simulation conditions. In essence, zkQML confirms that
verifiable quantum inference can be represented and proven
entirely through classical arithmetic operations without di-
rect quantum execution. Looking ahead, extending zkQML
to real NISQ hardware will require robust noise modeling
and proof calibration to ensure reliable verification under
practical conditions.
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