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How much does nonlinearity cost on a quantum computer? For hardware developers, nonlinear algo-
rithms translate into deeper circuits, more ancillas, and higher error-correction overhead. This directly
impacts cooling power and system-level energy consumption. For algorithm designers, nonlinear trans-
formations are essential for expressive quantum machine learning and data processing, but are often
proposed without transparent resource accounting. A principled connection between algorithmic design
choices and their physical resource costs is central to energy-efficiency in quantum computing.

Design of nonlinearity in quantum learning. We introduce Quantum Kolmogorov—Arnold Networks
(QKAN) [1], a fault-tolerant framework for implementing programmable nonlinear transformations on
quantum data using block-encodings and Quantum Singular Value Transformation (QSVT) [2]. Inspired
by Kolmogorov—Arnold Networks in classical machine learning [3], QKAN decomposes multivariate func-
tions into sums of trainable univariate nonlinearities [4]. This structure is both expressive and resource-
structured: each nonlinearity can be implemented independently, enabling control over circuit depth and
ancilla usage. As a result, QKAN provides a concrete way to explore energy and accuracy trade-offs in
large-scale quantum algorithms and quantum machine learning workflows.

From the quantum software stack perspective, QKAN is built entirely from standard fault-tolerant
primitives (block-encodings, QSVT, linear combinations of unitaries), making it compatible with compila-
tion pipelines and error-corrected architectures. This positions QKAN as a reusable nonlinear primitive
for hybrid HPC—quantum workflows, where classical preprocessing and quantum subroutines must be
co-designed under energy and resource budgets. Beyond learning tasks, QKAN can be used as a pro-
grammable nonlinear routine for loading data and transforming features for quantum algorithms, enabling
multivariate amplitude transformations that are otherwise difficult to realize.
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FIG. 1. Construction of a model layer with the corresponding quantum circuit.

Cost of non-linearity. We construct an L-layer QKAN in which each activation function is approxi-
mated by a Chebyshev polynomial of degree d implemented via QSVT, shown in Fig. 1. The resulting
block-encoding requires (9(‘122—;) controlled uses of input and weight block-encodings, with ancilla over-
head linear in L and logarithmic in the input and output dimension. Classical readout via amplitude
estimation scales as O(1/0) for additive error ¢, while quantum output states can be prepared for down-
stream quantum subroutines. These explicit scalings allow direct translation from model expressivity to
fault-tolerant circuit depth and ancilla costs, enabling back-of-the-envelope estimates of physical resource
and energy overheads.
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