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Resource-Aware Hybrid Quantum Programming with
General Recursion and Quantum Control

Kostia Chardonnet Emmanuel Hainry Romain Péchoux Thomas Vinet

This paper introduces the hybrid quantum language with general recursion Hyrql, which is driven
towards resource-analysis. By design, Hyrql does not require the specification of an initial set of
quantum gates. Hence, it is well amenable towards a generic cost analysis, unlike languages that use
different sets of quantum gates, which yield quantum circuits of distinct complexity. It also satisfies
standard properties of programming languages, such as progress, subject reduction and confluence.

Regarding resource-analysis, we show how to relate the runtime of an expressive fragment of
Hyrql programs with the size of the corresponding quantum circuits. We also manage to capture the
class of functions computable in quantum polynomial time, which, by Yao’s Theorem, corresponds
to families of circuits of polynomial size. Consequently, this result paves the way for the use of
termination and runtime-analysis techniques designed for classical programs to guarantee bounds on
the size of quantum circuits.

A complete version is available online at https://arxiv.org/abs/2510.20452.

1 Motivations

Most well-known quantum algorithms, such as Shor’s algorithm [30], were historically designed on the
Quantum Random Access Machine (QRAM) model [21]. In this model, a program interacts with a quan-
tum memory through basic operations complying with the laws of quantum mechanics. These operations
include a fixed set of quantum gates, chosen to be universal, as well as a probabilistic measurement of
qubits. Consequently, the control flow is purely classical, i.e., depends on the (classical) outcome of a
measure. Based on this paradigm, several high-level quantum programming languages have been in-
troduced, each with different purposes and applications, from assembly code [11, 12], to imperative
languages [17], circuit description languages [19], and λ -calculi [29].

A relevant issue was to extend these models to programs with quantum control, also known as coher-
ent control, enabling a “program as data” treatment for the quantum paradigm. Quantum control consists
in the ability to write superposition of programs in addition to superposition of data and increases the
expressive power of quantum programming languages. It allows the programmer to write algorithms
such as the quantum switch, which uses less resource (quantum gates) than algorithms with classical
control [10] and is physically implementable [1, 27]. Hence, quantum control provides a computational
advantage over classical control [3, 31, 22]. In the last decades, several quantum programming languages
implementing this concept have been designed, non-exhaustively [2, 28, 16, 24, 34]. To get the best of
both worlds, a natural next step was the development of hybrid languages, i.e., languages that allow
classical and quantum flow/data to be combined. The hybrid paradigm is conveying considerable prac-
tical interest: for example, it is used by quantum variational algorithms, a class of quantum algorithms
leveraging both classical and quantum computing resources to find approximate solutions to optimization
problems; and the properties of hybrid languages have also been deeply studied, non-exhaustively [32,
33, 13, 7].

Since hybrid languages offer interesting prospects in terms of expressiveness and optimal resource
consumption, a relevant and open issue concerns the development of resource-aware (static) analyses
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of their programs. These static analyses can be applied to predict the low-level resources required to
execute quantum algorithms, such as the depth or size of a quantum circuit.

2 The Hyrql Programming Language

This work solves the above issue for the first time by introducing a HYbrid Recursive Quantum Language
Hyrql on which a resource analysis can be performed. Hyrql is, at its core, a marriage between pure
quantum programming languages that allow to write down superposition of terms, classical pattern-
matching, and the standard λ -calculus. It features the standard constructions of λ -calculus, such as
higher-order functions (both linear and non-linear), e.g., the quantum switch, as well as (unbounded)
recursion. The quantum aspect is handled by the ability to write down weighted sums of terms, i.e., terms
of the shape ∑

n
i=1 αi · ti for αi ∈ C, which can be equated thanks to an equivalence relation ≡ mimicking

the vector space structure. It comes with an operational semantics to define program evaluation, and a
type system to ensure programs are well-defined.

To give an intuition of the expressivity of Hyrql, the program bqwalk, defined below, produces all
the possible quantum walk paths of size at most n, starting from a quantum state q:

repeat≜ letrec f n = matchn
{

0 → [ ],S(m)→ |0⟩ :: f m
}

bqwalk≜ letrec f q = λn.qcaseq


|0⟩ → |0⟩ :: (repeat n)

|1⟩ → |1⟩ :: matchn

{
0 → [ ]

S(m)→ ( f |−⟩ m)

}
This program highlights some of the main features in Hyrql. Quantum control is achieved by the

qcase construct, which evaluates to either branch depending on the value of q; as q can be a superposi-
tion, qcase may evaluate to a superposition of the two branches. Hyrql also allows to define arbitrary
terms with a classical structure, e.g., here natural numbers 0,S(m) and lists [ ],h :: t. Such terms can
be used for classical control with a match construct. Recursive programs, in particular classical and
quantumly controlled, are also elements of Hyrql.

Among the other characteristics of Hyrql, the reduction relation⇝ implements a call-by-value strat-
egy, and superpositions only reduce when expressed in a canonical form, allowing us to avoid reduc-
ing terms with a null phase. The type system makes the distinction between classical (duplicable and
erasable) and quantum data which can only be used linearly. It also checks for the orthogonality of terms,
which is used to type term superposition. This ensures that any well-typed quantum term is of norm 1.

Proposition 1. Hyrql satisfies the following standard results of typed programming languages: conflu-
ence, subject reduction, and progress.

One perk of Hyrql is its ability to compile restricted terms to quantum circuits with bounded size; in
particular, we have a parsimonious relation between the size and the runtime-complexity of the original
term. This is done by restricting our language to a subfragment Hyrql(T ), which contains the terms
satisfying the following properties:

• A restricted syntax containing only terms that can be represented as a circuit;
• Conditions on recursive calls to get a faithful relation between the runtime of t and the size of the

circuit, which is derived from [20];
• Terms must terminate at most in time T .
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Note that the above program falls into this restriction, along with other programs that can be encoded
in Hyrql, e.g., the quantum switch and the Quantum Fourier Transform (see the complete paper). For
this set of programs, we can compile them to circuits, and relate their size with the runtime-complexity
of the original term, up to a polynomial overhead.
Theorem 1. Given a term t ∈ Hyrql(T ), it can be compiled to a family of quantum circuits which
approximates t, such that each circuit’s size is bounded by P(T ), for some polynomial P.

In particular, when t terminates in polynomial time, the size of the circuit is polynomial; therefore,
we can exhibit a characterization of the class of functions that can be computed in quantum polynomial
time, known as FBQP [8].
Theorem 2. The set of terms Hyrql(Poly)QList, containing any term t ∈ Hyrql(P) for some polynomial
P and such that t takes as input a qubit list, characterizes exactly FBQP.

These results rely on obtaining a termination guarantee and runtime complexity certificates on a
given term. Such properties have been well-studied over the past decades in Term Rewrite Systems
(TRS). Approaches to termination analysis include non-exhaustively recursive path orderings [14, 15],
dependency pairs [4], and size-change principle [23]. Similarly, several methods address complexity
analysis, e.g., interpretation methods [9, 25, 6], and polynomial path orders [26, 5].

The complete version argues how we can, with a more formal treatment, automatize the search for
termination and complexity properties by translating terms of Hyrql into TRS, where the translation
preserves termination and complexity bounds. Coming back on the above example, it corresponds to the
following term rewrite system:

Repeat0 → [ ] BQWalk |0⟩ m → |0⟩ :: Repeatm

RepeatS(m)→ |0⟩ :: Repeatm BQWalk |1⟩ 0 → |1⟩ :: [ ]

BQWalk |1⟩ S(m)→ |1⟩ :: BQWalk(|−⟩)m


This translation algorithm is faithful in the sense that one reduction in the TRS world corresponds

to a bounded number of reductions in Hyrql. Therefore, any technique applied to this TRS stating
termination or runtime-complexity gives back a result in Hyrql, and thus on the quantum circuit.

3 Perspectives and Talk Structure

As discussed, one natural next step is to formally implement this translation from Hyrql to TRS, and to
show that it, as expected, implies a relation between termination and runtime-complexity in both worlds.
Techniques in the TRS world also need to be adapted to fit the quantum setting (i.e., fit the reduction
strategy and superpositions).

While terms can be compiled to quantum circuits, this process could be refined, either to characterize
more precise complexity classes, as in [18], or to provide an actual compilation algorithm.

The talk we propose is organized as follows:
• We will start by presenting Hyrql, its syntax, type system and operational semantics through a

series of examples to show its expressiveness.
• We will then discuss about the properties of the language, and in particular how we can compile
Hyrql to quantum circuits, guarantee a bound on the size of the circuit, and characterize FBQP.

• Finally, we will discuss the hardness of proving termination, and why using tools from TRS is
relevant. In particular, we will give the intuition behind how a translation from Hyrql to TRS can
be achieved, and why it will allow us to obtain back complexity results in the original language,
thus on quantum circuits.
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