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1. Introduction

Reinforcement Learning (RL) [1] is a framework
designed to discover optimal action sequences in
decision-making problems, where the optimal strat-
egy is unknown and often nontrivial. In this work,
we investigate the use of RL in an array of tasks
related to Quantum Error Correction (QEC). These
tasks include the automatic discovery of QEC codes
from scratch in different noise channels simulta-
neously [2] and the automatic discovery of fault-
tolerant circuits that prepare target logical states
of qubits from a known QEC code [3]. We discuss
how our RL-based strategy is a versatile tool for QEC
across diverse quantum hardware platforms of inter-
est.

2. Automatic Discovery of Noise-Aware QEC Codes

Numerical techniques have already been em-
ployed to construct QEC codes. Often, this has in-
volved greedy algorithms, which may lead to sub-
optimal solutions but can be relatively fast. For in-
stance, in [4] a greedy algorithm was implemented
to extend classical linear codes, code concatenation
was explored in [5], and greedy search for finding
stabilizer codes was used in [6]. Often, such nu-
merical methods for QEC code construction were re-
stricted to finding a subclass of codes of a particu-
lar structure, e.g. using reduction to classical code
search [7].

However, knowledge of a code does not automati-
cally translate to knowing how to encode the logical
states of that code in an efficient way. The reason is
that standard approaches are unconstrained, mean-
ing that an all-to-all connectivity between qubits is
assumed as well as the noise model and a set of
gates that are not necessarily native to the hardware
platform of interest. This then leads to larger-than-
necessary circuits when implementing them on spe-
cific devices.

The main objective of this work [2] is to autom-
atize the discovery of QEC codes and their encod-
ing circuits using RL. We will consider a scenario
where the encoding circuit is assumed to be error-
free (non fault-tolerant encoding). This is applica-
ble to quantum communication or quantum mem-
ories, where the majority of errors happen during
transmission over a noisy channel or during the time
the memory is retaining the information. Eventu-

ally we will show that it is possible to train a meta-
agent that is capable of adapting its strategy accord-
ing to the noise model, without any retraining. This
leverages the concept of transfer learning, where
improvements gained in training for one scenario
(here, one value of a noise parameter) carry over and
accelerate the training progress for other scenarios.

The task of the RL agent is to discover a suitable
encoding sequence of gates for the particular error
model under consideration. The agent receives a
representation of the quantum circuit and the noise
model as input (as its observation) and suggests the
next gate (action) to apply. In this way, an encoding
circuitis built up step by step, taking into account the
available gate set and connectivity for the particu-
lar hardware platform. The agent is rewarded based
on the Knill-LaFlamme (KL) conditions [8]. This pro-
cess terminates when the KL conditions are satisfied
for the target error channel and the learned circuit
can then be used to encode any state of choice.

In Fig. 1, we show how our reinforcement learn-
ing agent can discover codes and their encoding
circuits with unbiased noise for various numbers
of physical qubits, logical qubits, and distances
with relatively small circuit size. We discover both
known and novel quantum error correction codes.
The RL agent can also adapt to different hardware
constraints, such as different qubit connectivity,
gate set, and noise model. In the case of biased
noise, a noise-aware RL agent trained for different
noise models outperforms noise-unaware RL agents
trained for a given noise model without any training.
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Fig. 1: Discovering codes and encoding circuits for
various numbers of physical qubits, logical qubits,
and distances.
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3. Automatic Discovery of Fault-Tolerant Logical
State Preparation

In the previous approach, we assume that the
gates used to encode the logical state are perfect and
the error only occurred in the communication chan-
nel. However, for quantum computation, these gates
are faulty and multi-qubit gates proliferate the er-
rors, compromising the scalability of QEC. There-
fore, we want to minimize the number of possible
faulty operations that can lead to harmful errors:
this is achieved by designing fault-tolerant (FT) cir-
cuits [9]. Only by using FT schemes we can ensure
systematic improvement in correction as the size
of the code scales. Therefore, FT is of paramount
importance in making scalable quantum comput-
ers [10, 11]. Several classes of FT protocols have been
proposed.

Recently, flag FT error correction [12, 13, 14] was
introduced as a way to achieve FT protocols with a
minimal number of ancilla qubits. For instance, in
the specific case of preparing a state FT, a flag FT
protocol uses a verification circuit after the encod-
ing circuit that utilizes a few extra ancilla qubits,
known as flag qubits, to flag harmful errors (errors
that the code cannot correct) while keeping the log-
ical state intact. There are already examples of flag
verification circuits in state preparation on several
QEC codes [15, 16] and they have also been shown to
be effective in reducing logical error rates in exper-
imental realizations [17, 18]. Despite their success,
flag-based protocols are typically handcrafted. Fur-
thermore, flag-based protocols have so far been im-
plemented in devices with all-to-all qubit connectiv-
ity. In other words, the automatic compilation of FT
circuits has not been widely explored yet.

In this work [3], we present a novel approach to
automatically discover hardware-adapted FT quan-
tum circuits for QEC using RL. Hardware-adapted
means that we can constrain the qubit connectivity
and the available gate set based on the quantum plat-
forms of interest, such that the discovered circuits
can be directly realized in experiments. We apply
our method to the task of logical state preparation,
that is the automatic discovery of quantum circuits
that fault-tolerantly prepare the target logical state
of a given QEC code under given available gate set
and qubit connectivity.

Similar to previous section, an RL agent is trained
to output circuits (suggesting a sequence of gates).
The input to the RL agent is the target logical state,
the number of flag qubits, the available qubit con-
nectivity and gate set. At each step, the RL agent ob-
serves the state of a quantum circuit and applies a
gate to the quantum circuit as an action. All possi-
ble errors happening to the gate are tracked every
time. The qubit connectivity and gate set determine
the set of possible actions that the agent can take.
The reward consists of three components: how far
the state of the current quantum circuit to the target
logical state, how many harmful errors are flagged
by the flag qubits, and whether the data qubits and

Table 1: The comparison of FT logical state prepara-
tion circuits on all-to-all qubit connectivity. We
show the minimum number of two-qubit gates
and the number of flag qubits in parentheses.

Code State RL Existing
[[57173“ |1>L 12 (2) -
perfect |- 12(2) 20(6) [14]
[[7,1,3]] 0y 11(1) 11(1)[15]
Steane |+ 11(1) -

Shor |+)r  11(1) -

Surface-17  |+)p 11(1) -
[(15,1,3]]  10)r 25() 25(1)[20]
Reed-Muller |+), 31(1) 32(1)[20]

flag qubits are disentangled. The latter ensure that
when we measure the flag qubits the state in the data
qubits are not destroyed.

We apply our RL method to several known codes
in all-to-all qubit connectivity, as shown in Table 1.
We see that RL finds new circuits that were not
known before, and always finds circuits with fewer
or the same number of two-qubit gates as existing
circuits. With restricted connectivity, we find for
the first time the FT preparation of the |0), for the
[[7,1,3]] Steane code on a 3 x 3 grid based on the
Google Sycamore device, the |1);, for the [[5,1,3]]
perfect code on a 2D grid based on the IBMQ Tokyo
device, and |0), of the [[9, 1, 3]] Surface-17 code with
the connectivity and qubit placement from [19].

4. Conclusion

This work presents a novel approach to auto-
matically discover compact, hardware-adapted, and
noise-aware quantum circuits for encoding quan-
tum error correction codes and fault-tolerant logical
state preparation. We employ reinforcement learn-
ing (RL) as an enabling tool, leveraging a fast par-
allelized stabilizer quantum circuit simulator and
a nontrivial reward function specifically adapted to
the problem. We first show that the RL agent can
discover known and new quantum error correction
codes with hardware constraints. We then show
that in the task of fault-tolerant logical state prepa-
ration, RL discovers not only circuits with fewer
gates and ancillary qubits than published results, but
also novel circuits without and with hardware con-
straints. More generally, our work sets the frame-
work towards the use of RL or other machine learn-
ing techniques for quantum circuit discovery with
hardware constraints to make real progress towards
the realization of large-scale quantum computers.
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