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DasAtom: A Divide-and-Shuttle Atom Approach to
Quantum Circuit Transformation

Yunqi Huang, Dingchao Gao, Shenggang Ying, and Sanjiang Li∗

Abstract—Neutral atom (NA) quantum systems are emerging as a
leading platform for quantum computation, offering superior or
competitive qubit count and gate fidelity compared to supercon-
ducting circuits and ion traps. However, the unique features of
NA devices, such as long-range interactions, long qubit coherence
time, and the ability to physically move qubits, present distinct
challenges for quantum circuit compilation. In this paper, we
introduce DasAtom, a novel divide-and-shuttle atom approach
designed to optimise quantum circuit transformation for NA
devices by leveraging these capabilities. DasAtom partitions
circuits into subcircuits, each associated with a qubit mapping
that allows all gates within the subcircuit to be directly executed.
The algorithm then shuttles atoms to transition seamlessly from
one mapping to the next, enhancing both execution efficiency
and overall fidelity. For a 30-qubit Quantum Fourier Transform
(QFT), DasAtom achieves a 415.8x improvement in fidelity over
the move-based algorithm Enola and a 10.6x improvement over
the SWAP-based algorithm Tetris. Notably, this improvement is
expected to increase exponentially with the number of qubits,
positioning DasAtom as a highly promising solution for scaling
quantum computation on NA platforms.

Keywords: neutral atom quantum computing, quantum circuit
transformation, divide-and-conquer (DAC), subgraph isomor-
phism

I. INTRODUCTION

QUANTUM computing has the potential to revolutionise
various fields, including cryptography [1], chemistry

[2], and machine learning [3]. Among the diverse quantum
hardware platforms under development, neutral atom (NA)
quantum systems have garnered significant attention due to
their inherent advantages in scalability, qubit connectivity,
and gate fidelity [4]–[6]. Unlike other quantum platforms
such as superconducting circuits, NA systems can leverage
long-range interactions and native multi-qubit gates, which
allow for the execution of complex quantum operations with
fewer resources. Additionally, the ability to physically move
qubits within NA systems introduces a new dimension in
quantum circuit optimisation that is not present in more rigid
architectures [5], [7].
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Despite these advantages, the unique characteristics of NA
devices present novel challenges in quantum circuit compi-
lation. Specifically, the need to efficiently map qubits and
execute operations while improving overall fidelity is a non-
trivial problem. Existing quantum circuit compilation methods,
such as SWAP-based [8]–[10] and move-based [11]–[15] al-
gorithms, are not fully optimised for the capabilities of NA
systems, often leading to suboptimal performance in terms of
overall fidelity.

The SWAP-based method, exemplified by Tetris [10], em-
ploys a fixed-atom array and transforms quantum circuits in
a manner similar to compilers for superconducting devices
[16]–[20]. This approach leverages the long-range interactions
of NA systems to achieve denser qubit connectivity, which
contrasts with state-of-the-art IBM superconducting quantum
computers that typically have sparse qubit connections, with an
average degree between 2 and 3. Tetris operates as a heuristic
greedy algorithm, addressing both qubit connection constraints
and parallel execution constraints.

On the other hand, Enola [12], the most recent and advanced
move-based compiler, assumes sufficient separation between
atoms to eliminate parallel execution constraints. As [11]–[14],
Enola exploits gate commutability in QAOA [21] circuits,
aiming to scheduling gates from a commutation group in
near-optimal number of Rydberg stages. For generic quantum
circuits like Quantum Fourier Transform (QFT), CZ gates are
often blocked by single-qubit gates (cf. Fig. 4). Enola executes
each layer of CZ gates collectively. Empirical results on QFT
circuits indicate that the slow atom movement (partially due
to the large atom distance) is the primary factor contributing
to overall fidelity loss.

However, even these advanced methods do not fully capi-
talise on the strengths of the NA platform, particularly the
synergistic use of long-range interactions and atom shuttling,
which can significantly enhance the efficiency and fidelity of
quantum circuit execution. This gap highlights the need for
a more comprehensive approach, leading to the development
of DasAtom—a divide-and-shuttle atom algorithm specifically
designed for NA systems. DasAtom combines the advantages
of both Tetris and Enola while avoiding their shortcomings.
Tetris effectively uses long-range interactions to enable dense
qubit connectivity, but it does not utilise the ability to move
atoms, limiting its flexibility. On the other hand, Enola lever-
ages atom shuttling to adapt qubit mappings dynamically,
yet it cannot take advantage of long-range interactions as
atoms are far apart. DasAtom integrates both of these key
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capabilities: it partitions circuits into subcircuits, assigns an
optimal qubit mapping for each subcircuit, and then shuttles
atoms to smoothly transition between mappings. By doing so,
it ensures that every gate in a subcircuit is directly executable,
thereby enhancing overall fidelity and efficiency.

We conducted empirical comparisons of DasAtom’s perfor-
mance against Tetris, Enola, and Atomique using the bench-
mark circuits used in [10]. This set of 33 benchmark circuits
includes RevLib circuits as well as the quantum circuits
Bernstein–Vazirani (BV), Quantum Volume (QV), and QFT,
which range from 5 to 16 qubits with up to 3,089 CZ gates. In
addition, we evaluated Deutsch-Jozsa (DJ), 3-regular MaxCut
QAOA, Greenberger–Horne–Zeilinger (GHZ), QFT, QV, two-
local ansatz, and W-state circuits with qubit counts ranging
from 5 to 50. Our experiments demonstrate that DasAtom
consistently delivers significant performance gains in both
overall fidelity and compiler runtime. For instance, DasAtom
achieves a 415.8x, 10.6x, 16.1x improvement in fidelity over,
respectively, Enola, Tetris, and Atomique on a 30-qubit QFT,
while the runtimes of Enola, Tetris, and Atomique are, re-
spectively, 9,851x, 384x, 2.6x that of DasAtom. Moreover,
these improvements are expected to scale exponentially with
the number of qubits, making DasAtom a highly promising
solution for quantum computation on NA platforms.

The remainder of this paper is organised as follows: Section
II provides a brief background and discusses related work.
Sections III and IV offer a detailed description of the DasAtom
algorithm, including its implementation and a comprehensive
performance analysis across various quantum circuits. In Sec-
tion V, we explain why DasAtom outperforms other algorithms
and explore potential avenues for optimisation. The last section
concludes the paper.

II. BACKGROUND AND RELATED WORK

A. Neutral atom quantum hardware

In neutral atom quantum hardware, neutral atoms are trapped
in arrays of tweezers and the computational states |0⟩ and
|1⟩ are encoded in the hyperfine ground states of an alkali
or alkaline-earth-like atom [4], [22], [23]. These atoms can
be arranged in one, two, or even three-dimensional configura-
tions [24]–[27]. In this work, we focus on a b× b regular grid
G(b, b) with constant distance d > 0. Fig. 1 shows a 3×3 grid
G(3, 3). In the following, we write q, q′, qi for program qubits
in a circuit, and write p, p′, pi for nodes or their coordinates
in G(b, b).

Single-qubit gates are implemented through individual or
global optical addressing of the atoms, and two-qubit gates
are realised by exciting the atoms into a Rydberg state using
laser beams. The excitation to Rydberg states induces a
strong dipole-dipole interaction between the atoms [28]. This
interaction is governed by an interaction radius Rint, within
which a CZ gate on two atoms pi, pj can be performed if the
distance D(pi, pj) ≤ Rint, where D represents the Euclidean
distance.

One significant advantage of NA platform is its ability for
long-range interaction. Two qubits can interact even if they
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Fig. 1: The architecture graph of a neutral atom quantum
hardware, where (x, y) (0 ≤ x, y ≤ 2) denotes the location
of an atom, and two atoms are connected if their distance is
smaller than Rint = rint × d, where rint ∈ { 1,

√
2, 2 }.

are not neighbours in the grid. For instance, the interaction
radius Rint can be rint×d for some rint ≥ 1. Qubit connectivity
of a quantum architecture is often captured by its architecture
graph AG = (V,E), where the nodes in V correspond to
the physical qubits (i.e., trapped atoms here), while the edges
indicate the qubits capable of interacting with each other. For
NA platform, each physical qubit p in V is assigned to the
trap coordinates (x, y), and the edges E can be defined as:

E = {(pi, pj)|pi, pj ∈ V,D(pi, pj) ≤ Rint}. (1)

In the 3 × 3 grid shown in Fig. 1, the black, red dotted, and
blue edges are, respectively, those with distances d,

√
2d, 2d.

To minimise crosstalk between gates, parallel gate execution
is feasible only if qubits corresponding to different CZ gates
maintain a distance of at least the restriction radius Rrestr ≥
Rint from all qubits involved in other simultaneously executed
two-qubit gates. Specifically, for two CZ gates g on pi, pj and
g′ on pa, pb to be executed in parallel, the conditions

D(pu, pv) > Rrestr (2)

must be satisfied for any u ∈ { i, j } and any v ∈ { a, b }. For
example, suppose Rint = Rrestr = d in Fig. 1. Let pi,j be a
physical qubit located at (i, j). Then CZ(p0,2, p1,2) can be
executed in parallel with CZ(p0,0, p1,0), but not in parallel
with CZ(p1,1, p1,0).

The ability to move qubits is the most distinctive advantage
of NA platforms [5], [7], [23]. In NA systems, qubits are
captured in two types of traps (cf. Fig. 2). A spatial light
modulator (SLM) generates an array of static traps, while a
2D acousto-optic deflector (AOD) creates mobile traps that
can move within the plane. The AOD traps are formed at the
intersection of a set of rows and columns. Atom movement
is a high-fidelity operation and an atom can traverse a region
for 2,000 qubits with only 0.1% coherence time [5]. Fig. 2
illustrates the procedure of atom movement in neutral atom
quantum computing (NAQC): At each movement stage, a k×k
AOD array is activated for some integer k > 0, atoms are
loaded from the SLM array to the AOD array, and the AOD
array is moved, subject to the constraint that different columns
(rows) must not cross each other. After the movement, the
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Fig. 2: Illustration of atom movement in NAQC: (a) program qubits are mapped to a 4× 4 SLM array, (b) a 2× 2 AOD array
is activated, and two SLM atoms, carrying q1, q2, are loaded (i.e., transferred) to the AOD array, (c) AOD rows (columns) are
moved to the right (upward), carrying q1 and q2 to positions (2,3) and (3,2). To apply a CZ gate between q0 and q1, we offload
q1 to the SLM array and then apply an individual Rydberg laser to interact q0 and q1. If Rrestr = Rint = d, then CZ(q0, q1)
and CZ(q2, q3) can be applied in parallel. However, this is not possible when Rrestr =

√
2d and Rint = d.
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Fig. 3: The QFT-5 circuit, where H is the Hadamard gate, P (θ) is a phase gate with phase exp(iθ).
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Fig. 4: The QFT-5 circuit decomposed in gate set {CZ,Rx, Ry, Rz }, where each R denotes an Rx, Ry , or Rz gate.

AOD atoms are offloaded to the SLM array and the AOD array
is deactivated. During each movement, the relative positions
of AOD atoms are preserved, but the relative positions of SLM
atoms are changed after the movement.

B. Quantum circuit compilation

In quantum computing, a quantum circuit serves as a model
that represents the flow of information and operations within a
quantum algorithm. A quantum circuit is composed of qubits
and quantum gates that manipulate the states of these qubits.
In this work, we denote a quantum circuit by C, which consists
of a sequence of quantum gates {g1, . . . , gm} acting on qubits
in Q = {q1, . . . , qn}. Fig. 3 shows the well-known QFT circuit
on five qubits. Note that, for clarity, we have omitted the
SWAP gates at the end of the circuit.

Circuits like QFT-5 in Fig. 3 often contain gates that are
not native in a target quantum device. This means we need
to decompose non-native gates in C into native gates. For

example, let G = {Rx, Ry, Rz, CZ } be the set of native gates
of the target quantum device. For QFT-5 in Fig. 3, we need
decompose H and control phase gate CP (θ) in gates in G.
The result is shown in Fig. 4.

Due to limited qubit connectivity, it is often not possible to
execute the synthesised circuit directly, as some CZ gates
may act on two far away device qubits. For example, Fig. 2a
illustrates a 4 × 4 SLM array and an initial mapping f that
maps program qubits qi (0 ≤ i ≤ 4) within G(4, 4). Assuming
Rint = 2d, a CZ gate CZ(qi, qj) can be executed if the
distance D(f(qi), f(qj)) ≤ 2d. Clearly, CZ(q1, q2) cannot
be executed directly in this case, as D(f(q1), f(q2)) > 2d.

We next outline the general procedures for quantum circuit
transformation. To execute a decomposed circuit C on an NA
device, each program qubit q in C is first mapped to a physical
atom located at pi,j in the device’s SLM array. With this initial
mapping f , not all CZ gates are directly executable. If a CZ
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Fig. 5: The decomposed QFT-5 circuit with all single-qubit gates removed. The CZ circuit is partitioned in 12 CZ layers and
divided into two subcircuits with the second consisting of the last four CZ gates.

gate g cannot be executed directly, the two qubits involved
must be moved close together. In NA platforms, this can be
achieved in two ways: by inserting SWAP gates or by atom
shuttling (cf. [23]). For instance, in the mapping shown in
Fig. 2a, executing CZ(q1, q2) requires either swapping q1 with
q4 or q2 with q4 using SWAP gates. Alternatively, we can move
the atom carrying q1 from p0,2 = f(q1) to one of the three
neighbouring positions around p1,0 = f(q2). If a neighbouring
position is occupied, the occupying atom must be moved first.

C. Related work

Quantum circuit transformation (QCT) is the process of con-
verting a program circuit into a form that is executable on
a target quantum device, whether it be a superconducting
or NA quantum device. QCT is a crucial component of
quantum circuit compilation. Since IBM launched its cloud-
based quantum computing services, numerous algorithms have
been proposed in the literature, including [16]–[20], [29]–[31].

The unique features of NA devices introduce distinct chal-
lenges for quantum circuit compilation. Early efforts sought to
leverage these features within fixed atom arrays. Baker et al.
proposed the first compiler for NA devices, which accounted
for long-range interaction [8]. Multi-qubit gate support was
subsequently incorporated in [9]. Inspired by the popular
block puzzle game, Li et al. [10] proposed the heuristic
algorithm Tetris, which effectively reduces qubit idle time
while exploiting the rich qubit connections in NA device and
adhering to parallel execution constraints.

Unlike the above SWAP-gate based shuttling approach, Tan
et al. [11], [12] developed OLSQ-DPQA, an SMT solver-
based compiler for the dynamically field-programmable qubit
array (DPQA) architecture [5], which employs atom shut-
tling. To address the scalability challenge of OLSQ-DPQA,
several follow-up compilers have been introduced, including
Atomique [13], Q-Pilot [14], and Enola [15], all designed for
DPQA. Enola’s compilation process is divided into scheduling,
placement, and routing. It schedules a commutation group of
CZ gates in a near-optimal number of Rydberg stages and,
for generic quantum circuits, schedules each layer of parallel
CZ gates as a Rydberg stage. Enola offers two placement
strategies: dynamic placement, which generates a new qubit
mapping for each Rydberg stage, and static placement, which
retains the same mapping throughout. Compared to OLSQ-
DPQA, Atomique, and Q-Pilot, Enola demonstrates superior
or comparable fidelity improvements [15].

Combining the two methods described above is natural. Brand-
hofer et al. [32] proposed a compiler that integrates SWAP
gates with a special atom movement technique called one-

dimensional displacements, aimed at reducing circuit depth
and improve circuit fidelity. Another hybrid compiler was
proposed in [33], where the NA hardware is grid-based,
and atom can be moved from one grid point to another
only if the target grid point is unoccupied. Experiments in
[33] show that, for shuttling-favoured NA devices, the hybrid
approach is essentially the same as the atom shuttling method
in performance.

Interested readers may consult the recent review paper [23]
for more information.

Divide-and-conquer (DAC) is a widely used approach in
quantum circuit transformation that several algorithms employ
to enhance efficiency. Siraichi et al. [34] introduced the
BMT algorithm, which partitions a circuit’s gate list into
sublists, aligns them through subgraph isomorphism and token
swapping, and determines an optimal transformation path with
dynamic programming. Similarly, Wu et al. [35] developed
an SMT-based DAC method that partitions circuits and links
sublist embeddings with SWAP gates to minimise transforma-
tion costs. Both methods, however, rely on exhaustive search,
limiting scalability to circuits with 20 or more qubits. Recently,
Huang et al. [36] proposed the adaptive DAC algorithm,
which dynamically partitions circuits and optimises routing
heuristics, achieving substantial performance gains, including
nearly 50% improvement on the IBM Tokyo architecture.

III. DASATOM TRANSFORMATION FRAMEWORK

Before describing our algorithm, we recall that qubit interac-
tion in a quantum circuit can be represented by a graph.
Definition 1 (Interaction Graph). For a quantum circuit C
with qubit set Q, its interaction graph, denoted as IG(C), is
an undirected graph (Q,Eint), where:

• each node represents a qubit of C.
• Two nodes q, q′ ∈ Q are connected if there is a two-qubit

gate in C acting on q, q′.

If the interaction graph of C matches well with the architecture
graph AG = (V,E), there is no need to route the qubits: what
we need is an embedding f from IG(C) to AG. Here a 1-1
mapping f : Q → V is an embedding if (f(q), f(q′)) is an
edge in AG for any edge (q, q′) in IG(C). In this case, f is
also called a subgraph isomorphism.

A. Overview

Let G be an NA-native gate set that includes the two-qubit CZ
gate and local addressed rotation gates Rz , as well as (locally
or globally addressed) Rx and Ry . Given an input circuit C on
n qubits, we first synthesise C using gates from G (cf. [37]).
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Input: CZ circuit C, d, Rint, Rrestr

Divide C into CZ layers L1, ...Lm

Divide C into C1, ..., Ck and find an embedding fi for each Ci

Start with i = 1 and execute Ci with fi

i = k?

Route fi to fi+1i = i+ 1

End

no

yes

Fig. 6: The flowchart of DasAtom

We assume that single-qubit gates and CZ gates are executed in
separate stages, meaning that in each stage, either single-qubit
gates or CZ gates are executed, but not both. Whenever there is
a single-qubit gate in the front layer, we execute (and remove)
it to form a new front layer. This ensures that, at some point,
we obtain a front layer consisting only of CZ gates, which can
be executed collectively, provided the parallel gate execution
constraints are satisfied.

In the following, we assume single-qubit gates are removed
before calling DasAtom, a convention also adopted in OLSQ-
DPQA, Atomique, Q-Pilot, and Enola. For simplicity, we
continue to refer to the resulting CZ-only circuit as C.

Let d denote the atom distance, Rint ≥ d the interaction
radius, and Rrestr ≥ Rint the restriction radius. We assume
that CZ gates are executed individually using Rydberg lasers.
Our algorithm, DasAtom, proceeds as follows (cf. Fig. 6 for
the flowchart):

1) Partition the CZ circuit C into layers L1, . . . , Lm, where
each Li contains only CZ gates.

2) Divide the CZ circuit C into subcircuits such that (i)
each layer Li is fully contained within a subcircuit; (ii)
the interaction graph of each subcircuit is embeddable
in Grid(b, b), where b = ⌈

√
n⌉.

3) For each subcircuit Ci, construct a mapping fi that
embeds the interaction graph IG(Ci) to Grid(b, b). For
each CZ gate g = CZ(q, q′) in Ci, we execute g by
interacting fi(q) and fi(q

′). Since D(fi(q), fi(q
′)) ≤

Rint, the gate can be executed directly. However, due to
parallel execution constraints, not all gates in the same
layer can be executed simultaneously.

4) Perform routing based on atom shuttling (instead of in-
serting SWAP gates). This can be achieved by modifying
the routing algorithm provided in [12], [15] or [33]. This
process transforms fi into fi+1.

In the following, we discuss the implementation of the above
procedures in detail.

B. Circuit division

After decomposing gates in circuit C into NA-native gates
and removing single-qubit gates, we partition C into CZ layers
L1, · · · , Lm. We further divide C into subcircuits C1, . . . , Ck,
where each Ci consists of consecutive CZ layers from C, and
the interaction graph of Ci can be embedded in AG with a
mapping fi. We denote Ci = C[ℓi : mi] if Ci is composed
of layers Lℓi , . . . , Lmi . Thus, we have 1 = ℓ1 ≤ m1 < ℓ2 ≤
m2 < . . . < ℓk ≤ mk = m.

Unlike the gate-by-gate partitioning methods used in [34] and
[35], our division scheme is coarse-grained. This design has
two implications: first, it significantly reduces the number of
costly subgraph isomorphism checks required by our algo-
rithm; second, it presents opportunities for further optimsation.
For circuit division, we employ the Rustworkx implementation
of VF2 [38]. When partitioning the circuit into layers, the
number of VF2 calls is at most O(depth), where depth is the
number of CZ layers in C. In contrast, when using a gate-by-
gate partition, the number of VF2 calls grows exponentially
in depth.

Algorithm 1 Circuit division

Require: A CZ circuit C and an architecture graph AG
Ensure: Subcircuits SC and embeddings EM

1: Initialize two empty sequences SC and EM
2: ilast ← 0
3: for 0 < i ≤ depth of C do
4: if IG(C[ilast : i]) is embeddable in AG then
5: continue
6: else
7: Append C[ilast : i− 1] to SC
8: Find an embedding fi for IG(C[ilast : i − 1]) and

append it to EM
9: ilast ← i

10: end if
11: end for
12: return SC and EM

For our running example, if we set Rint =
√
2d, then the QFT-

5 circuit can be partitioned into two subcircuits, see Fig. 5.
The interaction graphs and their embeddings to AG = G(3, 3)
of these two subcircuits are shown in Fig. 7. To minimise
qubit idle time, it is desirable to execute as many CZ gates
in parallel as possible, ensuring they satisfy the previously
mentioned restriction constraint. In our example, Rrestr = 2×
Rint = 2

√
2d. The first sub-circuit includes, for instance, a CZ

layer consisting of gates CZ(q1, q3) and CZ(q0, q4), with the
qubit mapping f shown in Fig. 7(a). Since D(f(q3), f(q4)) =
d < Rrestr, CZ(q1, q3) and CZ(q0, q4) cannot be executed in
parallel due to the restriction constraint.

C. Atom shuttling

Suppose we have divided the CZ circuit C into subcircuits
C1, . . . , Cm with corresponding embeddings f1, . . . , fm. How
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Fig. 7: The embeddings in G(3, 3) and interaction graphs of the two subcircuits of QFT-5 (shown in Fig. 5).

do we transition from one mapping to the next? In supercon-
ducting quantum devices, this is typically done by inserting
SWAP gates. In this section, we show how this can be
completed in NAQC by atom shuttling. The routing method
described below is adapted from [15] for our purpose.

Let Q = { q0, . . . , qn−1 } be the set of program qubits in the
input circuit. Suppose f, f ′ are two 1-1 mappings from Q
to grid points in G(b, b) (where b = ⌈

√
n⌉). Our goal is to

transition from f to f ′. To do this, we need to move each
qi ∈ Q from its current position f(qi) = (xi, yi) in G(b, b) to
a new position f ′(qi) = (x′

i, y
′
i), also within G(b, b).

Formally, we represent each move from f(qi) to f ′(qi) as a 4-
tuple mi ≜ (xi, yi, x

′
i, y

′
i). We consider a move mi to be trivial

if x′
i = xi and y′i = yi, meaning the qubit remains stationary.

Define M = {mi | mi is non-trivial, 0 ≤ i ≤ n − 1}. Moves
in M can be implemented serially (cf. Fig. 2): for each move
mi, we activate a 1×1 AOD at the starting point (xi, yi), load
qi, move the AOD to (x′

i, y
′
i), and then offload qi at its new

position. If the target position is occupied by another qubit qj
(for some j > i), we temporarily move qj aside, place qi at
the target, and delay movement mj until later.

While this approach accomplishes the transition, it is not
ideal since atom movement is slow and can reduce overall
fidelity. In many cases, moves can be executed in parallel.
Fig. 2 actually illustrates how two moves, m1 = (0, 2, 2, 3)
and m2 = (1, 0, 3, 2), can be implemented simultaneously.
However, not all moves are eligible for parallel execution; legal
parallel moves must satisfy the constraint that different AOD
columns (or rows) do not cross or overlap.

To formalise the concept of legal parallel moves, we in-
troduce the notion of conflicting moves. Two moves mi ≜
(xi, yi, x

′
i, y

′
i) and mj ≜ (xj , yj , x

′
j , y

′
j) in M are considered

in conflict if they fail to meet the following condition for some
∗ in {<,=, > }:

• (xi ∗ xj)⇐⇒ (x′
i ∗ x′

j) and (yi ∗ yj)⇐⇒ (y′i ∗ y′j).

If mi and mj do not conflict, they are deemed compatible.
A set of moves M ′ = {mi1 , . . . ,miℓ } is compatible if every
pair within the set is compatible. In this case, the moves in M ′

can be implemented in parallel by activating a k×k AOD array
for some k > 0, positioning all qubits corresponding to the
moves in M ′ at the grid points, loading them from the SLM

to the AOD, moving them in parallel to their destinations,
and offloading them. Our objective is to find a sequence of
parallel, compatible moves that transports each (xi, yi) to
(x′

i, y
′
i) efficiently, minimising the total movement time.

Example 1. Fig. 7 shows two mappings f and f ′ in G(3, 3)
from Q = { q1, . . . , q5 }. In this instance, we have M =
{m0 ≜ (0, 2, 0, 1),m1 ≜ (1, 0, 0, 2),m4 ≜ (0, 1, 1, 0)}.
The three moves m0,m1,m4 in M are pairwise conflicting.
For example, m0 = (0, 2, 0, 1) and m1 = (1, 0, 0, 2) are
conflicting as x0 = 0 < 1 = x1 but x′

0 = 0 = 0 = x′
1,

violating the constraint (xi ∗ xj)⇐⇒ (x′
i ∗ x′

j) for ∗ being <
or =. This means that we should implement them sequentially.
Fig. 8a shows such a legal implementation, where m1 is
implemented first, followed by m0, and lastly, m4.

To address the general problem, we construct a conflict graph
for M following the approach in [15]. In this graph, each
node represents a move in M , and an edge connects two
nodes if their moves are incompatible. Fig. 8b illustrates the
conflict graph for the movement set in Example 1. Any set
of compatible moves forms an independent set of vertices,
reducing the problem to finding a maximum independent set
(MIS) in the conflict graph. Given that the MIS problem is NP-
hard, an approximate solution can be obtained by searching for
a maximal independent set [15]. This approach allows us to
identify a sequence of compatible moves that transition from f
to f ′ in a reasonably short total movement time, as the longest
move in each compatible set determines the AOD movement
time for the set [15].
Remark 1. Several existing routing algorithms, such as those
in [15], [33], are suitable for our purposes. To facilitate
comparison with Enola, we adapt the routing algorithm from
[15] to meet our requirements, with only a minor adjustment.
In Enola, the routing task is slightly different: at each Rydberg
stage, a set S of CZ gates is selected, where no two gates
share a common qubit. The objective is to shuttle atoms so
that the two qubits pi, pj involved in each CZ gate in S are
aligned at the same grid point.1 Given a current mapping
f , this alignment only requires moving f(pi) ≜ (xi, yi) to
f(pj) ≜ (xj , yj), or vice versa. Thus, any CZ gate CZ(pi, pj)
in S involves two dual moves: m = (xi, yi, xj , yj) and
m′ = (xj , yj , xi, yi). By contrast, DasAtom does not include

1In DPQA, each grid point in the SLM array can hold two traps.
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Fig. 8: (a) Atom movement between the two mappings in
Fig. 7, (b) the conflict graph for M = {m0,m1,m4 }, where
m0 = (0, 2, 0, 1), m1 = (1, 0, 0, 2), and m4 = (0, 1, 1, 0).

dual movements within its conflict graph.

IV. EVALUATION AND ANALYSIS

We implemented our proposed algorithm in Python. All exper-
iments for DasAtom and Enola were conducted on a MacBook
Pro featuring a 2.3 GHz Intel Core i5 processor and 16 GB
memory, while all experiments for Tetris and Atomique were
conducted on an Ubuntu 20.04 server with 40 cores of Intel
Xeon Gold 5215 @ 2.50GHz, 512 GB of RAM. DasAtom is
open source at https://github.com/Huangyunqi/DasAtom.

In our evaluation, we assume that the input circuit is decom-
posed in the same manner, with all single-qubit gates removed
before applying the algorithms.

For readers’ convenience, we summarise all key parameters,
symbols, and their default values (if applicable) in Table I.

TABLE I: Key parameters, symbols, and default values

Symb. Meaning default
value Symb. Meaning

T2 coherence time 1.5s n qubit count
fcz CZ gate fidelity 0.995 m CZ gate count

ftrans
atom transfer

fidelity 1 s
atom transfer

count

tcz CZ gate duration 0.2 µs h
compiled circuit

depth

ttrans
atom transfer

duration 20 µs D
total maximal

movement
distance

v
atom moving

speed
0.55

µm/µs T
compiled circuit
execution time

d atom distance 3 µm Tidle qubit idle time
Rint interaction radius 6 µm rint interaction factor
Rrestr restriction radius 12 µm rrestr restriction factor

A. Fidelity

For easy of comparison across algorithms on different NAQC
platforms, and following [23], we use the approximate success
probability as a proxy for circuit fidelity. We assume single-
qubit gates to be error-free in this study, disregarding their
contribution to the overall error analysis. This is justified by
their typically much higher fidelity compared to CZ gates.

Let T2 be the atom dephasing time, n,m the numbers of
qubits and CZ gates in the (compiled) circuit, T the total
circuit execution time, s the number of atom transfers, v the
speed of atom movement, and tcz and ttrans the durations of
a CZ gate execution and and atom transfer, fcz and ftrans
the fidelities of gate CZ and atom transfer. The approximate
success probability of the compiled circuit is

P (C) = exp

(
− Tidle

T2

)
× fm

cz × fs
trans, (3)

where
Tidle = n× T −m× tcz. (4)

We note that T is calculated as

T = h× tcz + s× ttrans +D/v, (5)

where h is the depth of the compiled circuit and D the sum of
the maximal movement distance of each (parallel) movement
over all atom movements. As Tetris uses no atom movement,
the execution time of Tetris’ compiled circuit is simply h×tcz.

B. Architecture assumptions

Various architectures have been proposed for NAQC [5], [6],
[39], [40], each with distinct features. Some architectures
support long-range interaction using individually addressed
Rydberg lasers for CZ gate execution [6], [40], while others
enable dynamic atom shuttling [5], [7], or employ a global
Rydberg laser to illuminate the entire plane, allowing parallel
execution of CZ gates [5]. These architectural differences have
led to distinct compiler designs that leverage each platform’s
unique capabilities.

Tetris [10] operates with individually addressed CZ gates.
To better exploit long-range interaction, atoms are compactly
arranged in a fixed 2-dimensional array with distance d. For
any given interaction radius Rint ≜ rint × d ≥ d, a smaller
d implies a larger interaction factor (i.e., rint) and greater
qubit connectivity (cf. Fig. 1). Notably, Tetris adopts a variable
restriction area that depends on the inter-qubit distance of the
gate, and this area is strictly smaller than the restriction area
we define when Rrestr is set equal to Rint. This difference
allows Tetris to achieve more parallel CZ gates than DasAtom,
even when we set Rrestr to its minimal.

Enola [15] and Atomique [13] are designed for DPQA archi-
tectures, which support atom shuttling during computation and
use a global Rydberg laser to apply CZ gates in parallel. To
facilitate parallel execution and avoid unwanted interactions,
both compilers assume an atom distance of 2.5 times the
interaction radius. Enola uses one SLM (static) array and
one AOD (movable) array, applying CZ gates between qubits
on the SLM array and allowing atoms to transfer between
arrays. This enables qubit routing to be fully accomplished
via atom shuttling. Atomique assumes one SLM and multiple
AOD arrays, applying CZ gates between atoms across different
arrays and allowing SWAP gates during compilation, without
requiring atoms to be transferred between arrays.
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TABLE II: Comparison of DasAtom, Tetris, Enola, and Atomique on benchmark circuits from [10]. ‘Depth’ represents the
number of CZ layers in the input circuit, ‘F’ and ‘RT’ denote the fidelity and runtime of the corresponding algorithm, ‘D’
indicates the CZ-depth of the compiled circuit, ‘M’ is the number of move stages, ‘P’ is the number of subcircuits, and ‘SW’
represents the number of SWAPs. Circuits are ordered by depth.

Circuit Info. DasAtom Tetris Enola (static) Atomique
Name #Q #CZ Depth F M D P RT (s) F SW D RT (s) F M RT (s) F SW M D RT(s)

4mod5-v1 22 5 11 10 0.9463 0 11 1 0.01 0.9322 1 14 1.9 0.9311 20 46.38 0.9378 0 2 11 0.433
alu-v0 27 5 17 15 0.9183 0 17 1 0.01 0.8911 2 20 4.37 0.896 32 61.92 0.9081 0 5 16 0.434

bv n16 16 15 15 0.9195 9 15 2 0.03 0.8224 8 21 0.61 0.8573 30 56.54 0.9244 0 15 15 0.434
qv n16 d5 16 120 15 0.5436 8 120 2 0.69 0.3762 25 82 13.47 0.3435 132 126.23 0.5221 2 43 46 0.907

mod5mils 65 5 16 16 0.9229 0 16 1 0.01 0.9091 1 19 5.2 0.9005 32 56.91 0.9127 0 5 16 0.63
ising model 13 13 120 20 0.5479 0 120 1 0.06 0.5159 4 77 30.62 0.3974 80 154.6 0.5305 0 41 51 0.715
ising model 10 10 90 20 0.6368 0 90 1 0.05 0.5907 5 57 24.18 0.5342 80 131.1 0.6187 0 28 41 0.905
ising model 16 16 150 20 0.4713 0 150 1 0.1 0.4117 9 88 118.1 0.2941 120 140.9 0.4473 0 38 52 0.792
decod24-v2 43 4 22 22 0.8956 0 22 1 0.02 0.7705 10 52 7.62 0.8717 44 126.1 0.8813 0 2 22 0.67

4gt13 92 5 30 26 0.8604 0 30 1 0.02 0.8604 0 30 5.22 0.8221 58 108.29 0.8424 0 5 26 0.641
qv n12 d10 12 180 30 0.4032 8 180 2 0.27 0.2622 29 119 15.43 0.2383 204 209 0.3334 5 48 89 1.35

qft 16 16 240 58 0.2883 41 240 6 0.32 0.1549 44 204 118.1 0.0957 380 238 0.1476 17 125 217 1.486
rd84 142 15 154 81 0.4591 7 154 2 0.31 0.3369 21 146 60.23 0.2448 238 161.2 0.338 5 55 118 1.168

sf 274 6 336 300 0.1855 0 336 1 0.49 0.1721 5 343 218 0.1012 636 879.3 0.1186 3 84 305 1.83
sf 276 6 336 301 0.1855 0 336 1 0.42 0.1645 8 341 147.4 0.102 620 693.3 0.1060 5 93 309 1.89

con1 216 9 415 346 0.1237 17 415 3 0.48 0.0897 22 415 147.6 0.0399 776 965.1 0.0462 12 146 378 2.295
wim 266 11 427 352 0.1166 12 427 3 0.5 0.0819 24 436 163.9 0.029 758 549.7 0.0359 10 124 386 2.294
rd53 130 7 448 383 0.1054 9 448 3 0.56 0.0807 18 459 206.8 0.0404 852 943.2 0.0185 20 129 434 2.615
f2 232 8 525 449 0.0715 13 525 3 0.54 0.0583 14 523 251.6 0.0206 978 900.2 0.016 13 151 468 2.727

cm152a 212 12 532 461 0.0691 7 532 2 1.22 0.0571 13 498 295.8 0.0101 1010 598 0.0218 6 184 474 2.643
rd53 251 8 564 492 0.0587 16 564 4 1.07 0.0438 20 577 275.2 0.0149 1089 911.3 0.0110 16 178 527 3.039
hwb5 53 6 598 535 0.0495 23 598 6 0.58 0.0375 19 622 337.2 0.0168 1136 1354 0.004 27 216 609 3.356
pm1 249 14 771 634 0.0205 23 771 4 1.8 0.0122 36 763 385.1 8.18E-04 1378 755 0.0013 15 231 686 3.944

cm42a 207 14 771 634 0.0205 23 771 4 1.32 0.012 37 754 0.61 8.93E-04 1428 802.5 0.0013 15 231 686 4.215
dc1 220 11 833 705 0.0152 19 833 4 2.02 0.0083 41 838 380.6 9.51E-04 1548 1194 0.0010 15 189 750 4.25

squar5 261 13 869 720 0.0125 31 869 6 1.91 5.35E-03 58 866 409.9 4.11E-04 1630 900.2 3.95E-04 24 290 790 4.664
z4 268 11 1343 1112 0.0012 46 1343 8 2.22 3.41E-04 83 1369 687.2 1.31E-05 2500 2017 7.90E-07 44 381 1227 8.308

radd 250 13 1405 1210 8.36E-04 54 1405 9 2.19 2.06E-04 96 1430 700.6 3.08E-06 2658 1826 3.05E-07 44 427 1306 8.75
adr4 197 13 1498 1249 5.25E-04 52 1498 8 2.01 1.06E-04 109 1519 754.3 1.39E-06 2786 1682 1.59E-07 44 446 1372 9.669
sym6 145 7 1701 1499 0.0002 38 1701 9 1.84 9.47E-05 49 1729 947.5 5.02E-06 3286 3210 4.66E-07 37 462 1582 11.47

misex1 241 15 2100 1797 2.54E-05 56 2100 7 3.78 6.40E-06 95 2040 1017 1.50E-09 3936 2144 9.75E-10 29 625 1852 15.52
rd73 252 10 2319 1963 8.47E-06 87 2319 14 4.024 8.79E-07 154 2317 1130 6.50E-09 4930 3011 1.04E-12 63 731 2161 18.57

square root 7 15 3089 2520 1.64E-07 147 3089 17 8.855 5.99E-09 229 2940 1583 1.56E-13 5716 2940 9.73E-15 41 835 2677 25.28
Geo.Mean - - - 0.03458 - - - 0.3824 0.01951 - - 84.21 0.0033 - 472.6 0.0018 - - - 2.345

To leverage both long-range interaction and atom shuttling,
DasAtom assumes an NAQC architecture that supports in-
computation atom shuttling, similar to DPQA, but with in-
dividually addressable Rydberg lasers for executing CZ gates.
This setup requires one SLM array and one AOD array,
with atoms able to transfer between layers. To facilitate long-
range interaction, we assume atoms are initially arranged in
a 2-dimensional SLM array with distance d ≤ Rint. While
no current NAQC devices combine both capabilities, devices
demonstrating each individually exist [5], [6], and there are
no fundamental physical limitations preventing the future
integration of these two features.

C. Overall fidelity comparison

In our experiments, the common NA hardware parameters we
assumed are summarised in Table I. In addition, we assume

• Atom distance d: 3µm for Tetris and DasAtom, 15µm for
Enola and Atomique.

• Rint = 6µm and Rrestr = 12µm.

For DasAtom and Tetris, the default coupling graph is set
to grid of ⌈

√
n⌉ × ⌈

√
n⌉. For Atomique, we use the default

configuration of two AOD arrays.

1) Results on benchmark circuits used in [10]: In [10], the
authors evaluated, among others, 33 benchmark circuits from
RevLib and IBM Qiskit. After proper decomposition, these
circuits include qubit counts ranging from 5 to 16 and up
to 3,089 CZ gates. We empirically evaluated the performance
of the algorithms on these benchmarks, and the results are
summarised in Table II.

During compilation, we assume that each SWAP gate inserted
by Tetris and Atomique is decomposed into three CZ gates and
several single-qubit gates. In our calculation of their overall
fidelity, we completely disregard the presence of additional
single-qubit gates in the compiled circuit. As a result, the
calculated fidelity is slightly higher than the actual value.

Recall that Enola operates in both static and dynamic modes.
For these benchmark circuits, the two modes produce similar
overall fidelity, with the dynamic mode performing slightly
better. This improvement comes at the cost of a significantly
increased runtime. Indeed, for all circuits with CZ depth ≥ 30,
the dynamic method does not complete within 1 hour. So we
only show results for the static method in Table II.

Atomique allocates qubits to distinct arrays and does not
permit atom transfer. Instead, it may introduce SWAP gates
during compilation process. Compilation results also indicate
the use of ancilla qubits.

From Table II, we observe the following:

1) DasAtom consistently outperforms Tetris and Enola
in fidelity and surpasses Atomique in all but one
case. On average, DasAtom’s fidelity is 1.77, 10.48,
and 19.21 times that of Tetris, Enola, and Atomique,
respectively. The largest improvement occurs on the
circuit ‘square root 7’, with fidelity ratios of 27.38,
1.05E06, and 1.69E07, respectively.

2) For each algorithm and circuit, compilation can be com-
pleted within one hour, with DasAtom and Atomique
being significantly faster than Tetris and Enola.
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TABLE III: Comparison among DasAtom, Tetris, Enola, and Atomique on 20-qubit quantum benchmark circuits with varying
topologies, where the columns have the same interpretation as Table II and ‘a.c.’ denotes ‘almost complete’.

Circuit Info. DasAtom Tetris Enola (dynamic) Atomique
Name #CZ Depth topology F M D P F SW D F M F SW M D
QV 600 60 a.c. 0.0456 61 579 6 0.0055 146 356 0.0039 508 0.027 22 185 230

2-local random 570 77 a.c. 0.0467 166 540 18 0.0013 250 549 0.0037 603 0.0208 37 285 341
QFT 410 77 complete 0.1176 68 398 8 0.0237 112 324 0.0178 424 0.0606 18 157 252

W-state 38 21 linear 0.8265 0 38 1 0.6696 14 42 0.6845 55 0.7873 0 28 38
3-regular graph 30 8 3-regular 0.8603 0 30 1 0.5997 24 35 0.7522 32 0.8502 0 9 11

DJ 19 19 star 0.9025 6 19 2 0.7255 15 31 0.8044 37 0.9024 0 19 19
GHZ 19 19 linear 0.9091 0 19 1 0.7365 14 28 0.8119 37 0.8868 0 14 19

Geo.Mean - - - 0.2832 - - - 0.0865 - - 0.0979 - 0.2104 - - -
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Fig. 9: Interaction graphs of (a) QFT-5 and two-local random, (b) QV, (c) 3-regular graph, (d) DJ, and (e) GHZ and W-state

2) Results on practical quantum circuits with varying qubit
number and topologies: To assess the scalability of our
algorithm, we also evaluated the performance of the four
algorithms on larger circuits, extracted from MQTBench2 and
[15]. These circuits include DJ, GHZ, QFT, W-state, QV, two-
local random circuits, and 3-regular MaxCut QAOA circuits,
which have very different interaction graphs (cf. Fig. 9). Since
the dynamic mode of Enola performs exponentially better than
the static mode as the number of qubits increases, we focus
solely on the dynamic mode in these experiments.

Table III summarises the circuit information and performance
details of the algorithms on seven 20-qubit circuits. As shown
in the table, DasAtom consistently outperforms the other three
in overall fidelity. In addition, the fidelity of DasAtom is
strongly correlated with the number of CZ gates in the circuit.
Table IV also presents the geometric mean of fidelity for each
type of circuit with varying qubit counts. The table indicates
that (i) DasAtom significantly outperforms both Tetris and
Enola, and (ii) Atomique performs comparably to, or even
slightly better than, DasAtom on DJ, W-state, and 3-regular
circuits. However, on QFT circuits, DasAtom’s fidelity is, on
average, 7.9x of that of Atomique. Notably, Atomique also
outperforms Enola on these generic circuits; as shown in [15],
Enola excels when leveraging gate commutativity.

TABLE IV: Geometric mean fidelity of various circuits

Circuit #Q DasAtom Tetris Enola Atomique
QFT 5-50 0.0066 3.65E-04 2.63E-06 8.31E-04

two local 5-30 0.0613 0.0044 0.0044 0.0265
QV 5-25 0.1411 0.0393 0.0398 0.1002
DJ 5-50 0.8412 0.6791 0.6413 0.8615

W-state 5-50 0.7665 0.5424 0.4763 0.6945
3-regular 10-60 0.8548 0.2547 0.2785 0.7890

2https://www.cda.cit.tum.de/mqtbench/

We now provide a detailed comparison of these algorithms’
performance across the different circuit types.
a) QFT circuits: These circuits also have complete interaction
graphs, see Fig. 9a. In Fig. 10a, the y-axis denotes the ratio
of DasAtom’s fidelity compared to that of Tetris, Enola, and
Atomique, plotted on a logarithmic scale. The results clearly
demonstrate that the ratio increases exponentially with the
number of qubits, ranging from 5 to 50. In terms of runtime,
Fig. 10b shows that Enola and Tetris are three and two
orders of magnitude slower than DasAtom, respectively, while
Atomique’s runtime is closer to that of DasAtom.
b) Two-local random circuits: These circuits have complete
interaction graphs. Fig. 11a shows that DasAtom’s fidelity
outperforms of Tetris, Enola, and Atomique, with performance
ratios increasing exponentially as the qubit count ranges from
5 to 30. For Atomique, the increase in the performance ratio
is more gradual. Note that only results for circuits with up to
30 qubits are shown here, as Enola’s runtime is very slow for
larger circuits.
c) Quantum Volume circuits: These circuits have (nearly)
complete interaction graphs. Fig. 11b shows that DasAtom’s
fidelity outperforms that of Tetris and Enola, with performance
ratios increasing exponentially with qubit count. Meanwhile,
DasAtom achieves an average fidelity improvement of 1.4
times over Atomique.
d) 3-Regular MaxCut QAOA circuits: These circuits feature
3-regular interaction graphs. Fig. 11c shows that the fidelity
of all four algorithms decrease as the qubit count increases.
DasAtom significantly outperforms both Tetris and Enola,
while its fidelity remains close to that of Atomique.
e) Deutsch-Jozsa circuits: These circuits have star-like in-
teraction graphs. Fig. 11d shows how fidelity decreases as
the qubit count increases for the four algorithms. DasAtom
outperforms both Tetris and Enola by a large margin, but is
slightly outperformed by Atomique. This may be because the
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Fig. 10: Change of key performance indicators of QFT circuits under different algorithms
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Fig. 11: Fidelity comparison on two-local random, QV, 3-regular, DJ, GHZ, and W-state circuits

star-like graph is a bipartite graph, allowing the central qubit
to be placed on one AOD array, with all other qubits on the
SLM array, thus avoiding intra-array two-qubit interactions.
f) GHZ circuits and W-state circuits: These circuits have
linear interaction graphs. Fig.s 11e and 11f show how the fi-
delity decreases as the qubit count increases for all algorithms.
DasAtom clearly outperforms the other three.

D. Analysis

The experiments demonstrate that DasAtom outperforms the
other three algorithms, achieving exponentially better results
in QFT and QV circuits. In this subsection, we address two key
questions: Which hardware parameters most significantly im-

pact DasAtom’s performance? What factors enable DasAtom
to outperform the other algorithms?

1) Ablation studies on hardware parameters:
a) Interaction and restriction radii: We start by evaluating
DasAtom’s performance with different interaction radii rint ∈
{ 1,
√
2, 2 } on DJ circuits (5 to 45 qubits) and QFT circuits (5

to 20 qubits). The results indicate that setting rint = 2 yields
slightly better performance than other values, justifying our
choice of Rint = 2d in the evaluations presented in Sec. IV-C.

To analyse the effects of different interaction and restric-
tion radii on DasAtom, we examined the QFT-30 circuit,
varying rint and rrestr from 1 to 8, with the condition that
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rrestr ≥ rint. Notably, when rint ≥ 9, the architecture graph
becomes complete on G(6, 6), rendering further increases in
rint unnecessary. As shown in Fig. 12, increasing rint from 1 to
8 has a more pronounced effect on Tetris than on DasAtom: the
fidelity of Tetris rises from 2.3E-06 to 0.01, while DasAtom’s
fidelity increases from 0.007 to 0.01. This difference is partly
related to the fact that Tetris uses a smaller restriction area
than DasAtom, even when rrestr = rint.

For DasAtom, we also experimented with different values of
rrestr for each rint. The findings show that as rrestr increases,
fidelity gradually decreases. Once rrestr reaches a certain
threshold, the fidelity stabilises because all gates must be
executed serially. However, the reduction in fidelity due to
increasing rrestr is nearly negligible.

b) The most important factors: From Eq. 3, the approxi-
mate success probability of the compiled circuit, P (C) =
exp

(
− Tidle

T2

)
× fm

cz × fs
trans exponentially depends on Tidle and

polynomially on fcz and ftrans, raised to the powers of the CZ
count m and atom transfer count s, respectively. To identify
the parameters that most affect performance, we conducted
ablation studies on the QFT-20 circuit, focusing on hardware
parameters ftrans, fcz, T2, and atom distance d. The results,
shown in Fig. 13, reveal the following:

• fcz has the most significant impact on all algorithms.
• ftrans also affects DasAtom and Enola significantly, but

has no impact on the other two algorithms.
• Coherence time T2 has a strong influence on all algo-

rithms except Tetris, when T2 varies from 0.15s to 15s.
• Increasing the atom distance from 1 to 20 reduces

DasAtom’s fidelity by only 3.4%. This parameter clearly
affects Atomique and Enola, but has no impact on Tetris’
fidelity.

Like atom distance, other parameters, including atom move-
ment speed v, and CZ and atom transfer durations (tcz and
ttrans), have relatively limited impact on DasAtom’s fidelity.
Specifically, reducing v from 0.55 to 0.25, increasing tcz
from 0.2 to 0.5, or increasing ttrans from 20 µs to 40 µs
decreases fidelity by approximately 1.4%, 0.15%, and 11.8%,
respectively.

Similar findings are observed for QV-20. However, due to
the simpler topologies of the 20-qubit GHZ and 3-regular
graph circuits, the impact of fcz and ftrans is somewhat less
pronounced, though the overall trend remains similar to that

for QFT-20 and QV-20.

2) Why DasAtom performs better?: We analyse here why
DasAtom outperforms the other algorithms.

a) SWAP gates have low fidelity: Based on our hardware
parameter settings (see Table. I), the fidelity cost of inserting
a SWAP gate can be approximated as f3

cz = 0.9953 = 0.985.
In contrast, the fidelity cost of moving an atom at a speed
of 0.55 µm/µs over a distance xµm can be estimated as
exp

(
− 2×Ttrans+x/0.55

T2

)
, where 2 ·Ttrans represents the time for

the atom to transition between SLM to AOD traps at both the
initial and target positions. A simple calculation shows that the
fidelity drops to 0.985 when x ≈ 12, 384 µm. Additionally, for
swapping the positions of two atoms, the distance can be up
to 6,202 µm for the fidelity to remain at 0.985. This illustrates
that SWAP gates incur significant fidelity costs. As shown in
Fig. 10c, Tetris has a much rapid increase in SWAP count
compared to Atomique.
b) Atom transfer and atom shuttling are slow: In contrast,
atom transfer and shuttling can be up to 100x slower than
SWAP gates. This implies that the overall circuit execution
time T , and consequently the qubit idle time Tidle, may be
significantly prolonged for algorithms dependent on atom
shuttling. As shown in Fig. 10e-h, Enola exhibits the fastest in-
creases in total movement distance, atom transfer count, Tidle,
and T among the three algorithms that use atom shuttling.

Remark 2. Fig. 10a demonstrates an exponential increase
in DasAtom’s fidelity ratio compared to Tetris, Enola, and
Atomique for QFT circuits. Since this evaluation assumes
ftrans = 1, the approximate success probability (cf. Eq. 3) is
essentially P (C) = exp

(
− Tidle

T2

)
× fm

cz . Here, m (the CZ gate
count) generally increases with the qubit count n. DasAtom’s
exponential fidelity improvement over Tetris (Atomique) is
primarily (partly) due to the additional SWAP gates inserted,
which increase at least linearly with n (cf. Fig. 10c). For
Enola (Atomique), the increase is primarily (partly) driven by
higher Tidle values as n grows (cf. Eq. 4 and Fig. 10g), caused
by increased atom transfers and total movement distance (cf.
Eq. 5 and Fig. 10e,f). Note that if ftrans < 1, DasAtom’s
fidelity ratio compared to Enola will be even higher, as Enola’s
increasing atom transfer count s (appearing as an exponent
of ftrans in Eq. 3) grows faster than that of DasAtom (cf. 10f).

V. FURTHER DISCUSSIONS

The evaluations in the previous section demonstrate that,
despite its simplicity, the DAC scheme is highly effective.
This effectiveness can be attributed to two primary factors:
first, atom shuttling incurs significantly lower fidelity costs
than SWAP gate insertion (cf. Sec. IV-D2a); second, long-
range interactions enable dense qubit connectivity, minimising
the need for mapping transitions and ultimately lowering atom
movement costs.

To implement DasAtom, we assume the NAQC architecture
has the following capabilities: high-fidelity atom shuttling
during computation, long-range interaction, and individually
applied CZ gates. Notably, a significant portion of DasAtom’s
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Fig. 13: Ablation studies on QFT-20 for hardware parameters fcz, ftrans, T2, and atom distance d.

improvement over Tetris stems from the hardware capability of
in-computation atom shuttling. A rough estimate indicates that,
when simulating SWAP gates with atom shuttling (cf. [23]),
DasAtom outperforms Tetris by 3.14x on QFT-50. By contrast,
Fig. 10a shows an improvement of 8,108.5x under the default
settings.

DasAtom assumes a compact atom arrangement with atom
distance smaller than the interaction radius, while Atomique
and Enola assume an atom distance that is 2.5x the interaction
radius. This configuration results in shorter atom shuttling dis-
tances for DasAtom. Recall that the total movement distance
D can contribute significantly to the circuit execution time
T and qubit idle time Tidle (cf. Eq. 4 and Eq. 5). One might
wonder if this compact atom spacing is the primary reason for
DasAtom’s exponential performance advantage over Enola as
the qubit count increases on QFT circuits. However, as shown
in Fig. 13d, increasing the atom distance from 1 to 20 µm
only reduces DasAtom’s fidelity on QFT-20 by about 7%. The
primary reason for DasAtom’s success over Enola lies in its
exponentially shorter total movement distance and lower atom
transfer count (cf. Fig. 10e,f), which together result in reduced
circuit execution time T and shorter qubit idle time Tidle.

A. Implications

Although a denser atom configuration is generally advanta-
geous, atom distance does not significantly impact DasAtom’s
improvement over other algorithms. In fact, a smaller atom
distance translates to a larger interaction factor rint. As shown
in Fig. 12 and Fig. 13d, changes in fidelity remain modest as
rint or atom distance varies for DasAtom.

Our chosen architecture parameters are optimistic, and there
are scenarios where Tetris may outperform DasAtom. For
instance, Fig. 14 shows that for the QFT-50 circuit, Tetris
achieves higher fidelity than DasAtom under certain condi-
tions, such as when ftrans ≤ 0.99 and fcz ≥ 0.98. In general,
Tetris performs comparatively better when fcz is close to 1,
ftrans is low, T2 is small, and a larger rint is available.

Enola and Atomique are suitable when using a DPQA archi-
tecture, where individually applied CZ gates are unavailable.
This is particularly advantageous for certain circuits in QAOA
and quantum simulation, where gate commutativity can be
exploited. For generic circuits, Enola’s fidelity improves faster
with higher values of ftrans and T2 (cf. Fig. 13a,c). However,
due to the exponential increase in total movement distance
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f t
ra
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Fig. 14: Shaded areas show where Tetris achieves higher
fidelity than DasAtom for QFT-20 (teal cross-hatch) and QFT-
50 (orange horizontal lines).

and atom transfer count with the qubit count (cf. Fig. 10e,f),
Enola is unlikely to outperform DasAtom when CZ gates are
individually addressable.

When atom transfer fidelity is relatively low but CZ gate
fidelity is high, Atomique is a more suitable choice, especially
for circuits with moderate depth (e.g., ≤ 100, cf. Table II).
Additionally, Atomique is scalable, but it is also worth noting
that it requires multiple AOD arrays and ancilla qubits.

B. Limitation and potential improvement

It is important to note that our implementation is not yet fully
optimised. Specifically, the mappings for each subcircuit could
be designed to enable smoother transitions, making the process
more efficient. For example, the mapping of the second part
of QFT-5 shown in Fig. 7c is not optimal. A better mapping
would be to place q4 at (0, 2) and q1 at (1, 0), requiring only
an exchange between the positions of q0 and q4.

Although our algorithm relies on subgraph isomorphism
checks, which are theoretically NP-hard, this has not proven
to be a significant obstacle in most cases. By leveraging the
Rustworkx implementation of VF2, we successfully compiled
the 500-qubit QFT in about one hour. However, this im-
plementation does not perform as well on certain circuits,
like QV, especially when the number of qubits exceeds 25.
To handle circuits with thousands of qubits, more efficient
(though potentially approximate) subgraph isomorphism algo-
rithms (like PathLAD+ [41]) will be necessary. Given that
our target architecture is grid-based, this should not pose a
major challenge. However, as shown in the fidelity ratio curves
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in Fig. 10a, the primary concern for compilation on NAQC
hardware should be low fidelity rather than scalability.

Our divide-and-shuttle method could be integrated with the
multi-AOD array approach introduced in Atomique [13]. In
Atomique, program qubits are distributed across different
arrays. Interactions between qubits in different arrays are
performed via atom shuttling, while SWAP gates are used
for interactions between qubits within the same array. How-
ever, as shown in Table II, Atomique’s performance degrades
significantly even compared to Enola when the circuit depth
exceeds 300. A hybrid strategy might involve partitioning
the circuit into subcircuits, employing Atomique within each
subcircuit, and utilising atom shuttling to connect consecutive
subcircuits. Although this would introduce atom transfers, it
has the potential to enhance overall fidelity by reducing the
number of inserted SWAP gates.

VI. CONCLUSION

We have introduced DasAtom, a novel algorithm designed
to optimise the execution of quantum circuits on neutral
atom platforms by exploiting long-range interactions and atom
shuttling. Unlike previous methods such as SWAP-based Tetris
and atom move-based Enola, DasAtom achieves significant
fidelity improvements through partitioning circuits into subcir-
cuits and dynamically adjusting qubit mappings. Our results
demonstrate that for a 30-qubit QFT, DasAtom outperforms
Enola by 415.8x and Tetris by 10.6x, illustrating the substantial
gains in fidelity that can be achieved with this method.

DasAtom’s ability to scale its performance with the increasing
number of qubits highlights its potential as a crucial tool in
the future of NAQC. As quantum circuits grow in complexity
and size, the exponential improvement in fidelity offered by
DasAtom will become increasingly valuable. This work not
only provides a pathway to more efficient quantum circuit
execution on NAQC platforms but could also inspire hardware
experts to explore and experiment with new architectures.
Future work will focus on expanding DasAtom’s capabilities
to handle even larger and more complex quantum circuits.
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