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Abstract
The photonic platform holds great promise for quantum
computing. Nevertheless, the intrinsic probabilistic charac-
teristics of its native fusion operations introduces substantial
randomness into the computing process, posing significant
challenges to achieving scalability and efficiency in program
execution. In this paper, we introduce a randomness-aware
compilation framework designed to concurrently achieve
scalability and efficiency. Our approach leverages an innova-
tive combination of offline and online optimization passes,
with a novel intermediate representation serving as a cru-
cial bridge between them. Through a comprehensive eval-
uation, we demonstrate that this framework significantly
outperforms the most efficient baseline compiler in a scalable
manner, opening up new possibilities for realizing scalable
photonic quantum computing.

1 Introduction
Photonic platform holds great promise for universal quan-
tum computing due to the unique advantages of photonic
qubits [1, 2], including their great scalability, long coher-
ence time and easy integration with quantum networks.
In addition to the experimental demonstration of quantum
supremacy on photonic systems [3–5], Xanadu [6] has re-
leased their programmable nanophotonic chips that can
serve as a new testbed, while PsiQuantum [7] has proposed
their technology roadmap towards one million qubits using
silicon photonics.

Photonic quantum computing differs from other platforms
such as superconducting [8], ion trap [9] and neutral atoms
[10], as it is scaled up by a probabilistic operation known as
fusion [7]. This probabilistic feature comes intrinsically from
the degeneracy in fusions’ outputs for different input states,
bringing significant randomness to the computing process.
On the hardware side, improvement of fusion success proba-
bility to a high value requires an impractical amount of ancil-
lary resources [11, 12]. On the software side, this randomness
is not taken into consideration by existing software infras-
tructures for the circuit-based programming model [13], (e.g.,
Qiskit [14], Tket [15]), as photonic systems adopt a different
computing model, which is known as measurement-based
quantum computation (MBQC) or one-way quantum com-
putation (1WQC) [16, 17].

Recently, as an initial effort towards efficient photonic
MBQC, a compilation framework OneQ [18] has been pro-
posed to significantly reduce the number of required fusions
and the overall program execution time. However, it over-
looks the severe randomness introduced by fusion failures,
simply assuming that fusions always succeed. As a com-
piler, OneQ translates the construction of a program-specific
entangled state called graph state [17] (Fig. 1(a)) into a fu-
sion pattern between the small entangled resource states [7]
available on the hardware (Fig. 1(b)). However, when fusion
failures occur in real-time execution, as illustrated in Fig. 1(b),
the resulting state becomes a random graph state deviating
from the target structure. Thus the execution needs to be
retried untill success, which is non-scalable given that a prac-
tical fusion success probability in the near term is merely
around 75% [11, 12]. From now on, we will refer to the graph
states required by programs as program graph states and
those generated by fusions as physical graph states.

x

(a) (b) (c)

Figure 1. Randomness brought by fusion failures on a pho-
tonic quantum hardware with 3-qubit resource states.

The objective of this paper is to present a scalable and effi-
cient compilation framework capable of effectively handling
fusion failures in the computing process. This is intuitively
a hard problem. Firstly, with a failure rate as high as 25%, it
seems impossible to ensure the formation any specific en-
tanglement structure among the photonic qubits. Secondly,
failed entanglements such as the disconnected edges in Fig. 1
cannot be recovered since the photons involved in a fusion
are completely destroyed by the fusion. Thirdly, the limited
lifetime of photons refuses the execution of over-complex al-
gorithms in real-time, as photons are prone to an increasing
loss rate with prolonged storage time in fibers [19].
Fortunately, there are some nice features of fusions and

graph states that we can leverage. Firstly, fusion failures are
heralded [20], allowing real-time awareness and enabling
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Figure 2. High-level design of OnePerc.

the incorporation of classical feed-forward [20–22] to adjust
subsequent operations based on prior fusion outcomes. Sec-
ondly, when the fusion success probability exceeds a thresh-
old, the resulting physical graph state contains a long-range-
connected component with a high probability. This widely
studied phenomena, known as percolation [23–25], plays
a crucial role in providing viable computing resource, in-
spiring our framework’s name, OnePerc (one-way quantum
computing based on percolation). Thirdly, a random graph
state can be reshaped into any subgraph of it by eliminating
the redundant qubits, which can be achieved by measuring
them out in 𝑍 -bases [16].

However, leveraging these features is highly non-trivial. In
addition to the absence of a generic fusion strategy among
general resource states for achieving percolation and the
structural mismatch between the high-level program graph
state and the low-level random physical graph state, we need
to always keep in mind the limited time for real-time passes.
Specifically, the process associated with the formation of
long-range connectivity and the reshaping of the random
physical graph state both need to be carried out in real-time,
leading to a high demand on their lightweight design. This
results in a conflict between the real-time scalability and the
program execution efficiency, as a sophisticated optimization
for program execution requires complex algorithms that are
not feasible in real-time.
To this end, we propose a randomness-aware compiler

designed to efficiently scale up quantum computing on pho-
tonic systems, as illustrated in Fig. 2. Our framework achieves
concurrent real-time scalability and program execution ef-
ficiency through the combination of an online pass and an
offline pass. The online pass handles real-time randomness
in a scalable manner through percolation and reshaping. In
particular, it provides a generic fusion strategy for various
resource states and mitigates the structural mismatch be-
tween program and physical graph states by enabling the
abstraction of a virtual hardware. Motivated by the features
of this virtual hardware, we propose a FlexLattice intermedi-
ate representation (IR), which preserves the high-level pro-
gram information and provides maximal optimization space
supported by the hardware. This allows offline passes to op-
timize the program execution by transforming the program
to an efficient IR program, with the IR program translated to
a low-level instruction set to guide real-time operations.

Our contributions in this paper are summarized as follows:

• We propose a randomness-aware compilation frame-
work for photonic quantum computing through an
innovative combination of online and offline passes,
which are bridged by a novel FlexLattice IR facilitated
with a low-level instruction set.

• The online pass handles real-time randomness in a
scalable manner by enabling long-range connectivity
formation among general resource states and efficient
reshaping of the random long-range connected com-
puting resource.

• The FlexLattice IR provides programs with a maxi-
mal optimization space supported by the underlying
hardware, allowing for the introduction of a sophisti-
cated offline pass to improve the efficiency of program
execution.

• Our evaluation demonstrates a significant outperfor-
mance over the efficient baseline in a scalable man-
ner, implying a first-time concurrent achievement of
scalability and efficiency in compilation of photonic
quantum computing.

2 Background and Motivation
2.1 Photonic MBQC
Photonic systems are particularly suitable for MBQC [26],
a conceptually distinct computating paradigm from the cir-
cuit model. In MBQC, computation is driven by single-qubit
projective measurements, rather than 1-qubit and 2-qubit
gates, on an initial entangled state called graph state, whose
graph structure 𝐺 = (𝑉 , 𝐸) is determined by the quantum
program [17], as exemplified in 3(a). Specifically, a graph
state consists of qubits located on 𝐺 , formally defined as the
eigenstates of operator

𝑠 = 𝑋𝑖

⊗
𝑗∈𝑛𝑖

𝑍 𝑗 , ∀𝑖 ∈ 𝑉

where 𝑛𝑖 is the set of neighboring qubits of 𝑖 ∈ 𝑉 . The
measurement basis of each qubit is predetermined by the
quantum program, known as a measurement pattern, but are
subject to a real-time adjustment according to the measure-
ment outcomes of prior qubits. This feed-forward is used to
address the non-determinism of measurement outcomes.

The feasibility of photonic MBQC has been demonstrated
with various quantum algorithms on photonic qubits. For in-
stance, Grover’s algorithm achieved 0.9 fidelity on a 4-photon
4-qubit graph state [27], while the Deutsch-Jozsa algorithm
reached 0.96 fidelity on a 6-qubit graph state [28]. In addition,
Simon’s algorithm was successfully applied to a five-qubit
cluster state for period-finding[29]. Notably, the photonic
platform is rapidly scaling up with integrated waveguides
and optical chips [30–34], enabling the realization of a pro-
grammable optical processor [6].
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Figure 3. Why OneQ does not work.

2.2 Realistic Hardware
Practical photonic hardware scales up by creating small re-
source states, e.g., 4-qubit, 6-qubit graph states, and connect-
ing them through fusions [7]. In particular, identical resource
states are periodically generated by an array of resource state
generators (RSG) every cycle, with those generated in the
same RSG cycle forming a resource state layer (RSL), as
depicted by Fig. 3(b). These resource states are merged prob-
abilistically into larger graph states through (type II [20])
fusions, which are concurrent measurements of 𝑋 ⊗ 𝑍 and
𝑍 ⊗ 𝑋 on two photonic qubits from different resource states.
Resource states on the same RSL can fuse with their neigh-
bors, as shown in Fig. 3(c), by a spatial routing of photons,
while those on different RSLs generated by the same RSG
can fuse with each other by a temporal routing that controls
photons’ arrival times at measurement devices.

With the advanced integrated silicon photonics, hardware
components described above can operate on the scales of
GHz clock rates [35–37], leading to a time scale ∼ 1 ns for
RSG cycles. Spatial routing can be adjusted in every RSG cy-
cle with switches, while temporal routing can be achieved by
temporarily storing photonic qubits in a high-capacity quan-
tum memory known as delay lines, which can be realized
with current optical fiber technology. With a low transmis-
sion loss rate of< 5% per km [19], photons can have a lifetime
of around 5000 RSG cycles in the delay lines. Moreover, the
size of RSL is not completely constrained by the number
of RSGs, but can be extended by leveraging the tradeoff be-
tween spatial and temporal fusions [38], with the 5000-cycle
photon lifetime allowing a 5000× extension at most.

However, as the key operation for merging resource states,
fusions are intrinsically probabilistic. By allowing two ancilla

photons, their success probability can be practically boosted
to 75% [11, 12]. While no conceptual limit has been found yet,
so far the maximum known success probability attainable
using linear optics is 78% with 8 ancilla single photons [11].
Reaching a higher success probability not only requires a
larger number of ancilla photons but also require the ancilla
photons to be entangled. For example, it would take 30 ancilla
entangled photons to reach a probability over 95% [12].

2.3 Motivating Example
Previous work has proposed OneQ [18], an efficient compi-
lation framework for photonic MBQC. We will show that a
straightforward adaption of OneQ is insufficient to yield a
scalable compiler in the presence of fusion failures.

OneQ +Retry. Fig. 3(c) illustrates OneQ’s strategywith an
example of generating a graph state in Fig. 3(a) from a single
RSL depicted in Fig. 3(b), with the strategy represented more
compactly by Fig. 3(d). To handle real-time randomness, a
straightforward adaption is to introduce a retry mechanism.
For example, the strategy in Fig. 3(c) can result in a dynamic
implementation in Fig. 3(e) according to the fusion successes
and failures (green and red ellipses), with these fusions per-
formed sequentially, from t1 to t11. If a fusion, such as t3,
fails, we retry the fusion using another two qubits at t4, and
the same approach is applied to t6 and t7. This allows us to
successfully generate the graph state in Fig. 3(a).
However, it is worth noting that some fatal failures may

necessitate the retrial of the entire compilation. For exam-
ple, in Fig. 3(f), the triangular structure ABC is successfully
generated from t1 to t4, but subsequent failures at t5 and t6
deplete the qubits in ABC, only leaving the isolated qubit B.
In Fig. 3(g), a 5-qubit linear graph state forms from t1 to t11,
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which provides the potential for generating the triangle ABC
if the fusion at t11 succeeds in fusing the two qubits at the
line ends. Unfortunately, this fusion fails and consumes the
last neighboring resource state of qubit A (except C), leaving
A with no chance to fuse with other qubits.

Critical Issues. From this example, we can find some crit-
ical issues of this dynamic retry mechanism. First, adapting
to prior fusion outcomes necessitates a sequential execution
of fusions. This considerably extends the processing time
for each resource state layer (RSL), resulting in a time inef-
ficiency as subsequent RSLs must wait for the completion
of the current one. Second, since the decision-making pro-
cess for responding to prior fusions occurs in real time, this
extended processing time could exceed the limited lifetime
of photons, especially for large RSLs. This would result in
substantial photon loss, compromising the overall fidelity
as computing scales up. Third, the frequent retries in real-
time implementation lead to significant deviations from the
planned strategy in Fig. 3(c). This undermines the benefits
of the proactive planning, eroding the efficiency achieved by
the mapping strategy of OneQ.

3 Overview
Tolerating randomness in the compilation while maintaining
efficiency presents a significant challenge. To address this,
we propose an innovative framework that achieves scala-
bility and efficiency simultaneously through a synergy of
online and offline passes. The online pass prioritizes the
real-time scalability by maximizing the concurrency among
fusions and the parallelism of the algorithm for decision
making. The offline pass focuses on the efficient deployment
of high-level program graph states onto the randomness-
eliminated computing resource guaranteed by the online
pass. The bridge between the online and offline passes is es-
tablished through an intermediate software layer positioned
between the low-level physical layer and the high-level pro-
gram layer. This motivates a novel FlexLattice IR, along with
an instruction set supported by the online pass and fulfilling
the requirements of the offline pass.

To provide a concise overview, we exemplify the compila-
tion flow by compiling the program graph state in Fig. 4(a)
onto the hardware in Fig. 4(b), which is 3 layers of that in
Fig. 3(b). Indeed, while Fig. 3(b) depicts only a single RSL, the
incorporation of additional layers is both allowed and neces-
sary for larger graph states. Steps (b)→(d)→(c) demonstrate
the online pass, while step (a)→(c) illustrates the offline pass.
In the online pass, fusions are conducted concurrently in a
predetermined pattern (Fig. 4(d)) without individual retries
of the failed ones, which eliminates the necessity for sequen-
tial operations. This results in a physical graph state with a
random 2D structure, which is then reshaped to a program-
agnostic 2 × 1 lattice (Fig. 3(c)), characterized by a regular
structure to enhance real-time efficiency. When the fusion

A B

C

D

(a)

C

D

A B

(b)

(d)(c)

Offline Passes Online Passes

Figure 4. Overview of the compilation flow.
success probability exceeds the percolation threshold, this
reshaping process attains near-deterministic success as the
RSL size increases. This eliminates the necessity for repeti-
tive retries of the entire compilation. With this determinism,
the offline pass can be employed to improve the efficiency by
mapping the program graph state compactly onto the 2 × 1
lattice (bold blue lines in Fig. 3(c)).

Note that the compilation of general programs can be con-
siderably more intricate than the example presented here.
First, the fusion strategy among resource states is more com-
plex than Fig. 4(d). Specifically, it enables the formation of
a 3D structure rather than 2D, being adaptable to various
resource states and allowing pipelined feed-forward with
a small overhead. Second, the complexity of the reshaping
algorithm is carefully reduced to enhance its real-time scala-
bility. This is achieved by improving the parallelism with a
modular design on each RSL. Third, the reshaping process
is heterogeneous between the spatial and temporal dimen-
sions, with the temporal dimension supporting connections
both between adjacent layers or non-adjacent layers. These
flexible connections provides a larger optimization space
for the offline mapping than Fig. 4(c). Forth, the online and
offline passes are further bridged by posing a FlexLattice IR,
which guides the low-level operations by its translation to
an instruction set. For general programs, the compilation
flow can be summarized as follows.

1. Before program execution begins, an offline pass maps
the program graph state to an efficient FlexLattice IR
program, which translates to low-level instructions to
guide real-time operations (Section 6).

2. During real-time execution, fusions between resource
states are performed concurrently in a predetermined
pattern that allows pipelined feed-forwards to im-
prove the long-range-connectivity of the resulting
graph state (Section 4).

3. The resulting random physical graph state is then
reshaped to a 3D structure to fulfill the requirement
of the IR program, with measurements performed on
qubits according to the IR program (Section 5).
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4 Resource State Fusion
From the motivating example, it becomes evident that a dy-
namic adjustment of the fusion strategy among resource
states lacks real-time scalability, as its prolonged decision
making time could easily exceed the photon lifetime. To
address this, we opt for a semi-static fusion strategy that
generates program-agnostic physical graph states. This strat-
egy is static in that it is predetermined independent of high-
level programs, yet semi-static in that it allows pipelined
feed-forward which induces only a constant overhead.

4.1 Sufficient / Insufficient Degree
The predetermined strategy attempts to create a lattice struc-
ture from the resource states, which is straightforward when
resource states have sufficient node degrees, i.e., the max-
imum degree in the resource states surpasses that in the
lattice. Fig. 5(a) shows the strategy of forming a 2D square
lattice using 4-degree resource states. On the left side, each
light blue line denotes a leaf-leaf fusion (degree=1) of the
resource states (yellow circles). The right side displays the
resulting random graph state due to fusion failures, with the
consequences of successful and failed fusions depicted in
the middle box. Similarly, Fig. 5(b) demonstrates the case of
forming a cubic lattice 6-degree resource states. As resource
states on realistic hardware may lack sufficient degrees [7],
such as forming 3D cubic lattices using 4-degree resource
states, we can increase resource state degrees by merging
multiple RSLs into one layer using root-leaf fusions between
resource states, represented by the dark blue lines in Fig. 5(c).
Upon fusion success, a root-leaf fusion between two 4-degree
resource states can generate a 7-degree resource state.

4.2 Removal of Irregular Structures
However, a failed root-leaf fusion may result in irregular
cyclic structures in the generated graph state, leading to sig-
nificant challenges for subsequent reshaping process. For
example, a root-leaf fusion between two resource states 𝐴0
and 𝐵0 in Fig. 6 will generate a tree-like resource states 𝐴
and a fully-connected cyclic 𝐵, which may result in com-
plex structures if other qubits in 𝐵0 were fused with other
resource states. To remove these cyclic structures, we will
show that resource state 𝐵 can be transformed to its local
complementation, i.e., a tree-like resource state 𝐶 by adjust-
ing the bases of subsequent measurements and fusions. The
operators for local complementation can therefore be propa-
gated to the end of the computing process, and eventually
can be removed by a re-interpretation of the final outcomes.

=

succ

fail LC

A

B

C

A0

B0

A1

Figure 6. Root-leaf fusion failure.

Definition 4.1 (local complementation). Letting𝐺 = (𝑉 , 𝐸)
be a graph and 𝑣 ∈ 𝑉 , the local complement of G at 𝑣 , denoted
by 𝜏𝑣 (𝐺), is obtained by complementing (inversing) the edges
in the subgraph of 𝐺 induced by the neighborhood 𝑁𝑣 of a
and leaving the rest of the graph unchanged.

5



Proposition 4.2 ([39] LC-rule). A graph state𝐺 can be trans-
formed to its local complementation 𝜏𝑣 (𝐺) by applying the
following sequence of single-qubit Clifford operations

𝑈𝑣 (𝐺) = exp(−i𝜋
4
𝑋𝑣)

∏
𝑢∈𝑁𝑣

exp(i𝜋
4
𝑍𝑣)

where 𝑁𝑣 is the set of neighbors of 𝑣 in 𝐺 .

Theorem 4.3. The operators 𝑈 ±
𝑍

= exp(±i𝜋4𝑍 ) and 𝑈 ±
𝑋

=

exp(±i𝜋4𝑋 ) can both be propagated through a single-qubit
equatorial measurement on the Bloch sphere, i.e., a measure-
ment in the basis of cos𝜙𝑋 + sin𝜙𝑌 where 𝜙 ∈ [0, 2𝜋), as well
as a 𝑍−measurement by a change of measurement basis.

Proof. A measurement of 𝐴 on a single-qubit state |𝜓 ⟩ col-
lapses it to a state |𝜓 ′⟩ ≡ M[𝐴] |𝜓 ⟩ = I±𝐴

2 |𝜓 ⟩ when the
outcome is 0 and 1, respectively. It can then be verified that

M[cos𝜙𝑋+sin𝜙𝑌 ]𝑈
±
𝑍 = 𝑈 ±

𝑍M[±(cos𝜙𝑌−sin𝜙𝑋 ) ]

M[cos𝜙𝑋+sin𝜙𝑌 ]𝑈
±
𝑋 = 𝑈 ±

𝑋M[cos𝜙𝑋±sin𝜙𝑍 ]

M𝑍𝑈
±
𝑍 = 𝑈 ±

𝑍M𝑍

M𝑍𝑈
±
𝑋 = 𝑈 ±

𝑋M𝑌 □

Theorem 4.4. The operators 𝑈 ±
𝑍

= exp(±i𝜋4𝑍 ) and 𝑈 ±
𝑋

=

exp(±i𝜋4𝑋 ) can both be propagated through a two-qubit𝑋𝑍,𝑍𝑋
fusion, i.e., a joint measurement of 𝑋1𝑍2, 𝑍1𝑋2 on qubit 1 and
qubit 2, by a change of fusion basis. In particular, given a
two-qubit quantum state |𝜓 ⟩,

Proof. A measurement of 𝐴 on a two-qubit state |𝜓 ⟩ col-
lapses it to a state |𝜓 ′⟩ ≡ M[𝐴1𝐴2 ] |𝜓 ⟩ =

I±𝐴1𝐴2
2 |𝜓 ⟩ when the

outcome is 0 and 1, respectively. It can then be verified that

M[𝑋1𝑍2 ]M[𝑍1𝑋2 ]𝑈
±1
𝑍1
𝑈

±2
𝑍2

= 𝑈
±1
𝑍1
𝑈

±2
𝑍2
M[±1𝑌1𝑍2 ]M[±2𝑍1𝑌2 ]

M[𝑋1𝑍2 ]M[𝑍1𝑋2 ]𝑈
±1
𝑋1
𝑈

±2
𝑋2

= 𝑈
±1
𝑋1
𝑈

±2
𝑋2
M[±1𝑌1𝑋2 ]M[±2𝑋1𝑌2 ]

M[𝑋1𝑍2 ]M[𝑍1𝑋2 ]𝑈
±1
𝑍1
𝑈

±2
𝑋2

= 𝑈
±1
𝑍1
𝑈

±2
𝑋2
M[±1∓2𝑌1𝑌2 ]M[𝑍1𝑋2 ] □

4.3 Pipelined Feed-forward
Despite being predetermined, the semi-static fusion strat-
egy allows collective feed-forwards which can be pipelined
to reduce the overhead. On one hand, this is because the
propagation of operators for local complementation requires
an adaptive adjustment of measurement and fusion bases.
One the other hand, the connectivity of the generated ran-
dom graph state can be enhanced by mitigating the fusion
failures, including retrying failed leaf-leaf fusions with re-
dundant degrees (e.g., the 7th degree of 𝐴1 in Fig. 6) and
retrying failed root-leaf fusions with remaining degrees (e.g.,
𝐴 and 𝐶 in Fig. 6). These feed-forwards can be pipelined as
they involve only one or few consecutive RSLs. For example,
the second feed-forward round of a (merged) RSL can be
conducted concurrently with the first round of the next one,
thereby introducing only a constant overhead for the overall
program execution.

5 Random State Reshaping
Similar to the impracticality of dynamically adjusting fusion
strategies, dynamically mapping program graph states onto
the random physical graph states demands computational
complexity exceeding the photon lifetime. To address this, we
reshape each RSL to a program-agnostic 2D lattice structure
and preserve flexibility for the connections among them.
This (2+1)-D design, motivated by the continuous generation
of RSLs over time and the presence of delay lines, aims to
minimize the dynamic feed-forward while providing enough
room for program optimization.

5.1 Efficient 2D Renormalization
On each (merged) RSL, we apply a process known as renor-
malization, which reshapes the largest connected component
of the random physical graph state to a coarse-grained 2D
lattice. The key to its viability lies in the percolation phe-
nomenon [23–25]. That is, when the fusion success (or edge
connectivity) probability exceeds a certain threshold, the
random physical graph state undergoes a phase transition
from short-range connectivity to long-range connectivity,
leading to the largest connected component reaching a com-
parable size with the original graph state. Since fusions on
each RSL are constrained as a squared lattice, the percolation
threshold is only 0.5 [40], lower than the practical fusion
success probability.
Identifying intersections of horizontal and vertical paths

within this component reveals a coarse-grained square lat-
tice, represented by bold nodes and edges in Fig. 7(b). Specif-
ically, we search for vertical paths from left to right and
horizontal paths from bottom to top, enforcing distinct verti-
cal or horizontal paths to maintain a minimum separation of
at least one qubit. For each vertical (horizontal) path, a con-
nectivity check is conducted between nodes at the top (left)
and bottom (right), facilitated by a disjoint-set data structure
to reduce the complexity. Upon confirming connectivity, a
breadth-first search (BFS) is applied to determine the short-
est path, ensuring it remains free of self-tangling. To further
prevent tangling between vertical and horizontal paths, we
remove the surrounding qubits of each identified path af-
ter discovery, preventing their interference with subsequent
searches. Considering the removals, an alternating search
of vertical and horizontal paths emerges as an effectively
searching order.

To improve real-time scalability, the 2D renormalization is
designed to allow modularity, with areas on the RSL renor-
malized concurrently and then joined together. As shown
in Fig. 8, the RSL is divided into several modules of size
𝐿𝑀𝑜𝑑𝑢𝑙𝑒 ×𝐿𝑀𝑜𝑑𝑢𝑙𝑒 , with some intervals of length 𝐿𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 left
in between for joining the modules with connected paths.
This modularity leads to a time complexity of 𝑂 (1) con-
strained by the size of modules, with the complexity within
eachmodule further reduced by employing a disjoint-set data
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Figure 7. (2+1)-D renormalization for handling random graph states generated by fusions.

structure. However, it also introduces a resource overhead
due to the presence of intervals and the possible missing
connected paths between the modules . A suitable ratio of
𝐿𝑀𝑜𝑑𝑢𝑙𝑒 and 𝐿𝐼𝑛𝑡𝑒𝑟𝑣𝑎𝑙 , defined as MI ratio, can help mitigate
this resource overhead, as will be demonstrated Section 7.

𝐿!"#$%& 𝐿'()&*+,% 𝑀𝐼	𝑟𝑎𝑡𝑖𝑜 ≡ 	 !!"#$%&
!'()&*+,%

Figure 8. Modular renormalization.

5.2 Flexible Time-like Connection
Nodes on the renormalized 2D lattices can be connected
along the third dimension of time, referred to as time-like
connections. These connections can be established both be-
tween adjacent 2D lattices or across non-adjacent 2D lattices,
which are called adjacent-layer connections and cross-layer
connections. The connections to establish are given by the
IR program at the beginning of execution, leading to a 3D
graph consisting of interconnected 2D layers as illustrated
in Fig. 7(a). The process of generating this 3D graph is il-
lustrated in Fig. 7(c) on 8 RSLs, with the adjacent-layer con-
nection 𝐴𝐶 and the cross-layer connection 𝐵𝐷 being imple-
mented through the bold purple paths.

In particular, this process involves an attempt of 2D renor-
malization on each RSL. The successful ones then serves as

a logical layer, which are indexed with integers in Fig. 7(c),
while the failed ones serve as routing layers, which are in-
dexed with decimals in Fig. 7(c). The renormalization on an
RSL is considered successful if:

1. The renormalized 2D lattice reaches a size of choice,
equivalent with a choice of average node size, where

average_node_size =
RSL_size

renormalized_lattice_size

2. The RSL can establish necessary time-like connections
with prior logical layers.

To establish a time-like connection between two nodes, a
set of qubits around the earlier node are fused with corre-
sponding qubits on a correct subsequent layer. For adjacent-
layer connection such as 𝐴𝐶 , the set of qubits around 𝐴

are directly fused to the next layer, which is layer 1.1 in
Fig. 7(c). For cross-layer connection such as 𝐵𝐷 , the set of
qubits around 𝐵 are temporarily stored in delay lines as rep-
resented by the green thin lines in Fig. 7(c), until they can be
fused to layer 2.1, which is the first RSL between the layer of
the other node 𝐷 (layer 3) and its prior logical layer (layer
2). In contrast, all qubits of every path routing layers are
directly fused with their next layer, as depicted by the grey
thin lines in Fig. 7(c).
Subsequently, a path searching between the two nodes

is conducted within the random physical graph state, ex-
emplified by the bold purple lines 𝐴𝐶 and 𝐵𝐷 in Fig. 7(c).
Again, this is achieved by a connectivity check utilizing a
disjoint-set data structure structure and a BFS for the short-
est path. If the connectivity check yields a negative result,
it indicates that the current RSL fails to meet the second
condition, thus the RSL would serve as a routing layer. It is
worth mentioning that this process can tolerate the photon
loss by treating a fusion as successful only if both the input
photons are detected. Effectively, the presence of photon loss
causes a reduction of the fusion success probability, possibly
leading to more path routing layers between logical layers.
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6 IR for Offline Optimization
The structures supported by the reshaping of the random
physical graph state motivates a new IR, which maintains
the high-level program information and allows sophisticated
offline optimizations. Specifically, an offline mapping algo-
rithm can be employed to transform the program graph state
to an IR graph state. This IR will then guide the real-time
operations through a low-level instruction set.

6.1 FlexLattice IR
The reshaped physical graph state enables the abstraction
of a deterministic virtual hardware, characterized by 2D lay-
ers in a lattice structure that are flexibly interconnectable
in the third dimension, as depicted in Fig. 9(b). This virtual
hardware allows for the embedding of a family of graphs
sharing similar features as demonstrated in Fig. 9(c), motivat-
ing the introduction of a FlexLattice IR. The purpose of this
IR is to preserve the high-level program information while
providing a maximal optimization space supported by the
hardware. The rationale for this IR is supported by the fact
that any program graph state can be transformed into such
a representation, as illustrated in Fig. 9(a)→(c)→(d).

(a) program graph state (b) virtual hardware

(c) graph state embedding (d) IR graph state
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Figure 9. Offline Mapping onto the virtual hardware.

Specifically, a FlexLattice graph is defined by the following
features.

1. The graph has a (2+1)-D structure, with each 2D layer
being a subgraph of a lattice with a fixed size.

2. Edges on the third dimension connect nodes at the
same positions across different 2D lattice layers, irre-
spective of whether these layers are adjacent or not.

3. Each node has at most two edges in the third dimen-
sion, i.e., at most one with nodes on preceding layers
and at most one with those on subsequent layers.

6.2 Instruction Set
An IR graph state can be implemented on the virtual hard-
ware by a low-level instruction set defined as below, with
nodes in the high-level program graph state represented by
g_node and nodes on the virtual hardware represented by
v_node. If not adjusted by the low-level instructions, qubits
in the physical graph state are subject to 𝑍 -measurements by
default. A virtual node can be mapped to a g_node or used as
an acilla node for routing. In the former case the correspond-
ing qubit will be measured according to the measurement
pattern, while in the latter case it will be measured in 𝑋 - or
𝑌 -basis adaptively. A virtual node can also be stored into
or retrieved from a virtual cache by pushing or poping its
surrounding qubits to or from the delay lines. Spatial edges
between adjacent nodes on the same layer can be enabled
by setting associated qubits to 𝑋 - or 𝑌 -measurements, while
temporal edges between nodes at the same position of adja-
cent layers can be enabled by establishing an adjacent-layer
time-like connection.

map_v_node(v_node, g_node)

make_v_node_ancilla(v_node)

store_v_node(v_node)

retrieve_v_node(v_node, position)

enable_spatial_v_edge(v_node, adjacent_v_node)

enable_temporal_v_edge(v_node, adjacent_v_node)

Cross-layer time-like connections between layer𝑚 and
layer 𝑛 (> 𝑚) can be established by a combination of three
instructions, i.e., storing the node at layer𝑚 into the virtual
cache, retrieve it at layer 𝑛 − 1, and enable a temporal edge
between layer 𝑛 − 1 and layer 𝑛. For example, the cross-layer
temporal edge between ancilla node 𝐴 at (1,1,0) and graph
node 𝐴1 (1,1,2) in Fig. 9(d) can be implemented with the
instructions below. Note that retrieving v_node at layer 𝑛−1
does not conflict with the original v_node at layer 𝑛−1. This
is because the original node at layer 𝑛 − 1 would not have an
edge with layer 𝑛, since each node in a FlexLattice graph has
at most one edge with preceding layers. This implies that
the original node will either have no further edges or will
be stored in the virtual cache at layer 𝑛 − 1.

map_v_node((1, 1, 0), A)

store_v_node((1, 1, 0))

...

retrieve_v_node((1, 1, 0), (1, 1, 1))

make_v_node_ancilla((1, 1, 2))

enable_temporal_v_edge((1, 1, 1), (1, 1, 2)
8



6.3 Offline Mapping
With this IR, graph state mapping algorithms such as that in
OneQ can be utilized as an offline pass to produce an efficient
IR program. To support large-scale programs, we extend
OneQ’s mapping algorithm with two further optimizations.
First, to reserve enough space for routing and avoid node
congestion, we limit the percentage of incomplete nodes
on each layer within a certain threshold, with incomplete
nodes defined as those mapped nodes whose edges are not all
mapped yet. Second, to mitigate the increasing demand on
classical memory for graph information storage, we employ
a refresh mechanism, which periodically retrieves all nodes
stored in the virtual cache, refreshing them by connecting
them with current one or multiple layers, and storing them
again.

7 Evaluation
7.1 Experiment Setup

Baseline. We compare the performance of our framework
with the efficient photonic MBQC compiler OneQ. Since
OneQ is not able to handle fusion failures, we employ it with
a repeat-until-success strategy. Specifically, for each RSL we
conduct the fusions implied by OneQ repeatedly until all
fusions are successful. Subsequently, the successful RSL is
fused with its preceding RSLs. If failures occur in the inter-
RSL fusions, the entire compilation is reset and repeated
until success.

Metrics. Aligning with OneQ, we evaluate the perfor-
mance of compilation with two metrics: the number of con-
sumed RSL, denoted by #RSL, and the number of required
fusions, denoted by #fusion In particular, a smaller #RSL indi-
cates less execution time of the program and less chance for
photon loss, while a smaller #fusion implies less operations
and less chance for error occurrence.

Table 1. Benchmark Programs.

Fusion Success
Rate

#Qubits Virtual Hard-
ware Size

RSL Size

0.90
4 2x2 24x24
9 3x3 36x36
25 5x5 60x60

0.75
4 2x2 48x48
25 5x5 120x120
64 8x8 192x192

Photonic Hardware Model. We adopt the same photonic
hardware architecture with OneQ, as introduced in Section 2.
In the main experiment, the comparison with OneQ is per-
formed with 4-qubit star-like resource states, and the sizes
of hardware for different benchmarks are listed in Table 1.
Subsequent experiments for further analysis are conducted
with 7-qubit star-like resource states, which naturally have
sufficient degrees for forming 3D lattice-like graph states.

Benchmark programs. We select a set of benckmark
programs including Quantum Approximate Optimization Al-
gorithm (QAOA), Quantum Fourier transform (QFT), Ripple-
Carry Adder (RCA) [41] and Variational Quantum Eigen-
solver (VQE). For QAOA, we choose the graph maxcut prob-
lem on randomly generated graphs. Specifically, the graphs
are generated by randomly connecting half of all its pos-
sible edges. For VQE, we follow the commonly used full-
entanglement ansatz, which proves to be an expressive ansatz
[42, 43]. In table 1, we list the benchmarks with their num-
bers of qubits in the circuit representation. We also list the
sizes of virtual hardware layers, along with the required sizes
of RSLs to construct them.

7.2 Experiment Result
In this subsection, we firstly show the performance of our
compiler in comparison with OneQ. Then we analyze the ef-
fects of underlying resource states, hardware size and fusion
success probability, for which we only focus on #RSL. This is
because unlike OneQ, the #fusion in OnePerc is predictable
from its #RSL, thus following a same trend with #RSL.

Performance. Table 2 presents the comparison of our
framework with OneQ. The results indicate a significant
reduction of #RSL and #fusion by our framework. Specifically,
the results show that OneQ can work only in the region of
small programs and high fusion success probabilities. When
the fusion success probability decreases to a practical value
around 0.75, it takes more than 106 RSLs even for executing
the 4-qubit benckmarks. This implies OneQ’s non-scalability
due to its lack of capability in systematically handling the
randomness of fusion failure. In contrast, our framework can
work well with a practical success probability, demonstrating
an increasing outperformance over OneQ as the programs
scale up.

Resource State Size. Our compiler has a general appli-
cability to the underlying resource states of various sizes.
Fig. 10(a) illustrates the varying #RSL when executing the
programs with star-like resource states of different sizes, i.e.,
consisting of different numbers of qubits. It can be seen that
the #RSL decreases as the size of resource states increases.
This is because a larger resource state can participate in fu-
sionswithmore qubit degrees, without the need of increasing
the degrees by merging multiple RSLs.

Hardware Size. Our compiler has an adaptability to vari-
ous hardware sizes. Fig. 10(b) shows the varying #RSL when
executing the programs on photonic hardware of different
sizes, i.e., with different sizes of RSLs. It can be seen that a
larger photonic hardware leads to a reduced #RSL, which
indicates that our framework can effectively utilize the com-
puting resource as it scales up. In particular, a larger RSL
can enable a larger renormalized lattice, thus a larger vir-
tual hardware. This provides the offline mapping with an
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Table 2. The results of OnePerc and its relative performance to the baseline.

Fusion Success
Rate

Benchmark
Name

OneQ #RSL OnePerc #RSL #RSL Improv. OneQ #Fusion OnePerc #Fu-
sion

#Fusion Improv.

0.90
(hyper-
advanced)

QAOA-4 304 84 3.62 13,990 117,664 0.12
QFT-4 3,759 174 21.59 180,634 274,155 0.66
RCA-4 3,107 237 13.11 63,814 373,646 0.17
VQE-4 56 22 2.55 1,707 33,526 0.05
QAOA-9

> 106

240 > 103

> 1010

855,354 > 104
QFT-9 570 > 103 2,031,813 > 103
RCA-9 1,017 > 102 3,627,950 > 103
VQE-9 156 > 103 555,065 > 104
QAOA-25 768 > 103 7,637,711 > 103
QFT-25 2,418 > 102 24,065,102 > 102
RCA-25 3,111 > 102 30,962,172 > 102
VQE-25 705 > 103 7,010,656 > 103

0.75
(practical)

QAOA-4 1,708 48 35.58 119,731 169,431 0.71
QFT-4 > 106 210 > 103 > 1010 746,977 > 104
RCA-4 > 106 201 > 103 > 1010 714,835 > 104
VQE-4 1,017 23 44.22 25,354 96,332 0.26
QAOA-25

> 106

705 > 103

> 1010

15,781,250

> 10

QFT-25 2,271 > 102 50,835,771
RCA-25 3,252 > 102 72,795,212
VQE-25 759 > 103 17,292,345
QAOA-64 2,787

> 102
62,386,302

QFT-64 9,609 215,095,078
RCA-64 8,001 179,100,397
VQE-64 3,132 70,109,041
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Figure 10. Effects of resource state size (a), hardware size (b) and fusion success probability (c), with the resource states being
7-qubit ones for (b)(c), hardware size being 84x84 for (a)(c), and the fusion success probability being 0.75 for (a)(b).

increased space for flexible routing, thereby reducing the
required logical layer and, consequently, the #RSL.

Fusion Success Probability. Our compiler has a capabil-
ity of tolerating fusion failures at a practical level. Fig. 10(c)
shows the varying #RSL when executing programs under
different fusion success probabilities. It can be seen that our
compiler can tolerate a fusion success probability as low as
0.66, with the #RSL decreasing with a higher fusion success
probability. This is because a higher fusion success probabil-
ity results in a larger renormalized lattice on RSLs, enabling
a larger virtual hardware. This provides the offline mapping
with an increased space for flexible routing, thereby reducing
the required logical layer and, consequently, the #RSL.

7.3 Scalability and Parallelism
Scalability. Our compiler presents a great scalability, char-

acterized by the stable overhead as the computing scales up.
Fig. 11(a) shows the average node size of 2D renormalization
as the hardware size increases. In particular, it keeps stable
against the hardware size, being smaller with a higher fusion
success probability. Fig. 11(b) shows the average ratio of RSL
to logical layers as the program size increases. In particu-
lar, it first increases with the program size then soon gets
stable at around 3, implying the successful formation of a
logical layer about every 3 RSLs. These stabilities provide a
predictability of the resource consumption and ensures the
scalability of our framework.
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Figure 11. Scalability and parallelism of OnePerc with 7-qubit resource states, with fusion success probability being 0.75 for
(b)(c), average node size chosen as 20 × 20 for (b)(c), hardware size being 100 × 100 for (b) and 240 × 240 for (c).

Parallelism. While our framework achieves a notable
real-time scalability with a modular 2D renormalization, it
involves a tradeoff between the parallelism and the resource
efficiency. This is because the presence of intervals between
the modules reduces the available resource on each RSL
(Fig. 8). To evaluate this resource overhead, Fig. 11(c) depicts
the size of the renormalized 2D lattice against the number of
modules. For comparison, the red dots represent the renor-
malized lattice size of a non-modular algorithm in an unlim-
ited time, while the black dots represent the renormalization
size of the non-modular algorithm in a time restricted by
that consumed by the modular approach.
It can be seen that the renormalized lattice by the mod-

ular approach is around 60% of that by the non-modular
approach with unlimited time, which decreases slightly with
the number of modules. This is because an increased number
of modules leads to a higher probability of being unable to
connect the corresponding paths across different modules.
However, the renormalized lattice is significantly larger than
that can be achieved by the non-modular in the restricted
time, which ranges from 2× to 7× as the number of mod-
ules increases from 4 to 16. This is very important since the
time for the online algorithm is always restricted by the lim-
ited lifetime of photons. Overall, Fig. 11(c) indicates that our
framework can significantly improve the real-time scalability
with a relatively stable overhead of computing resource.

7.4 Hyper Parameters
MI Ratio. The size of renormalized lattices also relies on

a suitable choice of MI ratio (defined in Fig. 8). Fig. 11(c)
illustrates the renormalized lattice size with different choices
of MI ratios. It can be seens that the renormalization size
first increases with the MI ratio and then decreases, peaking
at around 7 regardless of the number of modules. This is be-
cause an excessively lowMI ratio leads to a waste of resource
with its wide interval space while an overly high MI ratio
increases the probability of unable to connect corresponding
paths with its restricted routing space in the intervals.

Average Stripe Size. A suitable choice of average node
size is important for reshaping, as it determines the target
size of a successful 2D lattice. Fig.12 illustrates the success
probability of reaching different predetermined lattice sizes,
i.e., different choices of average node size. It can be seen that
the success probability approaches 1 rapidly as the target
lattice becomes more coarse-grained. This sharp transition
motivates us to choose the smallest average node size that
brings the success probability close to 1.
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Figure 12. Effect of choices of average node size.

8 Conclusion
In this work, we provide in-depth analysis and discussion of
the challenges for photonic quantum compilation brought by
the probabilistic operations involved in the computing. We
propose a randomness-aware compiler to handle these proba-
bilistic operations, demonstrating a concurrent achievement
of scalability and efficiency on photonic systems. With this
being said, we believe that there is still significant potential
for fully exploring the entire optimization space. We hope
that our work could attract more effort from the computer
architecture and compiler community to explore the advan-
tages of photonic quantum computing and overcome the
unique challenges.
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