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Quantum computing has emerged as a transformative frontier of computation. In recent
years, quantum hardware has scaled at an unprecedented rate. As this momentum continues,
the central challenge is shifting upward in the stack—from hardware-level feasibility toward
system-level scalability. This thesis will focus on quantum computer architecture and compiler,
introducing the challenges and opportunities to efficiently harness device capabilities and lower
the demands on hardware technology, thereby accelerating timelines for practical quantum

advantage.
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Introduction

The concept of quantum computing has been around for about 40 years. Recent years
have seen rapid progress across various qubit technologies, and now many of these machines
are available through the cloud, so we can experiment with hundreds or thousands of qubits
remotely, just using our laptops. With this rapid progress, it is envisioned that over the next ten
years, we will be able to reach 100,000 or even a million qubits, which would enable us to solve
practical problems.

In the 1980s, theorists proposed this fundamentally new way of computing. As it is
based on the laws of quantum physics rather than classical physics, it opens up the possibility of
computing as efficiently as nature does. When they looked for practical applications, what they
found was exciting: for problems such as simulating physical systems and integer factorization,
quantum computing can provide exponential speedups over classical computing. With this
motivation, researchers started demonstrating the experimental feasibility of quantum computing
by building quantum hardware with more and more quantum bits, or qubits. Today we have
various qubit technologies, such as superconducting, neutral atom, trapped ion, and photonic
platforms. These technologies are also being actively pursued by industry, from tech giants like
Google and IBM to a growing number of startups.

But having qubits alone doesn’t give us a full-stack computer. It is essential to move from
small prototypes to scalable and efficient computing platforms through proper system design.
Looking back on how we got from the first digital computers to the machines we have today, it
wasn’t just about adding more transistors. It requires a full-stack system design to reach the level

of performance and scale we take for granted today.



So what are the roles of system design in quantum computing? First, it supports efficient
scaling of quantum computing. In the early days we only had around ten qubits, we didn’t
really need systems or software because everything could be designed manually. But now we
have thousands of qubits, and the hardware is also becoming more and more complicated as
the scale increases. Software stack — especially the optimizing compiler — is the key to fully
harnessing that complexity without losing performance. Second, it lowers the requirements for
quantum hardware performance. If we only look at the hardware, it is not always clear how
much hardware performance is good enough and how much we could instead rely on software.
In fact, among the qubit technologies we mentioned earlier, each comes with its own strengths
and limitations. Cross-stack co-design is important for mitigating these limitations and isolating
truly critical hardware challenges. Third, it guides future investment in quantum technologies.
Today, quantum computing is still in an early stage. There are many directions we could take
and many technologies we could invest in. But in reality we always have limited budget, and it
is important to know where to put our money and effort. As hardware development is usually
much more expensive than software, cost-effective future hardware development must be guided
by its impact on the overall system performance.

Today, the quantum computing stack is still far from mature. But if we make an analogy
to the classical computing stack, we can organize the layers between devices and applications
into quantum architecture, quantum compilation, and quantum programming. This thesis focuses
on the architecture and compiler layers of quantum computing systems. On the compiler layer,
it discusses the challenges of scaling up quantum computing through modular (Chapter 1) and
distributed (Chapter 2) systems and how they could be addressed by compiler optimization.
On the architecture layer, it explores quantum computing platforms with different native oper-
ations and how they could be addressed by different quantum computing paradigms, such as

measurement-based quantum computing (Chapter 3,4,5).



Chapter 1

MECH: Multi-Entry Communication
Highway for Superconducting Quantum
Chiplets

1.1 Introduction

The past decade has witnessed exciting breakthroughs of quantum computing technolo-
gies on various hardware platforms [16, 154, 226, 236, 80, 241, 14], with the superconducting
platform being one of the leading candidates. However, the complexity of building increasingly
larger devices [111, 76] and the capacity limitation of individual cryogenic dilution refrigera-
tors [127, 13] bring extreme challenges for eventually realizing a giant superconducting quantum
chip. Moreover, the fabrication yields will also decline as the number of qubits on the chip
increases, leading to a significant increase in manufacturing costs. To realize large-scale quantum
computers, a modular system linking processors together, either with long-range or short-range
links [18, 196, 59, 217, 109], is required.

Recently, there has been significant research interest [44, 60, 131, 195] in the modular
architecture that connects nearby small quantum processors, known as chiplets, due to advance-
ments in short-range inter-chip connections on superconducting platforms [129, 242, 146, 243,
98]. These chiplets form a multi-chip processor that offers a middle ground between monolithic

computing and long-range distributed quantum networks. This approach is expected to enable



1-10 thousand qubits in the near term [93], with physical gate error rates ranging from le-4 (e.g.
single-qubit gates [175]) to le-2 (e.g. cross-chip links [98]). Indeed, it is essential to acknowl-
edge that this computing scale remains a considerable distance from reaching the real-world
fault-tolerant quantum computing, as the 1-10 thousand physical qubits could accommodate only
several long-lived logical qubits [157] and the gate error rates are still above the fault-tolerant
threshold [90]. However, it already has the potential to significantly advance the capabilities of
near-term quantum computing and empower a range of applications in the NISQ era.

Despite the significant leap in scale, this emerging chiplet architecture presents a new
set of challenges which requires novel techniques in compilation of quantum programs. First,
with the increased computing scale comes longer execution time of quantum programs, which
places a higher demand on the coherence time of the qubits. Second, the different technologies
used for on-chip and cross-chip connections introduce heterogeneity in their characteristics,
with the fidelity of cross-chip connections typically lower than that of on-chip connections.
Third, in contrast to the possibility of all-to-all connectivity between processors in long-range
distributed quantum computing, cross-chip connections in the chiplet architecture are subject to
constraints that limit connectivity to neighboring chiplets only, and these cross-chip connections
may be sparser than on-chip ones. These challenges cannot be addressed directly by existing
compilers which are designed and tailored for either monolithic or (long-range) distributed
quantum computing for the following reasons.

On one hand, compilation techniques for monolithic quantum computing is not efficient at
the scale of computing on chiplets. Monolithic compilers rely on insertion of SWAP gates to route
qubits of each gate toward each other [173], thus enabling the multi-qubit gate execution between
distant qubits. However, the routing paths of qubits increase with the scale of computing, and
the qubits may route back and forth if they are involved in multiple gates. Hence this approach
would result in significant latency that soon becomes intolerable for the chiplet architecture.
Moreover, these compilers do not take into account the discrepancy between fidelities of on-chip

and cross-chip connections.



On the other hand, compilation techniques for distributed quantum computing cannot be
effectively applied to the chiplet architecture either. Distributed compilers focus on minimizing
the long-range communications, with the motivation that remote gates between different proces-
sors are much more expensive than the local ones within each processor. However, this should
not be the only objective for compilation on the chiplet architecture, as the disparity between
on-chip connections and cross-chip connections is not as significant as that in the distributed
quantum computing. Furthermore, these compilers usually make some assumptions that are
not applicable to the chiplet architecture, such as an all-to-all connectivity among different
processors or easy access to the dedicated communication qubits from any data qubit.

In this paper, we investigate the optimization of quantum program compilation for
the chiplet architecture to reveal the sweet spot between monolithic quantum computing and
distributed quantum computing. The insight is that the aforementioned challenges can be
overcome by innovative compilation techniques being novel at three levels. First, the computing
paradigm of the circuit model can be extended to trade additional ancillary qubits for more
concurrency of gate execution, thus reducing the execution time and mitigating the increasing
demand for coherence time. Second, the qubit communication can be boosted through an
efficient communication mechanism over the ancillary qubits, which allocates ancillary qubits in
a resource-efficient and architecture-aware manner to enable easy access to the ancillary resource
while taking into account the discrepancy between on-chip and cross-chip links. Third, gates in a
program can be scheduled by a compiler to execute with or without the ancillary qubits based on
their patterns in the program, with corresponding qubits routed accordingly by the compiler to
respect the conncetivity constraints within or among the chiplets.

To this end, we propose a compilation framework that incorporates optimizations at the
three levels above. At the level of computing paradigm, we incorporate ancillary qubits by
adopting a hybrid of gate-based computing and measurement-based computing. In particular,
the ancillary qubits operate in a measurement-based manner, taking advantage of the recent

advancement of dynamic circuit [66, 3], while the regular data qubits remain in their purely



gate-based manner. This hybrid paradigm enables a tradeoff between additional qubit resources
and program concurrency by leveraging the outstanding concurrency of the protocol in [229]
(Fig. 1.3). Besides the incorporation of measurements in the protocol itself, we further propose a
measurement-based scheme for the entanglement preparation among the ancillary qubits, which
facilitates the efficient realization of the protocol.

At the level of communication mechanism, we abstract the ancillary qubits into an
adjustable multi-entry communication highway (MECH), providing a mechanism to efficiently
utilize the ancillary resources with minimized qubit overhead. In particular, the highway is
composed by consecutive paths of ancillary qubits, with the paths spanning across the chiplets to
give easy access to all qubits. The density of ancillary qubits along the paths are adaptive to the
coupling structures of the chiplets, with sparse patterns allowed to reduce the qubit overhead
and dense patterns enforced around critical positions to reduce the communication latency and
address the architectural heterogeneity. In this way, the highway forms a communication channel
on the software level without the need of hardware modification, enabling concurrent gate
execution regardless of the distances among the involved qubits.

At the level of program compilation, we fully exploit the highway channels with a
dynamic scheduling of gates and an efficient routing of relevant qubits that maximizes the
sharing of highway resources. In particular, the scheduling dynamically determines the periods
of communication protocols based on the communication demand to accommodate as many
gates as possible in each round, allowing a temporal sharing of highway resource among gates.
The routing addresses the hardware connectivity constraints with optimizations from two aspects.
First, it routes necessary qubits towards nearby highway in a way that ensures the earliest
execution of their gates. Second, it routes those gates through the highway in a way that
minimizes routing path lengths by allowing spatial sharing of highway resources among qubits.

To summarize, our contributions in this paper are listed as follows:

* We trade ancillary qubit resources for program concurrency by proposing a hybrid com-



puting paradigm of gate-based and measurement-based computing, thus mitigating the

enhanced demand for coherence time by larger scale of quantum computing.

* We abstract the ancillary qubits into an adjustable multi-entry communication highway at
the software level, and propose a communication mechanism for allocation of highway

with small overhead and efficient realization of the communication protocol.

* We perform compilation optimizations through a dynamic scheduling of gates onto the
highway and an efficient routing of relevant qubits under the connectivity constraints,

allowing for temporal and spatial sharing of highway to fully exploit the resources.

* We demonstrate a compilation framework that significantly outperforms the baseline in
both the circuit depth and the number of operations. The evaluation shows a trend of
reduced qubit overhead and increased outperformance as the computing scale increases,

suggesting the scalibility of our framework.

1.2 Background and Related Work

1.2.1 Quantum Computing Basics
Entangled States

Entangled states can serve as valuable resources for quantum computational tasks. For
example, the GHZ states can be used to facilitate qubit communication over long distances. To
prepare an N-qubit GHZ state, one can start with N qubits in the state |0), and apply a chain
of CNOT gates as illustrated in Fig. 1.1(a), with the dark blue dots connected by wavy lines
standing for the GHZ state. Another example is the utilization of cluster states [176], a state of
qubits arranged in a lattice G = (V, E), enables universal computation in the measurement-based
quantum computing (MBQC) model. To prepare a cluster state, one can initialize all qubits in G
to the |+) state and then apply CZ gates between each pair of neighboring qubits in graph G. A
1-dimensional example is illustrated in Fig. 1.1(b), with the light blue dots connected by straight

lines standing for the cluster state.
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Figure 1.1. GHZ state and cluster state preparation.

Quantum Gates

In the circuit model of quantum computing, qubits are manipulated by quantum gates
such as the 1-qubit Hadamard gate and 2-qubit CNOT gate. By arranging these basic gates
appropriately, it is possible to abstract higher-level gates for communicating quantum data
between qubits. For instance, a SWAP gate can exchange the states of two qubits, which can be
achieved by 3 CNOT gates as illustrated in Fig. 1.2(a). A bridge gate can perform an effective
CNOT between two qubits that cannot interact with each other directly, through the use of a third
qubit. This can be accomplished using 4 CNOT gates as depicted in Fig. 1.2(b). These gates
play an important role in addressing the connectivity constraints between qubits on the hardware,

and are widely used in various compilation frameworks.

a1 q1
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(a) SWAP gate (b) Bridge gate

Figure 1.2. SWAP and bridge gates.

Quantum Measurement
Quantum measurement is a fundamental operation that allows us to extract information
about the state of a quantum system. While measurements of quantum circuits are traditionally

performed in a delay-to-the-end manner, recent advancement of hardware technologies [66, 3] has



enabled dynamic circuits with mid-circuit measurements. This allows a seamless incorporation
of real-time classical communication into quantum circuits, and will greatly increase the variety
of circuits that can be executed on near-term quantum hardware, forming an important part of

many quantum applications in the future.

1.2.2 Quantum Architecture and Compiler
Monolithic Quantum Computing

Monolithic architecture is the simplest architecture for quantum computing that presents
a self-contained system on a single chip. However, it faces extreme challenges in its scalabil-
ity [131], as the increasing number of qubits would increase the noise, reduce the yield rate of
manufacturing, and eventually push the capability of cooling and control technologies to their
limit.

Compilation for monolithic quantum computing is responsible for transforming quantum
circuits to a form that complies with the constraints of the underlying hardware. In particular, it
addresses the connectivity constraints among physical qubits by routing logical qubits involved in
the same gate to physical qubits that are directly connected on the hardware. On state-of-the-art
compilers [173, 9, 119, 193], this is achieved by insertion of SWAP or bridge gates into the
circuit. However, as the scale of computing increases, this compilation approach will become
inefficient, because the increasingly long routing paths will result in significant latency and harm

the overall fidelity.

Distributed Quantum Networks

A distributed architecture for quantum computing, also known as a distributed quantum
network, comprises multiple processing nodes physically separated across a considerable distance.
While quantum channels across the nodes can be realized by microwave-to-optical (M20)
internode links [103, 128, 130, 134, 61, 152], these links are typically much noisier and slower
than the connections within each node [18, 131]. Moreover, internode communications rely on

complex protocols [172, 69], usually including the preparation, distribution and measurement of



EPR pairs. Consequently, remote operations between different nodes are considered much more
expensive than the local ones.

Compilers for the distributed architecture primarily focuses on minimizing the number
of these expensive remote operations. This objective can be achieved by an efficient utilization
of entangled states among different nodes. For example, [229] proposes a protocol that enables
simultaneous data control on multiple nodes with the help of a pre-established GHZ state. This
protocol is depicted in Fig. 1.3, with the dark blue nodes connected by wavy lines standing
for the GHZ state. The three entangled qubits gg,q4,¢7 in the GHZ state are distributed to
three different nodes, with the first node containing qubits {qo,q1,92,¢3}, the second node
containing {q4,¢s,qe¢} and the third one containing {g7,¢s,q9}. By entangling control qubit
g1 with a qubit gg in the GHZ state, conducting a measurement on gy with Pauli corrections
on all the other qubits in the GHZ state, g; involves its data into the entangled state, and
enables simultaneous control gates over qubits on all the three nodes. However, in distributed
compilers [21, 85, 77, 224], certain assumptions are usually made, such as that each node may
communicate with any other node in the network, and the data qubits on each node can easily

access the dedicated communication qubits on the same node.

Figure 1.3. Communication protocol.
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Chiplet Architecture

The chiplet architecture for quantum computing integrates multiple small, locally-
connected chips, known as chiplets, to form a multi-chip module (MCM). This can be achieved
by linking separate physical modules to a larger carrier chip or interposer using flip-chip bonds
[98], or connecting devices in different refrigerators using cryogenic links [146]. The chiplet
architecture offers greater scalability than the monolithic architecture, as the smaller size of
the chiplets results in higher yield and lower fabrication costs, and reduces the complexity of
design verification and post-fabrication testing. Furthermore, it has better performance than
the distributed architecture, as the short-range cross-chip connections can be made with lower
latency and higher fidelity compared to long-range internode links.

Recent research on the architecture side has shown the potential of chiplet architecture to
exceed the performance of monolithic architecture on near-term hardware [131] and demonstrated
the feasibility of scaling quantum computing through modularity by analysis of yield and gate

performance [195]. However, there is still much work to be done on the compilation side.

1.2.3 Communication between Qubits

Quantum communication takes place via the movement of qubits or the transfer of their
quantum states. [163] introduces a quantum wire architecture based upon quantum teleportation
to transport data over long distance, comparing it with the swapping channels by analyzing their
latency, bandwidth, fabrication challenges with solid-state silicon technology and associated
classical control logic. [114] investigates the construction of reliable long-distance quantum com-
munication channels with ion trap technology by combining ballistic ion movement and quantum
teleportation, addressing the routing problem for EPR pair distribution. [144] demonstrates
on-chip genuine multipartite entanglement and quantum teleportation in silicon by coherently
controlling an integrated network of microresonator nonlinear single-photon sources and linear
optic multiqubit entangling circuits. [186] proposes a multi-core architecture that utilizes dedi-

cated communication qubits and specialized physical channels to perform inter-core quantum
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communication via quantum teleportation. [112] incorporates the teleportation protocol in qubit
mapping. But due to the lack of optimization, their compiler [2] can only handle small-scale
circuits, thus not applicable for the chiplet architecture.

Although quantum communication schemes over long distances have been described
in the literature above, what has been missing is an efficient management of communication
resources that allows different operations to share and utilize the available resources to their
full potential. Our work fills this gap by conceptualizing the communication resources to an
adjustable multi-entry communication highway (MECH). In this model, different qubits and
gates can simultaneously access and share the resources, entering and exiting the highway
at various points along it based on their needs. The efficient preparation and consumption
of entanglement on the highway, and the precise management of the timing and trajectories
of accessing the highway, all handled by our compiler, enhance the overall communication
efficiency. Furthermore, as this highway channel is purely software-driven, it can be adjusted

conveniently in response to the available qubits and to accommodate architectural heterogeneity.

1.3 Overview: Building Highways on Chiplets

As quantum computing scales up with the help of the emerging chiplet architecture,
efficient communication between qubits would become a critical challenge. The increasing
routing distances between qubits can lead to significant overhead in executing quantum programs,
limiting the scale of programs that could be run within the coherence time. To overcome this
challenge, a high-speed communication channel needs to be built on the chiplets to facilitate
efficient communication between distant qubits, akin to building highways across cities to enable
long-range transportation.

Our insight is that this high-speed communication channel can be built on the software
side, by enabling concurrency between gate execution regardless of the distances among the
involved qubits. Specifically, the concurrency is achieved by resolving the following two prob-

lems. First, gate execution in the superconducting quantum computing system can not reach its
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Figure 1.4. Computation process on chiplets in the presence of highway (dark blue paths in (c)).
Commutable gates in circuit (a) are aggregated to multi-target control gates (b) and executed
simultaneously on the highway (d).

maximum concurrency due to the hardware constraints. While in principle, execution of com-
mutable gates in a circuit do not have dependency on each other, on the superconductive platform
they have to be executed sequentially if they share common qubits. Second, communications
between distant qubits are usually achieved through insertion of sequential SWAP gates between
them. When qubits are involved in multiple gates, they often have to be routed back and forth,
preventing the concurrent execution among those gates.

To build the communication channel, we provide an approach that allocates some of the
qubits as ancillary qubits and establishes entanglements among them. These entanglements can
then be utilized as a computing resource to connect distant qubits and enhance the concurrency of
their operations. In particular, we utilize the communication protocol as shown in Fig. 1.3 which
allows simultaneous execution of controlled gates sharing the same control qubit. Controlled
gates sharing the same target qubit can also utilize this protocol by transforming themselves to

controlled gates sharing the same control with Hadamard gates. The entangled states required
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by the protocol are formed on the ancillary qubits, which are allocated close to each other on
the hardware, forming a computational highway across chiplets. By sacrificing a small portion
of qubits, which are not as scarce as in monolithic computing with the highly scalable chiplet
architecture, we can trade for more concurrency using this protocol originally proposed for
distributed computing.

To illustrate the computation process in the presence of highway, Fig. 1.4 shows an
example of executing the circuit in Fig. 1.4(a) on a chiplet architecture in Fig. 1.4(c). This chiplet
architecture consists of 3x3 chiplets each containing 5x5 qubits, with the highlighted qubits
in dark blue being the ancillary qubits that form a highway across the chiplets. In the circuit
(1.4(a)), gates {C21,Ca3,Caa}, gates {Cgs,Ce7,Ces } and gates {Cy1,Cy3,Ca7,Cag} are three sets
of commutable gates that can be executed concurrently via the utilization of highway. Thus
we aggregate them into multi-target controlled gates C; 134,Cq 578 and Cy 1378 (shown with
corresponding colors in 1.4(b)) while keeping the other gates (i.e., gates Cp5 and Cy¢ in black)
as their original forms. At ¢ = 1, the CNOT components in C 134 and Cg 578 are executed
concurrently on two segments of GHZ states (orange and deep magenta segments in 1.4(d),
respectively), while at t = 4, the CNOT components in C4 1378 are executed concurrently on a
new GHZ state prepared between r = 1 and r = 4 (green segment in 1.4(d)). In contrast, the other
gates are executed individually by bringing their qubits together using SWAP gates (t = 2 and
t =3 1in 1.4(d)). We omit the details of scheduling and routing here and will discuss them in later

sections.

1.4 Hybrid Computing Paradigm

Chiplet architecture is a highly scalable architecture that can provide massive qubit
resources for NISQ devices. This not only leads to a leap of computing scale, but can also
revolutionize the quantum computing model by making ancillary qubits more affordable. When
combined with the mid-circuit measurement technology, these ancillary qubits can be utilized

to increase the concurrency of circuit execution, which is particularly crucial when operating
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at the scale enabled by the chiplet architecture. This is because as the scale increases, program
execution time naturally increases, thereby posing a considerable challenge to program fidelity
due to qubit decoherence. While this can be mitigated by the hardware advancements aimed at
extending coherence time, we emphasize the vital role of software optimization, which addresses
the problem in a more cost-effective manner.

To take advantage of the ancillary qubits, we extend the circuit model to a hybrid
computing paradigm that allows different manners of computation on different types of qubits.
Specifically, computation on the ancillary qubits is performed in a measurement-based manner,
while computation on the regular qubits, which we call data qubits, remains in the purely gate-
based manner. This hybrid paradigm allows the ancillary qubits to facilitate gate execution
between data qubits through a communication protocol depicted in Fig. 1.3. This protocol
enables simultaneous execution of control gates that share the same control qubit by consuming
pre-established GHZ states among the ancillary qubits through 1-qubit measurements. Given the
prevalence of these controlled gates in quantum programs, the integration of additional ancillary
qubits can significantly enhance program concurrency.

An efficient implementation of the protocol in Fig. 1.3 calls for a fast preparation of GHZ
states. This can be realized by manipulating the ancillary qubits in a measurement-based manner.
Traditionally, a straightforward preparation via chaining the qubits with CNOTs would result in a
significant latency which is proportional to the number of entangled ancillary qubits. To mitigate
this issue, we propose an efficient preparation strategy that allows a constant-time preparation by
leveraging the mid-circuit measurement technology. In particular, this is achieved by three steps,
as illustrated in Fig. 1.5. First, we prepare an n—qubit cluster state in a highly parallel manner.
Second, we perform measurements on half of the entangled qubits, forcing the other half of the
qubits to form a 5—GHZ state by applying necessary Pauli corrections. Third, if necessary, the
measured ancillary qubits can be re-entangled by applying parallel CNOT gates controlled by
the 5—GHZ state, thus forming a larger GHZ state.

The reason behind is that a GHZ state can be extended by the circuit in Fig. 1.6. Specif-
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Figure 1.5. Efficient preparation of GHZ states.

ically, the n-qubit GHZ state |4), = [0)®" +|1)®" and the 1-qubit |+) state apply two CNOT

gates on another |0) state, leading to a state

[0)"10) [0) +[1)=" |0} [1) +[1)=" [1)0) +10)" [1) 1) .

Then measuring the another qubit results in either [0)*" |0) 4 |1)*"|1) with an outcome 0, or
10)*™|1) +[1)®"|0) with an outcome 1. The former state is an (n+1)-GHZ state as shown in
Fig. 1.6(c), and the latter one can also be transformed to an (n+1)-GHZ state with a Pauli
correction. Since the circuit in Fig. 1.6(a) is equivalent to that in Fig. 1.6(b). This recursively
generates the circuit in Fig. 1.5, which can be regarded as the generation of a cluster state
followed by subsequent measurements and Pauli corrections. When substituting the 1-qubit |+)

state with a multi-qubit GHZ state, this circuit can also be used to merge two GHZ states.
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Figure 1.6. Extension of GHZ states.

This method is applicable for generic qubit layouts, not limited to linear cluster states [73].
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For example, a cluster state among the qubits lying on a cross-shaped graph can be transformed
to a GHZ state through the process shown in Fig. 1.7. This lays a foundation for the formation of

highway in subsequent sections.

cluster GHZ
w state .M. state

Figure 1.7. Beyond linear cluster state.

1.5 Efficient Highway Mechanism

When it comes to the allocation of ancillary qubits, there are three challenges we need
to address. First, the implementation of the fast GHZ state preparation is constrained by the
hardware connectivity. The 2-qubit gates in Fig. 1.5 can be conducted only between qubits that
are adjacent to each other in the coupling graph of chiplets. Second, the presence of ancillary
qubits inevitably reduces the number of qubits that can be used as data qubits since the total
number of qubits is limited. Hence we need to minimize this qubit overhead so that it does not
significantly affects the scale up of computing on the chiplets. Third, as cross-chip connections
have lower fidelity than the on-chip ones, the layout of ancillary qubits should be designed to
take this heterogeneity into account and minimize the use of cross-chip connections.

To resolve the first challenge, ancillary qubits should be allocated close to each other
on the hardware. For example, a series of adjacent ancillary qubits can be allocated to form
consecutive paths as illustrated in Fig. 1.7, so that 2-qubit gates can be directly applied among
them. We refer to this layout as a highway to indicate its speedup for gate execution, and
refer to the ancillary qubits forming the highway as highway qubits. The highway should

span across chiplets to make sure that it can be accessed easily by all data qubits and facilitate
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communications between distant qubits. To maintain the proximity between highway qubits,
we allocate the highway qubits prior to the computation and fix their layout throughout the
computation.

The second challenge can be tackled by making the highway structure sparser by inter-
leaving highway qubits with data qubits, as shown in Fig. 1.8(a). The efficient entanglement
generation among them can be achieved with bridge gates, with the concrete circuit shown
in Fig. 1.8(b). The latency of this process is determined by the maximum number of bridge
gates each qubit is involved. Consequently, a potential bottleneck arises at the crossroads where
different paths intersect. To mitigate this, we maintain a dense arrangement of highway qubits

around the crossroads, only employing an interleaving pattern in the non-crossroad areas.
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Figure 1.8. Interleaving highway structure (a) with its efficient GHZ state preparation (b).

As for the third challenge, since each cross-chip gate can introduce errors equivalent
to several on-chip gates, it is imperative to minimize their usage during the preparation of the
highway entanglement. Similar to that around the crossroads, we can alleviate this concern by
maintaining dense qubit arrangements on the edges of each chiplet, so that the entanglement
among highway qubits on different chiplets can be created by a direct CNOT instead of a bridge
gate. This tradeoff between the qubit overhead and highway performance can be adjusted
flexibily based on the performance disparity between on-chip and cross-chip links.

In compliance with the conditions set forth by the insights above, we can construct the
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Figure 1.9. Highway configuration on square and hexagon chiplets.

highway in a roughly mesh-like configuration, with the selection of horizontal and vertical paths
ensuring that they encounter the cross-chip links at the boundaries. As an example, Fig. 1.9(a)(b)
illustrate the highway configurations when the chiplets are in a square and hexagon structure. In
the example, the highways on each chiplet have the same configuration, since the periodicity of
the mesh aligns with the the width of each chiplet. However, this is not mandatory. In general
cases, we can consider connections within and beween all chiplets collectively, allowing the
mesh’s periodicity to be flexibly determined based on the affordability of ancillary qubtis.

The GHZ state on the highway is prepared by identifying a set of critical highway qubits,
i.e., those at crossroads and those at the ends of a path, then entangling them in the way of
Fig. 1.8. For each pair of critical qubits, we first count the number of highway qubits between
them. If the number is odd, we connect them with the GHZ preparation circuit (Fig. 1.8) with
either bridge gates or direct CNOT gates. If the number is even, we turn it into the odd case by
first conducting a CNOT (preferred) or bridge gate between one of the critical and the highway
qubit next to it. After that, we measure the necessary qubits and do the Pauli corrections. Finally,
for the measured qubits, if they serve as a highway entrance (will be explained in the next
section), they will be re-entangled by the nearest unmeasured highway qubits which so far has

the least number of gates during the GHZ state preparation process.
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1.6 Routing and Scheduling Strategies

To optimize the utilization of highway resources, it is crucial to reduce the communication
latency with an efficient implementation of the highway gates, including an efficient routing and
scheduling. By highway gates, we refer to the gates executed via the highway protocol. Since
each highway gate consists of multiple 2-qubit controlled gates, we call each of these 2-qubit

controlled gates a gate component of the highway gate.

1.6.1 Routing

There are two major challenges for routing, one arising from the hardware constraint and
the other from the highway mechanism. First, due to the connectivity constraints, the execution
of a highway gate requires each of its control and target qubits to be adjacent to a highway qubit.
We call that highway qubit a highway entrance for that control or target. Second, the efficient
preparation of each GHZ state involves CNOTs along a path of qubits, and the paths of GHZ
states required by different highway gates should not overlap. We refer to these paths occupied
by corresponding highway gates as their highway paths. For example, in Figure 1.4, the highway
paths of C;_ 134 (orange gate in 1.4(b)) and C¢ 573 (deep magenta gate in 1.4(b)) are disjoint to
each other.

The first challenge necessitates an efficient local routing that brings qubtis of highway
gates towards the highway. Our strategy is that each qubit involved in the highway gates is
routed to a nearby highway entrance that enables its earliest execution, which is implemented
by inserting SWAP gates along a path that connects the qubit to the highway entrance. To
find an optimal highway entrance, each data qubit in the highway gates searches for candidate
entrances from its nearby highway qubits. Given the current accumulated depth on the data qubit,
its arrival time to each candidate entrance can be obtained by finding the shortest paths to the
candidate, denoted as #,,-. Compared with the next available time of each candidate, denoted
as 14,4, We can get the data qubit’s earliest execution time on each candidate entrance, which is

texe = Max{tyr,tavq }. Then the candidate with the earliest 7.y, is selected as the entrance for the
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data qubit. This entrance assignment is performed on data qubits in an ascending order of their
shortest distance to the highway to minimize the conflicts between the local routing paths.

The second challenge can be addressed by an efficient highway routing that finds the
optimal highway path for each highway gate. Our insight is that the length of the highway path
for a highway gate can be minimized by maximizing the reuse of highway paths among its gate
components. Specifically, each component of the highway gate is assigned a highway path that
occupies the least number of additional highway qubtis. This can be achieved by a shortest path
search between the component’s control entrance and target entrance, with the edge weights
along the paths occupied by other components set as 0. In this process, if the highway path
of a component has to occupy a highway qubit that is already occupied by components of a
different highway gate, then the component is temporarily not executable and has to wait for
those occupied highway qubits to be released. This highway path assignment is performed for
all components of each highway gate, in descending order of the number of components in the

highway gates, resulting in a set of disjoint highway paths occupied by different highway gates.

1.6.2 Scheduling

During the highway communication, GHZ states are periodically prepared and consumed,
with each round referred to as a highway shuttle. To reduce the latency of highway protocols, we
allow a dynamic period for each shuttle based on the traffic demand so that more gate components
can share the highway in the same shuttle. Each component of the highway gates is scheduled to
the earliest possible highway shuttle given the available highway paths and entrances of each
shuttle. The period of each shuttle is determined by waiting on more gates until a new shuttle is
needed by gates requiring conflict highway paths. After a new shuttle is scheduled, subsequent
highway gates can still be added to this shuttle if they arrive at the highway within the shuttle
period, but they can no longer increase the period.

Figure 1.10 illustrates the dynamic period with an example of 5 data qubits contending

for 3 highway entrances. Although only 3 of the qubits can be executed at t = 1, this shuttle
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Figure 1.10. Dynamic period of highway communication according to traffic demand.

. highway qubit

waits until # = 3 so that the other 2 qubits can be executed at = 2 and ¢t = 3. Then this shuttle
will be ended by destroying the entanglement with measurements on the highway qubits, and
the highway qubits become free to prepare for the next shuttle. This dynamic period allows
different target qubits of a highway gate to share the same highway entrance at different times,
thus reducing the total number of shuttles required.

To maximize the number of gate components in the highway gates, we allow rewriting of
the circuit to aggregate the controlled gates sharing the same control qubit. The aggregated multi-
target gates among all executable gates are ranked by their numbers of component. Those with
the most gate components will be scheduled as highway gates, while the others are scheduled as

regular 2-qubit gates off the highway.

1.7 Evaluation

1.7.1 Experiment Setup

Baseline

We implement the baseline by applying state-of-the-art compiler in Qiskit [173] with the
highest optimization level 3. The coupling graph passed to the Qiskit compiler contains both the
on-chip and cross-chip links. We execute the same circuits on the same chiplet settings (chiplet
size, chiplet array size, coupling structure, etc.) for both the baseline and our framework, with

the circuit sizes determined by the numbers of data qubits in our framework.
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Benchmark Programs

We select quantum Fourier transform (QFT), quantum approximate optimization algo-
rithm (QAQOA), variational quantum eigensolver (VQE) and Bernstein Vazirani (BV) algorithm
as our benchmarks. For QAOA, we choose the graph maxcut problem on randomly generated
graphs. Specifically, the graphs are generated by randomly connecting half of all its possible
edges. For VQE, we follow the commonly used full-entanglement ansatz, which proves to be an
expressive ansatz [8, 232]. For BV, we select the secret strings randomly, with approximately half
of the digits being 0 and half being 1. In table 1.1, we list the number of data qubits, the number
of total qubits, the size of each chiplet and the size of the chiplet array for these benchmarks in

subsequent experiments including those in sensitivity analysis.

Table 1.1. Architecture Settings.

name-#data qubits coupling #total | chiplet | chiplet
structure qubits | size array
program-261 square 324 6x6 3x3
program-360 square 441 X7 3x3
program-495 square 576 8x8 3x3
program-630 square 729 9x9 3x3
program-160 square 196 X7 2x2
program-240 square 294 7x7 2x3
program-480 square 588 X7 3x4
program-420/366/288 | square 486 9x9 2x3
program-312 hexagon 384 8x8 2x3
program-351 heavy square 432 8x8 3x3
program-336 heavy hexagon | 480 8x8 3x4

Metric

The first metric we consider is the depth of the compiled circuit, as it represents the
latency of program execution and is essential for the mitigation of demand for qubit decoherence
time. When couting the circuit depth, we only focus on 2-qubit CNOT gates and measurements,
while ignoring the 1-qubit gates and classical operations as they are much faster. We count each

measurement operation as multiple depths to manifest its longer latency than gate operations.
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The second metric we consider is the number of the most error-prone operations, including
on-chip CNOT gates, cross-chip CNOT gates and measurements. The overall error rate is as

below when these error rates are small

1

error_rate = 1 — H(l —pi)ti= Znipi +0(p})
;

where n; is the number of the i operation, and pj is its error rate. Hence we address the disparity
in the error rates of different operations by defining an effective number of CNOT gates as below,

abbreviated as ‘#eff CNOT”,

#eff CNOTs = #on_chip_CNOTs

+ Peross x #cross_chip_CNOTs
Pon

p meas
+ —— X #measurements

Pon

where pon, Peross and peqs are the error rates of on-chip CNOTs, cross-chip CNOTs and

measurements.

Coupling Structure

Our experiments are performed for chiplets of various structures, including square,
hexagon, heavy-square and heavy-hexagon. The concrete coupling structures of them are shown
in Fig. 1.11, with the black edges indicating on-chip connections and the red edges indicating

cross-chip connections.

1.7.2 Experiment Result

In this subsection, we demonstrate the performance and scalability of our framework.
Each measurement is counted as a depth of 2 based on the calibration data of IBM [1]. We adopt
a rate 7.4 for pross/ pon according to the on-chip fidelity reported recently by IBM [175] and

the cross-chip fidelity of flip-chip bonds [98]. We obtain a ratio pjeqs/pon = 2.2 using the same
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Figure 1.11. Different structures for chiplet architecture. Black lines indicate on-chip connections,
red lines indicate cross-chip connections.

on-chip fidelity and the measurement fidelity reported recently [55]. Since these parameters
vary across different platforms, we will vary them in the sensitivity analysis later. Moreover,
this subsection focuses on the square coupling structure with dense cross-chip links. Different

coupling structures and cross-chip sparsity levels will be explored in sensitivity analysis too.
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Table 1.2. The results of our framework and its relative performance to the baseline.

Program Baseline Framework | Depth Baseline Framework | eff CNOTs Highway

Depth Depth Improvement | eff CNOTs | eff CNOTs | Improvement | Qubit %
QFT-261 19,282 7,504 61.1% 325,236 216,771 33.3% 19.4%
QAOA-261 | 14,837 6,586 55.6% 201,637 151,120 25.1% 19.4%
VQE-261 15,725 6,784 56.9% 261,286 180,044 31.1% 19.4%
BV-261 418 31 92.6% 1,179 960 18.6% 19.4%
QFT-360 32,086 11,189 65.1% 582,500 451,553 22.5% 18.4%
QAOA-360 | 22,757 9,735 57.2% 389,773 300,847 22.8% 18.4%
VQE-360 26,277 10,181 61.3% 471,148 385,647 18.1% 18.4%
BV-360 597 34 94.3% 1,711 1,415 17.3% 18.4%
QFT-495 57,143 18,028 68.5% 1,048,824 | 827,653 21.1% 14.1%
QAOA-495 | 43,478 14,175 67.4% 716,324 507,897 29.1% 14.1%
VQE-495 47,193 16,512 65.0% 854,935 690,826 19.2% 14.1%
BV-495 823 37 95.5% 2,297 1,784 22.3% 14.1%
QFT-630 90,535 24,138 73.3% 1,673,337 1,511,568 | 9.7% 13.6%
QAOA-630 | 66,342 19,115 71.2% 1,171,597 | 914,800 21.9% 13.6%
VQE-630 75,178 21,687 71.2% 1,370,750 1,296,846 | 5.4% 13.6%
BV-630 1,063 40 96.2% 2,772 2,612 5.8% 13.6%

Performance

Table 1.2 shows the results of the baseline and our framework on a 3x3 array of chiplets,
with the size of each chiplet varying from 6x6 to 9x9. It can be seen that our framework
significantly reduces both the circuit depth and the effective number of CNOT gates compared to
the baseline. On average (geomean), the circuit depth is reduced by 70.8%, and the effective
number of CNOTs is reduced by 18.1%. Furthermore, as the chiplet size increases, the qubit
overhead decreases from 19.4% to 13.6%, as can be obtained from Table 1.1. The outperformance
in circuit depth increases with the chiplet size, because the program benefits more from the
increased concurrency as the circuit grows larger. The outperformance in the number of effective
CNOT decreases with the chiplet size, because the lower percentage of highway qubits result in

more demand for local routing of data qubits to access the highway.

Scalability
Besides the demonstration on varying sizes of chiplets, we demonstrate the scalability of
our framework by evaluating on varying numbers of chiplets. Fig. 1.12 shows the improvements

in the circuit depth (1.12(a)) and the effective number of CNOTs (1.12(b)) by our framework on
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2x2, 2x3, 3x3 and 3x4 chiplet arrays, with the size of each chiplet fixed as 7x7. It can be seen that
our framework not only achieves significant improvement in performance, but the improvement
also increases as the number of chiplets increases. This trend suggests that the highway model
can potentially play an important role in the way of achieving tens of thousands of qubits with

the chiplet architecture.
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Figure 1.12. Improvement in performance for increasing number of chiplets.

1.7.3 Sensitivity Analysis

In this section, we further analyze the effects of the various parameters and configurations,
including the latency of measurements, the fidelities of measurements and cross-chip gates, the

sparsity of cross-chip links, the highway qubit percentage and the coupling structure of chiplets.
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Measurement Latency

We illustrate the effect of measurement latency with a 3x3 array of 7x7 chiplets. As
can be seen from Fig. 1.13(a), the improvement in circuit depth exhibits a linear decrease
as the measurement latency increases, remaining positive up to a depth of 20. This implies
that the outperformance of our framework in circuit depth is not sensitive to the measurement
latency. The linearity is because the measurement latency affects the overall circuit depth only
by introducing a constant overhead to each highway protocol, as measurements are conducted

highly concurrently.

Operation Fidelity

To evaluate the effect of fidelity disparity among different operations, we vary the fidelity
ratios of measurements and cross-chip CNOTs to on-chip CNOTs for a 3x3 array of 7x7 chiplets.
Fig. 1.13(b)(c) shows the impact of measurement fidelity and the impact of cross-chip CNOT
fidelity on the number of effective CNOT gates, respectively. The improvement of effective
CNOTs decreases with an increased error rate of measurements, remaining positive up to a ratio
of 5, while it increases with an increased error rate of cross-chip CNOTSs, being positive for
ratios larger than 4. These indicate that our framework can outperform the baseline within a

wide range of fidelities of different operations.

Cross-chip Sparsity

To investigate the impact of sparse cross-chip connections in the chiplet architecture, we
evaluate on a 3x3 array of 7x7 chiplets with cross-chip structures at varying sparsity levels. The
sparsity was manipulated by keeping 7, 3 and 1 out of the 7 possible cross-chip connections at
each edge of a chiplet, denoted as sparsity=7/7, 3/7 and 1/7, respectively. Fig. 1.14 shows
the performance of our framework, with the circuit depth (1.14(a)) and the number of effective
CNOTs (1.14(b)) normalized by those of the baseline. It can be seen that as the structures
become sparser, the normalized circuit depth decreases, indicating an increased improvement

in the circuit depth, while the normalized effective number of CNOTs increases, indicating a
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Figure 1.13. Improvement in performance for varying latencies and fidelities of measurements
and cross-chip CNOTs.

decreased improvement in the effective number of CNOTs. These trends primarily stem from
the baseline approach, since our framework is relatively stable as the sparsity varies. This is
because in our framework, cross-chip communications among qubits are achieved primarily by

the utilization of highway, whose formation only requires the connectivity among chiplets, but
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Figure 1.14. Performance of compiled circuits normalized by that of the baseline approach for
chiplets with different sparsity levels of cross-chip connections

not sensitive to the density of those connections.

Highway Qubit Percentage

We explore the effect of highway qubit percentage with a 2x3 array of 9x9 chiplets when
the highway paths are similar to Fig. 1.9 (percentage 14%), doubled (percentage 25%) and
tripled (percentage 41%), keeping the circuit sizes of the baseline the same as the number of
data qubtis. For comparison, the circuit depth (Fig. 1.15(a)) and the number of effective CNOTs
(Fig. 1.15(b)) are normalized by those of the baseline. It can be seen that the normalized depth
is reduced when the highway qubit percentage increases from 14% to 25%, but is not affected
much as the percentage increases further. The normalized effective CNOT also drops as the
highway qubit percentage increases to 25%, but then slightly increases when it further increases

to 41%. This is because the increased highway qubits incurs a larger overhead of entanglement
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Figure 1.15. Performance of compiled circuits normalized by that of the baseline approach for
highways with different percentages of highway qubits.

generation.

Coupling Structure

To demonstrate the generality of our framework, Fig. 1.16 shows the performance of
our framework on chiplets when the coupling structures are square, hexagon, heavy square
and heavy hexagon. For comparison, the circuit depth (1.16(a)) and the number of effective
CNOTs (1.16(b)) are normalized by those of the baseline. It can be seen that our framework
achieves similar levels of improvements in performance for all of these structures. This implies

the appilcability of our framework for general coupling structures.
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Figure 1.16. Performance of compiled circuits normalized by that of the baseline approach for
chiplets with various coupling structures.

1.8 Conclusion

In this work, we provide in-depth analysis and discussion of the compilation challenges of
scaling up quantum computing with superconducting chiplet architecture. We propose a hybrid
model of gate-based and measurement-based computing to increase program concurrency with
ancillary qubits, and propose a compilation framework of multi-entry communication highway
to manage the ancillary resources, facilitating the quantum computing at a larger scale. We hope
that our work could attract more effort from the computer architecture and compiler community

to further explore the chiplet architecture and overcome the challenges in the scaling up.
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Chapter 2

SwitchQNet: Optimizing Distributed
Quantum Computing for Quantum Data
Centers with Switch Networks

2.1 Introduction

Distributed quantum computing (DQC) [51, 10, 65, 52, 74] has emerged as a promising
approach to address scalability challenges in quantum computing. By enabling quantum com-
munication between multiple quantum processing units (QPUs), DQC extends the capabilities
of single-chip systems to multi-node architectures. Among various implementations of DQC,
quantum data centers (QDCs) [143, 142, 12, 19, 132, 153] have gained significant attention
from industry as a practical near-term solution. Unlike early visions of DQC that focused
on long-distance quantum communication across cities, QDCs aim to connect multiple QPUs
within a local range of a single room or facility [189, 79, 94, 149, 150]. Their relatively short
communication distances and controlled environment mitigate photon loss and various noise,
making them well-suited for near-term computational needs.

Recently, an emerging scalable architecture has been proposed [189] for local QDCs,
aligning with near-term hardware capabilities. As shown in Fig. 2.1, it connects multiple racks
of QPUs via a dynamic optical network with reconfigurable optical switches, which, unlike long-

range DQC settings, requires no memory on each switch. Cross-rack switches (core switches),
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depicted in orange in Fig. 2.1, can leverage existing classical optical switch technology, while
only a small number of specialized quantum switches, depicted in blue, need to be deployed on
top of racks (ToR switches) to enable EPR pair generation for quantum communication. This
significantly enhances the practicality and cost-efficiency of QDCs, making them a more viable

DQC infrastructure in the near future.

L | | s\
Al A2 Bl B2 Cl C2 D1 D2
Rack A Rack B Rack C Rack D

Figure 2.1. QDC with QPUs connected by a switch network.

The primary bottleneck in DQC lies in inter-QPU communication, which is significantly
slower and more error-prone than QPU computation. Existing software solutions [78, 86, 104,
225, 223] aim to reduce latency and improve fidelity by minimizing the number of EPR pairs
required by communication. However, these approaches show substantial inefficiencies when
applied to the QDC architecture due to two key factors. First, the distinction between classical
core switches and quantum ToR switches requires converters to facilitate their interaction. This
added complexity results in a higher latency (~10 ms) for cross-rack EPR pair generation than
in-rack EPR pair generation (~0.1 ms). Second, each switch reconfiguration introduces an
additional latency of ~ 1 ms, due to the need to suppress photon loss. Therefore, frequent
switch reconfigurations can significantly extend communication latency, especially for in-rack
communications.

In Fig. 2.2, we illustrate the communication budget by profiling the quantum workload

across different operations. Specifically, we first count the required number of in-rack and
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Figure 2.2. (a) Number percentages of in-rack and cross-rack EPR pairs. (b) Latency percentages
of in-rack EPR pair generation, reconfiguration and cross-rack EPR pair generation.

cross-rack EPR pairs, then isolate the contributions of different operations to the overall latency
by: (1) setting the latency of both in-rack communication and reconfiguration to 0, attributing
all latency to cross-rack communication; (2) setting only the latency of in-rack communication
to 0, attributing the latency difference between the two cases to reconfiguration. As shown in
Fig. 2.2, while cross-rack EPR pairs constitute only 18.2% of the total required EPR pairs, they
account for 62.7% of the overall latency, with reconfigurations contributing an additional 32.7%.
This implies that cross-rack communication and frequent switch reconfigurations substantially
increase latency, which would also degrade the overall fidelity due to the increased qubit
decoherence over time.

To address these challenges in QDCs, a co-optimization across the program layer and
the network layer is required in terms of EPR pair scheduling. Existing DQC systems, such
as long-range repeater networks [45, 156, 20], decouple the scheduling of EPR pairs and
the generation of them into a program layer and a network layer, with the scheduler merely
considering the program-layer communication demands and the network layer being responsible
for generating the scheduled EPR pairs according to current bandwidth and resource availability.

However, given the known computation tasks for QDCs, the compiler can schedule EPR pair
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generations by considering both the upcoming communication demands of the quantum program
and the bandwidth and resource availability on switches and QPUs. In this way, a larger
optimization space can be enabled for hiding the latencies of cross-rack communication and
switch reconfiguration.

At a high level, this co-optimization is achievable by leveraging two key quantum
features. First, in quantum systems, preparation of EPR pairs can be decoupled from actual
communications, as they do not carry any program data. Even if the switches in QDCs are
memoryless, these EPR pairs can be stored temporarily on QPUs by allocating a portion of
computation qubits as buffer [223]. This storage allows for a flexible look-ahead scheduling of
EPR pairs, which allows for optimized timing of EPR generation when combining an analysis
of program patterns with a management of buffer resources. Second, an EPR pair between
source s and destination d can be generated by merging multiple pre-existing EPR pairs along a
path between s and d, referred to as entanglement swapping. Unlike that in repeater networks,
entanglement swapping on QPUs can be performed fast and deterministically by gates and
measurements. With an awareness of bandwidth and buffer availability, this can enable a more
efficient network exploitation through a flexible strategy that generates EPR pairs by part.

However, leveraging these features in a compiler is highly non-trivial. First, they can
introduce fidelity overheads in two ways. (1) The storage of EPR pairs in buffer can bring a
risk of decoherence, causing the fidelity of EPR pairs to decrease over time. (2) The strategy
of generating EPR pairs by part necessitates generation of additional EPR pairs, which can
compromise the overall fidelity as EPR generations are more error-prone than gates on QPUs.
These fidelity overheads impose stricter constraints on QDCs than classical data centers (DCs),
preventing a straightforward application of pre-fetching techniques in classical DCs. Second,
the flexibilities in scheduling can lead to complications such as deadlocks (i.e., generations of
EPR pairs need to wait for each other’s consumption) and buffer congestion (i.e., required buffer
occupied by data qubits or other EPR pairs). These need to be eliminated in the compilation

stage to ensure successful program execution.
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To this end, we present an efficient compiler to strategically leverage those quantum
features, striking a balance between latency reduction and fidelity overhead, while eliminating
the risks of deadlock and buffer congestion. The compiler analyzes the programs by identifying
gate dependencies, looking ahead into near-future gates and extracting their requirements for
EPR pairs. With an awareness of the network heterogeneity and the availability of bandwidth
and buffer resources, these EPR pairs are then scheduled with the following two optimizations.

First, it parallelizes cross-rack EPR pair generations by splitting them into parts, with
each split resulting in a new cross-rack pair and some additional in-rack pairs (referred to as
post-split EPR pairs). In this way, even if the source or destination QPU of an EPR pair is
busy, a substitute cross-rack EPR pair can be generated between the source and destination
racks through a same-rack QPU with the busy QPU. Once the busy QPU becomes available,
it can communicate with that same-rack QPU by generating an additional in-rack EPR pair
promptly, thereby completing the generation of the original cross-rack EPR pair through an
entanglement swapping. To mitigate the fidelity overhead brought by additional in-rack EPR
pairs, we prepare multiple copies of each post-split in-rack EPR pair and enhance its fidelity by
entanglement distillation [28, 116] using the extra copies.

Second, it further hides the latency of the additional in-rack EPR pairs, either from
split or for distillation, by a collective generation of them, so that they are prevented from
becoming a new communication bottleneck. That is, given that the latency of reconfiguration is
much longer than that of in-rack EPR pair generation, we can collect in-rack EPR pairs between
the same QPUs and generate them together when the channel between the QPUs is available.
In this way, we reduce the average latency of in-rack EPR pair generation by avoiding frequent
reconfiguration. The collection of in-rack EPR pairs is guided by the look-ahead program
analysis of our compiler. This program-aware guidance reduces the wait time of both in-rack
and cross-rack EPR pairs before their usage, thereby minimizing the fidelity overhead brought
by the storage of prepared EPR pairs.

To prevent potential deadlocks and buffer congestion caused by the flexible scheduling,
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we propose a resource managing approach that is aware of bandwidth and buffer status. It consists
of several rules for scheduling and splitting EPR pairs, along with a retry mechanism for EPR
scheduling. These rules mitigate the risk of deadlock and buffer congestion by adapting to current
bandwidth availability and ensuring enough buffer size for future EPR pairs, leaving only rare
cases that are hard to avoid. When those rare cases happen, we resolve them by incorporating an
efficient retry mechanism that downgrades the scheduling strategy to a more conservative one
which ensures a deadlock-free and congestion-free scheduling.

Our contributions in this paper can be summarized as the following:

* We propose a compiler to overcome communication challenges in QDCs through a flexible
scheduling that is aware of both program patterns and network resources, while preventing

potential deadlock and buffer congestion brought by the flexibility.

* We improve the communication efficiency by overlapping the latencies of cross-rack
communications, at the cost of incurring additional in-rack communications, with the

latency of in-rack communications further reduced by a collective generation.

* We minimize the fidelity overhead by incorporating entanglement distillation for the
additional in-rack communications and reducing the wait time of prepared EPR pairs

through a program-aware guidance.

* Through a comprehensive simulation with practical hardware parameters, we demonstrate
an 8.02 x reduction in communication latency over previous approaches while maintaining

a low fidelity overhead.

2.2 Background and Related Work
2.2.1 Quantum Communication Protocols

Communication between different QPUs can be achieved through EPR pairs (wavy lines

in Fig. 2.3) established between the QPUs with different protocols. The Cat protocol [230]
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(Fig. 2.3(a)) can realize a block of remote control gates sharing the same control qubit without
transferring data from a QPU to another. In contrast, the teleportation (TP) protocol (Fig. 2.3(b))
allows any pattern of remote gates by transferring a data qubit from a QPU to another through

teleportation (from g to ¢ in Fig. 2.3(b)).

QPUA Cat-entangler Cat-disentangler

, Unitary
7% O— Block
QPUB
(a) Cat protocol (b) Teleportation protocol

Figure 2.3. (a) Cat protocol and (b) TP protocol for realizing inter-QPU gates with inter-QPU
EPR pairs.

2.2.2 Quantum Data Center (QDC)

QDC networks As illustrated by Fig. 2.4, a QDC connects QPUs through a local optical
network consisting of optical fibers and reconfigurable optical switches. Edges in the network
present possible physical channels connecting nodes (i.e., switches and QPUs) through optical
fibers. Channel capacity can be increased via multiplexing, e.g., multiple optical fibers or
multiple wavelengths through a single fiber, represented by an edge weight w > 1. For instance,
Fig. 2.4(b)(c) demonstrate a case of edge weight 2 where each pair of nodes are connected by 2
fibers.

Optical switch The reconfiguration latency of switches ranges from multiple of 100
ns to 100 ms, with the latency increasing with the number of ports [198]. Moreover, a faster
switch reconfiguration also leads to an increased photon loss [198]. For switches with about
16 x 16 ports (or 32 ports), the reconfiguration latency is typically ~ 1 ms with a photon loss

rate around 1 dB [200], while the latency of larger switches 1024 x 1024 ports commercially
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Figure 2.4. (a) A QDC network with (b) classical core switches and (c) quantum ToR switches
equipped with a QFC on each outward port and some BSMs. (d) Each QPU has two dedicated
communication qubits and many computation qubits, with the computation qubits in the light
blue box indicating a buffer initially allocated on the QPU.

available are typically around 100 - 200ms. In this paper, we will adopt the value of 1 ms if not
stated otherwise. Each ToR switch can be equipped with Bell-state measurement (BSM) devices
to facilitate EPR pair generation. These BSM devices can be shared among QPUs in the same
rack by ToR reconfiguration, as shown in Fig. 2.4(c).

EPR pair generation As depicted in Fig. 2.4(d), the generation of EPR pairs requires
dedicated communication qubits on each QPU with spin-photon interface between the stationary
communication qubits and flying photonic qubits. Fig. 2.5 illustrates the EPR generation
protocol [153, 33], where optical switches are eliminated for simplicity.

For in-rack communication, as shown Fig. 2.5(a), communication qubits are prepared
in the superposition state /& |1) ++/1 — a||) and then driven the spin to emit a photon via
spontaneous emission, leading to an entangled spin-photon state. Next, the two photonic qubits
are directed towards a beam splitter and are eventually measured by the two single-photon
detectors, as depicted in the pink box. We only post-select the single detection events to project
the spin-spin state into |¢, ) = (|1]) + [11))/v/2. This effectively implements a BSM with

2a(1 — o) success probability. Fig. 2.5(b) shows the equivalent quantum circuit, where the
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Figure 2.5. In-rack EPR pair generation: physical process (a) and corresponding circuit (b).
Cross-rack EPR pair generation: physical process (c) and corresponding circuit (d).

emission process effectively acts as a CNOT gate between the spin and photonic qubit. For
cross-rack communication, the protocol is similar but requires quantum frequency converters
(QFCs), as shown in Fig. 2.5(c)(d). This is because our ToR switches and BSM devices operate at
the near-infrared (NIR) where commercially available optical fiber or switches are not optimized
(in terms of the photon loss rate). To extend the communication range to other racks, we convert
the NIR photon into telecom regime and back via bidirectional QFCs [215, 183, 123, 30, 29].
EPR rate and fidelity We now estimate the rates and fidelity for in-rack and cross-
rack EPR pair generation with some hardware parameters available from the literature. We
note that our EPR generation process is probabilistic due to the probabilistic BSM and due
to photon loss during transmission from spin to fiber and as they travel through the switches.
Hence, the success probability is found to be p = 2an where « is the initial state parameter
and 11 < 1 denotes the overall photon transmission rate (i.e., overall photon loss rate is 1 —1).
As aresult, we consider a repeat-until-success protocol which keeps trying to generate an EPR
pair until getting a positive signal in the BSM. Let 7y be the operation time for each attempt,
then the average time for a successful EPR pair generation is 7 = 7y/p. Considering hardware
parameters [153, 183, 245, 199] o = 0.05, n = 0.1 (i.e., 10 dB loss), and Tal ~ 1 MHz, we

obtain Tor = 0.1 ms for in-rack EPR pair generation. For the cross-rack communication, the
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EPR generation rate is reduced by a factor of 100 (i.e., 20 dB additional loss) as the transmission
rate is further reduced due to the signal attenuation in the second NIR switch, and two QFC
devices, leading to Tjper = 10 ms.

For EPR fidelity, because of false positive signals, we obtain a noisy Bell state in the
formof p = (1 —a)|¢+) (o1 |+ ¢ |[T71) (11, and the resulting fidelity is then given by F = 1 — a.
With o = 0.05, we obtain For = 0.95 for in-rack EPR pair generation. We further assume that
the fidelity is dropped by another 10% due to conversion infidelity in QFCs [123, 245, 199],

resulting in a lower fidelity Fjer = 0.85 for cross-rack EPR pair generation.

2.2.3 Related Work

DQC compilation Over the last few years, various compilers have been developed
for DQC. Some previous work optimizes qubit placement [11, 22, 27, 67, 68, 72, 246] or
optimizes communications when routing program qubits among QPUs [78, 86, 104, 225, 223].
These approaches are orthogonal to our compiler and can be combined with our optimizations.
Some compilers [170, 203] have also been proposed to implement DQC without inter-QPU
communications by cutting large circuits into smaller ones and running them on different devices,
yet they require non-scalable classical post-processing. Furthermore, recent work [121] has
proposed an efficient implementation of surface code for DQC. Our work can be considered as a
higher-level optimization than it, as each of our qubits can be considered as either a physical
qubit or a logical qubit.

Long-range quantum repeater networks Long-range quantum communication lever-
ages quantum repeaters to mitigate significant photon loss over extended distances, requiring
specialized memory qubits and quantum devices at each repeater for probabilistic entangle-
ment swapping. Previous work have proposed architecture designs to ensure scalability of
repeater networks for random workload (e.g., congestion-free on repeater memories, size-
independent threshold for error-corrected entanglement, distance-independent communication

rates [57, 168, 58, 165]). Moreover, recent work has proposed making quantum repeater networks
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compatible with classical networks by designed protocols on the control plane [231]. However,
these repeater networks are designed for long-range quantum communication rather than local-
range efficient quantum computing. In contrast, QDCs operate within shorter distances, eliminat-
ing the need for repeaters, and can leverage off-the-shelf optical switches with minimal quantum
devices. This makes them better suited for meeting computational needs with near-term hardware
capabilities. For repeater networks, EPR distribution protocols [165, 190, 237, 238, 137] have
been designed to maximize EPR throughput by strategically selecting successful links among
memory qubits. However, these protocols are tailored for repeater networks and reduce to simple

shortest-path searches in memoryless QDCs, thus cannot address the unique challenges of QDCs

effectively.
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Figure 2.6. Deployment of a quantum program (a) on to a quantum data center (b). The in-
rack communication time is reduced from 3.3 ms (c) to 1.3 ms (d) by a collection. The overall
communication time is reduced from 23.3 ms (d) to 12.4 ms (e) by splitting a congested cross-rack
communication into a non-congested cross-rack communication and an in-rack communication,
where the in-rack one can be distilled at a low cost to enhance its fidelity.

Classical DC While classical and quantum data centers (DCs) [5, 206] both exhibit
hierarchical network structures with higher cost for cross-rack communication than in-rack
communication, their underlying communication models are fundamentally different in terms of
data replicability and fidelity sensitivity. These differences impose stricter constraints on QDCs

and necessitate more sophisticated compilation techniques.
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In classical DCs, data can be freely replicated, stored indefinitely, and retransmitted
without fidelity degradation. Consequently, techniques such as pre-transmission, dynamic
rerouting, and flexible buffer management are highly effective. In contrast, communication in
QDC:s rely on EPR pairs that can be stored for only limited time, and consumed only once,
rendering classical approaches ineffective. Furthermore, while classical DCs can reduce cross-
rack communication by rerouting data through in-rack paths with negligible impact, QDCs
require additional in-rack EPR pairs when splitting communication paths. Each additional
in-rack EPR generation introduces fidelity overhead, creating a fundamental trade-off between
latency reduction and fidelity maintenance.

Our compilation framework addresses these quantum-specific constraints by enabling
collective and parallel EPR generation, applying entanglement distillation to mitigate fidelity
degradation, ensuring deadlock- and congestion-free scheduling in the compilation stage to
guarantee program progress. These techniques have no direct classical analogue and are essential

to achieving low-latency, high-fidelity communication in QDCs.

2.3 Motivation

This section introduces the optimizations in our compiler with a motivating example,
including collective generation of in-rack EPR pairs and parallelized generation of cross-rack
EPR pairs. To facilitate these two optimizations, techniques for resolving deadlock and buffer
congestion are also required, which will be introduced with more technical details in the next
section.

Fig. 2.6(c) demonstrates an example of scheduling EPR pair generations without a
look-ahead analysis of the program pattern. It deploys a circuit in Fig. 2.6(a) to the QDC in
Fig. 2.6(b), scheduling EPR pair generations (depicted as rectangles in Fig. 2.6(c)) right before
they are needed by inter-QPU CNOT gates, with switch reconfiguration represented by the
shaded rectangles in Fig. 2.6(c). Specifically, each line in Fig. 2.6(c) represents a qubit on a

different QPU, with the three gates between QPU B; and B; requiring in-rack EPR pairs and
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the other two gates requiring cross-rack EPR pairs according to Fig. 2.6(b). Adopting latencies
of in_rack = 0.1 ms, reconfig = 1 ms and cross_rack = 10 ms, neglecting the much shorter gate
execution time, the execution of the 5 remote gates requires 25.3 ms in total (Fig. 2.6(c)). As
will be seen, this can be reduced to 12.4 ms with the following optimizations (Fig. 2.6(d)(e)).

The first optimization is the collective generation of near-future in-rack EPR pairs, which
reduces their average latency by avoiding frequent switch reconfigurations. Through a look-
ahead into the program, the compiler finds that three in-rack pairs between QPU B; and B;
are needed in the near future (blue rectangles), which takes 0.3 ms only. However, the switch
reconfigurations for enabling the optical channel for three times takes 3 ms (shaded rectangles
before the blue ones). To reduce this overhead, it schedules the generations of these three
in-rack EPR pairs collectively, as shown by the consecutive blue rectangles in Fig. 2.6(d). These
generated EPR pairs are then stored temporarily in the buffer before usage. With this collection,
the time for generating the three in-rack EPR pairs is reduced from 3.3 ms to 1.3 ms, with the
overall communication time reduced from 25.3 ms to 23.3 ms.

The second optimization is the parallelization of near-future cross-rack EPR pairs, which
maximizes the utilization of network bandwidth by splitting congested EPR pairs into non-
congested ones. In Fig. 2.6(d), generations of the two cross-rack EPR pair (A, B) and (A1, B))
are sequential, as QPU B can communicate with only one other QPU at a time (assuming
edge weight = 1). That is, in Fig. 2.6(b), the green path conflicts with the red dashed path.
To parallelize them, we can split the congested EPR pair (A;,B;) by allowing B; to borrow
bandwidth from B,, a QPU in the same rack as Bj. Specifically, the cross-rack EPR pair (A1, B))
is split into a new cross-rack EPR pair (A,B;) and an additional in-rack EPR pair (B}, B>),
followed by an entanglement swapping between these two pairs once they are both prepared. In
this way, we can generate the new cross-rack EPR pair (A1, B;) in parallel with the originally
conflicted (A, By) and store it in the buffer, while scheduling an additional in-rack EPR pair
(B1,By) in the collective generation, as shown in Fig. 2.6(d). This further reduces the overall

latency from 23.3 ms (Fig. 2.6(d)) to 12.4 ms (Fig. 2.6(e)).
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As the split of cross-rack communication incurs additional in-rack EPR pairs, it poses
a risk of reducing the overall fidelity of quantum computing. To mitigate this, we enhance
the fidelity of these additional in-rack EPR pairs by scheduling multiple copies of each and
implementing entanglement distillation among them, as shown in Fig. 2.6(e). This can be
achieved with a low cost as the multiple copies can be scheduled collectively with other in-rack
EPR pairs. Given that in-rack EPR pairs have a 95% fidelity, a distillation by two copies results
in an EPR pair of > 96.5% fidelity (where we approximated our input states as Werner states
with 93.6% success probability [28, 116]). This fidelity can be further enhanced by using more
copies. Note that cross-rack EPR pairs and original (non-split) in-rack EPR pairs can also be
distilled upon requests. This can be easily accommodated by our framework, which is equivalent

to an increased latency of EPR pair generation.

2.4 Framework Design
2.4.1 Preprocessing

Our compiler can be used in combination with previous compilers [225, 223] that reduce
the required EPR pairs. Considering the dynamic reconfigurability of QDCs, these compilers
for static network topology should be applied by assuming a full connection between QPUs. In
our experiments of Section 2.5, we will combine with the buffer-aware compilation technique in
[223]. Its output is a list of required EPR pairs, with corresponding QPUs and communication
protocols specified (i.e., Cat vs. TP, see Section 2.2).

To leverage its minimization of EPR pairs, we transform its output to serve as input to
our compiler through preprocessing. Specifically, we convert this EPR list to a directed acyclic
graph (DAG) by imposing dependencies among them, with each node in DAG representing an
EPR pair, and each directed edge representing a dependency. Specifically, whenever the involved
QPUs of two EPR pairs overlap, we add an edge from the earlier one in the output list to the

later one.
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Figure 2.7. (a) A normal EPR split. (b) Deadlock caused by multiple EPR splits. (c) Buffer
congestion caused by TP communication.

This DAG needs to be utilized appropriately by our compiler, as the imposed dependency
can deviate from the real dependency due to the following reasons. First, even if two EPR
pairs are independent according to the DAG, they may not be able to be scheduled concurrently
due to bandwidth contention. Second, even if two EPR pairs are dependent according to the
DAG, they may be able to be scheduled concurrently, as the overlapped QPUs between them
may have multiple communication qubits to generate both pairs. However, these inaccurate
dependencies can be used as a rough guidance in our scheduling process, with the above cases

handled automatically by our compiler.

2.4.2 EPR Scheduling

This subsection introduces the conditions for EPR pair scheduling, with in-rack col-
lection introduced in the explanation of in-rack vs. cross-rack EPR pairs. Due to the limited

communication qubits and network bandwidth, at each time slice it depends on four conditions
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to decide whether an EPR between two QPUs can be scheduled. We will first list them as below
and then explain.

Scheduling Conditions:

1. Hard: available communication qubits on both QPUs

2. Hard: available BSMs on the rack of either QPU

3. Hard: available optical channel between the QPUs

4. Soft: buffer_size + avail_comm > threshold - not_in_front_layer

(threshold > #comm_qubits per QPU) on both QPUs

Hard vs. soft conditions The first three conditions are mandatory resource requirements
for EPR generation. By checking these conditions for a certain EPR pair, we ensure that this
EPR pair can be supplied at the moment by the network. That is, an EPR pair between QPU A
and B can be generated only if there are available communication qubits on both A and B, there
is an available BSM on the ToR switch of either A’s rack or B’s rack, and there is an available
path in the network between A and B.

The fourth condition is optional, depending on whether the EPR pair is in the front layer
of the DAG (i.e., not_in_front_layer = True / False), as explained later. It aims to prioritize
the buffer utilization of front-layer EPR pairs to mitigate buffer congestion, which not only
improves the overall compilation performance, but also reduces the incurrence of retries that will
be introduced in Section 2.4.5.

In-rack vs. cross-rack Due to our collective in-rack EPR pair generation strategy,
the third condition can be different when applied to in-rack and cross-rack EPR pairs. For a
cross-rack EPR pair between QPU A and B, this condition requires an available optical channel
between A and B that is not occupied by any other communication. For an in-rack EPR pair, this
condition is checked in two steps. We first check whether this EPR pair can share an occupied

channel with other in-rack EPR pairs between A and B. If so, we combine it with those EPR pairs
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by scheduling it right after them. If not, we then check if there is an available optical channel
that is not occupied by any other communication.

Front layer vs. non-front layer The fourth condition only applies to EPR pairs that are
not in the front layer of the DAG. For EPR pairs in the front layer, we allow their generations
as long as the three mandatory conditions are satisfied, since they are required by the program
urgently. However, for those not in the front layer, which are less urgent, we add this condition
to mitigate buffer congestion, requiring the total number of available buffer qubits and available

communication qubits on each involved QPU to exceed an adjustable threshold.

2.4.3 Cross-rack EPR Split

This subsection introduces the conditions for EPR pair split. While cross-rack split can
help maximize the utilization of network bandwidth, its flexibility can bring a risk of deadlocks
or buffer congestion when the involved QPUs do not have enough buffer available. As a result,
we impose the following conditions to mitigate this risk, first listing them and then explain. For
the rare cases that cannot be prevented by these conditions, they will be resolved by our retry
mechanism that will be introduced in Section 2.4.5.

Split Conditions:
* Hard: available communication qubits on another QPU in the same rack as the busy QPU

* Soft: projected_buffer — reserved_buffer > mgpy for each QPU involved in the post-split

EPR pairs

Hard Condition The hard condition ensures that there are available communication
qubits on another QPU in the same rack as the busy QPU. We illustrate the hard condition by an
example in Fig. 2.7(a). When a QPU A is busy, the cross-rack EPR pair (A}, B;) can be split
into a new cross-rack pair (A, B;) and an additional in-rack pair (Aj,A;). This requires that

QPU A; in the same rack as A has an available communication qubit. This split is followed by
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an entanglement swapping that merges the two pairs into the required EPR pair (A}, B;) and a
buffer release after (A1, B;) is consumed by communication.

Soft Condition The soft condition aims to ensure that there is enough buffer on the
involved QPUs to generate all the post-split EPR pairs. In the soft condition, the projected_buffer
of a QPU is defined as the buffer size it would have if all currently scheduled EPR pairs were
consumed by the execution of corresponding communications. This reflects the maximum buffer
size available in the near term. When calculating this variable, if an EPR pair is scheduled for a
Cat protocol, the buffer size of each involved QPU should increase by 1 after the communication.
In contrast, if the EPR pair is scheduled for a TP protocol with data teleported from QPU A to
QPU B, then the buffer size of A should increase by 2 after the communication, while the buffer
size of B should remain unchanged, as the released buffer qubit on B would be occupied by the
teleported data qubit.

With this variable, a basic condition for EPR split is that the projected_buffer on each
QPU should at least be able to accommodate all EPR pairs induced by an individual split, i.e.,
projected_buffer > mgpy, with mgpy being the number of post-split EPR pairs each involved
QPU needs to store. For example, if an EPR pair (A, B) is split into (A,A’) and (A, B), then there
should be my = mp = 1 and my = 2, as each of A and B needs to store only one EPR pair, while
A’ needs to store two EPR pairs.

However, this basic condition is not sufficient to prevent deadlock caused by multiple
EPR splits. We illustrate this deadlock risk with an example in Fig. 2.7(b). The two orange
EPR pairs (A1,A;) and (A, B;) are the post-split pairs of an EPR pair (A}, B;), while the two
blue EPR pairs (A,A;) and (A, B;) are the post-split pairs of an EPR pair (A1, B;). Supposing
QPU A has projected_buffer = 2, while the two post-split cross-rack pairs are scheduled to be
generated simultaneously, then the post-split in-rack EPR pairs would never have a chance to be
scheduled due to a deadlock. This is because the orange in-rack pair will be waiting for buffer
release from the blue cross-rack pair, which requires the blue in-rack pair to be generated first;

while the blue in-rack pair will be waiting for buffer release from the orange cross-rack pair,
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which in turn requires the orange in-rack pair to be generated first.

To accommodate simultaneous splits of multiple EPR pairs, we need to prevent such
deadlock by reserving enough buffer size on QPUs. Specifically, for each EPR split, we reserve
mqpy buffer qubits from projected_buffer until the post-split EPR pairs are all scheduled, with
mqpy being the number of post-split EPR pairs on each involved QPU as explained earlier.
This is implemented by tracking a variable reserved_buffer on each QPU, which is initiated
as 0. For each split, we increase the reserved_buffer of each QPU by mgpy when the first
post-split EPR pair of this split is scheduled, then decrease them by mgpy once all post-split
pairs of this split are scheduled. With this reservation, the condition for an EPR split becomes

projected_buffer — reserved_buffer > mgpy .

2.4.4 Post-split distillation

Since the split of cross-rack communications requires additional in-rack EPR pairs, it
reduces the overall fidelity since the fidelity of EPR pairs is much lower than the local gates on
each QPU. To improve the overall fidelity, we incorporate an entanglement distillation for the
post-split in-rack EPR pairs. Given the 95% fidelity of in-rack EPR pairs, a distillation of two
EPR pairs enhances the fidelity to > 96.5%. However, the additional EPR pair required by the
distillation also needs to occupy a buffer qubit on the QPU. As a result, if an EPR pair (A, B) is
split into (A,A’) and (A’, B), then we should increase mgpy to ma =2, my =3 and mp = 1.

When k-pair distillation is considered, a feasible strategy is distilling with the k — 1
sacrificed pairs sequentially [116, 138], as these k pairs are generated sequentially through an
in-rack optical channel. This strategy reduces the total wait time of EPR pairs, preventing the
sacrificed EPR pairs from error exposure, and is efficient in buffer utilization, i.e., the reserved
mopy does not need to be further increased as the k — 1 sacrificed EPR pairs can reuse the same
buffer qubit sequentially. Depending on QPU performance, it may be worthy to wait for the
generation of all the & pairs and conduct a parallel distillation [95]. In this case, mppy should be

further increased to my =k, myr =k+1 and mp = 1.
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2.4.5 Algorithm

This subsection describes the overall algorithm of our compiler, which provides each
QPU and switch with a deadlock-free and congestion-free communication schedule that dictates
their operations at each time slice. Specifically, the compiler optimizes the communication time
slice by time slice, looking ahead into near-future EPR demand of each time slice, performing
in-rack collection and cross-rack split, scheduling EPR pairs through the proposed conditions to
prevent deadlocks and buffer congestion. For the rare cases that could not be prevented, it retries
the scheduling with a conservative strategy that ensures the elimination of any deadlock or buffer
congestion.

Look-ahead scheduling At each time slice 7y, our compiler looks into the subgraph of
the first [ layers of the DAG, maximizing the number of scheduled EPR pairs greedily. This
scheduling consists of two rounds, with the first round for the scheduling of regular EPR pairs
and the second round for EPR split and the scheduling of post-split EPR pairs.

In the first round, it tries scheduling each node in the subgraph in the ascending order of
their layers. If the EPR pair represented by a node satisfies the scheduling conditions, then we
schedule it, removing the node and updating the dependencies between the remaining nodes in
the subgraph. Otherwise, we continue with the next node until no EPR pair in the first / layers
satisfies the conditions.

Then we conduct a second round of scheduling if network bandwidth remains. Specifi-
cally, we try splitting each node in the remaining subgraph in the ascending order of node layer.
If an EPR pair satisfies the split conditions, we split the EPR pair, scheduling the post-split cross
rack pair and adding the post-split in-rack pairs into the subgraph. Then we continue to the next
node in the updated subgraph until all nodes in the subgraph are traversed. After that, we repeat
these two rounds for time slice 7y + 1.

Auto retry While the conditions for scheduling and EPR split can significantly mitigate

deadlock and buffer congestion, it is still possible that they may occur occasionally. For example,
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in Fig. 2.7(c), the green EPR pair is for a TP communication that teleports a qubit from B,
to A. While a qubit on A, would be released after EPR pair (A;,B) is consumed by this TP
communication, this released qubit would be taken by the teleported data, making the remaining
buffer size insufficient for generating (A1,A;) and (A,,B;), i.e., the post-split EPR pairs of
(A1,By).

To completely eliminate deadlocks and buffer congestion in the compilation, we imple-
ment an automatic retry mechanism that reverts to a saved state and retries scheduling with a
gradually more conservative strategy if a deadlock or congestion occurs. The most conservative
approach would be a strict on-demand EPR pair generation, which follows the exact order of
EPR pair generations set by the pre-processing stage, scheduling the generation of each EPR
pair right before it is required by an inter-QPU communication. This ensures a deadlock-free
and congestion-free scheduling in the worst case.

While ensuring progress, the strict on-demand strategy significantly limits opportunities
for parallelizing cross-rack communications. To improve this, we enhance the strategy into
a buffer-assisted on-demand strategy that allows parallelization of communications between
non-overlapping QPU pairs through buffer utilization. Specifically, this strategy checks the list
of EPR pairs provided by the pre-processing in their strict order. If an EPR pair, say between A
and B, satisfies the hard scheduling conditions, it then schedules and stores this EPR pair if either
its predecessors do not involve A and B or if those predecessors are also successfully scheduled.
Note that this strategy does not guarantee deadlock-free and congestion-free communication as
the strict on-demand strategy does.

To summarize, whenever a failure occurs, our retry mechanism first reverts to a previously
saved state and applies this buffer-assisted on-demand strategy. If the issue persists, it then falls

back to the strict on-demand strategy to ensure progress.
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2.5 Evaluation
2.5.1 Experiment Setup

Architecture setups In the primary experiment, we evaluate our framework on the CLOS
network architecture [5, 206] as shown in Fig. 2.1, with 25% of the total computation qubits
reserved as buffer, as listed in Table 2.1. Each QPU is assumed to have two communication
qubits. To allow all communication qubits in a rack to work in parallel, we assume each ToR
switch to have #BSMs = 2 x #QPUs / rack and each switch to be a #BSMs x #BSMs switch
(or 2x #BSMs ports), We take a look-ahead depth of 10, adopting 0.1ms, 1ms and 10ms as the
latencies of in-rack EPR pair generation, switch configuration and cross-rack EPR pair generation
respectively, according to Section 2.2. The settings of experiments are listed in Table 2.1. These

parameters will be further varied in subsequent experiments.

Table 2.1. Program and architecture settings

Benchmark #rack #QPUs | #Data Buffer | Comm
/ rack Qubits / | Size /| Qubits/
QPU QPU QPU
program-480 4 4 30 10 2
program-608 4 4 38 12 2
program-720 4 4 45 15 2
program-360 4 3 30 10 2
program-480 4 4 30 10 2
program-600 4 5 30 10 2
program-720* 4 6 30 10 2
program-240 4 3 20 7 2
program-540 9 3 20 7 2
program-960 16 3 20 7 2
spine-leaf-720 | 6 4 30 10 2
fat-tree-960 8 4 30 10 2

Benchmark programs We select a set of benchmark programs including building blocks
of quantum applications and practical quantum algorithms: multi-control target gate (MCT)
[148], Quantum Fourier transform (QFT) [181], Grover’s Algorithm (Grover) [56], Ripple-
Carry Adder (RCA) [64]. Among them, MCT represents key non-Clifford operations essential

for universality and benchmarks the efficiency of multi-qubit gate decomposition. QFT and
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RCA [181] are crucial components of Shor’s algorithm [191] as well as other applications in
signal processing [147, 17] and cryptography [7]. Grover’s Algorithm (Grover) [100] is also an
important algorithm, which can provide quadratic quantum speed up for unstructured search
problems. For Grover’s algorithm, we consider the secret string with all ones and repeat the
iteration by 100 times. Moreover, we increase the complexity of the RCA circuit by repeating
the adder for 100 iterations, which effectively adapts it to a sum calculation.

Metrics We evaluate the compilation performance with four metrics. The first is the
overall communication latency of compiled programs, abbreviated as ‘latency’, normalized by
the latency of switch reconfiguration. We ignore the computation time within each QPU as it is
much faster than inter-QPU communication.

The second and the third metrics together measure the fidelity overhead. Specifically,
the second metric is the EPR overhead, indicating the number of additional distilled EPR pairs,
arising from communication split, in a weighted manner. According to the 15% and 5% infidelity
of cross-rack and in-rack EPR pairs (see Section 2.2), we count them by weights 1 and 0.33,
respectively. For the distilled in-rack EPR pairs, we count each of them by a weight 0.23 based
on their < 3.5% infidelity. The third metric is the average wait time of EPR pairs in buffer, which
is also normalized by reconfiguration latency. We list these two overheads separately as the
effect of wait time depends on the coherence time of computation qubits, which is not decided
by the network but varies with different QPU technology.

The fourth metric is retry overhead, which indicates the compilation time overhead
caused by the retry mechanism. Specifically, this is defined as the ratio between the total number
of time steps tried in the compilation process and the number of time steps in the compilation
result. Hence this value would be 1 if no retry occurs in the compilation.

Baseline Due to the lack of optimized compilers for the emerging hierarchical QDC
architecture [189], we construct our baseline by combining state-of-the-art compilation tech-
niques for general DQC [223] with shortest-path buffer-assisted on-demand EPR generation.

First, similar to the preprocessing step in Section 2.4.1, we obtain a list of EPR pairs required
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Table 2.2. Performance of our compiler and the baseline. Units of latency and wait time are the
latency of switch reconfiguration.

Experiment Benchmark Baseline: | Ours: Improv. | #cross- #in- Ours: EPR Baseline: | Ours: Additional | Retry
Latency Latency Factor rack rack #distilled Over- Wait ‘Wait Wait Time | Over-
EPR EPR EPR head Time Time head
(15% in- | (5% in- | (3.5%
fidelity) fidelity) | infidelity)
MCT-480 2,312 485 4.77x 15 240 13 3.09% 1.98 6.75 471 1.00
MCT-608 2,312 454 5.09x 15 240 15 3.55% 1.98 6.36 4.39 1.00
MCT-720 2,312 382 6.05x 15 240 16 3.78% 1.98 8.23 6.25 1.00
QFT-480 121,728 16,693 7.29x 1,080 2,970 1,133 11.32% 1.30 6.87 5.57 1.00
QFT-608 155,960 20,781 7.50x 1,368 3,762 1,452 11.44% | 1.26 6.92 5.66 1.00
Increase QFT-720 194,526 24,670 7.89% 1,620 4,455 1,772 11.75% | 1.00 7.77 6.77 1.00
#qubits/QPU | Grover-480 156,213 26,943 5.80x 1,800 7,200 1,927 9.67% 2.08 8.73 6.65 1.00
Grover-608 150,702 27,412 5.50x 1,800 7,200 1,933 9.70% 1.87 9.54 7.67 1.00
Grover-720 156,213 25,883 6.04x 1,800 7,200 2,122 10.55% | 2.08 9.14 7.06 1.00
RCA-480 92,259 9,169 10.06x | 603 2,412 630 9.46% 0.03 8.49 8.46 1.00
RCA-608 92,259 9,304 9.92x 603 2,412 650 9.73% 0.03 8.57 8.54 1.00
RCA-720 92,226 9,395 9.82x 603 2,404 658 9.86% 0.01 9.78 9.77 1.00
MCT-360 1,476 468 3.15x 15 144 15 5.26% 3.03 5.81 2.78 1.00
MCT-480 2,312 485 4.77x 15 240 13 3.09% 1.98 6.75 471 1.00
MCT-600 3,214 634 5.07x 15 432 12 1.73% 1.17 5.30 4.13 1.00
MCT-720* 4413 921 4.79x 15 624 11 1.14% 0.87 527 4.40 1.00
QFT-360 78,300 13,504 5.80x 810 1,500 715 11.30% 1.48 6.27 4.79 1.00
QFT-480 121,728 16,693 7.29x 1,080 2,970 1,133 11.32% | 1.30 6.87 5.57 1.00
QFT-600 169,831 20,041 8.47x 1,350 4,920 1,559 10.85% | 1.14 7.00 5.86 1.00
Increase QFT-720* 216,372 23,362 9.26x 1,620 7,350 1,915 9.89% 1.20 7.63 6.43 1.00
#QPUs/rack Grover-360 140,813 29,717 4.74x 1,800 4,800 1,594 9.86% 2.03 9.96 7.93 1.00
Grover-480 156,213 26,943 5.80x 1,800 7,200 1,927 9.67% 2.08 8.73 6.65 1.00
Grover-600 171,613 25,438 6.75x 1,800 9,600 2,057 8.76% 2.08 8.77 6.68 1.00
Grover-720* 187,013 24,580 7.61x 1,800 12,000 2,178 8.06% 2.07 8.85 6.77 1.00
RCA-360 83,470 10,127 8.24x 603 1,608 531 9.81% 0.03 9.69 9.66 1.00
RCA-480 92,259 9,169 10.06x | 603 2,412 630 9.46% 0.03 8.49 8.46 1.00
RCA-600 101,048 8,916 11.33x | 603 3,216 683 8.69% 0.03 8.68 8.64 1.00
RCA-720* 109,837 8,592 12.78x | 603 4,020 710 7.86% 0.03 8.78 8.75 1.00
MCT-240 1,575 490 3.21x 15 144 14 4.93% 2.74 4.66 1.92 1.00
MCT-540 6,514 3,069 2.12x 99 900 52 2.95% 3.12 5.14 2.03 1.15
MCT-960 15,369 5,415 2.84x 255 2,304 170 3.73% 321 5.44 2.23 1.22
QFT-240 50,195 9,663 5.19x 540 1,000 389 9.41% 1.61 6.25 4.64 1.00
QFT-540 212,522 28,694 7.41x 2,640 4,900 1,802 8.96% 2.36 6.28 3.93 1.00
Increase QFT-960 564,973 58,482 9.66x 8,100 15,400 4,250 6.97% 3.05 6.61 3.56 1.00
#racks Grover-240 147,468 34,265 4.30x 1,800 4,800 1,248 7.89% 1.00 9.54 8.54 1.01
Grover-540 365,312 38,648 9.45x 4,800 10,800 3,071 7.86% 0.99 8.63 7.65 1.00
Grover-960 665,612 39,969 16.65x | 9,000 19,200 4,576 6.48% 0.98 7.99 7.01 1.00
RCA-240 83,470 11,050 7.55x% 603 1,608 432 8.13% 0.03 8.91 8.88 1.00
RCA-540 213,523 12,666 16.86x 1,608 3,618 853 6.61% 0.08 7.10 7.02 1.00
RCA-960 399,478 13,240 30.17x 3,015 6,432 924 4.01% 0.03 7.03 7.00 1.00
MCT-720 4,611 1,008 4.57x 39 600 33 3.12% 2.24 6.60 4.36 1.00
Spine-leaf QFT-720 249,317 34,657 7.19x 2,400 6,570 1,767 8.24% 1.77 9.89 8.12 1.00
topology Grover-720 242,013 34,357 7.04x 3,000 10,800 2,001 6.61% 2.22 11.63 | 9.42 1.00
RCA-720 149,316 11,418 13.08 x 1,005 3,618 679 6.69% 0.03 10.36 10.33 1.00
MCT-960 6,910 2,497 2.77x 63 960 30 1.79% 2.44 5.82 3.38 2.34
Fat-tree QFT-960 421,181 49,568 8.50x 4,200 11,610 3,107 8.24% 1.99 9.40 7.41 1.00
topology Grover-960 327,813 39,193 8.36x 4,200 14,400 2,420 5.90% 2.28 12.80 10.52 1.00
RCA-960 206,373 12,639 16.33x 1,407 4,824 896 6.48% 0.03 10.52 10.49 1.00

by each benchmark program, with the number of those EPR pairs minimized through a buffer-
aware compilation pass [223], where the buffer size is set to the same as our framework. Then,
we schedule the generation of each EPR pair with the buffer-assisted on-demand strategy as
explained in Section 2.4.5. Although in principle, this strategy does not ensure deadlock-free

and congestion-free communication as the strict on-demand strategy does, we did not observe
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fatal issues with this strategy during experiments.

2.5.2 Primary Experiment Result

Outperformance Table 2.2 presents the comparison of our framework with the baseline
as the number of qubits per QPU increases, as the number of QPU per rack increases and as the
number of racks increases. Besides CLOS, we also include two other commonly used network
topologies, i.e., spine-leaf topology [206] and fat tree topology [57]. It can be seen that our
compiler significantly reduces the overall latency, with an average improvement factor of 8.02.

The results of the baseline stay stable with #qubits per QPU, as the increase of #qubits
per QPU of primarily affects QPU computation rather than inter-QPU communication. Only the
QFT results of the baseline vary with #qubits per QPU, since it has a denser communication
pattern than other benchmarks. In contrast, the latency of our compiler varies with #qubits
per QPU, as the allocated buffer size increases with #qubits per QPU. This leads to a slightly
increased improvement as #qubits per QPU increases.

The improvement of our compiler increases with #QPUs per rack, showing the ability
of our compiler to mitigate the bandwidth contention caused by the increased #QPUs. It also
increases with #racks, exhibiting the capability of our compiler of effectively utilizing the
increased cross-rack bandwidth. These results demonstrate the scalability of our compiler.
Furthermore, the improvement factors of the other two network topologies are at a similar level
with CLOS network, which demonstrates the general applicability of our compiler to various
network topologies.

Overhead It can also be seen from Table 2.2 that these improvements are achieved with a
small overhead. First, our compiler requires the generation of 7.41% more (weighted) EPR pairs
on average, which decreases as the #QPUs per rack or #racks increases. Second, our compiler
increases the wait time of generated EPR pairs in the buffer by only 6.51 x reconfiguration latency
on average. This wait time is acceptable since it is even less than the latency of generating one

cross-rack EPR pair. Third, the retry overhead is very close to 1 for most programs, indicating
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Figure 2.8. Performance improvement of our compiler varying with (a) buffer size and (b)

look-ahead depth.

that the retry rarely occurs in the compilation. Only one of the programs (i.e., MCT-960 in

fat-tree topology) presents a relative high retry overhead of 2.34. This is because a very early

scheduled EPR pair generation caused a buffer congestion for very late EPR pairs, causing the

compiler to retry multiple times.
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Figure 2.9. Performance improvement of our compiler varying with (a) #communication qubits
per QPU, (b) cross-rack EPR latency and (c) in-rack EPR latency (both normalized by reconfigu-

ration latency).
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Figure 2.10. Fidelity overhead of our compiler varying with (a) cross-rack fidelity and (b)
distilled in-rack fidelity (both relative to the original in-rack fidelity). (c) The overall latency
varying with in-rack distillation through different numbers of EPR pairs.

2.5.3 Choice of Hyper-parameters

Buffer size We illustrate the effect of varying buffer size while keeping all other parame-
ters the same as program-480 in Table 2.1. Fig. 2.8(a) shows the overall latency of baseline and
our compiler as the buffer size increases. The latency of our compiled programs first decreases
with the buffer size and then becomes stable, with the improvement factor first increasing and
then becoming stable. The turning points of QFT, Grover and RCA are around 7, which takes
7/(30+7) = 18.9% of the total #qubits per QPU. In contrast, the turning point of MCT is around
20, which is much larger than other benchmarks. This is because MCT is much more dominated
by in-rack communications than other benchmarks. It can benefit from a larger buffer size, as
in-rack EPR pairs can be collected and stored in the buffer with less restriction by network

bandwidth.

Look-ahead depth We also illustrate the effect of varying look-ahead depth while
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keeping all other parameters the same as program-480 in Table 2.1. Fig. 2.8(b) shows the
overall latency of baseline and our compiler as the look-ahead depth increases. The latency
of our compiler first decreases with the look-ahead depth and then becomes stable, with the
improvement factor first increasing and then becoming stable. Similar to buffer size, the turning
point of MCT is larger than other benchmarks. It can benefit from a larger look-ahead depth,
as an increased look-ahead depth leads to an increased collection of its more dominant in-rack

communications.

2.5.4 Sensitivity Analysis

This subsection provides a sensitivity analysis for various hardware parameters, demon-
strating the adaptability of our compiler to a varying EPR supply (i.e., the number of communi-
cation qubits per QPU and the latencies of cross-rack and in-rack EPR generation) and a varying
EPR quality (i.e., fidelity of cross-rack, in-rack and distilled EPR pairs). Since only the ratios
between different latencies and fidelity matter, cross-rack and in-rack latency will be normalized
by reconfiguration latency, while cross-rack and distilled in-rack fidelity will be normalized by
the original in-rack fidelity.

Communication qubit number We illustrate the effect of varying #communication
qubits per QPU by increasing it from 1 to 6, keeping all other parameters the same as program-
480 in Table 2.1. As shown in Fig. 2.9(a), the overall latency of both baseline and our compiler
decreases first and then becomes stable, which naturally arises from the increased bandwidth by
communication qubits. The improvement factor of our compiler first increases and then becomes
stable, which demonstrates its more effective utilization of network bandwidth than the baseline.

Cross-rack EPR latency We illustrate the effect of varying the latency of cross-rack
EPR pair generation by increasing its ratio to reconfiguration latency from 5 to 30, keeping all
other parameters the same as program-480 in Table 2.1. As shown in Fig. 2.9(b), the overall
latency of both baseline and our compiler increases with cross-rack latency. These trends arise

naturally from the fact that a longer cross-rack EPR latency leads to a longer overall latency. The
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improvement factor of our compiler decreases with an increased cross-rack latency, but remains
significant even if cross-rack latency is as large as 30x reconfiguration latency.

In-rack EPR latency We illustrate the effect of varying the latency of in-rack EPR pair
generation by increasing its ratio to reconfiguration latency from 0.05 to 1, keeping all other
parameters the same as program-480 in Table 2.1. As shown in Fig. 2.9(c), the overall latency
of both baseline and our compiler increases with in-rack latency. These trends arise naturally
from the fact that a longer in-rack EPR latency leads to a longer overall latency. In contrast to
cross-rack latency, the improvement factor of our compiler slightly increases with the in-rack
latency.

Relative cross-rack fidelity We analyze the effect of varying the fidelity of cross-rack
EPR pairs. We fix the fidelity of in-rack EPR pairs to 95%, varying the fidelity of cross-rack
EPR pairs from 75% to 95%, with the ratio between cross-rack and in-rack ones being from
0.79 to 1. All other parameters are kept the same as program-480 in Table 2.1. As shown in
Fig. 2.10(a), the EPR overhead of our compiler slightly increases as this fidelity ratio becomes
closer to 1. This is because our compiler adopts a tradeoff of incurring additional for hiding
latencies of cross-rack communications. With a smaller fidelity distinction between cross-rack
and in-rack pairs, the cost of additional in-rack EPR pairs would appear more significant.

Relative distilled in-rack fidelity We also analyze the effect of varying the fidelity of
distilled in-rack EPR pairs, as the distillation can be improved by advancing distillation protocols
or sacrificing more EPR pairs for the distillation. We fix the fidelity of in-rack EPR pairs to 95%,
varying the fidelity of distilled in-rack EPR pairs form 95% to 99.5%, with the ratio between
distilled in-rack and (non-distilled) in-rack ones being from 1 to 1.047. All other parameters are
kept the same as program-480 in Table 2.1. As shown in Fig. 2.10(b), the EPR overhead of our
compiler decreases rapidly with this fidelity ratio. That means if we can distill the additional
in-rack EPR pairs to a high enough fidelity, the fidelity overhead brought by them will become
negligible.

#EPR pairs per distillation While the fidelity of distilled in-rack EPR pairs can be
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Table 2.3. QEC Integration: performance of our compiler and the baseline with surface code of
distance 5.

Experiment Benchmark- Baseline: | Ours: Improv. | #cross- #in- Ours: EPR Baseline: | Ours: Additional | Retry
#alg_qubits Latency Latency Factor rack rack #distilled Over- Wait Wait Wait Time | Over-
EPR EPR EPR head Time Time head
(15% in- | (5% in- | (3.5%
fidelity) fidelity) | infidelity)

MCT-64 145,202 35,859 4.05x 1,920 7,680 2,621 12.01% | 0.00 2.40 2.40 1.00
Surface Code | QFT-64 1,239,922 | 277,850 4.46x 15,360 3,840 19,889 21.81% | 0.00 5.02 5.02 1.00
d=5) Grover-64 18,482 2,718 6.80x 120 480 180 13.04% | 0.00 1.31 1.31 1.00
RCA-64 16,777 3,965 4.23x 180 720 249 12.15% | 0.43 3.02 2.59 1.00

enhanced by sacrificing more EPR pairs, the generation of these sacrificed EPR pairs can also
increase the overall latency. However, our experiments show that this increase is not significant.
This is because all the sacrificed EPR pairs are in-rack pairs, which can be generated collectively
in our compiler. As shown in Fig. 2.10(c), the overall latency is increased by only 7.4% on
average as the number of EPR pairs used in each distillation increases from 1 (i.e., no distillation)

to 10.

2.5.5 Integration of QEC

We demonstrate the capability of our compiler to integrate QEC by an experiment with
programs encoded in surface code, one of the most promising QEC codes [92]. We decompose
programs into the Clifford + 7 basis [160], implementing logical operations with lattice surgery
[141, 222], along with a magic state factory to facilitate logical T gates [91]. Therefore, the
logical qubits include both algorithmic qubits required by the quantum program and additional
qubits to facilitate quantum computation (e.g., magic states for implementing logical T gates
[34]).

We adopt an architecture steup similar to the primary experiment, which consists of 4
racks, with each rack containing 4 QPUs, each QPU containing 2 communication qubits. Each
benchmark contains 64 algorithmic qubtis. On each QPU, 4 algorithmic qubits of code distance
d =5 are arranged in a lattice, separated by ancilla qubits with a spacing of d [141], surrounded
by a magic state factory at the periphery of the QPU. The EPR pairs can be stored with a

low resource overhead [43, 197] to prevent from decoherence, until participating syndrome
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measurements [121]. Specifically, each QPU has a buffer of 12 logical qubits with a code
distance of 6, which are encoded in the [[72,12,6]] LDPC code [43]. This leads to a buffer qubit
overhead that is much less than the number of qubits used for computation.

As shown in Table 2.3, our framework achieves a reduction in latency by an average
factor of 4.89, with an average EPR pair overhead of 14.75%, an average additional wait time
of 2.83, and an average retry overhead of 1.00 (i.e., no retry occurs). This demonstrates the

applicability of our framework in fault tolerant quantum computing.

2.6 Conclusion

In this work, we provide in-depth analysis and discussion of the compilation challenges
of scaling up quantum computing with QDCs based on reconfigurable optical switch network.
We propose a compiler that optimizes the quantum communication in QDCs across both the
program and network layers, which employs a look-ahead EPR scheduling along with two key
optimizations: collective in-rack EPR pair generation and parallelized cross-rack EPR pairs
generation. This compiler reduces the overall communication latency by a factor of 8.02, with
an overhead of requiring 7.41% more EPR generation and increasing the wait time of EPR pairs
by 6.51 x switch reconfiguration latency. We also demonstrate its capability of integrating QEC
by an evaluation on surface code. Moreover, we have open-sourced our codes to facilitate further

research and collaboration within the community.
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Chapter 3

OneQ: Compilation Framework for Pho-
tonic One-Way Quantum Computation

3.1 Introduction

Quantum computing (QC) is promising in providing significant speedup for many prob-
lems, such as large-number factorization [191], unordered database search [100] and simulation
in quantum chemistry [53, 151]. Tremendous progress has been made in hardware technologies
for quantum computing, including superconducting [75], ion trap [50], neutral atoms [182], and
photonics [125], in both research lab settings and industrial production levels. With no clear
winner among current platforms, it is expected that multiple technologies will continue to evolve
together to meet diverse mission needs and application requirements.

In recent years, there has been a surge of interest in photonic quantum computing [201,
166], mainly due to the unique advantages of photonic qubits [162, 37], such as great scalability,
long coherence time and easy integration with quantum networks. This interest is further fueled
by the breakthroughs in photonic technologies [133, 221] and the successful demonstration
of quantum supremacy on photonic quantum computers [ 145, 240, 239]. Moreover, PsiQuan-
tum [24, 41, 26] recently announced the world’s first manufacturing milestone for integrated
quantum photonic chips, with quantum photonic and electronic chips being manufactured using
advanced semiconductor tools.

However, photonic quantum computing also presents a unique set of features that cannot
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be directly handled by conventional programming and compiler frameworks [173, 192] for solid-
state qubits. First, unlike the permanent qubits in solid-state systems [75, 50, 182], photonic
qubits are flying qubits at the speed of light, and are generated dynamically over time. Second,
in contrast to the solid-state platforms which entangle qubits by multi-qubit gates such as CNOT,
entanglement between photonic qubits are more natively performed by projective measurements
onto entangled states, a process referred to as fusion (e.g., simultaneous measurements in X X -
and ZZ-bases project the qubits onto Bell states). Third, measurements on photonic qubits,
including single-qubit measurements and fusions, instantaneously destroy the photons, meaning
that each photonic qubit can be measured or fused at most once and cannot be reinitialized.

At programming level, measurement-based quantum computing (MBQC) [176] has been
suggested as a native programming paradigm for photonic quantum computing, because it does
not require long-lasting qubits or quantum gates, but only one-time measurements on qubits.
Unlike the circuit model which initializes qubits to a product state of all |0)s and performs
algorithms by a sequence of gates that gradually creates entanglements, MBQC initializes
qubits to an entangled state and performs algorithms by a pattern of single-qubit projective
measurements (called measurement pattern) that gradually consumes the entanglements. During
the computation, each qubit is measured only once and is then free to detach from the computing
system or even disappear. This is why MBQC is also called “one-way” quantum computing
(1WQC). In addition to MBQC, another popular programming paradigm for photonic quantum
computing [120, 145] is the special-purpose model for Gaussian boson sampling [102], but it is
not a universal computing model like MBQC and thus has restricted applications.

Yet few attempts have been made on the compilation side. While previous work [176,
177, 46, 214] has shown that the utilization of a lattice-like entangled state, i.e., a cluster state,
can enable a basic interpreter from the circuit model to MBQC by joining the measurement
patterns of individual gates on it, this approach is not efficient for scaling up on hardware.
Practical photonic hardware scales up by first generating small entangled states (called resource

states) and then combining them into larger entangled states through fusions [96]. Attempting to
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generate a large cluster state on such hardware would result in an unnecessarily significant fusion
overhead, because a large amount of entanglements in the cluster state is actually redundant for
the computation, but only to keep the lattice geometry. Instead of generating all entanglements
of the cluster states, it is more efficient to only generate the entanglements required by the
computation. Theses required entanglements can be represented by a non-lattice graph state, i.e.
a generalized cluster state with arbitrary graph geometry. However, as the geometry of the graph
state is irregular and varies depending on the specific program to be executed, it is not yet known
how to efficiently map the irregular graph geometry onto an MBQC machine while complying
with the hardware constraints.

In this paper, we investigate how to optimize the quantum program compilation for
a photonic MBQC machine. As the first step, we abstract a extendable space-time coupling
graph to formulate the hardware model. This coupling graph represents the hardware resources
(e.g., resource state generators (RSG)) and constraints (e.g., available photon routing) in a
way that suits the subsequent compilation designs. With this abstraction, we identify three
key challenges in compiling graph states onto the hardware model. First, resource states are
generated dynamically in layers over time by limited number of RSGs and thus cannot be
available simultaneously. Second, there is no direct correspondence between a graph state node
and a photonic qubit due to the lack of high-degree qubits in the resource states. Third, there
is a mismatch between the irregular geometry of the graph state and the regular structure of
fusion supports represented by the coupling graph. Additionally, for resource states of small size,
there is a further constraint that non-planar graphs cannot be accommodated by resource states
generated in the same layer since the number of possible fusions on each resource state is too
limited.

To this end, we propose an optimizing compilation framework consisting of three se-
quential stages (Figure 3.1), with each stage handled by a key module of the framework. The
Graph Partition and Scheduling module (Section 3.4) partitions the graph state into subgraphs

and schedules them onto resource states generated at different times. It achieves a balance
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Figure 3.1. Framework Overview.

between reducing the wait time of photons and increasing the potential efficiency of mapping
by analyzing the dependencies among operations and considering the overall geometry. The
Fusion Graph Generation module (Section 3.5) synthesizes the scheduled subgraphs by fusing
low-degree qubits in the resource states into high-degree nodes in the graph and connecting
them appropriately. The produced fusion strategy is agnostic to the coupling constraints, and is
represented by a fusion graph. The Fusion Mapping and Routing module (Section 3.6) tackles
the coupling constraints by finding an embedding layout of the irregular fusion graph into the
regular coupling graph. Specifically, it makes the fusion graph compatible with the coupling
graph by extending and routing the edges of the fusion graph along the edges of the coupling
graph. By maximizing the compactness of the layout, we can reduce the number of required
fusions, thus reducing the computation overhead and enhancing the overall fidelity. Lastly, the
additional constraint for small resource states can be addressed by a planarity enforcement for
all modules. With these modules and optimizations, our framework maximizes the utilization of
computing resources and efficiently accommodates the irregularity and adaptivity of the graph
states.

To summarize, our contributions in this paper are listed as below:

» We abstract a extendable space-time coupling graph to formulate the hardware model of a

realistic photonic MBQC architecture.
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* We identify three critical compilation challenges in the gap between MBQC programs
and realistic photonic MBQC hardware, as well as an additional constraint in the cases of

small resource states.

* We propose an optimizing compilation framework to efficiently deploy quantum programs
onto the hardware, which includes three key optimization modules to tackle the identified

challenges, along with a planarity enforcement process to address the additional constraint.

* Our framework outperforms the basic MBQC interpreter by orders of magnitude in terms

of execution time and resource consumption of the compiled program.

3.2 Background and Related Work

3.2.1 MBQC on Photonic Platforms

Photonic qubits are an exceptional carrier of quantum information and are well-suited
for the one-way model of quantum computing [47, 158]. The feasibility of photonic one-way
quantum computing has been shown by implementing various quantum algorithms on photonic
qubits in cluster states [205]. For example, Grover’s algorithm was implemented on a 4-photon
4-qubit cluster state in [216] with a fidelity of 0.9, Deutsch-Jozsa algorithm was realized on a
six-qubit cluster state in [212] with a fidelity of 0.96, and Simon’s algorithm was performed
on a five-qubit cluster state in [202] for a period-finding problem. Notably, rapid progress is
being made toward scaling up the photonic platform with integrated waveguides and optical
chips [204, 185, 23, 87, 220, 88, 188], and a fully reconfigurable optical processor has been
demonstrated in [54].

Practical photonic hardware is scaled up by generating small-size resource states (e.g.,
three-qubit [96], four-qubit graph states [25]) and cascading them via fusion [83]. Fusion is a
native operation in linear optics that projects a two-qubit state to an entangled state through joint

measurements on the two qubits. For example, joint measurements in XX- and ZZ-basis projects
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two-qubit states onto Bell states. The joint measurements we use in this paper are in XZ- and
ZX-basis, which merge two graph states to another graph state. As shown in Figure 3.2, the
3-qubit graph states ABC and DEF can be merged into a 4-qubit graph state ABEF via a fusion
on qubits C and D. The cost of each fusion is losing the two measured photons (qubit C and D
in Fig. 3.2). In general, the fusion between an m-qubit graph state and an n-qubit graph state
generates an (m + n — 2)-qubit graph state, which is larger than the original graph states when

m,n > 2.

A B C D E F A B E F
o—.—@—.—.l:D.—o—o—o

Figure 3.2. A fusion between graph states ABC and DEF. After the fusion between C and D,
qubit C and D vanish while qubit A, B, E and F form a new graph state.

Despite facilitating scalability, fusions come with an overhead of losing two qubits each
time and are the lowest-fidelity operations in the computing process. As a result, reducing the
number of fusions is critical for reducing the required computing resources and enhancing the
overall fidelity. Thus we consider it as one of essential optimization goals in our compilation
framework, which is analogous to the goal of minimizing the number of CNOT gates in compilers

for the circuit model.

3.2.2 Programming Paradigm of MBQC

MBQC Basics

MBQC is a universal but conceptually distinct computational model from the circuit
model, as computation in MBQC is driven by single-qubit projective measurements instead of
1-qubit and 2-qubit gates. The initial state used as the computing resource in MBQC can be a

graph state, which is an entangled state of qubits located on a graph G = (V,E), formally defined
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as the eigenstates of operator

S:Xi®Zj, VieV

JEn;

where n; 1s the set of neighboring qubits of i € V. A graph state can be generated by preparing
all qubits in |+) and applying a CZ gate on each pair of qubits connected by an edge e € E.
Given this graph state, computation can be driven by a pattern of Z-measurements and equatorial
measurements E(a), i.e., measurements on the X-Y plane of Bloch sphere at an angle ¢. The
graph G and the measurement basis of each qubit together form a measurement pattern.

MBQC has a classical-quantum hybrid nature in that it relies on a classical feed-forward
to address the non-determinism of quantum measurement. Specifically, the state of unmeasured
qubits are subjected to Pauli X- or Z-corrections according to the outcomes of the measured qubits.
In practice, this can be implemented equivalently by adaptively adjusting the measurement bases
of the remaining qubits, such that all corrections can be postponed to the end of the computation.
As a result, these adaptive measurements induce dependencies between measurements. In
particular, an X*Z'-correction with s,z € {0, 1} can be postponed by adjusting its measurement
angle from o to (—1)*a+1m, i.e., E(0)X*Z' = E((—1)*at+1tm). The dependencies in s and ¢
are called X- and Z-dependency respectively.

There is a straightforward translation [48] from a circuit in the universal gate set
{J(&),CZ} into a measurement pattern, because a measurement E (o) yielding an outcome
m € {0, 1} is equivalent to a J(a) operator followed by a Z-measurement M, yielding the same

value, i.e., E(@) |y) — m corresponds to M J(@) |y) — m,

For example, Figure 3.3 shows the translation from 3.3(a) to 3.3(b), with the measurement
angles of qubits and the roles of being input or output marked on each of them. The 3-degree node

a in 3.3(b) corresponds to the qubit A with 3 CZ gates in 3.3(a), while nodes b1, b, correspond to
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single-qubit gates on qubit B (similarly for qubit C and D). Dependencies between measurements
are represented by directed edges. For example, b1 — b, indicates that the measurement basis of
by may be adjusted according to the measurement outcome of b. This process can be rigorously

described in ZX-calculus and optimized by available tools such as PyZX [122].

A _ in/out
BAqarel’/s

C ol —

D —— ]

(a) (b)

Figure 3.3. Translation from a circuit (a) to a graph state (b), with the measurement bases labeled
on qubits. Qubits in (b) with ‘in’, ‘out’ or ‘in/out’ are input or output qubits. Arrows on the
edges indicate the dependencies between measurements.

MBQC Interpreter

While there has not been a compiler for practical MBQC machines, previous work on
cluster states enables a basic interpreter from the circuit model to MBQC, which we adopt as the
baseline approach in our evaluation.

Cluster states are universal for MBQC as it allows the implementation of a universal gate
set, such as single-qubit gates along with CNOT. In particular, an arbitrary single-qubit gate can
be implemented by a measurement pattern on a line of qubits in the cluster state, such as the red
circles in Figure 3.4(b), while a CNOT gate can be implemented on two lines of qubits joined by a
qubit in between, such as the green circles in Figure 3.4(b). The X,Y labels stand for X-, Y-basis,
while &, 1, { stand for the angles of general equatorial measurements. Measurements in bases
except X, Y and Z are adaptive measurements and can thus induce dependency. These adaptive
measurements only arise in the measurement patterns of non-Clifford gates, meaning that all

Clifford gates can be executed simultaneously on the cluster state even if they are dependent in
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the circuit model. For more details about measurement patterns of different gates, please refer to

[176].

indino

Figure 3.4. From a circuit (a) to an MBQC measurement pattern (b). Labels on the qubits stand
for their measurement bases, with X,Y standing for X-,Y-basis, and &, 1, { standing for the
angles of equatorial measurements. Shaded qubits are redundant qubits which can be removed
by Z-measurements.

A basic interpreter from the circuit model to MBQC can be constructed by simply joining
the inputs and outputs of measurement patterns of those gates according to their positions
in the circuit, as shown in Figure 3.4. Those measurement patterns can be aligned up by
inserting identity gates, implemented by two adjacent X-measurements (or three adjacent Y-
measurements), as shown by the yellow ‘wires’ in Figure 3.4(b). The qubits not used by
measurement patterns of any gates are redundant to the computation, and can be removed
by measurements in Z-basis (shaded qubits in Figure 3.4(b)). Similar to the circuit model
compilation [136], CNOT gates on non-neighboring qubit strips can be implemented by inserting
measurement patterns of SWAP gates whenever necessary. In this way, we can implement any
quantum circuit in an MBQC manner. This interpreter greatly simplifies the mapping from
qubits and gates in the circuit to the measurements on the cluster state. However, this approach is
inefficient in the utilization of computing resources. Specifically, it makes many qubits redundant
for computation and consumes their entanglements trivially by Z-measurements, without any
regard for the huge overhead of generating those redundant entanglements on a practical MBQC

machine.
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3.3 Problem Formulation

3.3.1 Hardware Abstraction

Photonic hardware for one-way quantum computing involves three key stages: generation,
routing, and measurement. In the first stage, an array of resource state generators (RSG)
periodically produces copies of resource states, with the period referred to as a clock cycle. In
the second stage, routers channel the resource states to different measurement locations using
spatial and temporal routing. Spatial routing allows fusions between resource states generated
by different RSGs, while temporal routing allows fusions between resource states generated at
different times using delay lines, which can delay the arrivals of photons at the measurement
devices for some clock cycles. In the third stage, computation is performed by measuring photons
in a predetermined pattern, with the outcomes fed into a classical computer to determine the
bases of subsequent measurements.

It can be seen that photonic hardware has distinct features that set it apart from solid-state
hardware. Specifically, photonic qubits are continuously generated over time and consumed
by measurements. The use of identical resource states simplifies hardware manufacture and
enhances efficiency, but they are typically in a small size [96, 25] and the number of resources
states generated in each clock cycle is limited by the number of RSGs. Moreover, photonic
hardware features two types of connections: spatial and temporal, both of which support fusions
but are subject to different constraints. For example, spatial routing may only occur between
resource states generated by neighboring RSGs, while temporal routing may only occur between
resource states generated by the same RSG within a limited delay time.

To capture these features, we formulate a hardware model abstraction called the extend-
able space-time coupling graph, as illustrated in Figure 3.5. Each node in the coupling graph
represents a resource state generated by the RSG in the corresponding location, with resource
states in different layers generated at different times. Each edge of the coupling graph represents

a support for possible fusion operations. There are three levels of coupling, which we describe in
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Figure 3.5. 3D structure of hardware connectivity (a) and its extendable space-time coupling
graph (b). The physical layer #1 in (b) is flipped in the horizontal direction so that the physical
layers fy,t; and t, and the their temporal connections in red form an extended physical layer. To
keep the figure clear, other temporal connections are omitted in (b).

detail below.

Coupling in the resource state The first level of coupling comes from entanglements of
qubits in the same resource state. These entanglements are generated directly by the RSGs and
do not require fusion operations. As a result, this level of coupling is implicit in Figure 3.5.

Coupling within physical layers The second level of coupling comes from the resource
states generated within the same clock cycle, which together form a layer of qubits referred to
as a physical layer. As shown in Figure 3.5, the nodes in the physical layer at #y (or #,#,) are
connected into a 2D lattice structure. Such connections within a clock cycle represent the spatial
connections, which allows a resource state to conduct a fusion with resource states generated at
the same time by its neighboring RSGs.

Coupling across physical layers The third level of coupling is that a resource state can
make a fusion with another resource state generated in a different clock cycle by the same RSG,
up to the limit of the delay time, as shown by the red and grey vertical lines in Figure 3.5(a).
Note that we should avoid using too long-range temporal connections because photons suffer

more from the loss error as they stay longer in the delay lines.
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In the coupling graph, the physical layers are extendable by combining consecutive
physical layers and keeping their temporal connections at boundary. For example, in Figure 3.5,
the three physical layers (3.5(a)) generated at time f¢,#; and #, can form an extended physical
layer by keeping their spatial connections and the temporal connections in red (3.5(b)), with
physical layer #; being flipped in the x direction. Temporal connections other than the red ones
are ignored in this extension and thus are not explicitly shown in Figure 3.5(b). This extendability
makes the area of physical layers flexible, and can allow mapping of more global structures onto
the physical layers.

Despite the similarity to the quantum hardware coupling graph [136] prevailing used for
today’s superconducting and ion trap hardware architectures, we emphasize on the differences
between them as following.

1) Different levels of coupling are not independent, and actually their interplay could
create some additional constraints. For example, suppose the resource states generated by RSGs
are 3-qubit resource states, then although the fusion device allows each location on the physical
layers to maximally connect to 4 spatial neighbors (up, down, left, right) and the corresponding
locations on previous and future physical layers up to the limit of delay lines, only up to 3 of
them can be activated.

2) The temporal connections are convertable to spatial connections in the extended
physical layers. The 3D connectivity structure of the coupling graph can be flattened into
a series of 2D extended physical layers along the time dimension, with each extended layer
consisting of several consecutive physical layers. Within each extended physical layer, the

temporal connections (red lines in Figure 3.5) are treated in the same way as spatial connections.

3.3.2 Opverview of our framework

As the first end-to-end compiler for MBQC, it is important to figure out a set of meaning-
ful optimization goals. Our investigation on photonic one-way computing and realistic photonic

quantum device development suggests the following two key optimization objectives. 1) Min-
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Figure 3.6. Compilation flow. (a) Quantum circuit. (b) Graph state. (c) Fusion graph generation.
(d) Fusion mapping and routing.

imizing the physical depth. The physical depth is defined as the number of physical layers
consumed in the computation, which represents the time of executing the compiled program. 2)
Reducing the number of fusions. Fusions are often the most low-fidelity and costly operations
incurred in such an MBQC photonic quantum computer.

In the rest of this subsection, we use a motivating example (shown in Figure 3.6) to give
high-level ideas about the key challenges introduced in Section 3.1 and the insights of how they
can be addressed by our framework. We have attempted to maximize simplicity and ease of
understanding, while possibly sacrificing some rigor. We often omit the dependency arrows and
explicit measurement bases when they are not important for our optimization techniques, and
they can always be derived from the graph state [48].

Challenge 1: Dynamic Computing ResourcesAs resource states are generated dy-
namically in physical layers, a large number of qubits cannot be available simultaneously. In
real-world quantum programs, graph states are typically too large (in terms of their number of
nodes and edges) to be mapped onto a single or a few physical layers. Therefore, careful partition
and scheduling schemes are needed to decompose large graph states into smaller components so
that the graph state can be accommodated by the coordination of multiple physical layers. To
minimize the delay time of photonic qubits and decrease their loss rates, dependent measurements
can be scheduled according to their execution orders. However, this approach may compromise

the compactness of graph state mapping onto the hardware by resulting in fragmented structures
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that lose the overall geometry of the graph state. In our framework, this challenge is addressed
by an approach that concurrently considers both the dependencies between measurements and
the overall program geometry, allowing for a more efficient and effective allocation of resources.
Section 3.4 gives detailed schemes of partition and scheduling.

Challenge 2: Lack of High-Degree Qubits High-degree nodes are a common occurrence
in graph states, as qubits performing many two-qubit gates with other qubits (e.g. node G in
Figure 3.6(a)) can result in high-degree qubit nodes in the corresponding graph state (e.g., node
G in Figure 3.6(b)). However, such high-degree qubits may not be available in the resource states
due to the limited inter-connections among the photonic qubits they contain (e.g., qubits in the
3-qubit resource states in Figure 3.6(c) have a maximum degree of 2). This prevents a direct
correspondence between the graph state nodes and the photonic qubits. In our framework, those
high-degree qubit nodes are synthesized by a proper strategy of fusions between low-degree
qubits in resource states (e.g., node A to the shaded area in Figure 3.6(c), and node G to the area
around G in the central part of Figure 3.6(c)). By matching with some basic fusion patterns,
arbitrary high-degree input graph states (e.g., Figure 3.6(b)) can be synthesized to accommodate
input adaptivity. Such a fusion strategy is agnostic to the routing constraints on the hardware,
and aims to establish a viable fusion relation between resource states to synthesize the graph
state eventually. The strategy can be abstracted to a fusion graph that indicate necessary fusions
at the level of resource state. Section 3.5 gives detailed schemes for the generation of synthesis
strategies and their fusion graphs.

Challenge 3: Mapping and Routing Constraints Due to the routing constraints, the
irregular structure of fusions in Figure 3.6(b) may not be compatible with the hardware con-
nectivity. In Figure 3.6(d), each yellow square represents a location of RGS, with the spatial
routing allowing fusions between resource states from neighboring RGS’s. It can be seen that the
triangle in Figure 3.6(c) consisting of resource states P, Q and R (circled part in Figure 3.6(c))
cannot be mapped to the orthogonal grid directly because R can not be adjacent to both P and

Q if P and Q are mapped to adjacent RSG locations. Such incompatibility exists widely in a
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general fusion graph, which prevents a direct mapping from the fusion graph to the underlying
hardware topology. In our framework this issue is resolved by extending some of the edges
and winding them along the 2D lattice of individual or extended physical layers, which form
paths of consecutive fusions. We refer to this procedure as fusion routing. For example, in
Figure 3.6(d), P,Q and R can conduct fusions with each other with an auxiliary resource state
S. In S, two qubits participate in the routing path RSQ, with the other qubit (in blue) removed
by a Z-measurement. By maximizing the compactness of the mapping, we can minimize the
overhead from extra fusions. Section 3.6 gives detailed searching schemes to map the edges onto
orthogonal paths while minimizing the routing overhead.

Additional Challenge: Non-Planar Graph States The number of possible fusions on
resource states is limited by the number of qubits they contain. Typically, for small resource
states, each location in the coupling graph can be passed by at most one routing path. For
example, in Figure 3.6(d), resource state S is passed by the routing path of edge QR, which
destroys two of its qubits. This leaves only one qubit remaining, which is insufficient for use in
another routing path. Therefore, the layout of the graph state cannot have edges intersecting each
other unless the resource states are large enough to be splitted into multiple 2-qubit cluster states
(e.g., as large as 5-qubit linear cluster state or 6-qubit ring-like cluster state). In other words,
only planar graphs, i.e., graphs that can be embedded on a plane with no edges crossing each
other, can be mapped to a single physical layer. In our framework, this is addressed by enforcing

a planarization process in all modules to prohibit the graph non-planarity.

3.4 Graph Partition and Scheduling

Scheduling of operations for MBQC differs from that for the circuit model in two ways.
First, the dependency relations in MBQC can be quite different from those in the circuit model.
For example, dependencies between measurements occur only in the presence of non-Clifford
gates, while all measurements corresponding to Clifford gates can be executed simultaneously.

Second, the number of graph state nodes that can be accommodated by each physical layer is
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flexible, which is hard to predict beforehand since it depends on the strategies of graph synthesis
and routing. Specifically, the synthesis of a node in the graph state may result in multiple nodes
in the fusion graph, while the mapping of an edge in the fusion graph may require a routing path
through multiple locations in the coupling graph.

To handle these distinct features, we partition the graph state into subgraphs in a way
that respects the measurement dependency, and allow a dynamic scheduling for each subgraph
to accommodate the flexibility in the resource demand. The graph partition enables the qubits
measurable earlier to be scheduled onto earlier physical layers in a coarse grain, which reduces
the wait time of qubits in the delay lines and enhances the program fidelity. The dynamic
scheduling schedules each partition of the graph state onto a flexible number of physical layers,
with the physical layers allocated dynamically until the partition is all mapped. This enables the
search for a compact layout of the scheduled partition, which increases the efficiency of resource
utilization and reduces the total number of physical layers required by the program.

The partition of the graph state respects the measurement dependency through an analysis
of the executability order of the measurement operations. Due to the non-deterministic nature
of quantum measurements, MBQC requires a classical feed-forward that induces dependencies
between measurements. The partial order between measurements can be described by a causal
flow [48], which is determined by two types of dependencies. Specifically, based on the
measurement outcome of a particular qubit, the measurement angles of its neighboring qubits
may be adjusted from o to (—1)*a +¢m where s,z € {0, 1}, with the dependency on s called
X-dependency and that on ¢ called Z-dependency. Note that changing the angle from « to
o + 7 only interchanges |+) and |F), which means the Z-dependency is equivalent to a re-
interpretation of the measurement outcome of the affected qubit. Therefore the condition when a
measurement becomes executable can be summarized as Lemma 1, with qubits executable at

each time forming a dependency layer.

Lemma 1. A measurement on a qubit in the graph state is executable if all its X -dependent
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qubits are measured and all the Z-dependent qubits of all its X -dependent qubits are measured.

This respect for measurement dependency is only in a coarse-grained manner. This means
that a partition can contain multiple dependency layers, and dependency layers within the same
partition do not have to be scheduled strictly according to their executability orders. The reason
for this is two-fold. First, the presence of delay lines can allow the delay of qubits’ arrival at the
measurement devices for some time, making an exact match between the executability order and
the physical layer order unnecessary. Second, allowing for this mismatch enables a preservation
of the overall geometry structure among nearby dependency layers, which can be used to increase
the potential compactness of the graph layout in the mapping process. Specifically, this coarse-
grained manner can be achieved by first sorting the measurements according to their executability
orders, and then forming each graph partition by including a number of consecutive dependency
layers.

Partitioned subgraphs are then scheduled for fusion graph generation and layout search
for the fusion graph in ascending order of their executability. The scheduling of these subgraphs
is dynamic in two levels. First, for each partition, physical layers would be allocated dynamically
for mapping and routing until all the nodes in the corresponding fusion graph are mapped to the
hardware. Second, among partitions, there can be additional edges connecting nodes of fusion
graphs for different partitions, which also need to be mapped to the hardware to form the whole
graphs state. This can be achieved by dynamically allocating additional physical layers between
the partitions, and routing on those physical layers until all cross-partition edges are mapped.

Graph Planarization To further respect the planarity constraint for resource states
of small size, the planarity of the subgraphs can be used as an additional condition for graph
partitioning. Specifically, in the process of grouping consecutive dependency layers into partitions
in ascending order of their executability, a planarity check can be performed along the way.
New dependency layers will not be included if either the limit number of dependency layers is

exceeded or the accumulated subgraph is no longer a planar graph. If a single dependency layer
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is already non-planar, it can be decomposed into subgraphs by repeatedly finding the maximal
planar subgraph G; from its remaining graph G, where a maximal planar subgraph G; is defined
as a subgraph such that the addition of any edge ¢ € G — G; breaks the planarity of G;. This
planarization can ensure in advance that each partition scheduled for fusion graph generation
and layout searching is a planar graph, avoiding unnecessary conflicts when the graph is large

and complex.

3.5 Fusion Graph Generation

A graph state can be synthesized from small resource states via fusion by first synthesizing
necessary components such as high-degree nodes and lines, then connecting them according to
the graph geometry. In this section, we lay the foundation of synthesizing arbitrary graph states
by defining a set of basic patterns. Then we demonstrate the process of graph synthesis from

3-qubit resource states and generalize it to more generic resource states.

WK X

(a) Degree Increment

(b) Line Extension

(c) Graph Connection

Figure 3.7. Basic fusion patterns.

Synthesis of arbitrary graph states can be realized by appropriate strategies based on
some basic fusion patterns, as shown in Figure 3.7. First, the degree of a node V' can be increased
by a degree increment pattern, which fuses a leaf node (degree = 1) connecting to V with a node

of degree > 1. For example, the degree of node V in Figure 3.7(a) is increased by 1 by fusing
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node v with a 2-degree node w. Second, a line of nodes can be extended by a line extension
pattern, which fuses a leaf node of the line with that of another line. For example, the 2-node
line Vv in Figure 3.7(b) is extended to a 3-node line by fusing the leaf node v with the leaf node
w. Third, two resource states can be connected while maintaining their structures (except the
fused nodes) by a graph connection pattern, which fuses two leaf nodes from each of them
respectively. For example, the two 4-node graphs in Figure 3.7(c) are connected by a fusion
between node v and w, with the nodes V and W connected by an edge in the formed graph state

and the remaining structures of them left unchanged.

T

Figure 3.8. Synthesize a high degree node in (a) by a basic fusion pattern in (b). Represent the
fusion pattern by a fusion graph in (c), with each ‘®’ node representing a resource state, each
edge representing a fusion operation.

P A B R
~— roogoorooy
AR

Loodo ool

Q C D S
(a) (b) (c) (d (e)

Figure 3.9. Fusion graph generation. (a) A planar embedding of the graph state geometry. (b)
Split the edges. (c) Replace each high-degree node with a piece of fusion graph, with each ‘®’
node representing a resource state. (d) Connect the pieces of fusion graphs while keeping the
clockwise (counter-clockwise) edge orders in the planar embedding so as to obtain a planar
fusion graph. (e) The planarity may be broken if not keeping the clockwise (counter-clockwise)
edge orders.

With these basic patterns, an arbitrary graph state can be synthesized from resource states

as small as 3-qubit resource states. Specifically, high-degree nodes in the graph states can be
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synthesized by a repetitive application of the degree increment pattern until the required degree
is satisfied, as shown in Figure 3.8(a)(b). The resulting fusion pattern can be represented by
a fusion graph in Figure 3.8(c), with each node representing a resource state, and each edge
representing a fusion operation. Similarly, lines can be synthesized by a repetitive application
of the line extension pattern until the required length is satisfied. Then, the high degree nodes
and lines can be connected via the graph connection pattern (Figure 3.7(c)). We demonstrate
it with an example of synthesizing a graph in Figure 3.9(a). In Figure 3.9(b), we break down
the graph into high degree nodes A, B,C,D, O and lines PQ, RS. Each high-degree node or each
line is connected with some nodes in hollow dots, which represent its neighbors in Figure 3.9(a).
Those nodes are referred to as virtual nodes. Note that multiple virtual nodes are allowed to
represent the same node. We synthesize the high-degree nodes and lines with the basic patterns
Figure 3.7(a)(b), pairing up the virtual nodes according to the original graph in Figure 3.9(a),
and connect these components by applying the basic pattern Figure 3.7(c) on the paired virtual
nodes.

For generic resource states, this synthesis process can be made applicable by a modifi-
cation containing two steps. First, nodes of the fusion pattern in Figure 3.8(c) can be reduced
by utilizing qubits of degree > 2. In particular, for resource states with max degree m, an
n-degree node can be synthesized by n//m+ 1 resource states, where the extra (n mod m) qubits
would be removed by Z-measurements. Therefore, the fusion graph in Figure 3.8(c) becomes a
linear graph containing n//m+ 1 nodes, instead of n — 1 nodes in the case of 3-qubit resource
states. Second, edges in the fusion graph for 3-qubit GHZ states can be contracted by utilizing
the connections between qubits within the resource states. This can be achieved by a pattern
matching process that traverses the graph, searching for lines or cycles that match the intrinsic
geometry of the resource states. During the synthesis process, qubits in resource states can be
removed by Z-measurements when necessary. For example, a n-qubit ring-like resource state
can be tailored to a (n — 1)-qubit linear resource state by removing one qubit, if linear structures,

rather than rings, need to be synthesized.
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Planarity Preservation The planarity condition imposed in the graph partition can be
preserved in the process of fusion graph generation. In other words, if the original graph is planar,
then the resulting fusion graph can also be planar. This can be achieved by first finding a planar
embedding of the original graph, i.e., a way of drawing it on the plane with no crossing edges,
and then keeping the clockwise (counterclockwise) orders among the edges when connecting
the synthesized high-degree nodes. The search for the planar embedding can be efficiently
done by existing tools such as Networkx [101]. For example, in the planar graph in Fig. 3.9(a),
the 4-degree node O has neighbors A, B, D, C in the clockwise order. So we replace it with a
fusion graph component consisting of 3 nodes (component O in the grey circle at the center of
Fig. 3.9(¢)), and connect it with fusion graph components of A, B, D,C in a clockwise manner
(Fig. 3.9(d)). As a comparison, Fig. 3.9(e) shows a fusion graph that breaks planarity since the

clockwise (counterclockwise) edge orders are not maintained.

3.6 Fusion Mapping and Routing

Finding the most compact layout of a graph on a grid is known to be an NP-hard
problem [169], and it is particularly challenging in our case due to two additional features of the
grid. First, each layer of grid has limited area because each physical layer of resource states is
generated by limited number of RSGs. Second, the space-time coupling in the hardware has a
3D nature, which makes a direct search of mapping inefficient. In particular, each edge of a node
can be mapped or routed toward not only different directions around the node but also any of the
previous or subsequent layers up to the limit of delay time, which increases the search space and
leads to longer search times.

To address these challenges, we propose an algorithm consisting of an in-layer mapping
and an inter-layer shuffling, which is applicable for grids of various geometry (triangular,
orthogonal, etc.). It finds the 3D layout of the scheduled graph by finding a series of 2D compact
layouts and connecting the them by a shuffling of nodes. Each 2D layout is found by a boundary-

aware heuristic search restricted to a physical layer or extended physical layer. The incomplete
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Figure 3.10. Mappings of ‘QUANTUM’ (red) and ‘COMPUTING’ (purple) connected through
a shuffling layer (b) in between. Red dots on (c) represent the incomplete nodes whose edges
are not all mapped yet, with the other ends of them being the purple dots on (a). Corresponding
nodes are connected by a shuffling on the intermediate layer (green lines in (b)).

nodes on each layer, whose edges are not all mapped due to the limited grid area are then
connected by a node shuffling on additional physical layer between the 2D layouts. For example,
in Figure 3.10, the graph ‘QUANTUM’ (red) and ‘COMPUTING’ (purple) are mapped onto
two extended physical layers in 3.10(c) and 3.10(a), respectively. Red dots on 3.10(c) represent
the incomplete nodes whose edges are not all mapped yet, with the other ends of those edges
being the incomplete nodes represented by the purple dots on 3.10(a). These incomplete nodes
are connected by a shuffling on the intermediate layer 3.10(b), with the green lines being the
routing paths between corresponding nodes.

In the in-layer mapping, each edge is mapped onto the physical layer or extended physical
layer either directly or via routing. The routing is triggered in two scenarios. First, it can map the
edges between existing nodes in the layout, thus allowing the fusion between non-neighboring
nodes and accommodating the irregularity in the structure of the scheduled graph. Second, it is
used to reduce the blockage between mapped nodes and future nodes, thus increasing the number
of edges that can be mapped to the layer and maximizing compactness of the layout. A node is
defined as blocked if the number of its remaining unmapped edges r exceeds the number of its

adjacent available positions on the grid s, with the case of s > 0 called partially blocked and the
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case of s = 0 called totally blocked. When a node is partially blocked by other mapped nodes,
we can route the node to a position that has enough available degrees. When the direct mapping
of an edge result in a total blockage for some other nodes in the map, we can route the node to a

broader area before the mapping, such that it leaves enough degrees for the other nodes.

(a) (b)

Figure 3.11. (a) Mapping of fusion graph for 3-qubit QFT. (b) Mapping of fusion graph for
8-qubit BV with secret string ‘11111111°. Blue and green dots correspond to the nodes ‘®’
existing in the fusion graph, with the green ones being the incomplete nodes whose edges are not
all mapped yet. Pink dots represent the auxiliary resource states used for routing.

This can be more clearly demonstrated with two layout examples. In Figure 3.11(a), the
routing path ABC, represented by pink nodes, is used to connect the existing nodes and form the
cyclic structure in the shaded area. In Figure 3.11(b), routing was triggered for twice. First, node
A’ is routed from R; by one step to avoid the total blockage for node B, because if node A’ is
directly mapped to the location Ry, one of its edges A’C and A’D would have to take location R,
which is the only remaining location around B. Second, node B’ is routed by one step to address
its partial blockage by A’D, because while node B’ can be directly mapped to the location R», the
only one remaining location around it would be insufficient for mapping its two future edges
B'E and B'F. Note that in real cases the length of routing paths should be > 2.

The heuristic search algorithm can be stated as below. We traverse the edges in a cycle-
prioritized breadth-first order, giving priority to edges involved in cycles over those in trees,

because tree edges are more flexible for mapping. We choose to map each edge either directly
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or via routing according to the scenarios above. After each new edge is mapped, the layout is

evaluated by the heuristic cost function

H = occupied_area
+ #partially_blocked_nodes

+ « - #totally_blocked_nodes

where occupied_area refers to the area of the smallest rectangle that can enclose the mapped
edges. a should be larger than 1 as a total blockage is more harmful. It can be typically set as
the maximum degree of each physical layer. The layout with the lowest cost is then selected as
the best candidate and used in the search for future edges.

In the inter-layer shuffling, incomplete nodes in different 2D layouts are connected via
routing on the physical layers allocated between them. This shuffling can be achieved by first
pairing up the incomplete nodes, sorting the node pairs according to their distances, and then
finding the shortest routing paths to connect the node pairs in ascending order of the distances.
Specifically, if a single physical layer is not enough to accommodate all the routing paths, more
physical layers can be allocated dynamically until all the node pairs are connected. The inter-
layer shuffling can be used to support the subgraph connection need arising in two circumstances.
First, as the graph partition process partitions the whole graph state into subgraphs, the fusion
graphs of different subgraphs need to be connected to form the whole graph state. Second, the
mapping of each partition may generate multiple 2D layouts, as some nodes may be inevitably
blocked due to the limited area of physical layers and the complexity of the graph geometry.
While positions of incomplete nodes in the previous layers are taken into account in the mapping
of subsequent layers to increase their proximity, those 2D layouts may still need to be connected
by the inter-layer shuffling if not all conflicts can be resolved within the in-layer mapping.

Planarity-Aware Search When the given fusion graph is planar, the heuristic search for

in-layer mapping can be made planarity-aware to maximize the number of edges accommodated
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by each physical layer. Specifically, we can first find a planar embedding of the fusion graph, and
make the mapping of each edge follow the planar embedding, which can be achieved by forcing
the mapped edge to leave enough degrees for its clockwise or counterclockwise neighboring
edges connected to the same node. This planarity-awareness naturally prevents routing paths
from crossing each other and reduces the demand for inter-layer shuffling. This approach is more
effective when the area of physical layers is large enough, because otherwise the edges would be
blocked by the limited area anyway. This area can be increased by extension of physical layers,

as shown in Figure 3.5(b).

3.7 Evaluation

3.7.1 Experiment Setup

Metric As discussed in Section 3.3.2, the first metric we consider is the physical depth, i.e., the
number of physical layers consumed in the execution of the program. The second metric is the
number of fusion operations performed in the execution of the program, which is denoted as
‘# fusion’. A better compiler should compile a quantum program into a smaller depth which
indicates a shorter execution time and less consumption of resources, and a smaller ‘# fusion’
which indicates less overhead and being less error-prone. For comparison with the baseline, we
define an improvement factor of physical depth as the ratio of the depth in the baseline to the
depth in our framework, and an improvement factor of ‘# fusion’ as the ratio of the number of
fusions consumed in the baseline to the that consumed in our framework.

Baseline Our optimized baseline is based on the basic MBQC interpreter introduced in Sec-
tion 3.2 but with two preprocessing steps. The first step is synthesizing a sufficiently large 3D
cluster state by fusions from small resource states generated by the RSGs. The sufficient size
of each 2D layer of the cluster state is referred to as cluster area, while the number of RSGs
required to form a cluster state of that size is referred to as physical area. The second step is

finding a layout for the circuit so that measurement patterns of all gates in the circuit can be
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joined in a way shown as Figure 3.4.

For the first step, instead of relying on any specific synthesis strategy, we adopt a lower
bound of the physical area, which indicates the least number of required resource states when
ignoring the spatial constraints for fusion routing. For the second step, to ensure an efficient
implementation of a two-qubit gate with MBQC, it is necessary to place the strips of the involved
qubits close to each other in the cluster state, similar to that in the circuit model with solid-state-
qubit quantum computing. As a result, we utilize the qubit mapping and routing functions of
Qiskit [173] to address the issues related to far-apart 2-qubit gates prior to mapping the circuit
onto the cluster state. Specifically, this is achieved by using a 2D coupling graph that shares the
same structure with each 2D layer of the cluster state as the hardware coupling graph to Qiskit.
Benchmark programs We select Quantum Fourier transform (QFT), quantum approximate
optimization algorithm (QAOA), Ripple-Carry Adder (RCA) [64] and Bernstein-Vazirani (BV)
algorithm as our benchmarks, which include both building blocks of quantum programs (QFT
and RCA) and application driven programs targeting at solving real-world problems (QAOA
and BV). For QAOA, we choose the graph maxcut problem on randomly generated graphs.
Specifically, the graphs are generated by randomly selecting half of its all possible edges. For BV,
we select the secret strings randomly, with approximately half of the digits being 0 and half being
1. In table 3.1, we list the number of qubits and the number of gates for each benchmark, as well
as the cluster area and physical area required by the baseline approach. For each benchmark,
our framework is evaluated on the same physical area with the baseline to make them more

comparable.

3.7.2 [Experiment Result

We first show the results of the baseline and our framework for 3-qubit resource states
in Table 3.2, as the number of qubits increases for each benchmark. It can be seen that our
framework outperforms the baseline by orders of magnitude in both physical depth and the

number of fusions. As the number of qubits increases, this improvement of performance stays
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Table 3.1. Benchmark programs.

Name #qubit | cluster physical
area area

Quantum 16 7x7 16x16

Fourier

Transform 25 9x9 21x21

(QFT) 36 11x11 25x25

Quantum 16 7x7 16x16

Approximate

Optimization 25 9x9 21x21

p

Alg (QAOA) 36 11x11 25x25
16 7x7 16x16

Ripple-Carry

Adder (RCA) 25 9x9 21x21
36 11x11 25x25
16 7x7 16x16

Bernstein

Vazirani (BV) 25 9x9 21x21
100 19x19 43x43

stable or slightly increases.

Among the benchmarks, our framework has the most significant improvement for BV.
This is because the graph state of BV is acyclic and planar, making it easier the heuristic search
in our framework to find a compact layout for the graph and map it to only a few physical
layers. In contrast, the graph states of the QFT, QAOA and RCA contain a lot of short-range
and long-range cycles, which makes the structure more complex and increases the demand for
routing. However, for these benchmarks, our framework still achieves a reduction on the physical
depth by a factor of 15 on average (geomean), and a reduction on the number of fusions by a
factor of 47 on average (geomean).
General resource states To achieve greater generality, our optimization modules are designed
to be extendable to a wide range of resource states. This is made possible by accommodating
flexible fusion strategies for synthesizing graph states and representing each strategy with a
fusion graph. Figure 3.12 shows the results when the resource states are 3-qubit line-shaped
graph state, 4-qubit line-shaped, star-shaped and ring-shaped graphs states, respectively. The

improvements in physical depth and the number of fusions are shown in (a) and (b), respectively.
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Table 3.2. The results of our framework and its relative performance to the baseline.

Name- Baseline Our Depth Improv. Baseline #Fu- | Our #Fusions Improv.
#qubits Depth Factor sions Factor
QFT-16 787 83 9 201,472 8,167 25
QFT-25 1,518 162 9 669,438 26,921 25
QFT-36 2,712 324 8 1,695,000 66,830 25
QAOA-16 | 595 29 20 152,320 2,578 59
QAOA-25 | 1,287 63 20 567,567 8,343 68
QAOA-36 | 2,648 122 22 1,655,000 21,302 78
RCA-16 734 46 16 187,904 4,568 41
RCA-25 1,273 65 20 561,393 8,915 63
RCA-36 1,934 85 23 1,208,750 14,115 86
BV-16 94 1 92 24,064 63 382
BV-25 181 1 181 79,821 114 700
BV-100 787 4 197 1,455,163 644 2,260

It can be seen that our framework achieves similar levels of improvement in performance for

these various resource states.
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Figure 3.12. Improvement factors of physical depth (a) and # fusions (b) of 16-qubit QFT,
QAOA, RAC and BV for different basic resource states.

Flexible coupling structure While the results in Table 3.2 are on physical layers of N x N
square coupling structure, our framework is applicable to more general coupling structures.

Figure 3.13 shows the physical depth (3.13(a)) and the number of fusions (3.13(b)) when the
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Figure 3.13. Normalized physical depth (a) and # fusions (b) of 16-qubit QFT, QAOA, RCA and
BV on different shapes of physical layers. Results on rectangular physical layers (ratio > 1) are
normalized by those on square physical layers (ratio = 1).

ratio of each physical layer is 16x16 (ratio = 1), 20x13 (ratio = 1.5), 23x11 (ratio = 2.1) and
26x10 (ratio = 2.6) respectively. For comparison, the results are normalized by those on the
square physical layer. It can be seen that our framework achieves similar levels of performance
on these various shapes of physical layers. Moreover, the area of physical layers is adjustable
by regarding multiple consecutive physical layers as an extended physical layer, which can
be used to accommodate more global structure of the graph. As a demonstration, Figure 3.14
shows a slice of mapping generated by our framework for a 16-qubit QFT program. The whole
rectangular 13 x 39 extended physical layer is composed of 3 layers of 13 x 13 grid. The first
physical layer ranges from column 1 to column 13, the second ranges from column 14 to column
26, and the third from column 27 to column 39 respectively. In the figure, blue and green dots
correspond to the nodes ‘®’ existing in the fusion graph, with the green ones representing the
incomplete nodes, which means that some of edges connected to them have not been mapped
onto the grid. Pink dots represent the auxiliary resource states used for routing. In principle,
the optimization techniques in our framework is also applicable when the coupling structure
between RSGs are not orthogonal (e.g., triangular, hexagonal) since none of our optimization

modules has explicit dependency on a specific coupling architecture.
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Figure 3.14. Mapping of the fusion graph of a 16-qubit QFT program with a more global
optimization by considering an extended physical layer consisting of 3 successive physical layers
of size 13 x 13. Blue and green dots correspond to the nodes ‘®’ existing in the fusion graph,
with the green ones being the incomplete nodes whose edges are not all mapped yet. Pink dots
represent the auxiliary resource states used for routing.

Effect of physical area In contrast to the fixed size of physical layers required by the
baseline approach, our framework does not impose strict constraints on the size of physical
layers, allowing programs to be compiled onto hardware of different sizes. Specifically, the
physical depth can be decreased by allowing longer routing paths on larger physical layers,
with a cost of more fusions. Figure 3.15 shows the physical depth and the number of fusions
when the programs are compiled onto different sizes of physical layers. For comparison, the
results are normalized by those on the physical area required by the baseline approach, which
is 16x16 when the number of qubits is 16. It can be seen that when the physical area increases,
the physical depth initially decreases rapidly, but eventually reaches a plateau when the physical
area becomes sufficiently large. On the other hand, the number of fusions shows a reverse trend,
increasing as the physical area increases. Note that if physical layers are larger than necessary,

they can be truncated by restricting compilation to a portion of the physical layers.

3.8 Conclusion

In this work, we provide in-depth analysis and discussion of the unique challenges for
photonic one-way computing at both programming and hardware levels. We build the first end-to-

end compilation framework for optimizing the mapping of any quantum programs onto photonic

94



2.0

2.0 ! —x-- QFT <
2 i QAOA "
Y157 W -=-- RCA g-=r .
o NN -x=- BV ** eETITTIIEooIIC0 ~
Q ko] ===

e o = N e mmm—em——m———— N 1.0 e gper==ommmo Mo ~
210 Ry - g e —-- QFT
E -a'_—:::—‘:::::::;é E 3?)( QAOA
s 0.5 €05 -+=- RCA
c o —x= BV

C
0.0 ; ; , , ; 0.0 ; ; ; i ,
200 400 600 800 1000 200 400 600 800 1000
physical area physical area
(a) (b)

Figure 3.15. Normalized physical depth (a) and # fusions (b) of 16-qubit QFT, QAOA, RAC and
BV for different physical areas. Results on different physical areas are normalized by those on
the same physical area as required by the baseline approach.

devices supported by our hardware abstract model. With this being said, many of the optimization
problems here are NP-hard problems, and thus we believe there is still significant potential for
fully exploring the entire optimization space. As the first work in this direction, we hope our work
could attract more effort from the computer architecture and compiler community to explore the

advantages of photonic quantum architectures and overcome the unique challenges.
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Chapter 4

OnePerc: A Randomness-aware Compiler
for Photonic Quantum Computing

4.1 Introduction

Photonic platform holds great promise for universal quantum computing due to the
unique advantages of photonic qubits [162, 37], including their great scalability, long coherence
time and easy integration with quantum networks. Besides the experimental demonstration
of quantum supremacy on photonic systems [240, 239, 145], PsiQuantum has proposed their
technology roadmap towards one million qubits using silicon photonics [180, 39]. The potential
high clock speed of this approach [39] could make photonic platform advantageous for near-term
quantum algorithms.

Photonic quantum computing differs from other platforms such as superconducting [75],
ion trap [50] and neutral atoms [182], as it is scaled up by a probabilistic operation known as
fusion [180]. Fusion plays a key role of forming large-scale entanglements between photonic
qubits by merging small entangled states into larger ones upon success. Its probabilistic feature
comes intrinsically from the degeneracy in fusions’ outputs for different input states [99], bringing
significant randomness to the computing process. On the hardware side, improvement of fusion
success probability to a high value requires an impractical amount of ancillary resources [84, 99].

On the software side, this randomness is not taken into consideration by existing software
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infrastructures for the circuit-based model [159] (e.g., Qiskit [173], Tket [193]). This is because
the weak interaction between photons makes it hard to realize 2-qubit gates in the circuit model,
but favors a different computing model known as measurement-based quantum computation
(MBQC) or one-way quantum computation (1WQC) [176, 48].

Recently, as an initial effort towards efficient photonic MBQC, a compilation framework
OneQ [235] has been proposed to significantly reduce the depth of compiled programs and the
number of required fusions. However, it overlooks the severe randomness brought by fusion
failures, simply assuming that fusions always succeed. As a compiler, OneQ translates the
construction of a program-specific entangled state called graph state [48] (Fig. 4.1(a)) into
a fusion pattern between the small entangled resource states [180] available on the hardware
(Fig. 4.1(b)). However, when fusion failures occur in real-time execution, as illustrated in
Fig. 4.1(b), the resulting state becomes a random graph state deviating from the target structure.
Thus the execution needs to be retried until success, which is non-scalable given that a practical
fusion success probability in the near term is merely around 75% [84, 99]. From now on, we
will refer to the graph states required by programs (e.g., Fig. 4.1(a)) as program graph states and

those generated by fusions (e.g., Fig. 4.1(c)) as physical graph states.
1
|
|
|
' -
|
|
|
|
(a) (b) (c)

Figure 4.1. Randomness brought by fusion failures.

The objective of this paper is to present a scalable and efficient 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
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formation of any specific entanglement structure among the photonic qubits. Secondly, failed
entanglements such as the disconnected edges in Fig. 4.1 cannot be recovered since the photons
involved in the fusion are completely destroyed by the fusion. Thirdly, the limited lifetime of
photons refuses the execution of over-complex algorithms in real-time, as photons are prone to
an increasing loss rate with prolonged storage time in fibers [139].

Fortunately, there are some nice features of fusions and graph states that we can lever-
age. Firstly, fusion failures are heralded [126], allowing real-time awareness and enabling the
incorporation of classical feed-forward [126, 233, 184] to adjust subsequent operations based on
prior fusion outcomes. Secondly, when the fusion success probability exceeds a threshold, the
resulting physical graph state contains a long-range-connected component with a high probabil-
ity. This widely studied phenomenon, known as percolation [97, 167, 49], plays a crucial role
in providing viable computing resource, inspiring 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 [176].

However, leveraging these features is highly nontrivial. In addition to the absence of
a general fusion strategy to achieve percolation for generic resource states, and the structural
mismatch between the high-level program graph state and the low-level random physical graph
state, we need to 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 creates a conflict between the real-time scalability and the program
execution efficiency, as a flexible optimization strategy for efficient program execution may
require complex algorithms that are not feasible in real-time.

To this end, we propose a randomness-aware compiler to efficiently scale up quantum
computing on photonic systems, as illustrated in Fig. 4.2. Our framework achieves concurrent

real-time scalability and program execution efficiency through the combination of an online
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Figure 4.2. High-level design of OnePerc.

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 general fusion strategy for
various resource states and exposes the reshaped physical graph states to programs by the
abstraction of a virtual hardware. Motivated by the features of this virtual hardware, we propose a
FlexLattice intermediate representation (IR), which preserves the high-level program information
and provides maximal optimization space supported by the virtual hardware. This allows offline
passes to address the mismatch between program and physical graph states by transforming
the program to an efficient IR program, which can then be translated to intermediate-level
instructions to guide real-time operations.

Our contributions in this paper are summarized as follows:

* We propose a randomness-aware compiler for photonic quantum computing through a
combination of online and offline passes, which are bridged by a novel FlexLattice IR

facilitated with an intermediate-level instruction set.

* The online pass handles real-time randomness in a scalable manner by formation of long-
range connectivity with various resource states and efficient reshaping of the random

long-range connected structures.

» The FlexLattice IR provides programs with an optimization space that balances the com-
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plexity of online structure reshaping and the flexibility of the reshaped structures. This
enables an offline pass to enhance the efficiency of program execution through optimized

mapping algorithms.

* QOur evaluation demonstrates a significant outperformance over the efficient baseline in a
scalable manner, implying a first-time concurrent achievement of scalability and efficiency

in compilation of photonic quantum computing.

4.2 Background
4.2.1 MBQC Basics

MBQC is a universal but conceptually distinct computational model from the circuit
model. In MBQC, computation is driven by 1-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 [48]. As exemplified in 4.1(a), 4.3(b), 4.5(a),
each vertex in the graph state stands for a qubit, with the state formally defined as the eigenstates
of operator

S:Xi®zj‘, VieV

JEn;

where X;,Z; are the Pauli operators on qubit i, j respectively, and n; is the set of neighboring
qubits of i € V on graph G. On the graph state, computation can be driven by a set of equatorial
measurements E(a), i.e., measurements on the X-Y plane of Bloch sphere at an angle o, along
with Z-measurements. 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 measurement outcomes of prior qubits, with the angles adjusted from o to (—1)*a 417
where 5,7 € {0,1}. This feed-forward mechanism is used to address the non-determinism of
quantum measurement outcomes.

MBQC has the same computation power with the circuit model in the sense that they are
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both universal computing models. There is a straightforward translation [48] from a circuit in

the universal gate set {J/(a),CZ} into a measurement pattern on a graph state, where

For example, Fig. 4.3 shows the translation from 4.3(a) to 4.3(b), each vertex in (b) representing
a qubit, with ‘in’ and ‘out’ denoting their roles of being input or output qubits. It can be seen
that the gates J(a), J(B),J(7y) are translated to equatorial measurements with corresponding
angles, i.e., E(a), E(), E(y), while the CZ gates are translated to edges of the graph states.
This process can be rigorously described in ZX-calculus and optimized by available tools such

as PyZX [122].

in out in out
J(@) E(a)
E(y) out

in 1) out '

in out

in/out

(a) (b)

Figure 4.3. Translation from a circuit (a) to a measurement pattern on a graph state (b).

4.2.2 Photonic Platform

The weak interaction between photons, despite ensuring low cross-talk between photonic
qubits, also poses significant challenges for realizing multi-qubit gates in the circuit model.
Therefore, as a computing model that only requires measurements, MBQC [194] emerges as
highly suitable for photonic quantum computing. Besides the experimental demonstration of
small-scale photonic MBQC [216, 212, 202], the photonic platform is rapidly scaling up with
integrated waveguides and optical chips [87, 220, 88, 188, 54, 39]

Practical photonic hardware scales up by creating small resource states, e.g., 4-qubit,

6-qubit graph states, and connecting them through fusions [180]. In particular, identical resource
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states are periodically generated by an array of resource state generators (RSGs) every cycle,
with those generated in the same RSG cycle forming a 2D resource state layer (RSL). Along
with the time dimension, this creates a 3D array of resource states in the space-time.

The resource states can then be merged probabilistically into larger graph states through
(type II [126]) fusions, which can be regarded as 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 neighbors by a spatial routing of photons, while resource states generated by the
same RSG but on different RSLs can fuse with each other by a temporal routing that controls the

arrival times of photons at measurement devices.

effectively
_—

() (b)
Figure 4.4. Form a large RSL from multiple small RSLs.

With the advanced integrated silicon photonics, hardware components described above
can operate on the scales characterized by GHz clock rates [164, 81, 218], potentially leading
to a time scale ~ 1 ns for RSG cycles [39]. Spatial routing can be adjusted in every RSG cycle
with switches, while temporal routing can be achieved by temporarily storing photonic qubits
in a high-capacity quantum memory known as delay lines, realized by optical fiber technology.
With a low transmission loss rate of < 5% per km [139], 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 between spatial and
temporal fusions [39]. For example, the large RSL depicted in Fig. 4.4(b) can be formed by

fusing the edges of several small RSLs as depicted in Fig. 4.4(a), resembling folding a paper
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Figure 4.5. Why OneQ does not work.

by twice (4.4(b)— 4.4(a)). With a photon lifetime around 5000 RSG cycles, this allows for an
extension of RSL size by up to 5000 times.

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% [84, 99]. While no conceptual limit has been found yet, so far the maximum
known success probability attainable using linear optics is 78% by injecting 8 ancilla single
photons [84]. Reaching a higher success probability not only requires a larger number of ancilla
photons but could also require the ancilla photons to be entangled. For example, it would take 30

entangled ancilla photons to reach a success probability over 95% [99].

4.3 Motivation and Overview

In this section, we present a motivating example to demonstrate that a straightforward
adaption of OneQ is insufficient to yield a scalable compiler in the presence of fusion fail-
ures. Then we provide an overview of our innovative randomness-aware compiler designed to

effectively overcome these challenges.
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4.3.1 Motivating Example
OneQ + Retry

Fig. 4.5(c) illustrates OneQ’s strategy with an example of generating a graph state
in Fig. 4.5(a) from a single RSL depicted in Fig. 4.5(b), with the strategy represented more
compactly by Fig. 4.5(d). Since the resource states have a star-like tree structure, we refer to
the qubits of degree 1 as leaf qubits, and those of degree > 1 as root qubits. Light blue lines in
Fig. 4.5(d) denote leaf-leaf fusions (i.e., fusions between two leaf qubits) of the resource states
(yellow circles), while dark blue lines denote root-leaf fusions (i.e., fusions between a root and a
leaf qubit).

To handle real-time randomness, a straightforward adaption is to introduce a retry
mechanism. For example, the strategy in Fig. 4.5(c) can result in a dynamic implementation in
Fig. 4.5(e) according to the fusion successes and failures (green and red ellipses), with these
fusions performed 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. 4.5(a).

However, it is worth noting that some fatal failures may necessitate the retry of the entire
compilation. For example, in Fig. 4.5(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. 4.5(g), a 5-qubit linear graph state forms from t1 to t9, which provides
the potential for generating the triangle ABC if the fusion at t10 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 critical 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 RSL, resulting in a time inefficiency as
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subsequent RSLs must wait for the completion of the current one. Second, since the decision-
making process 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. 4.5(c). This undermines the benefits of the proactive planning, eroding the

efficiency achieved by the mapping strategy of OneQ.

4.3.2 Framework Overview

Tolerating randomness in the compilation while maintaining efficiency presents a signifi-
cant challenge. To address this, we propose an innovative framework that achieves scalability
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 paral-
lelism of the associated path searching. 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 established through an
intermediate software layer positioned between the low-level physical layer and the high-level
program layer. This is achieved through 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 compilation flow by compiling a simple
program graph state in Fig. 4.6(a) onto the hardware in Fig. 4.6(b), which is 3 layers of that in
Fig. 4.5(b). Indeed, while Fig. 4.5(b) depicts only a single RSL, the incorporation of additional
layers is both allowed and necessary 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. 4.6(d)) without individual retries of the
failed ones, which eliminates the necessity for sequential operations. In this simple example, the

resource states would result in a 3 x 3 lattice if all fusions succeed, since the 3 resource states on
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the same locations of different layers would form a 4-degree star-like graph state (as depicted
in the legend), while these star-like graph states would be joined into a lattice. In the presence
of fusion failures, the resulting physical graph state becomes a subgraph of the 3 x 3 lattice,
which is then reshaped to a smaller lattice (Fig. 4.5(c)). The target structure of the reshaping is
program-agnostic, with its simple and regular structure facilitating the enhancement of real-time
efficiency. When the fusion success probability exceeds the percolation threshold, this reshaping
process attains near-deterministic success as the RSL size increases. This eliminates the necessity
for repetitive retries of the entire compilation. With this near-determinism, the offline pass can
be employed to improve the efficiency by mapping the program graph state compactly onto the

reshaped lattice (bold blue lines in Fig. 4.5(c)).

(c)
B Offline Passes BN Online Passes o3 > >

Figure 4.6. Overview of the compilation flow.

Note that the compilation of general programs can be considerably more intricate than
the example presented here. First, the fusion strategy among resource states is more complex
than Fig. 4.6(d). Specifically, it enables the formation of a 3D structure rather than 2D, being

adaptable to various resource states and allowing collective retries with a small overhead. Second,
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the complexity of the reshaping algorithm is carefully reduced to enhance its real-time scalability.
This is achieved by a modular design on each RSL that improves the parallelism of path searching.
Third, the reshaping process is heterogeneous in the spatial and temporal dimensions, with the
temporal dimension supporting connections both between adjacent layers and non-adjacent
layers. These flexible connections provides a larger optimization space for the offline mapping
than Fig. 4.6(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 the following.

1. Before program execution, an offline pass transforms the program graph state to an efficient
FlexLattice IR, which is then translated to intermediate-level instructions to guide real-time

operations (Section 4.6).

2. During real-time execution, fusions between resource states are performed concurrently in
a predetermined pattern, allowing collective retries of failed connections to improve the

long-range-connectivity of the resulting physical graph state (Section 4.4).

3. The resulting physical graph state is then reshaped to a 3D structure that fulfills the
requirement of the IR program, with measurements performed on qubits according to the

IR program (Section 4.5).

The following sections (Section 4.4, 4.5, 4.6) will provide a bottom-up introduction to the

framework.

4.4 Resource State Fusion

In this section, we discuss the semi-static fusion strategy for generic star-like resource
states. This strategy is static in that it is predetermined independent of high-level programs, yet
semi-static in that it allows collective retries which induces only a constant overhead. In Fig. 4.2,

this corresponds to the online pass from resource states to physical graph states.
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Figure 4.7. Fuse small resource states into 3D lattices.

4.4.1 Sufficient / Insufficient Degree

The predetermined strategy attempts to create a lattice structure from the resource states,
which is straightforward when resource states have sufficient node degrees, i.e., the maximum
degree in the resource states surpasses that in the lattice. For example, Fig. 4.7(a) shows the
strategy of forming a 2D square lattice using 4-degree resource states. On the left side, each
light blue line represents a leaf-leaf fusion of the resource states (yellow circles). The right side
displays the resulting physical graph state, with the consequences of successful and failed fusions
depicted in the middle box. Similarly, Fig. 4.7(b) demonstrates the case of forming a 3D cubic
lattice from 6-degree resource states.

As resource states on realistic hardware may lack sufficient degrees, 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, represented by the dark blue
lines in Fig. 4.7(c). Upon fusion success, while the two qubits in the fusion vanish, the two set
of neighboring qubits of them would be connected in pairwise. Hence a successful root-leaf
fusion between two 4-degree resource states can generate a 7-degree graph state, which then has

sufficient degree to form a 3D lattice.
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4.4.2 Removal of Irregular Structures

However, a failed root-leaf fusion may result in irregular cyclic structures in the generated
graph state, leading to significant challenges for subsequent reshaping process. For example, a
failed root-leaf fusion between two resource states Ag and By in Fig. 4.8 generates a star-like
graph state A and a fully connected cyclic graph state B. This is because a failed fusion on a
qubit v can be regarded as removing the qubit after a process of local complementation (LC) on
v, denoted as 7,(G). Specifically, LC is defined as: among all neighbors of qubit v in its resource
state, if there was an edge between a pair of neighbors, then that edge is deleted; otherwise, an
edge is added between that pair of neighbors.

To remove these cyclic structures, resource states with failed root-leaf fusions can be
transformed to their local complementations of star-like structures (from B to C in Fig. 4.8) by

applying the following sequence of 1-qubit operators [107]

.U T
UV<G) = exp(_IZXv> H eXp(IZZM)
ueNn,

with N, being the neighbors of v in G. Computation on these local complementation states
is equivalent to that on the original states. This is because we can interchange the orders of
measurements and LC operators by adjusting the measurement bases, with the rules summarized
in Theorem. 4.4.1. Similarly, the LC operators can also be interchanged with fusion operations,
with the rules summarized in Theorem 4.4.2. Consequently, all LC operators can be postponed
to the end of the computing process, which eliminates the necessity to implement them in the

real-time.

Theorem 4.4.1. The local operator UZi =exp(+ifZ) or U;E = exp(Fi§X) can be propagated
through a Z—measurement or a 1-qubit equatorial measurement on the Bloch sphere, i.e., a
measurement in the basis of cos X + sin @Y where ¢ € [0,21), by a change of measurement

basis.
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Proof. When measuring a 1-qubit state |y) along A-basis, the state collapses to |y') =My |y) =

HTiA |w), with the sign + determined by the measurement outcome, O or 1. Therefore,

MzU; = U; Mg
MzUy = Uy Mgy,
+ __ 7t
M[Cos¢X+sin¢Y] UZ - UZ M[:I:(cosq)stinq)X)]

M[cos OX+singY] U):(t = U):(tM[cos 0X+tsin9Z] U

Theorem 4.4.2. The local operator U = exp(+iZZ) or Uy = exp(+iZX) can be propagated
through a 2-qubit XZ,ZX fusion, i.e., a joint measurement of X1Z,,Z1X, on qubit 1 and qubit 2,

by a change of fusion basis.

Proof. When measuring a 2-qubit state |y) along basis A;B;, the state collapses to |y') =

Mg,y W) = MATIBZ |w), with £ determined by the measurement outcome, O or 1. Therefore

+ + + +

Mix, Mz, x,)Uz7,' Uz? = Uz ' U7 * M1 y,2,M 1,2, 73]
+ + + +

Mix, 2, Mz,x,)Ux, ' Ux,” = Uy, ' U’ Mz, v, M[,x, 1)

+ + + +
Mix, 2, Miz,x,Uz7, ' Ux,? = U7 ' U’ Mt 1,71 Mz, x,] H
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Figure 4.9. (2+1)-D reshaping for handling random graph states generated by fusions.

4.4.3 Collective Feed-forward

The semi-static fusion strategy allows collective feed-forward in the granularity of RSL,
which can be pipelined to reduce the overhead. On one hand, the propagation of LC operators
through measurements and fusions requires an adaptive adjustment of measurement and fusion
bases. With this dependency, each RSL are fused in two batches: a batch of root-leaf fusions and
a batch of leaf-leaf fusions. On the other hand, the connectivity of the physical graph state can
be enhanced by retries of the failed connections, including retrying failed leaf-leaf fusions with
redundant degrees (e.g., with the 7" degree of A in Fig. 4.8) and retrying failed root-leaf fusions
with remaining degrees (e.g., with A and C in Fig. 4.8). In this way, each RSL may undergo more
batches of fusions. However, since earlier batches of later RSLs can be conducted concurrently

with later batches of earlier RSLs, this only introduces a constant overhead to program execution.

4.5 Random State Reshaping

In this section, we delve into the reshaping of physical graph states, which is characterized
by a (2+1)-D design, motivated by the continuous generation of RSLs over time and the presence
of delay lines. In Fig. 4.2, this corresponds to the online pass from physical graph states to

measurement patterns.

111



4.5.1 Efficient 2D Renormalization

On each (merged) RSL, we apply a process known as renormalization [49], which
reshapes the largest connected component of the physical graph state to a coarse-grained 2D
lattice. The key to its viability lies in the percolation phenomenon [97, 167, 49]. That is, when
the fusion success 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 comparable size with the original graph state.
Since fusions on each RSL are constrained as a squared lattice, the percolation threshold is only
0.5 [118], lower than the achievable fusion success probability.

Identifying intersections of horizontal and vertical paths in the largest connected compo-
nent reveals a coarse-grained square lattice, represented by bold nodes and edges in Fig. 4.9(b).
This is achieved in the following way. We search for vertical paths from left to right and hor-
izontal paths from bottom to top, enforcing distinct vertical or horizontal paths to maintain a
separation of at least one qubit. When searching for vertical (horizontal) paths, a connectivity
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 shortest 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 after discovery, preventing their interference with subsequent searches.
Considering the removals, an alternating search of vertical and horizontal paths emerges as an
effective searching order.

To improve real-time scalability, the 2D renormalization is designed to allow modularity,
with areas on the RSL renormalized concurrently and then joined together. As shown in Fig. 4.10,
the RSL is divided into several modules of size Lysoquie X Latoduie> With some intervals of length
Lintervar left in between for joining the modules by connected paths. With the path searching

algorithm above, the complexity of a modular 2D renormalization is O(L2,_;...) ~ O(N*/m),
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where m is the number of modules. Since an entire path can only be established if all inter-module
paths involved are successful (e.g., the orange path), the potential for failed inter-module paths
could lead to the renormalized lattice size being smaller than the total size of all individual
modules. A suitable ratio of Lys,q,. and Ly,servar, defined as M1 ratio, can help mitigate this

resource overhead.

. L
Lumodute Lintervar MI ratio = —Module.
Linterval

Figure 4.10. Modular renormalization.

4.5.2 Flexible Time-like Connections

Nodes on the renormalized 2D lattices can be connected along the time dimension,
referred to as time-like connections. Connections between adjacent 2D lattices and across
non-adjacent 2D lattices are called adjacent-layer connections and cross-layer connections,
respectively. Before program execution, the connections to establish are given by the IR program
as a 3D graph, as illustrated in Fig. 4.9(a).

The process of generating this 3D graph is illustrated in Fig. 4.9(c) on 8 RSLs, with the
adjacent-layer connection AC and the cross-layer connection BD implemented through the bold
blue paths. This involves an attempt of 2D renormalization on each RSL. The successful ones
then serve as logical layers, indexed by integers in Fig. 4.9(c), with the renormalized nodes on

them referred to as logical nodes. In contrast, the RSLs with failed renormalization serve as
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routing layers, which are indexed by decimals in Fig. 4.9(c). The renormalization on an RSL is

considered successful if:

1. The renormalized 2D lattice reaches a target size, which is equivalent to a choice of average

node size, where

RSL_size
renormalized_lattice_size

average_node_size =

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

the following procedure.

To establish a time-like connection between two nodes, a set of physical qubits around
the preceding node are fused with corresponding qubits on a correct subsequent RSL. For
adjacent-layer connections such as AC, the qubits around A are directly fused to the next RSL,
which is layer 1.1 in Fig. 4.9(c). For cross-layer connections such as BD, the qubits around B are
temporarily stored in delay lines, depicted by the green thin lines in Fig. 4.9(c), until they can be
fused to layer 2.1, which is the first RSL between the current attempting RSL (layer 3) and its
prior logical layer (layer 2). Subsequently, a path searching between the two nodes is conducted
within the physical graph state, exemplified by the bold blue lines AC and BD in Fig. 4.9(c).
Again, this is achieved by a connectivity check utilizing a disjoint-set data structure and a BFS
for the shortest path. If the connectivity check yields a negative result, it indicates that the current
RSL fails to meet the second condition and would become a routing layer. It is worth mentioning
that the reshaping process can tolerate photon loss, since a fusion is considered as successful
only if both two photons are detected. Effectively, the presence of photon loss causes a reduction
of the fusion success probability, possibly leading to more routing layers between logical layers.

In contrast to the logical layers, all qubits of each routing layer are directly fused with
their next RSL, as depicted by the grey thin lines in Fig. 4.9(c). This is because before obtaining

the next successful renormalization, we can’t predict where the logical node would locate and
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which fusions around it would succeed. Moreover, in contrast to the simple case in Fig. 4.9
where there is only one connection between layer 1 and layer 2, in practice we may need to
establish multiple connections between logical layers. This makes it even harder to predict which

fusions are redundant before executing the fusions.

4.6 Offline Optimization with IR

In this section, we introduce the virtual hardware, FlexLattice IR, offline mapping and
intermediate-level instructions. This covers the offline pass in the compilation flow (Fig. 4.2).

Before program execution, the mismatch between program graph states and physical
graph states can be addressed by mapping the program graph state onto the virtual hardware,
leading to an IR graph state that maintains the high-level program information. This IR program
can then be transformed to a set of intermediate-level instructions, which guides real-time

physical operations through the reshaping algorithm above.

4.6.1 Virtual Hardware

The virtual hardware abstracts the adjustable structures supported by the reshaping
algorithm. It pocesses a (2+1)-D structure, characterized by the following features, as illustrated

in Fig. 4.11(b).

1. The virtual hardware consists of consecutive layers of 2D lattices in a fixed size, with a

virtual memory located on each 2D coordinate.

2. Nodes on the same 2D coordinate of different layers, either on adjacent or non-adjacent
layers, can be connected along the third dimension, with the connections between non-

adjacent layers realized by temporary storage of nodes in the virtual memory.

3. Each connection within or between 2D layers can be enabled or disabled on demand,
but each node can have at most one connection with preceding layers and at most one

connection with subsequent layers.
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While this virtual hardware can be used to generate 3D cluster states (i.e., lattice-like
graph states), which serve as the universal computing resource of MBQC in previous work [176],
it is more advantageous in the following aspects. First, an individual connection can be flexibly
enabled or disabled without removing any logical node or affecting other edges. This is in
contrast to the cluster state, wherein the removal of edges is usually achieved by removing
involved vertices and all their edges. Second, the connections among 2D layers exhibit greater
flexibility than cluster states. Specifically, inter-layer connections between nodes on the same

2D coordinates extend beyond adjacent layers, encompassing cross-layer connections as well.

(c) graph state embedding (d) IR graph state

Figure 4.11. Offline mapping onto the virtual hardware.

4.6.2 FlexLattice IR and Offline Mapping

With this virtual hardware, graph state mapping algorithms such as that in OneQ can
be utilized as an offline pass to enhance the efficiency of program execution. Specifically, the

mapping onto virtual hardware transforms a program graph state to an equivalent IR program
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with compatible structure with the virtual hardware, which is referred to as a FlexLattice IR
based on its structural features. This process is illustrated by Fig. 4.11(a) — (c) — (d).
To further improve the mapping efficiency and scale to larger programs, we extend

OneQ’s mapping algorithm with three optimizations.

* First, to map graph nodes as early as possible, we replace the static partition in OneQ
with a dynamic scheduling. Specifically, we analyze the dependency among graph state
qubits [71], representing it with a directed acyclic graph (DAG) and updating the front

layer of the DAG as nodes are consumed by the mapping.

* Second, to reserve enough space for routing and avoid node congestion, we enforce an
upper-limit for the occupancy of incomplete nodes on each virtual hardware layer (25% by
default), with incomplete nodes defined as those mapped nodes whose edges are not all

mapped yet.

* Third, to mitigate the increasing demand on classical memory for graph information
storage, we propose a refresh mechanism, which periodically retrieves all nodes stored
in the virtual memory, refreshing them by mapping onto multiple layers of the virtual

hardware, and then storing them again.

4.6.3 Instruction Set

A FlexLattice IR program can be executed by transforming to a set of intermediate-level
instructions, which guides the real-time physical operations to generate necessary connections
among logical nodes through the reshaping algorithm in Section 4.5. By default, qubits in the
physical graph state are subject to Z-measurements, which means that edges are disabled on
the virtual hardware unless explicitly enabled by the intermediate-level instructions. We list the
intermediate-level instructions as the following, with nodes in the high-level program graph state

denoted as g_node and nodes on the virtual hardware denoted as v_node.
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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)

By map_v_node() and make_v_node_ancilla(), a virtual node can be mapped by a
g-node or used as an ancilla node to facilitate routing. In the former case, the physical qubit
corresponding to v_node will be measured in the basis of the g_node, while in the latter case,
it will be measured in X- or Y-basis to play as a wire (depending on whether the wire length is
even or odd). By store_v_node() and retrieve_v_node(), a virtual node can also be stored
into or retrieved from the virtual memory by pushing or poping its surrounding physical qubits to
or from the delay lines. By enable_spatial_v_edge(), a spatial edge between adjacent nodes
on the same layer can be enabled by setting associated qubits to X- or Y -measurements.

By enable_temporal_v_edge(), a temporal edge between logical nodes at the same
coordinate of adjacent layers can be enabled. Establishment of a cross-layer edge between layer
m and layer n (> m) can be realized through the combination of three instructions: storing the
node at layer m into the virtual memory, retrieving it at layer n — 1, and enabling 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 A at (1,1,2) in Fig. 4.11(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 (i.e., node N in Fig. 4.11(d)). This is because the original node at layer

n — 1 would not have an edge with layer n, since each node in a FlexLattice IR has at most one
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edge with preceding layers. This implies that the original node will either have no further edges

or will be stored in the virtual memory at layer n — 1.

make_v_node_ancilla((1, 1, 0))

store_v_node((1, 1, 0))

retrieve_v_node((1, 1, 0), (1, 1, 1))
enable_temporal_v_edge((1, 1, 1), (1, 1, 2))

map_v_node((1, 1, 2), A)

4.7 Evaluation

4.7.1 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 instructed 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 restarted

and repeated until success.

Metrics

Aligning with OneQ, we evaluate the performance of compilation with two metrics: the
number of consumed RSL, denoted by #RSL, and the number of required fusions, denoted by
#fusion. In particular, a smaller #RSL indicates 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.
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Table 4.1. Benchmark Programs.

Fusion Suc- | #Qubits Virtual RSL Size
cess Rate Hardware
Size

4 2x2 24x24
0.90 9 3x3 36x36

25 5x5 60x60

4 2x2 48x48
075 25 5x5 120x120

64 8x8 192x192

100 10x10 240x240

Photonic Hardware Model

We adopt the same photonic hardware architecture with OneQ, as introduced in Sec-
tion 4.2. In the main experiment (Table 4.2, 4.3), the comparison with OneQ is performed on
4-qubit star-like resource states, with the sizes of hardware for different benchmarks listed in
Table 4.1. 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
Algorithm (QAOA), Quantum Fourier transform (QFT), Ripple-Carry Adder (RCA) [64] and
Variational Quantum Eigensolver (VQE). For QAOA, we choose the graph maxcut problem
on randomly generated graphs. Specifically, the graphs are generated by randomly connecting
half of all its possible edges. For VQE, we follow the commonly used full-entanglement ansatz,
which proves to be an expressive ansatz [8, 232]. In table 4.1, we list the benchmarks with their
numbers of qubits in the circuit representation. We also list the sizes of virtual hardware layers,
which are chosen to correspond with the qubit quantities, along with the required sizes of RSLs

needed to generate them, which are determined through Fig. 4.16, as explained later.

120



4.7.2 Experiment Result

In this subsection, we first show the performance of our compiler in comparison with
OneQ), then analyze the effects of underlying resource states, hardware size and fusion success
probability, for which we only focus on the #RSL metric. This is because unlike OneQ, the

#fusion in OnePerc is predictable from its #RSL, thus following a same trend with #RSL.

Table 4.2. The results of OnePerc and its relative performance to the baseline.

Fusion Suc- | Benchmark | OneQ OnePerc #RSL Im- | OneQ #Fu- | OnePerc #Fu- | #Fusion
cess Rate Name #RSL #RSL prov. sion sion Improv.
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-9 240 > 10° 855,354 > 10*
?ﬁiger- QFT-9 570 > 10° 2,031,813 > 10
advanced) RCA-9 1,017 > 107 3,627,950 > 10°
VQE-9 105 156 > 10° = 1010 555,065 > 10*
QAOA-25 768 > 10° 7,637,711 > 10
QFT-25 2,418 > 102 24,065,102 > 102
RCA-25 3,111 > 107 30,962,172 > 107
VQE-25 705 > 10° 7,010,656 > 103
QAOA-4 1,708 48 35.58 119,731 169,431 0.71
QFT-4 > 10° 210 > 10° > 1010 746,977 > 10*
RCA-4 > 10° 201 > 10° > 1010 714,835 > 10*
VQE-4 1,017 23 4422 25,354 96,332 0.26
QAOA-25 882 > 10° 19,743,350
0.75 QFT-25 2,271 > 102 50,835,771
(practical) RCA-25 3,252 > 102 72,795,212
VQE-25 p 759 > 10° 0 17,292,345
QaoAGs | 10 3339 > 10 191341276 | > '°
QFT-64 9,000 0 515,801,985
RCA-64 9,324 534,311,489
VQE-64 3,042 174,321,702
Performance

Table 4.2 presents the comparison of our framework with OneQ. The results indicate a
significant reduction of #RSL by our framework, as well as a significant reduction of #fusion
when the circuits are beyond 4 qubits. Specifically, the experiments 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 10® RSLs to
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Table 4.3. Effect of refresh on the performance of OnePerc, considering 4-qubit resource state, a
fusion success rate of 0.75, refresh rate of 50 logical layers, and 32GB of RAM.

Benchmark | #Qubits Non- Refreshed
refreshed #RSL
#RSL
25 882 999
QAOA 64 - 4,284
100 - 8,325
25 2,271 2,637
QFT 64 - 9,945
100 - 19,494
25 3,252 3,870
RCA 64 - 10,206
100 - 16,056
25 759 774
VQE 64 - 3,555
100 - 7,551

even execute 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.

An obstacle of scaling up the experiments in Table 4.2 is the large classical memory
required in the real-time stage for the storage of graph information. Indeed, the 64-qubit
benchmarks in Table 4.2 takes a RAM as much as 192 GB. This can be overcome by the refresh
mechanism proposed in Section 4.6, with an overhead of increased #RSL. Under the practical
fusion success rate of 0.75, Table 4.3 shows the effect of refresh given 32 GB RAM. It can be
seen that while the 32 GB RAM can only afford 25-qubit benchmarks without refresh, it allows
for benchmarks of up to 100 qubits with a refresh every 50 logical layers. Compared with the
performance of 25-qubit benchmarks (Table 4.2 or 4.3) and 64-qubit benchmarks (Table 4.2)
without refresh, the introduction of refresh leads to an average increase of 15.6% in #RSL for

25-qubit benchmarks and an average increase of 13.3% in #RSL for 64-qubit benchmarks.
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4.7.3 Sensitivity Analysis
Resource State Size

Our compiler has a general applicability to the underlying resource states of various sizes.
Fig. 4.12(a) illustrates the varying #RSL when executing the programs with star-like resource
states of different sizes, i.e., consisting of different numbers of photonic 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 fusions with more qubit degrees, without the need of increasing the

degrees by merging multiple RSLs.

Hardware Size

Our compiler has an adaptability to various hardware sizes. Fig. 4.12(b) shows the
varying #RSL when executing the programs on photonic hardware of different RSL sizes. It
can be seen that a larger photonic hardware leads to a reduced #RSL, which indicates that our
framework can effectively utilize the computing resource as it scales up. In particular, a larger
RSL can enable a larger renormalized lattice, thus a larger virtual hardware. This provides
the offline mapping with an increased space for flexible routing, thereby reducing the required

logical layer and the #RSL.

Fusion Success Probability

Our compiler has a capability of tolerating fusion failures at a practical level. Fig. 4.12(c)
shows the varying #RSL when executing the 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 as the fusion success probability increases. This is because a higher fusion
success probability 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 the #RSL.
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4.7.4 Scalability
Resource Consumption

Our compiler presents a great scalability in resource consumption, characterized by the
stable overhead as the computing scales up. Fig. 4.13(a) shows the suitable average node size
of 2D renormalization as the hardware size increases, corresponding to the average node size
at which the renormalization success probability approaches 1 in Fig. 4.16. As can be seen, it
keeps stable against the variation of hardware size, being smaller with a higher fusion success
probability. Fig. 4.13(b) shows the average ratio of RSL to logical layers as the program size
increases. It first increases with the program size and then soon gets stable at a value around 3,
implying the successful formation of a logical layer about every 3 RSLs. These stable behaviours

provide a predictability of the resource consumption and ensures the scalability of our framework.

Modularity Overhead

The real-time scalability of our framework can be greatly enhanced through a modular
2D renormalization, which reduces the latency for each RSL by a factor corresponding to the
modular number. However, this comes with an overhead, as the presence of intervals between the
modules (as illustrated in Fig. 4.10) reduces the available resource on each RSL. To evaluate this
resource overhead, Fig. 4.13(c) depicts the size of the renormalized 2D lattice against the number
of modules, with the MI ratio (as defined in Fig. 4.10) ranging from 2 to 19. For comparison, the
red dots represent the renormalized 2D lattice size by a non-modular algorithm in an unlimited
time, while the black dots represent the renormalized size by the non-modular algorithm in a
time restricted by that consumed by the modular approach.

It can be seen that the size of renormalized 2D lattice by the modular approach is around
60% of that by the non-modular approach with unlimited time (red), 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-
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modular approach restricted in the same time (black), ranging from 2 X to 6 x as the number of
modules increases from 4 to 16. This is very important since the time for the online algorithm
is always restricted by the limited lifetime of photons. Overall, Fig. 4.13(c) indicates that the
modular approach in our framework can significantly improve the real-time scalability with a

reasonable overhead of computing resource.
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Figure 4.14. Oneline proccessing time for each RSL with 7-qubit resource states. RSL size is
96 x 96 for (a); fusion success rate is 0.75 for (a)(b); average node size is chosen as 24 x 24 for
(a)(b); MI ratio is chosen as 7 for (b).

Compilation Time
We show the online and offline compilation time of the benchmarks in Fig. 4.14 and

Fig. 4.15, with the compiler implemented in Python. From Fig. 4.14(a) it can be seen that the
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online processing time for each RSL stays stable as the program size increases. From Fig. 4.14(b),
which takes an average of all 36-qubit benchmarks, it can be seen that the processing time for
each RSL increases with RSL size, but can be significantly reduced by employing a modular
renormalization. For offline compilation time, Fig. 4.15(a) shows that it increases with the
program size. Fig. 4.15(b) shows that it decreases with the virtual hardware size first and then
increases. This occurs because an excessively small virtual hardware size leads to a significant
total depth, whereas an overly large virtual hardware size results in extended compilation times

for each logical layer.
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4.7.5 Hyper Parameters
MI Ratio

The sizes of renormalized lattices rely on a suitable choice of MI ratio (defined in
Fig. 4.10). Fig. 4.13(c) illustrates the renormalized lattice size with different choices of MI
ratios. It can be seen that the renormalization size first increases with the MI ratio and then
slightly decreases, peaking at a value around 7. This is because an excessively low MI 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 Node Size

A suitable choice of average node size is also important, as it determines the target size of
a successful 2D renormalization. Fig.4.16 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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4.8 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 probabilistic operations, demonstrating
a concurrent achievement of scalability and efficiency on photonic systems. Nevertheless, we
believe that there is still significant potential for fully exploring the optimization space. We hope
that our work could attract more effort from the computer architecture and compiler community

to explore the advantages of photonic quantum computing and overcome the unique challenges.
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Chapter 5

OneAdapt: Resource-Adaptive Compi-
lation of Measurement-Based Quantum
Computing for Photonic Hardware

5.1 Introduction

Photonic systems are a promising platform for universal quantum computing due to
their unique advantages [162, 37], including great scalability, long coherence time and easy
integration with quantum networks. In addition to experimental demonstrations of quantum
supremacy on photonic systems [240, 239, 145], significant manufacturing progress has been
demonstrated recently. This includes the achievement of 99.98% fidelity for state preparation
and measurement [6], 99.22% fidelity for fusion [6] (not to be confused with fusion success rate
[84, 99]), and the demonstration of small-scale error correction codes [4].

In contrast to other quantum computing platforms such as superconducting [174, 117,
219, 124], trapped ion [171, 179, 161] and neutral atom systems [227, 82, 36], photonic platforms
are well suited for a different computing model called measurement-based quantum computing
(MBQC) or one-way quantum computing (1WQC) [176]. In this model, computation is driven by
single-qubit measurements on an entangled state. A quantum program needs to be transformed
into a measurement pattern on this entangled state, while physical hardware is responsible for

generating this entangled state by merging small resource states, such as through fusions [180]
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Figure 5.1. Different IRs for measurement-based quantum computing.

or macro-node approach [42, 211]. As a result, this entangled state can serve as an intermediate
representation (IR) between high-level programs and low-level hardware.

Early work in MBQC transformed programs into hardware-agnostic IRs, without consid-
ering hardware feasibility or fully exploiting hardware capabilities. Some approaches assume the
availability of an entangled state with arbitrary graph structures, creating an extremely flexible
IR called graph state [108, 70, 48] (Fig. 5.1). Others assume an entangled state with a fixed
3D lattice structure (or 2D [140]), resulting in a rigid IR called cluster state [176] (Fig. 5.1).
These IRs lack simultaneous support for scalable hardware generation and efficient program
transformation. For example, due to the probabilistic nature of fusions [84, 99], generating a
graph state IR with arbitrary structures at runtime requires endless fusion retries. While the
cluster state IR avoids this with their rigid lattice structures on each 2D layer, this rigidity limits
the optimization space of program transformation.

Recent work OnePerc [234] introduces an approach to generate a FlexLattice IR between
these two extremes, with simulation based on the fusion-based architecture [180]. FlexLattice
is structured with two spatial dimensions and one temporal dimension. It maintains a lattice
structure within each 2D layer, but allows both adjustable edges (depicted as dashed lines) and
connections between nodes at the same locations of any 2D layers (Fig. 5.1), referred to as

temporal edges. These flexible temporal edges allow programs to be transformed onto a flexible
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2D size, lowering the required hardware size (i.e., less chiplets on the fusion-based architecture,
as shown in Fig. 5.2) and runtime overhead. Note that in FlexLattice IR, every node can have
two temporal edges, one with preceding layers and one with subsequent layers, although we only
depict some of the temporal edges to keep the figure clear.

At the architectural level, the flexible temporal edges in FlexLattice are enabled by the
utilization of delay lines, which are equipped in various photonic architectures [180, 39, 4, 42,
211]. This represents an alternative scaling strategy versus simply increasing the hardware size.
Taking the fusion-based architecture as an example, integrating different lengths of delay lines
on each chiplet allows photons to be delayed for different clock cycles before being fused. Hence
photons generated at different times can be fused together [39], thereby enabling temporal edges
of different lengths. For example, in Fig. 5.2, the two purple fibers represent a no-delay and a
two-layer delay: photons generated two layers apart can be routed through these fibers to arrive

simultaneously at the fusion device.

1 , photonic fusion measurement —D:switch @ delay

chiplet

device device line

Generator

Figure 5.2. Physical hardware of photonic platform.

However, this IR also has its own limitations. First, its flexibility may lead to an
unbounded requirement on the number of hardware resources without a resource-adaptive
compiler (Fig. 5.1). This is because supporting edges of arbitrary temporal lengths from 1 to n
requires O(n) delay lines of different lengths, with each pair of delay lines connected to a fusion
device [39]. Hence a resource-adaptive compiler is essential for exploring the aforementioned

two scaling strategies and understanding their interplay and tradeoffs in architectural design.
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Second, this IR does not fully exploit the capability of fusion-based architectures. While
FlexLattice IR only permits temporal edges between nodes at the same 2D location, we observe
that its hardware implementation can accommodate skewed edges without requiring additional
hardware capabilities. When the skew is bounded to a small 2D range, implementation of these
skewed edges incurs negligible overhead.

With these insights, we identify two key opportunities to improve the FlexLattice IR,
as depicted in Fig. 5.1. First, we capture the hardware constraint of limited delay lines by
restricting the lengths of temporal edges in the IR within a certain limit. Second, we enable a
larger program optimization space by introducing skewed temporal edges, which connect nodes
at nearby 2D positions of different 2D layers. These additional IR features necessitate innovative
compilation techniques, for which we identify three optimization objectives: (1) minimizing the
1D depth of IR programs to reduce their execution time; (2) minimizing the required 2D size of
the IR to reduce the required hardware size, while remaining adaptive to a larger 2D size when
hardware allows; (3) being adaptive to a limit on temporal edge lengths in the IR. Simultaneously
achieving these objectives is highly non-trivial as they can easily conflict with each other without
a careful balance.

To this end, we propose two novel optimization passes for this new IR. First, we design
a dynamic node refresh mechanism to restrict the lengths of temporal edges, with a smaller 1D
depth overhead than OnePerc’s periodic refresh [234]. It refreshes nodes based on their storage
time in delay lines, ensuring a refresh before the temporal edge length of each node approaches
the limit. These node refreshes are balanced with mapping of new nodes by dynamically adjusting
the percentage of refreshed nodes on each 2D layer, thereby avoiding a significant increase in
1D depth. Second, we develop a 2D-bounded temporal routing to exploit the optimization space
enlarged by the skewed edges, with a modified version of this pass proposed for architectures not
allowing skewed IR edges. Specifically, temporal edges between different 2D layers are skewed
in suitable directions to bring nodes closer on subsequent layers, with its use cases including, but

not limited to, resembling a native SWAP gate in the circuit model. This reduces both the 2D

134



size and the 1D depth of IR without necessarily increasing the lengths of temporal edges.

Our contributions in this paper can be summarized as below:

* We propose a new IR by restricting the lengths of temporal edges and allowing skewed
edges between 2D layers, which reflects the constraint of hardware resources while opening

up broader program optimization space.

» With this new IR, we propose a resource-adaptive compiler with two optimization passes: a
dynamic node refresh to ensure the restriction of temporal edge lengths and a 2D-bounded

temporal routing to enable more efficient routing with the skewed edges.

Our compiler achieves resource-adaptivity along three dimensions: it adapts to (1) the
available hardware size, (2) the number of delay lines on the hardware, and (3) whether

the hardware can support skewed IR edges or not.

Compared to FlexLattice IR compilers, our compiler reduces the 1D depth by 3.48 x while
constraining temporal edge lengths. Compared to cluster state IR compilers, it can reduce
the 1D depth by 6.7 x or reduce the minimal 2D size by 7x. We also extend our framework

to the FTQC setting using surface code, demonstrating a 3.33 x reduction in 1D depth.

5.2 Background and Related Work

5.2.1 MBQC Basics

One-qubit Teleportation. The foundation of MBQC is the well-known concept of 1-

qubit teleportation. As shown in Fig. 5.3(a), if two qubits are in an entangled state CZ(|y) ®|+)),

measuring the first qubit |y) is in the X-basis (implemented by applying a Hadamard gate H

before a Z-basis measurement) would result in the second qubit becoming X" H |y), where X

is a Pauli correction and m is the measurement outcome. When the first qubit is measured in a

general basis on the X-Y plane of the Bloch sphere (implemented by applying a Z-rotation R,(0)
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before the X-basis measurement), the state of the second qubit would become X" HR,(0) |y), as
shown in Fig. 5.3(b). In these examples, the resulting state of the second qubit is determined by
the measurement basis of the first qubit.

) — m w— R,OHHEHAEm

|+) ————— X"H|Y) I+) X™HR,(O)|y)
(a) (b)

Figure 5.3. 1-qubit teleportation (a) and its generalization (b).

Graph State. Computation in the MBQC paradigm is driven by single-qubit measurements on
an entangled state, called graph state. Formally, it is an entangled state among qubits located on

a graph G(V,E), defined as the eigenstates of operator

s=XQ)z;, Viev
Jjen;

where n; are the neighboring qubits of i € V on graph G. When the graph G has a lattice structure,
it is called a cluster state. A graph state can be created by preparing all qubits in |+), with
some input qubits in the input states, and then applying a CZ gate between each pair of qubits
connected by a graph edge. Computation on a graph state can be implemented by a pattern of
equatorial measurements E(a.), i.e., measurements on the X-Y plane of Bloch sphere at an angle
o.. The measurement basis of each qubit is predetermined by the quantum program, together
referred to as a measurement pattern. But they are subject to a runtime adjustment according
to the measurement outcomes of prior qubits, with the angles adjusted from ¢ to (—1)*a +17w
where s,t € {0,1} [71].

MBQC has the same computation power with the circuit model since they are both
universal computing models [176]. The required structure G of the graph state for a quantum
program can be obtained by a straightforward translation [48] from a circuit in the universal gate

set {J(a),CZ} into a measurement pattern. This is because a measurement E () yielding an
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Figure 5.4. (a) RSLs generated over time by a chiplet array. (b) Identified lattice (black) on an
RSL by 2D renormalization, with missing edges on the grid (grey) standing for failed fusions.
(c) Generation of IR program in (d) on multiple RSLs: bold paths correspond to edges in (d);
green lines stand for photon delay; the 1st, 4th and 8th RSLs serve as the 3 logical layers in (d).

outcome m € {0, 1} is equivalent to a J() gate followed by a Z-measurement M, yielding the

same value, i.e., E(a) |y) — m corresponds to M.J () |y) — m, where

This process can be described in ZX-calculus [213] and optimized by available tools such as

PyZX [122].
5.2.2 Photonic Platform

Fusion-based Architecture. On photonic platforms, a large graph state can be gen-
erated by merging small resource graph states through fusions [180], which are concurrent
measurements on two photonic qubits in two entangled bases, such as X ® Z and Z® X.

In the fusion-based architecture [180], a photonic processor consists of an array of
interconnected chiplets as shown in Fig. 5.4(a). Each chiplet can be equipped with a resource
state generator (RSG), delay lines, fusion and measurement devices, as shown earlier in Fig. 5.2.
Each RSG generates a copy of resource state in every cycle, which will be directed to different

fusion or measurement devices by switching between different delay lines. Resource states
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generated in the same RSG cycle form a 2D resource state layer (RSL), as shown in Fig. 5.4(a).
Due to connectivity constraints, resource states on the same RSL are restricted to fuse with
their neighbors, while those on different RSLs are restricted to fuse with other resource states
generated by the same RSG. These fusions lead to a 3D entanglement structure in space-time,
as shown in Fig. 5.4(c). Here the resource states are assumed to be 7-qubit star-shaped, as
demonstrated in Fig. 5.4(a). When the available resource states are smaller, this can also be
achieved by merging more RSLs [234].

Experimental Progress. Our design is fully built on technologies that have been
physically demonstrated by previous experiments. Key hardware components required by
this architecture include resource state generation (demonstrated with up to 8 qubits [208, 89,
63, 62, 207, 228, 32, 115, 187]), heralded (type II [126]) fusions (demonstrated with 99.22%
fidelity [208, 6]) or boosted fusions [84, 99] (demonstrated with 89% fidelity and 69.3% success
rate [106]), single-qubit measurements (demonstrated with 99.98% fidelity [6]), chip-to-chip
qubit interconnect (demonstrated with 99.72% fidelity [6]) and delay lines with a low photon
loss (potentially as low as 0.2 dB/km [139]). Moreover, the feasibility of MBQC has been
demonstrated by various small-scale quantum algorithms on photonic qubits [216, 212, 202],
and simple QEC codes are also demonstrated recently [15]. While current photonic hardware
still lags behind other platforms in the scale of supported programs, ongoing improvements in

resource generation and noise reduction suggest strong long-term scalability.

5.2.3 MBQC on Photonic Platform

Previous Work. Early work in MBQC proposes a cluster state IR with a lattice structure,
demonstrating universality of MBQC by translating a universal gate set in the circuit model to
corresponding measurement patterns on cluster states [176]. Recently, a compiler FMCC [140]
is proposed to optimize this translation, with the cluster state restricted to a 2D scenario. Another
work OnePerc [234] proposes a more flexible FlexLattice IR, which allows edges along the third

dimension to connect nodes at the same 2D positions of any 2D layers, as depicted in Fig. 5.1
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and Fig. 5.4(d). Moreover, each edge in this IR can be enabled or disabled on demand. For
compilation, OnePerc adopts a mapping algorithm adapted from [235].

IR Generation. To generate the FlexLattice IR, resource states on each RSL are fused
with their neighbors, while different RSLs are fused according to the IR structure by switching
between different delay lines. In Fig. 5.4(b)(c), gray lines represent the entanglement formed
by successful fusions, while green lines represent photon delay. Fusion failures [84, 99], as
indicated by the missing edges, can be handled by percolation-based [118, 167] algorithms, so
that the IR can be generated with a high success rate [234].

(1) 2D Lattice Identification. On each RSL, a path searching is conducted among
successful fusions to identify a connected lattice of a certain size (3 x 3 bold lattice in Fig. 5.4(b)),
referred to as renormalization [49, 155]. Successfully renormalized RSLs (the 1st, 4th, 8th RSLs
in Fig. 5.4(c)) can serve as logical layers, which correspond to the 2D layers in the IR (the three
layers in Fig. 5.4(d)).

(2) Temporal Edge Generation. To generate an IR structure as shown in Fig. 5.4(d), two
temporal edges AC and BD need to be generated. This is achieved by finding connected paths
between the renormalized nodes A and C, and between B and D, as depicted by bold blue paths
in Fig. 5.4(c). Note that since BD connects two non-adjacent 2D layers in the IR, the resource
states around B are delayed to fuse with the RSL after the second logical layer, unlike other
resource states that are fused with their next RSL.

PL Ratio. Due to fusion failures, the formation of each logical layer costs multiple RSLs.
This is because both 2D renormalization and time-like path searching can fail. The ratio between
the number of physical RSLs and logical layers is thus defined as a PL ratio. With a practical
fusion success probability of 75% [84, 99], simulation in [234] reveals this ratio as ~ 3.1 on
average, which can vary across different logical layers. In the runtime, this ratio can be fixed to
avoid real-time feed-forward overhead. To ensure a high success probability of IR generation,
a reasonable choice would be slightly larger than the average ratio, such as 4, meaning that a

logical layer is assigned every 4 RSLs.
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5.2.4 FTQC on Photonic Platform

To realize photonic FTQC, multiple physical qubits need to be encoded into a logical
qubit through quantum error correction (QEC) codes [159]. Existing work has shown that any
QEC code in the CSS category can be implemented on MBQC in a foliated manner [38]. In this
approach, each RSL mimics a time slice of QEC, with the fusion patterns on the RSL determined
by the code structure. For surface code, one of the most promising QEC codes [90], these RSLs
are fused into a Raussendorf cluster state [178], with the structure of each layer resembling the
structure of surface code. This correspondence between an MBQC layer and a time slice of QEC

enables implementation of universal logical gates in the MBQC paradigm [110, 40].

4 2\

(a) (b)
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surgery

A 2 lattice

surgery

surface code surface code surface code magic state
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Figure 5.5. Periodic refresh for QEC.

Fusion-based architectures require a large QEC code distance due to the need to tolerate
fusion failures and photon loss [40], leading to a requirement for large RSLs. This resource
overhead can be mitigated by a space-time trading that allocates different logical qubits onto
different RSLs. Fig 5.5(a) illustrates a simple example with four surface code patches, including
an ancilla patch and a magic state factory to facilitate logical gates with lattice surgery [113,
141, 222] and magic state distillation [91, 34]. As depicted in Fig. 5.5(b), these patches can be
assigned onto RSLs periodically in an interleaved manner, with the period being four layers here.
As alattice surgery [113, 141, 222] between two patches only involves operations on the patch
boundaries (Fig. 5.5(a)), it can be realized through fusing the boundaries of different layers with

the help of delay lines (Fig. 5.5(b)).
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Dynamic refreshing: restrict lengths of time-like edges and reduce 1D depth
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Figure 5.6. FlexLattice IR in OnePerc (a) and our IR (b). Dynamic refreshing that prevents
temporal edges from exceeding a length limit (c) and 2D-bounded temporal routing that exploits

skewed edges in the IR (d).

5.3 Design Overview
5.3.1 Motivation and Challenges

Our IR differs from the previous FlexLattice IR with two additional features, as depicted
in Fig. 5.6(b). First, we impose a limit on the lengths of temporal edges, which can vary with
evolving hardware capabilities. Specifically, this limit is determined by the number of delay
lines on the hardware, with 2D delay lines per chiplet leading to a length limit of Dy. Second,
we introduce more flexibility by allowing skewed temporal edges between nodes at nearby 2D
positions. These skewed edges reflect more efficient hardware utilization, as they can be readily
implemented by the same architecture as OnePerc with a slight algorithm modification, without

requiring additional hardware capabilities such as temporal connections between different RSGs.

Among the three optimization objectives, a reduced 1D depth implies a shorter program
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execution time, which is essential for achieving quantum speedup, as practical quantum applica-
tions can run for days or even years [35, 244]; a reduced 2D size leads to a smaller requirement
for the number of chiplets, as well as a faster renormalization in the runtime; while a bounded
temporal edge length is necessary for adapting to any practical hardware. Achieving these
optimization objectives simultaneously is highly non-trivial, as they can conflict with each other
without careful optimizations. The first conflict lies between the 1D depth and the lengths of
temporal edges. While temporal edge lengths can be reduced by periodically refreshing IR nodes
after every fixed 1D depth [234], this can increase the total 1D depth as each round of refresh
requires multiple additional 2D layers. These additional 2D layers can in turn extend the node
storage time in delay lines, thereby preventing a guaranteed restriction of temporal edge lengths.
The second conflict arises between the 2D size and the lengths of temporal edges. Specifically,
the reduction of 2D size in OnePerc [234] is achieved by leveraging the flexible temporal edges,
at the cost of incurring long temporal edges. This challenges our goal of restricting temporal edge
lengths while reducing 2D size. Our compiler achieves a balance between these optimization

objectives through the following two optimization passes.

5.3.2 Dynamic Refreshing

Our compiler is designed to be adaptive to a length limit of temporal edges by introducing
dynamic refreshing, which also leads to a smaller 1D depth than OnePerc. We illustrate this with
an example in Fig. 5.6(c1)(c2), which shows a bounded length limit of 4 for all temporal edges
and a reduction in 1D depth from 6 +m to 6.

In Fig. 5.6(c1)(c2), black edges represent computing edges, which are edges forming the
measurement pattern used for computation, while orange edges represent refreshing edges, which
are edges measured in fixed bases merely for node refresh. A node refresh can reduce the storage
time of the node in the delay line by remapping it onto the current 2D layer, where computation
on that node can be continued after it is refreshed. For example, in Fig. 5.6(cl), node M is

refreshed by refreshing edge €2 to a new node M’, which reduces the length of computing edge
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0. After this refresh, the computation on node M can be continued on M’ with computing edge
ev.

In previous work OnePerc [234], computing and refreshing are conducted alternately,
as shown in Fig. 5.6(c1), which we refer to as periodic refreshing. After each certain depth of
computation, all nodes stored in delay lines are refreshed by allocating additional multiple 2D
layers for refresh only (the orange layers). Although this can prevent very long temporal edges,
the length limit is still unbounded since it is hard to control the length of each temporal edge
when all nodes are refreshed together. In particular, the number of required additional 2D layers
m varies in every round of refresh based on how many nodes need to be refreshed and how many
of them have conflicted 2D coordinates. This induces an unpredictable overhead to the lengths
of temporal edges. For example, the lengths of edge e2,e4,e5 and €6 are 2+ m, 1 +m,2 4+ m and
1+ m, all relying on the number of additional refreshing layers m.

In our compiler, each node is refreshed dynamically based on their need, without a dis-
tinction between computing layers and refreshing layers. On every 2D layer, nodes are refreshed
selectively to prevent temporal edges from exceeding the length limit. This is demonstrated in
Fig. 5.6(c2), where the length limit of temporal edges is set to be 4. Each edge ¢’ in Fig. 5.6(c2)
is a correspondence of edge e in Fig. 5.6(c1). This dynamic refreshing exhibits the following ad-
vantages. First, it ensures a bounded length limit for temporal edges. In Fig. 5.6(c1), the reason
why edge el has a length > 4 is because its refresh has to wait until a round of refreshing begins.
In Fig. 5.6(c2), the length of edge e1’ can be reduced, since refresh is enforced whenever the
limit is reached, without a distinction between computing layers and refreshing layers. Similarly,
the lengths of edge €2, e4, e5 and e6 can also be reduced to 4, no longer relying on an unbounded
value m. Second, the elimination of dedicated refreshing layers naturally reduces the 1D depth,
as computation on the refreshed nodes do not need to wait until the next computing round begins.

In Fig. 5.6(c2), the 1D depth is reduced from 6 + m (Fig. 5.6(c1)) to 6.
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5.3.3 2D-bounded Temporal Routing

Our compiler exploits the broader optimization space enabled by the new IR with a
2D-bounded temporal routing, which can reduce the 2D size and 1D depth of IR programs. We
demonstrate this with an example in Fig. 5.6(d1)(d2), which shows a 2D size reduction from
3 x3to2x3anda 1D depth reduction from 4 to 3.

On layer 0, node A,B,C,D and E are located in (0,0),(1,0),(1,1), (0,1) and (0,2),
denoted by Ag, Bg,Co, Do and Ey, with the subscripts indicating their 2D layers. To implement
an MBQC program equivalent to a circuit shown in Fig. 5.6(d3), we aim to exchange the 2D
positions of B and C through subsequent layers so that AC, BD, AD and BC can all be connectable.
In previous work OnePerc [234], this exchange can be achieved as shown in Fig. 5.6(d1), by the
blue routing path ByB; and the purple routing path CypC3, so that AC and BD are connected on
layer 2 as A,C, and B, D, while AD and BC are connected on layer 3 as A3D3 and B3C3. This
requires a 2D size of 3 X 3 and a 1D depth of 4.

In our compiler with an extended IR allowing skewed temporal edges, this can be realized
more easily by skewed temporal edges, as shown by the blue skewed edge ByB; and the purple
skewed edge CyC in Fig. 5.6(d2). This reduces the required 2D size to 2 x 3 and reduces the 1D
depth to 3. In this example, the skewed edges facilitate an easy swap of node positions, which
resembles a native SWAP gate in the circuit model. In general cases, these temporal edges can be
skewed in more ways, leading to a flexible routing strategy beyond swapping. Even with an IR
without skewed edges, this flexible routing strategy can be modified to achieve a more efficient

routing than that of OnePerc [234].

5.4 Framework Design

In this section, we first present the overall compilation flow along with the complex-
ity analysis of key algorithmic components, and then provide a detailed description of each

optimization module.

144



5.4.1 Compilation Flow and Complexity
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Figure 5.7. Compilation flow.

Scheduling. As shown in Fig. 5.7, given an MBQC program represented by a graph state,
our compiler first schedules the graph nodes based on their dependencies. This is achieved by
constructing a directed acyclic graph (DAG), with each directed edge indicating a dependency
between graph state nodes. To eliminate the need for a node to wait in delay lines before
measurement, every time we only take the nodes in the front layer of the DAG, thus making sure
that the target node of each directed edge is mapped to a later 2D layer than the source node.

Refreshing old nodes. For each 2D layer, we first select some old nodes stored in delay
lines and refresh them (yellow in Fig. 5.7). The only exception is that, in the beginning of
compilation when there are no nodes in the delay lines, we first map all input nodes in the graph
state, allowing them to occupy multiple 2D layers if the given 2D size is small. Selected old
nodes would be refreshed by mapping them to 2D positions near their original ones through 2D-
bounded temporal routing. With the heap structure in our codes for node storage, the complexity
of this step is O(SlogS) where S is the 2D size of IR.

Routing old nodes. Next, we map graph state edges between these refreshed nodes
(yellow in Fig. 5.7). For each refreshed node, we check if their neighbors in the graph state are

also refreshed. If so, we connect them through shortest paths if allowed by the remaining space
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on the 2D layer. This routing is followed by a deletion of isolated nodes to save 2D space for
subsequent steps. That is, if a refreshed node is not connected with any other node after this
routing step, this isolated node will be removed from the 2D layer. The only exception is when
its storage time in the delay line is about to exceed the limit. Shortest paths are obtained via BFS
on the unweighted grid, with a complexity of O(S?).

Mapping and routing new nodes. After refreshing and connecting old nodes, we then
start mapping and routing new nodes (blue in Fig. 5.7). Among nodes in the current front layer,
every time we select a graph state neighbor of a node mapped on the current 2D layer, and map
it to an adjacent position of that mapped node if allowed by the remaining 2D space. Then we
route these new nodes to connect them through shortest paths if they have edges in the graph
state. Shortest paths are obtained via BFS on the unweighted grid, with a complexity of O(S?).

Multiple rounds of mapping and routing. The mapping and routing process is per-
formed for multiple rounds (by default 3) if 2D space remains (circular arrow in Fig. 5.7). For
each round after the first one, we first select some new nodes randomly from the front layer and
map them to random positions, then map their graph state neighbors in the front layer to their
adjacent positions. After that, we connect these new nodes through shortest paths if they have
other edges. Finally, if some selected nodes are isolated after this round, we remove them from
the 2D layer to save space for subsequent rounds.

Post-processing. After refreshing, mapping and routing on each 2D layer, a post-
processing (green in Fig. 5.7) is conducted to address a special case where a node on the current
2D layer has only one unmapped neighbor left in the graph state, thereby saving the space of

subsequent layers. The complexity of this step is O(S).

5.4.2 Scheduling to Maintain Dependency Order

Due to the randomness of quantum measurement outcomes, the measurement bases of
some graph nodes must be adjusted at runtime, depending on the measurement outcomes of other

nodes. These dependencies result in a partial order among different nodes, which can be derived
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using measurement calculus [71, 48]. As a preprocessing step, we construct a DAG to capture
the dependency relations among graph state nodes. For each directed edge, the measurement
basis of the target node depends on the measurement outcome of the source node.

The maintenance of dependency order in the compilation refers to mapping the target
node of each directed edge to a later 2D layer than the source node. This ensures that mapping-
complete nodes can be measured immediately without waiting for other nodes to be mapped As
each node can have only one temporal edge with subsequent layers, we call a node mapping-
complete if it is mapped and has only one unmapped neighbor left in the graph state. For each
2D layer, we first update the DAG by removing mapping-complete nodes, then select nodes from
the front layer of the DAG for refresh and mapping. The front layer consists of nodes without
in-degrees in the DAG, meaning that all the nodes they depend on have been mapping-complete
on preceding 2D layers. In this way, we make sure that a node is always scheduled on a later 2D
layer than nodes it depends on, thus eliminating the necessity for nodes to wait in delay lines
before measurements.

A worth-mentioning subtlety about the DAG is the signal shifting in measurement
calculus [71, 48]. While signal shifting can help remove redundant dependencies among nodes,
it can also result in connections between very preceding and very subsequent nodes in the
dependency relations, which compromises the compiler’s capability of restricting temporal edge

lengths. Hence the DAG we construct here is based on dependencies without signal shifting.

5.4.3 Dynamic Refreshing

Node Refresh. The feasibility of node refresh lies in the fact that two consecutive X-
or three consecutive Y-measurements can act as an identity operation that transfers an input
state to another qubit up to some Pauli corrections [176, 48], as illustrated in Fig. 5.8. Note that
while a refresh needs two additional X- or three additional Y-measurements, in the fusion-based
architecture we do not need to remap the node twice or three times, because each edge in the IR

is realized by a connected path of successful fusions on the physical hardware (Fig. 5.4), which
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already consists of multiple photonic qubits. The choice of consecutive X- and Y-measurements

along the path is determined by whether the path has an even (XX:--XX) or odd (XX---YYY)

length.
E(a) X X E(o) E(a) Y Y Y E(a)
——9 = o—o—o—o *—e = o—o——o——o—o
in out in out in out in out
(a) (b)

Figure 5.8. Insertion of identity patterns (a) XX and (b) YYY.

Refresh Prioritization. We classify node refreshes into two types according to their
purposes. The first type is constraint-driven refresh, which is performed to prevent temporal
edges from exceeding the length limit. The second type is computation-driven refresh, which
remaps old nodes to the current 2D layer to continue pending computation blocked by node
dependencies. Note that these two types are not mutually exclusive, as a node mapped by
constraint-driven refresh can also participate in computation.

For each 2D layer, we first perform all constraint-driven refreshes, and then perform
computation-driven refreshes if space permits. Our insight is that strategically prioritizing
computation-driven refreshes can proactively reduce the future demand for constraint-driven
refreshes. To achieve this, we rank old nodes into the following three categories according to
their computational relevance, with the categories listed in descending order of priority. Within
each category, nodes are further prioritized in descending order of their storage time. Performing
computation-driven refresh according to this prioritization allows long temporal edges to be

eliminated earlier, thereby alleviating refresh pressure in subsequent layers.

* Nodes with graph edges to constraint-driven refreshed nodes

* Nodes with graph edges to other old nodes in delay lines

* Nodes with graph edges only to new unmapped nodes
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These categories are prioritized for the following reasons. The first category includes
nodes that are graph state neighbors of constraint-driven refreshed nodes. Since a constraint-
driven refreshed node has already been mapped onto the current layer, mapping its graph state
neighbors brings both ends of a graph state edge onto this layer. This can advance computation
if a routing path exists, allowing constraint-driven refreshes to contribute to computation as well.
The second category consists of nodes that are graph state neighbors of other old nodes in the
delay lines. Mapping these nodes similarly brings both ends of graph state edges onto the current
layer, enabling computation progress when routing paths are available in the 2D space. The
third category contains the remaining nodes that only have edges with new unmapped nodes.
Mapping these nodes offers fewer immediate computational opportunities compared to the other
categories, as their impact depends on the subsequent mapping of new nodes.

Refresh Percentage Tuning. Balancing the refresh of old nodes with the mapping of new
nodes is crucial for minimizing the 1D depth. Our insight is that the number of constraint-driven
refreshes can serve as a probe of this balance for subsequent layers, motivating a dynamic
adjustment of the ratio between old and new nodes. When constraint-driven refreshes become
excessive, it signals that the ratio of node refresh should be increased to mitigate the accumulation
of old nodes.

On each 2D layer, we limit the fraction of positions that can be used for node refresh
through a refreshing bound b,. Constraint-driven refreshes are allowed to exceed this bound,
but computation-driven refreshes cannot. That is, if the number of constraint-driven refreshed
nodes is m < b,.S, at most b,.S —m nodes can be selected for computation-driven refresh. This
refreshing bound b, is dynamically adjusted based on the number of constraint-driven refreshed

nodes my, on the last 2D layer and the size of 2D layers S, in the following way:

b, = min{mya /S + p, 1} (5.1)

where p is an adjustable parameter with a default value of 0.4. When p is too small, the limited
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computation-driven refresh is a bottleneck for computation progress. When p is too large, it
prevents new nodes from being mapped, which also slows down the computation. As a result, a

sweet spot needs to be identified empirically.

5.4.4 2D-bounded Temporal Routing

With Skewed Edges. Based on the 2D position where a node was last mapped on
preceding layers, each node v stored in the delay lines is labeled with a 2D coordinate (x,,y,).
When refreshed onto the current 2D layer, the node can be mapped to a position (x',y’) around
(xy,yy) within a range allowed by skewed temporal edges. To reduce resource overhead, our IR

restricts this range to a Hamming distance of 1. That is,

(',y) € near((xy,yv)) = (xv,yy) Uadj((xy,yv))

where

adj((xy,yv)) = {00+ 1L,0), (6 = Lyy), (v, v + 1), (20,30 — 1) }

While the motivating example in Fig. 5.6(d2) illustrates skewed edges for node swapping
only, broader optimization can be supported by more flexible routing of individual nodes. To this
end, we design a heuristic for 2D-bounded temporal routing that minimizes the distance between
neighboring nodes in the graph state and maximizes the available spaces around mapped nodes.
Specifically, nodes selected for refresh, denoted as R, may or may not have graph state edges
with each other. For those with edges, we minimize their mutual distances by remapping each

node v to a position (x’,y’) with the following heuristic

min dist((x',y"), (Xu,Yn
(x’7y/)€near((xv,yv))neRngeigh(v) (( ) ( ))

where neigh(v) stands for the graph state neighbors of v, and the coordinate (x,,y,) stands for
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the position of each neighboring node # in the storage. For those without edges, we maximize

their surrounding spaces by remapping each node v with the following heuristic

max O(u not occupied)
(x'.") €near((xy,yv)) ueadj%‘;c’ )

where O is the step function with a value 1 when the condition is satisfied and a value 0 otherwise.

Besides node refresh, new nodes can also be mapped with a similar heuristic to minimize
the distance between neighboring nodes in the graph state and maximize the available spaces
around mapped nodes. After that, a post-processing step will be conducted to handle a special
case before storing nodes into the delay lines. That is, if a node mapped on the current 2D layer
has only one unmapped neighbor remaining in the graph state, then we mark this node so that
the next time it is refreshed, the refreshed node is directly replaced with its unmapped neighbor.

No Skewed Edges. Our routing strategy can extend to work on IR without skewed edges,
thereby broadening its applicability to other architectures [42, 211]. It is feasible as we can
realize a temporal swap of two nodes (A, B in Fig. 5.9) with two 2D layers by storing one of
the nodes (node B in Fig. 5.9(b)) in the delay lines. We refer to the paths like AgA; and ByB; in
Fig. 5.9(b) as L-shaped edges.
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Figure 5.9. Swap node positions without skewed edges.

The primary difference from the algorithm with skewed edges lies in the node refresh
stage. After we obtain each node’s position by searching in the range (x’,y’) € near((x,,yy)),
we detect which nodes are involved in position swaps with other nodes. If two nodes intend to

swap their positions, we rank them based on their priorities. When both nodes are in the highest
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priority of constraint-driven refresh, we remap them to (x,,y,), the same positions where they
were mapped last time. Otherwise, we choose the one with higher priority and remap it with an
L-shaped path, storing the other node in the delay lines to wait for subsequent layers. For nodes

not involved in position swaps, we simply remap them to their previous positions (x,,yy).

5.4.5 Implementation of Skewed Edges

The skewed edges in our new IR can be readily implemented by the same architecture
with OnePerc without requiring additional hardware capabilities. This is because each edge in the
IR is formed by a path of successful fusions, which is obtained through a (2+1)-D path searching
among successful fusions, as illustrated earlier in Fig. 5.4(b)(c)(d). Since two successive logical
layers are separated by several physical layers in between (Fig. 5.4(c)), a skewed IR edge between
two logical nodes can be formed easily by a skewed fusion path through the physical layers
in between, consisting of successful temporal fusions between the same RSG and successful
spatial fusions between different RSGs. As a result, the only modification we need is to allow
path searching between qubits corresponding to IR nodes at nearby 2D locations of different IR
layers.

Intuitively, this implementation may incur two overheads: (1) The more flexible path
searching can increase resource overhead by increasing the PL ratio, as the paths for different
skewed IR edges in various directions can more easily conflict with each other. However, through
simulation, we find that this overhead is negligible when the 2D range of skewed IR edges is
restricted to only 1. (2) The skewed IR edges tend to have longer fusion paths than straight IR
edges, introducing fidelity degradation per IR edge. However, the substantial reduction in 1D
depth with this new IR also reduces the total edge count significantly, thus improving the overall

fidelity.
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5.5 Evaluation
5.5.1 Experiment Setup

Metrics. We evaluate the performance of our compiler with the following four metrics of
transformed IR programs: 1D depth, 2D size, the maximal length of temporal edges Dy (i.e., the
maximal wait time for fusion), and the maximal wait time for measurement. We only explain the
last one here as the other three have been explained in earlier sections. Besides the unbounded
number of fusion devices, OnePerc [234] also requires an unbounded number of measurement
devices due to its over-flexible scheduling, which can cause an IR node to wait excessively long
in delay lines before measurement. Hence we list this wait time for measurement required by
compiled programs as the fourth metric.

Benchmark Programs. We select a set of benchmark programs for NISQ and FTQC,
respectively. Benchmarks for NISQ include Quantum Approximate Optimization Algorithm
(QAOA), Ripple-Carry Adder (RCA) [64] and Variational Quantum Eigensolver (VQE). QAOA
is implemented on randomly generated 3-regular graphs, where ZZ gates are applied only
between graph-connected qubits. For VQE, we first adopt a full-entanglement ansatz as default,
then use the UCCSD ansatz to demonstrate simulations of realistic molecular systems, including
H,0,CH4 and CHg, with circuits compressed by standard active space approximations with
frozen core orbitals. Benchmarks for FTQC include Quantum Fourier transform (QFT), Grover’s
algorithm and quantum simulation (QSIM). Among them, QFT is a crucial component of Shor’s
algorithm [191] as well as other applications in signal processing [147, 17] and cryptography
[7]. Grover’s algorithm [100] can provide quadratic quantum speedup for unstructured search
problems. For QSIM [210, 135], we simulate the time evolution of quantum spin systems
governed by the XXZ Heisenberg Hamiltonian—a widely used model in condensed matter
physics for studying quantum magnetism, entanglement dynamics, and many-body effects, with
circuits constructed by Trotterization. In the evaluation, each ‘benchmark-n’ stands for a program

corresponding to an n-qubit circuit in the circuit model.
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Hardware Settings. The best known scheme for fusion implementation has a theoretical
success rate of 78% [84], whereas a success rate of 75% is achievable with significantly less
resource overhead [84, 99]. As a result, we adopt the 75% fusion success rate in the experiments
that demonstrate the feasibility of IR extension, and provide a sensitivity analysis by varying it
from 66% to 78%. By fixing the PL ratio as 4 (i.e., a slightly higher value than the natural PL
ratio of ~ 3.1 to ensure success of IR realization), our IR implementation requires D fusion
devices with connected delay lines on each chiplet, with the longest storage time of photons
being 4Dy RSLs. With state-of-the-art fiber technology with a loss rate of 0.2dB/km [139],
photons can be stored for 1500 RSLs with ~ 5% loss, given an RSG clock cycle of ~ 1ns [39].
As an example, when Dy = 10, the photon loss rate after being stored for 4D RSLs is hence as
small as 0.12%.

Baseline 1. We compare our framework with state-of-the-art photonic MBQC compiler
OnePerc [234]. Since OnePerc is unable to bound lengths of temporal edges and wait time for
measurement, we adopt the following strategies to make it more comparable with our compiler,
at the cost of increasing its 1D depth to some extent. First, when a Dy is specified, we ask
OnePerc to perform its periodic refresh after every D layers and record the longest temporal
edge. Second, we reduce its measurement wait time by posing a more strict scheduling. That
is, we restrict the number of dependency layers that can appear on each layer (2 is achievable)
and record the longest wait time for measurement under this restriction. Note that while these
strategies can mitigate the problems, they can not guarantee an adaptive bound for these limits.

Baseline 2. Since OnePerc is not capable of bounding temporal edge lengths and mea-
surement wait time, we compare with a secondary baseline with this capability, to demonstrate
the performance of our compiler under such restrictions. This baseline is constructed by first
decomposing a circuit into J (&) + CZ gates, compiling it with Qiskit [173] — state-of-the-art
compiler in the circuit model, and then translating the compiled results into the cluster state IR.
The feasibility of adapting a circuit model compiler to an MBQC compiler lies in the correspon-

dence between the space-time structure of a circuit and the 3D structure of a cluster state [176].
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This baseline guarantees a length limit of Dy = 1 for temporal edges and a wait time limit of 0
for measurements. However, it requires a minimal 2D size of n X n for each n-qubit benchmark

and results in a longer 1D depth.

5.5.2 [Experiment Results.

This subsection shows our experiment results compared with the baselines. Due to the
natural tradeoff between 2D size and 1D depth [234], we first fix the 2D size to a standard
2D size of /n X /n for each n-qubit program, while comparing the other three metrics with

the baselines. Subsequent analysis will vary the 2D size to demonstrate the adaptivity of our

compiler.
Table 5.1. Results of our compiler and the baseline. Target Dy = 20.
Benchmark || Depth: | Depth: | Depth: | Depth Depth Dy Dy Dy Meas | Meas Meas
- #Qubit One- One- Ours | Improv. | Improv. | (com- (com- (com- || Wait | Wait Wait
Perc Perc vs One- | vs One- || piled): piled): piled): || (lay- (lay- (lay-
+ Skew Perc Perc OnePerc | OnePerc | Ours ers): ers): ers):
+ Skew + Skew One- | One- Ours
Perc Perc
+ Skew
QAOA-36 1,108 | 584 342 324 x | 1.71 x 37 36 20 32 34 0
RCA-36 1,547 | 1,125 | 712 217 x | 1.58 x 27 27 20 24 24 0
VQE-36 874 530 254 344 x | 2.09 x 32 32 17 99 138 0
QAOA-64 2,686 | 2,451 | 789 34 x 3.11 x 42 43 20 39 42 0
RCA-64 1,813 | 2276 | 1,444 | 1.26 x | 1.58 x 27 30 20 24 28 0
VQE-64 1,932 | 1,715 | 648 298 x | 2.65 x 38 36 20 800 893 0
QAOA-100 || 6,209 | 6,126 | 1,540 | 4.03 x | 3.98 x 45 56 20 430 53 0
RCA-100 4,294 | 3941 | 2311 1.86 x | 1.71 x 29 30 20 27 27 0
VQE-100 4,012 | 3,109 | 1,504 | 2.67 x | 2.07 x 45 39 20 1,444 | 2,395 0
H,O 2,462 | 2836 | 581 4.24 x | 4.88 x 39 50 20 37 431 0
CHy 2,958 | 1,604 | 524 5.65 x | 3.06 x 43 42 20 1,084 | 40 0
CyHg 15,369 | 15,749 | 2,248 | 6.84 x | 7.01 x 64 70 20 61 67 0

Compared to Baseline 1. Table 5.1 presents the comparison of our framework with
OnePerc when the specified target length limit of temporal edges is D = 20, while the 2D size
of IR is fixed to the standard size. The improvement factors are obtained from the ratios between
the baseline and our compiler. The results show that our compiler achieves a significant reduction
in 1D depth, with an average improvement factor of 3.48x. Moreover, the lengths of temporal

edges in our compiler are all within the specified D ¢, which demonstrates its ability of restricting
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temporal edge lengths. In contrast, OnePerc has a significant excess over the specified limit,
with the excess increasing as the size of programs increases. Furthermore, our compiler also
successfully reduces the wait time for measurement to 0, thus requiring only one measurement
device connected with one delay line on each chiplet. In contrast, OnePerc leads to a long
maximal wait time for measurement.

We further demonstrate the advantage of our dynamic refresh over periodic refresh
by comparing our compiler against a strengthened version of OnePerc, which allows skewed
edges and incorporates our 2D-bounded temporal routing. As shown in Table 5.1, while these
enhancements improve OnePerc’s performance, our compiler still achieves significantly lower
1D depth, with an average reduction of 2.95 x. This highlights the effectiveness of dynamic

refresh in suppressing 1D depth overhead.

Table 5.2. Results of our compiler when Dy = 1 and the baseline.

Benchmark- || Qiskit Qiskit Our Improv. | Improv.
#Qubit Depth + Skew | Depth \& vs
Depth Qiskit | Qiskit
+Skew

QAOA-36 2,065.0 1,089.0 | 311.0 6.64 3.5

RCA-36 4,078.0 2,930.0 | 666.0 6.12 4.4

VQE-36 1,843.0 732.0 220.0 8.38 333
QAOA-64 5,246.0 2,896.0 | 656.0 8.0 4.41
RCA-64 7,689.0 5,337.0 | 1,227.0 | 6.27 4.35
VQE-64 3,298.0 1,623.0 | 508.0 6.49 3.19
QAOA-100 | 12,129.0 | 5,689.0 | 1,172.0 | 10.35 | 4.85
RCA-100 12,058.0 | 8,656.0 | 1,888.0 | 6.39 4.58
VQE-100 9,317.0 3,638.0 | 975.0 9.56 3.73

H,O 1,529.0 1,099.0 | 426.0 3.59 2.58
CH, 1,769.0 1,663.0 | 401.0 4.41 4.15
G Hg 5,666.0 4,303.0 | 1,337.0 | 4.24 3.22

Compared to Baseline 2. When the length limit of temporal edges is restricted to
Dy =1, Table 5.2 presents the comparison of our framework with the secondary baseline adapted
from Qiskit, with the 2D size of IR fixed to the standard size. It can be seen that our compiler
significantly reduces the 1D depth, with an average improvement factor of 6.7x. We have
omitted the wait time for measurement in Table 5.2, as both the baseline and our compiler have a

wait time of 0.
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We further compare our compiler with a strengthened version of baseline 2. That is,
we allow native SWAP gates in baseline 2 to reduce its 1D depth, with the native SWAP
gates implemented by the skewed edges. As shown in Table 5.2, our compiler also achieves a
significantly smaller 1D depth than this strengthened baseline 2, with an average improvement
factor of 3.86 . This is because our 2D-bounded temporal routing is more flexible than a native
SWAP. In the routing process, our compiler tries to find the best 2D position for each node

considering the overall mapping, not limited to swapping 2D positions of different nodes.

5.5.3 Resource Adaptivity

Section 5.5.2 has demonstrated the adaptivity of our compiler to the number of delay
lines by experiments with Dy = 20 and Dy = 1. This subsection further shows its adaptivity to
the hardware size and to whether the hardware can support skewed IR edges or not.

Adaptive to 2D Size. Our framework can adapt to different 2D sizes of the IR while
restricting temporal edge lengths to a given limit. This facilitates exploration of the two scaling
paths of photonic platforms: increasing the number of chiplets and increasing the photon delay
resources on each chiplet. By evaluating program performance under these scaling strategies, our
framework can be leveraged to support hardware-software co-design, including the identification
of resource-efficient configurations when hardware cost models are available.

Fig. 5.10(a)(b)(c) show the 1D depth of 64-qubit benchmarks as the 2D size S =N X N
increases when Dy = 1,5,10, respectively. The 1D depth decreases as the 2D size increases,
demonstrating its capability of exploiting larger hardware for more parallel execution allowed
by MBQC. As Dy increases, our compiler exhibits more adaptivity by being able to execute
on smaller 2D sizes. These results are obtained by compiling each program to a progressively
smaller 2D size for each Dy, until the compilation fails due to node congestion. The vertical
dashed lines in Fig. 5.10 correspond to the standard 2D size of 8 x 8. When Dy = 10, the 2D
size of these 64-qubit programs can be reduced to as small as 3 x 3, which is 7x smaller than

the standard size.
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Adaptive to IR Support. Our framework can be applied to architectures with and
without support of skewed IR edges while maintaining its capability of restricting temporal
edge lengths. We demonstrate the effect of this IR support by enabling and disabling skewed

edges in the IR, applying our 2D-bounded temporal routing and its adapted version introduced in
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Section 5.4.4 for the two cases, respectively.
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Figure 5.11. 1D depth of Qiskit when D = 1, and our 1D depth on IRs with and without skewed
edges under varying Dy.

Fig. 5.11 shows the average 1D depths of 64-qubit benchmarks on the standard 2D size
with a varying Dy, with skewed edges enabled and disabled in the IR. The results show that
even without skewed edges, the temporal edge lengths can still be restricted to a limit as low as
Dy = 2, with the 1D depth decreasing as Dy increases. With skewed edges, temporal edges can
be further restricted to Dy = 1, with a lower 1D depth than that without skewed edges. In this
case, the 1D depth first increases as D increases from 1 to 2, and then becomes stable for larger
Dy since mapping and routing do not rely heavily on node storage when the IR is more flexible.
The reason why the 1D depth is smaller at Dy = 1 can be because, when the 2D size is allowed
to be the standard size, Dy =1 forces that every circuit-model qubit has a corresponding graph
state node mapped onto every 2D layer, ensuring that all qubits participate in computation and

thereby accelerating computation progress.

5.5.4 More Analysis

Offline Compilation. Our compiler exhibits a shorter compilation time than OnePerc,
primarily because its reduction in 1D depth reduces the number of layers that the compiler
needs to search. As shown in Table 5.3, when compiling 36-qubit programs onto a 6 x 6 IR, our
framework reduces the offline compilation time by an average factor of 1.66.

Runtime Overhead. We evaluate the runtime overhead of our compiler with a varying p
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Table 5.3. 1D depth, compilation time and runtime overhead varying with p, when D = 20.

p Benchmark || OnePerc | Our Improv. || OnePerc Our Improv. || OnePerc Our Offline | Improv.
-#Qubit 1D Depth | 1D Runtime | Runtime Offline Comp.
Depth (s/layer) (s/layer) Comp. Time (s)
Time (s)
QAOA-36 1,150 406 2.83 0.07 0.06 1.12 18.14 10.7 1.7
0.2 RCA-36 1,697 712 2.38 0.08 0.06 1.31 65.71 47.14 1.39
VQE-36 916 292 3.14 0.07 0.06 1.2 16.13 9.24 1.75
QAOA-36 1,150 322 3.57 0.07 0.09 0.8 18.14 9.95 1.82
0.4 RCA-36 1,697 702 2.42 0.08 0.08 1.05 65.71 36.74 1.79
VQE-36 916 256 3.58 0.07 0.08 0.88 16.13 7.95 2.03
QAOA-36 1,150 399 2.88 0.07 0.1 0.73 18.14 9.98 1.82
0.6 RCA-36 1,697 931 1.82 0.08 0.11 0.74 65.71 40.25 1.63
VQE-36 916 354 2.59 0.07 0.09 0.76 16.13 8.23 1.96

in equation 5.1. We compile 36-qubit programs onto a 6 x 6 IR, renormalized from 144 x 144
RSLs with a fusion success probability of 75%. Table 5.3 shows the average runtime per RSL
of OnePerc and our compiler. Note that the total runtime is not particularly meaningful, as our
compiler is written in Python and not optimized for speed. A more informative measure is the
runtime relative to OnePerc. When p = 0.2, our compiler has a similar runtime with OnePerc
while achieving a significantly lower 1D depth. This runtime increases with p, because a larger
p allows more computation-driven refresh on each 2D layer, thereby increasing the density of
temporal edges among 2D layers.

Choice of Refreshing Bound. An optimized 1D depth requires a suitable p in dynamic
refresh. We compile 36-qubit programs onto a 6 X 6 IR with a varying p. Table 5.3 shows that as
p increases, the 1D depth first decreases and then increases, with p = 0.4 being a sweet spot. This
is because an excessively small p limits the computation progress with a restricted computation-
driven refresh, while an excessively large p slows down the computation by preventing new

nodes from being mapped.

5.5.5 Effect and Feasibility of Skewed Edges

Negligible Effect on PL Ratio. We evaluate the PL ratio of a varying skew distance
for temporal edges. As a preliminary estimation, we take an extended IR with 6 x 6 2D size,

randomly selecting 10% - 40% of all possible skewed edges between 2D layers, skewing them in
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Figure 5.12. Effects of IR extension.

random directions for a random 2D distance within the allowed range. Fig. 5.12(a) shows that
when the skew distance is only 1, the PL ratio is about the same as that of FlexLattice IR, which
corresponds to skew distance of 0.

As a result, our extended IR restricts the 2D distance of skewed edges to only 1. To
illustrate with real programs, we further compile our benchmarks of various sizes to the extended

IR with a 2D size of 6 x 6. Fig. 5.12(b) shows that the PL ratio first increases with the program
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size and then becomes stable at a value ~ 3.1. This aligns with the result of PL ratio ~ 3.1 for
FlexLattice IR [234], implying that the introduction of skewed edges in our new IR incurs a

negligible resource overhead.
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Figure 5.13. Tolerance of fusion failures.

Feasibility under Probabilistic Fusion. We demonstrate the probability of successfully
generating IR programs when the PL ratio is fixed to a chosen value, with the same random
programs in Fig. 5.12(a). Fig. 5.12(c) shows that when PL ratio is fixed to a small value, the
IR generation fails with a high probability. However, when it reaches a threshold of 4, the IR
program can be generated with a success probability of ~ 1 via percolation.

Moreover, our extended IR implementation does not reduce the tolerance for fusion
failure rate when compared to OnePerc [234]. Fig. 5.13 shows the number of RSLs when
executing 36-qubit programs under different fusion success probabilities. The results show that
our compiler can allow a fusion success probability as low as 0.66, with the number of RSLs
decreasing with a higher fusion success probability. This is consistent with the results of allowing

0.66 fusion success probability in OnePerc [234].

5.5.6 Incorporation of QEC

Our compiler can also play an important role in FTQC. We demonstrate its effect in
FTQC by comparing to a static strategy that interleaves QEC patches uniformly over different

RSLs, as illustrated in Fig. 5.5(b). We demonstrate with surface code as it is a leading QEC
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code with relatively high error threshold and well-known universal gate implementation [90]. Its
implementation on MBQC has also been well studied [178, 110, 40]. We leave the incorporation
of other codes potentially suitable for photonic platforms (e.g., QqLDPC code [209, 31] and

Floquette code [105]) to future work.
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We adopt the existing scheme of integrating QEC into MBQC, which transforms im-
plementation of universal logical operations in the circuit model to measurement patterns on a
Raussendorf cluster state [178, 110, 40]. We set the code distance to d = 20, according to prior
simulations for fusion-based architectures [40]. Specifically, we first decompose programs in
the circuit model into the Clifford + 7 basis [159], adopting a transversal implementation of
logical single-qubit Clifford gates with subsequent deformation [113], an implementation of
logical CNOT gates through lattice surgery with ancilla patches [113], and an implementation of
logical T' gates with magic state distillation [91, 34]. Then, we transform these logical operators
into MBQC, with code patches of different logical qubits allocated in an interleaving manner
shown in Fig. 5.5(b). This results in a resource overhead of (N, + N,,)/N;, with Nj, N4, N,
being the number of code patches allocated for algorithmic qubits, ancilla qubits and magic
state distillation, respectively. Proper resource allocation is crucial for minimizing depth, as
insufficient N, or N,, increases the depth by blocking logical gates, while excessive N, or N,,
increases the depth by occupying too many RSLs. Hence in the baseline, we vary the ratio
F=N;:N,:N, from F=2:1:1to F=1:1:1 and F=1:2:2. To enable fault-tolerance, d rounds of
syndrome extraction are conducted for each logical operation.

The dynamic refresh mechanism can be easily extended to integrate with QEC, by
replacing physical qubits in NISQ with logical blocks in FTQC. We allocate RSLs for different
logical qubits based on two factors: their storage time in delay lines and whether they are
involved in logical operations. Specifically, we divide logical qubits into active and inactive
ones, with the active ones including qubits currently under logical operations such as lattice
surgery and magic state distillation. The dynamic refresh is implemented as the following: (1)
Algorithmic logical qubits (both active and inactive) and active logical qubits of other types have
to be refreshed within every Dy layers, with Dy depending on the noise level in the delay lines
and the number of delay lines available on the hardware. (2) When refresh is not needed, RSLs
are allocated only to active logical qubits, with the allocation prioritized for logical qubits with

longer storage time in delay lines.
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Reduction in 1D Depth. Fig. 5.14 shows the number of consumed RSLs across bench-
marks of varying sizes, with and without dynamic refresh. As the ratio F' of different logical qubit
types increases, the baseline circuit depths first decrease and then increase, reaching a minimum
at the 1:1:1 configuration. It can be seen that even compared against the best-performing baseline
configuration, our technique achieves an average depth reduction of 3.33x.

Effect of Refresh Period. Fig. 5.15 demonstrates the adaptivity of our dynamic refresh
to a varying refresh period. For 30-qubit benchmarks, the baseline requires a refresh period D s of
at least 90 to operate. In contrast, Fig. 5.15 shows that our dynamic refresh remains effective at

significantly lower Dy values around 40, with a moderate increase in 1D depth as D¢ decreases.
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Figure 5.15. Effects of refresh period limit on QEC depth.

5.6 Conclusion

In this work, we present a resource-adaptive compiler of measurement-based quantum
computing for photonic hardware. At its core is a novel intermediate representation (IR), which
enables two key optimization passes: dynamic refresh and 2D-bounded temporal routing. Our
evaluation shows that, compared to FlexLattice IR compilers, our compiler reduces the 1D
depth by 3.48 x while constraining temporal edge lengths within an adaptive limit (as low as 1).
Compared to cluster state IR compilers, it can achieve a 6.7 x 1D depth reduction or significantly
reduce the 2D size (e.g., from 8 x 8 to 3 x 3 for 64-qubit programs). Additionally, when applied

to FTQC with surface code, the dynamic refresh reduces the 1D depth by a factor of 3.33 .
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