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ABSTRACT

Quantum Internet has the potential to support
a wide range of applications in quantum commu-
nication and quantum computing by generating,
distributing, and processing quantum information.
Generating a long-distance quantum entangle-
ment is one of the most fundamental functions
of a quantum Internet to facilitate these applica-
tions. However, entanglement is a probabilistic
process, and its success rate drops significantly
as distance increases. Entanglement-swapping
is an efficient technique used to address this
challenge. How to efficiently manage the entan-
glement through swapping is a fundamental yet
challenging problem. This article considers two
entanglement-swapping methods: (1) Bell state
measurement (BSM) entanglement-swapping:
a classic entanglement-swapping method that
is able to fuse two successful quantum links,
(2) Greenberger-Horne-Zeilinger (GHZ) measure-
ment entanglement-swapping: a more general
and efficient swapping method which is capable
of fusing n successful quantum links. The goal is
to maximize the entanglement rate for multiple
quantum processor unit (QPU) pairs over the
quantum Internet with a general topology. Two
efficient entanglement management protocols
are proposed which respectively make use of the
unique properties of BSM and GHZ. Evaluation
results highlight that the proposed protocols out-
perform the existing ones.

INTRODUCTION

Quantum computing is an emerging com-
puting paradigm that holds great promise of
harnessing quantum advantage to revolutionize
information technology across various sectors,
including finance [1], and cryptography [2]. Com-
pared to classical computing, quantum computing
applications have shown capabilities far beyond
traditional computing ways. For instance, Shor’s
algorithm and the quantum linear system algo-
rithm [3] significantly reduce time complexity.

In the broad context of quantum information
science, the quantum Internet plays a crucial and
foundational role, contributing significantly to
both the theoretical analysis and practical realiza-
tion of quantum computing and communication.
A number of experimental quantum Internet have
already been established in research laboratories.
Examples include a long-distance (40 kilometers)

teleportation link over fiber [4], and an integrated
entanglement system facilitated by satellites, capa-
ble of supporting entanglement over distances
exceeding 4600 kilometers [5].

Long-distance entanglement is essential for the
quantum Internet, but the entanglement process is
probabilistic and inherently unstable as quantum
bits (qubits) created by photons are extremely
fragile. The successful entanglement rate among
qubits decreases exponentially with the transmis-
sion length. Meanwhile, quantum processor unit
(QPU) pairs trying to be entangled may be too
distant from each other to be directly connected
through links. Entanglement-swapping is an import-
ant method that can establish an entanglement
path between those pairs of QPUs that have not
shared an entanglement. Some quantum repeat-
ers are strategically placed within the Internet as
relays, providing end-to-end entanglements for
multiple users who require them [6], [7]. Quan-
tum repeaters are quantum processors equipped
with quantum memories (i.e., qubits) and have
the ability to perform entanglement-swapping [8].

The entanglement management problem, which
considers how to efficiently manage qubits in
quantum repeaters to build long-distance entangle-
ments, is crucial for the functionality of quantum
Internet. Thoughtful design for the entanglement
management on the quantum Internet can boost
quantum Internet performance by efficiently utilizing
resources, e.g., repeater memories. While large-
scale quantum Internet has not been implemented
outside of the research lab due to physical and
experimental challenges, investigating the entan-
glement management problem from the network
layer will be valuable to contribute to the successful
implementation of quantum Internet in the future.

The entanglement management problem has
drawn great attention in the research community
recently, yielding some compelling outcomes.
However, existing methods are still facing three
major limitations: (1) A majority of studies have
primarily introduced entanglement management
algorithms and corresponding theoretical analy-
ses for a limited set of specific system topologies;
(2) Most research efforts concentrate on compar-
atively simplistic quantum Internet configurations,
for instance, the processors are predominantly lim-
ited to performing Bell State Measurement (BSM);
(3) Existing entanglement routing algorithms lack
efficiency, which is mostly based on heuristics, and
do not leverage the available system resources.
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Motivated by the challenges in current studies,
this article aims to improve the entanglement effi-
ciency over the quantum Internet. In particular,
we give:

+ Protocol 1 for the entanglement manage-
ment under BSM entanglement-swapping in
a quantum Internet with a general topology.

+ Protocol 2 for the entanglement manage-
ment under Greenberger-Horne-Zeilinger
(GHZ) projective measurement entangle-
ment-swapping in a quantum Internet with a
general topology.

ELEMENTARY QUANTUM BACKGROUND

In this section, we introduce some basic terminol-
ogies and quantum backgrounds that we will use
in this proposal.

TERMINOLOGY

Qubit: A qubit is the basic unit of quantum infor-
mation. Unlike an electronic bit that can only
have either 0 or 1, a qubit can exist in a “super-
position” of states where it can be 0 and 1 at the
same time.

Quantum Link: A quantum link can transmit
quantum states, such as superposition or entan-
glement, from one qubit to another. It can be
established using a variety of physical systems,
including optical fibers, free space, and satellites,
among others.

Quantum Repeater: The loss in quantum
information transmission increases exponentially
with distance. A quantum repeater mitigates this
problem by dividing the distance into shorter seg-
ments, thus reducing the loss exponentially. In this
work, we consider a more generalized model of
a quantum repeater, one that possesses multiple
ports and can connect any port with any other
port that is not currently in use. Such capability to
connect between two arbitrary ports is similar to
that of an Ethernet repeater. Its main function is to
direct a photon from an input port to an output
port.

Quantum Processor Unit (QPU): A QPU is a
device designed to execute quantum algorithms
and facilitate quantum communication. It con-
sists of a collection of qubits that are the quantum
analog of electronic bits, and quantum gates
that are the basic building blocks for performing
operations on qubits. In this work, QPUs try to
entangle with others for quantum computing or
communication.

Bell States: The Bell States or Einstein-Podolsky-
Rosen (EPR) pairs are specific quantum states of
two qubits that represent the simplest (and max-
imal) examples of quantum entanglement. The
states are described by a wave function that is
a superposition of possible states of individual
qubits. In this article, we assume that all quantum
links between repeaters share EPR pairs.

Entanglement: This is a quantum mechanical
phenomenon in which the quantum states of two
or more objects become intertwined so that one
object can no longer be adequately described
without the complete mention of the other(s),
even though they may be spatially separated. This
leads to very strong correlations between the
observable physical properties of the systems.
The entanglement is fundamental to supporting
quantum communication and computing.

ENTANGLEMENT-SWAPPING

Entanglement-swapping is a quantum process
whereby qubits from two distinct QPUs, each
entangled with a shared QPU, can become
directly entangled through the intervention of this
common QPU. This mechanism is fundamental to
a quantum repeater and is conceptually analogous
to an intermediate electronic node “connecting”
two other nodes. In this sub-section, we will ini-
tially discuss the classic swapping method rooted
in BSM, followed by an introduction to a more
general entanglement method utilizing GHZ
measurements.

BSM Entanglement-Swapping: As illustrated
in Figure 1(a), a quantum repeater is entangled
with two QPUs simultaneously through two dis-
tinct EPR pairs over quantum links. The quantum
repeater then performs BSM. Following the mea-
surement, the qubits in the repeater, which were
previously entangled with the QPUs, are released,
resulting in the two QPUs becoming entangled.

GHZ Entanglement-Swapping: A repeater
entangled with n(n 2 2) QPUs concurrently. The
repeater then executes GHZ projective measure-
ments, which can concurrently fuse n quantum
links, thereby releasing the qubits in the repeater
that were previously entangled. Figure 1(b) illus-
trates an example of entanglement-swapping to
concurrently fuse 3 quantum links.

Alice Repeater Bob
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freed qubit

Alice Repeater Bob
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FIGURE 1. Example figures of entanglement-swapping
under BSM and GHZ. a) A BSM measurement
in the repeater that fuses two quantum links by
connecting two qubits. b) A 3-GHZ measure-
ment in a repeater that fuses three quantum
links by connecting three qubits. In both figures,
the small blank circle in the repeater denotes
free qubits that are not entanglement, the small
green circle in the repeater denotes entangled
qubits, The orange line indicates the quantum
links to be fused, and the blue line shows the
connection between qubits to fuse quantum
links. The triangle indicates the measurement of
qubits inside the repeater. c) Examples of route
building under BSM and 3-GHZ.
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GHZ entanglement-swapping is a more
general case compared with BSM, which is in
principle not much harder than BSM in solid-state
qubit memories [9]. BSM entanglement-swapping
is a special condition when n = 2.

ENTANGLEMENT PROCESS

The entanglement process under BSM
entanglement-swapping has been thoroughly
explored in prior studies [10], [11]. This model,
however, delves into a more generalized entangle-
ment process where repeaters can execute GHZ
entanglement-swapping. The classic swapping
process can be regarded as a special case within
this broader context.

The entanglement process under GHZ mea-
surements encompasses two phases. Phase
I involves the network preparing for the entan-
glement, while Phase Il involves the network
executing the entanglement over optical fibers
and carrying out quantum link fusions through
entanglement-swapping inside the repeaters.
The details of these two phases are described as
follows.

Phase I: the primary objective is to design
routing paths for the entanglement management
for QPUs in an offline manner and relay these
designed paths to all repeaters involved in the
entanglement process. The entanglement man-
agement is executed by classical computing
devices in the cloud, as the computation time
for tasks such as routing problems in the classical
computing domain remains substantially shorter
than in the quantum domain.

The cloud has access to the following informa-
tion about the network: details about the QPUs,
the network topology (including repeater place-
ment and connections), and repeater information
(such as the number of qubits in each repeater).
With this comprehensive information, the cloud
calculates routing paths for quantum states shared
between QPU pairs, taking into account the
capacity limits of the repeaters and optical fibers.
The routing paths computed by the cloud are
then transmitted via classical channels to QPUs
for the entanglement process in Phase Il.

Phase II: Phase Il encompasses three steps.

* The first step entails synchronizing all repeat-
ers’ time before commencing the entangle-
ment process.

*  Subsequently, the network attempts to gen-
erate quantum entanglement over quantum
links, using the fixed routing paths determined
in Phase I. The second step involves repeat-
ers implementing entanglement-swapping for
successfully entangled links.

+ Itis important to note that the entanglement
process is probabilistic, which may result in
failures to generate or fuse certain entan-
glement links within repeaters. Furthermore,
the duration of entanglement is quite short,
making it impractical for the cloud to gather
repeater information due to significant trans-
mission delays and rescheduling paths for
failed links during the entanglement dura-
tion. A repeater can only access information
from other repeaters a few hops away. Given
these constraints, the repeaters will endeavor
to design and construct recovery routes for
entanglement locally in an online manner.

PROBLEM STATEMENT

In this section, we first introduce the system
model. Subsequently, we provide a definition and
a formulation for the entanglement management
problem prevalent in the quantum Internet.

In the present study, we focus on modeling
the quantum Internet by considering only the
basic and essential components required for long-
distance entanglement. This foundational model
paves the way for future applications with more
intricate considerations such as coding, fidelity,
purification, and error correction. Consequently,
the protocol we design can be readily adapted to
accommodate more complex conditions through
tailoring protocols.

SysTEM MobEL

As shown in Figure 2, the structure of the quan-
tum Internet is composed of QPUs and repeaters,
interconnected through optical fibers.

QPUs: We define the set of QPUs as M that
consists of M QPU pairs. We assume that QPUs
have sufficient qubits for the entanglement.

Quantum Repeater: We define the set
of quantum repeaters as A that consists of N
repeaters. Each quantum repeater n; € A has
Q; qubits that can be assigned for the entangle-
ment. Edge e;; is an optical fiber link connecting
vi and v; for transmitting qubits. We assume that
repeaters have the same successful entangle-
ment-swapping rate for both BSM and GHZ
since GHZ is in principle not much harder than
BSM in solid-state qubit memories [9]. The suc-
cessful entanglement-swapping rate in each
repeater for any pair of qubits is uniform and
denoted as g € [0, 1].

Optical Fiber: QPUs are connected with quan-
tum repeaters by optical fibers. In optical fiber
cable ejj there are cjj cores. Each core can be
used as a quantum link for the entanglement of
a pair of qubits. Therefore, multiple qubits can be
assigned on an edge for the entanglement at the
same time. The cable length of e is denoted as
Lj. The success rate of each attempt to generate
entanglement over e;; is pj; =e %, where o is a
positive constant depending on the physical mate-
rial. Since pj; only depends on the cable length
and cable material, successful entanglement rates
for different pairs of qubits over different cores on
the same edge are the same.

Model Overview: We model a quantum
Internet with N quantum repeaters and M QPU
pairs as an undirected graph G = (V, €), where

,: 4@y Quantum Repeater

FIGURE 2. An example of network.
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flow graph where repeaters along the route may
exhibit branches that connect to more than one
other repeater.

In summary, GHZ-based entanglement-swapping introduces more flexibility in entanglement

management, as repeaters can establish connections with more than one other repeater.

V=M u N denotes the set of nodes, and €= {e)
c {(v; vj) 1 v, vie V) denotes the set of links.

ENTANGLEMENT MANAGEMENT PROBLEM FORMULATION

In this study, we explore an entanglement man-
agement problem within the framework of the
quantum Internet model previously defined.
Within the quantum Internet G, the objective of
QPU pairs is to establish entanglement among
themselves. A QPU could concurrently maintain
distinct states with different QPUs, and a single
QPU pair could share multiple quantum states.
It is assumed that QPUs possess ample quantum
memories (qubits) to facilitate entanglement.

We will mainly focus on two entangle-
ment-swapping methods (i.e., under BSM and
GHZ) and we will independently design entan-
glement management protocols for each method.
There are two constraints we must contend
with. The first is the capacity of the repeater,
represented by the number of qubits, and the
second is the capacity of the optical fibers. The
total resources used for entanglement must not
exceed the capacities of the optical fibers and the
repeaters.

The objective of this study is to maximize the
entanglement rate in the quantum Internet, which
is defined as the expected number of shared
quantum states between QPU pairs. Our pro-
posed protocols are flexible and can be readily
adapted to optimize other network metrics, such
as the number of served QPU pairs, and the suc-
cess rate of entanglement, among others.

ENTANGLEMENT MANAGEMENT PROTOCOL DESIGN

In this section, we will present entanglement
management protocols for BSM and GHZ entan-
glement-swapping methods, respectively.

ENTANGLEMENT MANAGEMENT IMPACTS UNDER BSM AND GHZ

As previously mentioned, the primary distinction
between entanglement-swapping under BSM and
GHZ lies in the number of quantum links that a
repeater can simultaneously fuse. BSM facilitates
the fusion of just two quantum links, whereas
GHZ allows for the fusion of more than two
quantum links at a time.

This difference between BSM and GHZ will have
a significant impact on entanglement management.
The Internet needs to manage qubits of repeaters
to design routes for building entanglement.

As illustrated in Figure 1(c), under BSM, a pair
of qubits within a repeater is dedicated to one
virtual path (here, ‘virtual path’” merely denotes
that these two qubits are exclusively assigned to a
single QPU pair for entanglement through swap-
ping). Consequently, under BSM, paths only exist
between pairs of QPUs.

Figure 1(c) depicts an example of a repeater
conducting 3-GHZ projective measurements. This
results in three virtual paths linking three qubits
within the repeater. As seen, 3-GHZ generates
branches at the repeater rather than just linear
paths. Thus, for the route connecting a pair of
QPUs, GHZ entanglement-swapping will create a

In summary, GHZ-based entanglement-swap-
ping introduces more flexibility in entanglement
management, as repeaters can establish con-
nections with more than one other repeater.
Additionally, GHZ allows for more efficient
resource utilization since it can fuse a variable
number of qubits, subject to capacity constraints,
while BSM is limited to an even number of
qubits. On the other hand, BSM-based entan-
glement-swapping is efficient for entanglement
management as it only creates paths between
QPU pairs. However, GHZ may introduce sig-
nificant computational overhead in managing
entanglement over the quantum Internet due
to the increased complexity of entanglement
management.

OVERVIEW OF THE PROTOCOL DESIGN

There are three main procedures involved in the
design of the protocol for both BSM and GHZ
entanglement-swapping methods.

The first procedure is to construct a subset of
viable paths. This step reduces computational over-
head and ensures sufficient paths for building routes
for entanglement under both entanglement-swap-
ping methods when designing entanglement
protocols. A detailed analysis of the path selection
process is provided in Subsection IV-C.

The second procedure is to develop the entan-
glement management protocol for Phase [ of the
entanglement process. This is an offline process
where the protocol design can utilize all available
network information.

The third procedure is to construct the entan-
glement management protocol for Phase Il of the
entanglement process. This is an online process
where the repeaters have access only to local
information within a few hops, due to the short
decoherence time of the entanglement.

The subsequent sections will be structured into
four parts. In Subsection IV-C, we will demon-
strate the process of path selection to build a set
of paths for the entanglement protocol design. In
Subsections IV-D and IV-E, we will respectively
design entanglement management protocols for
Phase I under BSM and GHZ entanglement-swap-
ping methods. In Subsection IV-F, we will develop
an entanglement management protocol for
Phase I, which is applicable to both BSM and
GHZ entanglement-swapping methods.

PATH SELECTION

Before introducing the protocols, it is crucial to
establish a viable path set for the entanglements
between QPU pairs. These paths will then serve
as the foundation for constructing routes for the
entanglement under both BSM and GHZ entan-
glement-swapping scenarios.

We cannot explore all potential paths for estab-
lishing entanglement routes due to the immense
computational overhead it would cause. In a
complete graph, there could be up to |g|! paths
between a single QPU pair (given that quantum
repeaters can be selected multiple times), where
| €] represents the number of optical fibers in G.
This vast set of paths could significantly hamper
problem-solving efficiency.
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BSM Protocol:

Use integer linear optimization to maximize
entanglement rate by selecting feasible paths.

Recovery Path:
1. Prepare a set of recovery
paths for all quantum links.

Path Selection:

2. Select feasible recovery

Select 0(M?) paths.

GHZ Protocol:

N Sort paths by the highest entanglement rate, select
feasible ones, and then merge those with the same
\. QPU pair.

paths with the largest
entanglement rate to
recover_failed links.

J

FIGURE 3. An overview of the protocol design is as follows: Initially, the protocol prepares a path set, select-
ing O(M3) paths with the highest entanglement rate. Subsequently, both the BSM and GHZ protocols
leverage these paths to manage the entanglement of QPU pairs. Finally, the protocol attempts to

recover any failed entanglement paths.

To address that, we select a subset of paths,
forming a more manageable feasible path set,
denoted as A, for the entanglements of QPUs.
The metric for path selection is the successful
entanglement probability of a path. For each QPU
pair, we prioritize paths with the top metrics to
be included in the set. Specifically, we employ
Yen’s algorithm to concurrently identify O(M?)
paths with the highest metrics for a given QPU
pair. Yen’s algorithm is to find k different shortest
paths. Consequently, in set A, we include O(M3)
paths exhibiting the top metrics. This set size of
O(M3) not only ensures an efficient algorithmic
time complexity but also optimizes result per-
formance. It’s pertinent to highlight that during
path selection, qubits can be reused, offering
enhanced combinatorial flexibility for the routing
protocol.

ENTANGLEMENT MANAGEMENT UNDER BSM
ENTANGLEMENT-SWAPPING

Under BSM, we aim to maximize the entangle-
ment rate of all QPU pairs. To solve this problem,
we formulate an optimization problem. We con-
struct an integer programming problem with the
following four constraints.

*+ The paths are in the selected path set A.

+ Each path can be assigned an integer num-
ber of qubits.

+ For any quantum repeater, the total number
of qubits assigned for all paths through it
cannot be larger than its capacity.

+ For any optical fiber, the total number of
quantum links over it cannot be larger than
its capacity.

The first constraint limits the number of poten-
tial entanglement paths. The second constraint
restricts that the number of quantum links should
be a non-negative integer. The third and fourth
constraints enforce that the quantum links used
for entanglement cannot exceed the network
capacity.

The problem is an integer optimization prob-
lem, and finding the optimal solution is NP-Hard
[12]. To address this, we first relax integer
variables to be continuous. After obtaining a con-
tinuous solution by standard linear programming
methods, we round it to an integer version as a
feasible approximate integer optimal solution.

We then describe the complete process of the
protocol. First, the algorithm relaxes the integer
constraint to allow the variables to be continuous
non-negative real numbers, so that the algorithm

can obtain an optimal continuous solution by the
standard linear programming methods. Then, the
algorithm retains the integer part of all variables
and makes decisions through the fraction part.
Specifically, for each variable Q* which indicates
the number of qubits assigned to the path A,
assuming QA =1+ F wherelisa non-negative
integer, and 0 < F < 1 a real number. The algo-
rithm retains the integer part I of all QA as the
integer solution and removes the occupied qubits
in repeaters. For the remaining fractional part, we
use a Branch-and-Bound algorithm to consume
the remaining qubits in the network. The running
time of the Branch-and-Bound algorithm is accept-
able because the integer part of the solution has
already consumed the most qubits in repeaters.
Compared to Q-CAST, as described in [10],
which is a heuristic algorithm that sequentially
selects paths based on the highest entanglement
rates, our method leverages optimization, allowing
for more efficient utilization of network resources.

ENTANGLEMENT MANAGEMENT UNDER GHZ
ENTANGLEMENT-SWAPPING

While GHZ entanglement-swapping introduces
greater flexibility and options, it also presents
significant challenges for entanglement manage-
ment. Developing strategies to effectively utilize
this increased complexity is crucial for optimizing
the performance of quantum Internet.

We need to address two main challenges.

* First, determining routes between QPU
pairs is challenging, as GHZ entanglement-
swapping can generate flow graphs
between QPU pairs, whereas BSM
entanglement-swapping only produces
paths. This added complexity makes route
selection more difficult to optimize.

+ Second, managing qubits within repeaters
also presents a challenge, as minor varia-
tions in qubit management can lead to sig-
nificant changes in routes, consequently
impacting the overall performance.

To address these challenges, we adopt an
alternative approach, rather than finding routes
between QPU pairs directly.

We first select paths and subsequently merge
them to form the final routes. This strategy allows
us to better manage the complexities introduced
by GHZ entanglement-swapping and optimize
entanglement management in quantum Inter-
net. More specifically, we begin by enumerating
widths from high to low, and then sorting paths
with the specific width in decreasing order of
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This strategy allows us to better manage the complexities introduced by GHZ entanglement-swapping

and optimize entanglement management in quantum Internet,

entanglement rate. Paths connecting the same
quantum state will be merged. This merging
process is inherently nonlinear; when qubits are
commonly used for one QPU pair across dif-
ferent paths, they need to be deducted during
the merging. The process will terminate when
there are no feasible resources available in the
network.

ENTANGLEMENT MANAGEMENT FOR RECOVERY ROUTES

Recovery routes are designed for QPU pairs that
failed to entangle through the designed manage-
ment. The process of entanglement, as dictated
by the algorithm running in the cloud, enables
QPU pairs to attempt mutual entanglement. How-
ever, due to the probabilistic nature of quantum
entanglement, some QPU pairs may fail to achieve
successful entanglement. In such cases, recovery
routes must be established to facilitate entangle-
ment between these unsuccessful QPU pairs.

Finding potential recovery routes in BSM-based

and GHZ-based entanglement-swapping is largely

similar. The distinction lies in the priority assigned
to the routes based on their successful entangle-
ment rate, as computed by either BSM-based or

GHZ-based entanglement-swapping. Routes with a

higher successful entanglement rate are prioritized

for selection as formal recovery routes.

There are two challenges to building recovery
routes.

+ Each quantum repeater has repeaters’
entanglement information within a limited
range, i.e. K hops near the repeater. This is
because the entanglement process does not
last long enough for the quantum repeat-
ers to spread the entanglement information
over a large area.

+ The number of qubits in repeaters for
building recovery routes is limited. This is
because the majority of qubits in quantum
repeaters have been utilized for the previ-
ous entanglement processes.

For a path in 4, a potential recovery route can
connect two quantum repeaters without involv-
ing other repeaters in the path, ensuring the hop
distance between any two repeaters does not
exceed K. To expedite the process, the cloud pre-
computes recovery routes for each path in A and
sends the relevant set to repeaters.

During swapping decisions, repeaters share
entanglement statuses with neighbors and aim for
qubit entanglement from both ends. Repeaters
organize recovery routes by expected success-
ful entanglement rate and send setup requests
sequentially. If all repeaters in a recovery route
agree, they try to establish it. After all requests
are made and qubits are not enough, no more
routes can be set up. Due to time, communica-
tion, and qubit limitations, some QPU pairs might
lack recovery routes.

EVALUATION RESULTS

We design controlled simulations under differ-
ent parameters to demonstrate the performance
of our proposed entanglement management

protocols under both BSM and GHZ entangle-
ment-swapping methods.

SETTINGS

We generate the Internet through Waxman

method [13], and Watts-Strogatz method [14].

The area of the quantum network is set as

10k x 10k unit square, each unit may be consid-

ered as 1 kilometer.
We compare the network performance with
the following algorithms.

+  GHZ-P: We name our proposed entangle-
ment management protocol under GHZ
entanglement-swapping as GHZ-P. The pro-
tocol includes the recovery routes part.

+ BSM-P: We name our proposed entangle-
ment management protocol under BSM
entanglement-swapping as BSM-P.

« Q-CAST: This is a benchmark from [10]
under BSM entanglement-swapping.

* B1: This is a benchmark from [15] extended
from single pair to multiple pairs, which uses
GHZ entanglement-swapping.

PERFORMANCE

GHZ versus BSM. From our simulations, it is
observed that for a given network with identical
resources, our proposed protocol GHZ-P out-
performs protocols under BSM. To be specific,
compared to Q-CAST, BSM-P, and B1, GHZ-P
can boost the network entanglement rate by
up to 277%, 2014%, 429%, respectively. This
enhanced performance can be ascribed to the
fact that n-fusion, being a more efficient swap-
ping method, can utilize network resources
better than BSM. Repeaters have the ability to
fuse a larger number of quantum links, which
can amplify the probability of successful entan-
glement of QPU pairs’ qubits within the same
network resources.

The results indicate that BSM-P outperforms
most other algorithms, with the exception of GHZ-
P. Many existing algorithms, such as Q-CAST and
B1, employ a greedy approach, which involves
repeatedly selecting a path based on the most
optimal metric. Unlike these existing algorithms,
BSM-P considers the network’s overall perfor-
mance and constructs an integer optimization
problem to derive a solution.

Impact of the number of qubits in a repeater:
Figure 6 demonstrates the impact of the repeater’s
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FIGURE 4. The network entanglement rate vs. differ-
ent network generation methods.
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FIGURE 6. The network entanglement rate vs. the
number of qubits in a repeater.

qubit number on network performance. As the
number of qubits in the repeater increases from 6
to 12, a noticeable boost in the entanglement rate
is observed. This can be attributed to the fact that,
within the context of the problem, having more
qubits equates to a larger network capacity for
servicing QPU pairs.

Impact of the successful entanglement-
swapping rate: Figure 5 illustrates the influence of
the repeater’s successful entanglement-swapping
rate on network performance. A notable enhance-
ment in the entanglement rate is observed as
the entanglement-swapping rate increases.
Therefore, constructing repeaters with high
entanglement-swapping rates is crucial for the
development of large-scale quantum Internet in
the future.

FUTURE ISSUE

The entanglement management raises a number

of interesting research opportunities:

* Multi-Partite Entanglement Management:
Existing papers only focuses on entangle-
ment management between pairs of QPUs.
However, many real-world communication
scenarios involve more than two parties.
Notably, classical multicast is not feasible
in quantum networks due to the no-cloning
theorem, but distributing multi-partite states
to a group of users is possible. Concurrent-
ly, numerous quantum computing applica-
tions require millions of qubits, while current

Unlike these existing algorithms, BSM-P considers the network's overall performance and constructs an

integer optimization problem to derive a solution.

QPUs only support hundreds of qubits. By
entangling a set of QPUs, we can signifi-
cantly enhance computing capabilities for
applications that demand a large number of
qubits. Designing multi-partite entanglement
management and communication protocols
is of paramount importance.

*  Quantum Internet Topology Design: The

topology of the Quantum Internet, which
encompasses the placement of heteroge-
neous repeaters with varying capacities and
their interconnection via optical fibers, will
significantly impact the efficiency of entan-
glement management and its ability to sup-
port quantum applications.

+ Asynchronous Entanglement Management:
In this study, we have only considered the
scenario where qubits are used once for
the entanglement. However, after entangle-
ment-swapping, the qubits at the two ends
of the route become entangled, thereby
freeing up the qubits in the repeater for
new entanglement operations. These freed
qubits can be reused much more quickly,
circumventing potential delays in collecting
input information.

CONCLUSION

In this article, we have provided a com-
prehensive introduction to the problem of
entanglement management within the quantum
Internet, focusing on both BSM and GHZ entan-
glement-swapping methods. We have proposed
specific entanglement management protocols for
both these methods and conducted simulations
to evaluate the performance of these proposed
protocols. Despite these efforts, many open
questions remain. The field of entanglement man-
agement through entanglement-swapping offers a
rich array of research opportunities.
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