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Distributed quantum information processing is essential for building quantum networks and enabling more extensive quantum
computations. In this regime, several spatially separated parties share a multipartite quantum system, and the most natural set of
operations is Local Operations and Classical Communication (LOCC). As a pivotal part in quantum information theory and practice,
LOCC has led to many vital protocols such as quantum teleportation. However, designing practical LOCC protocols is challenging
due to LOCC's intractable structure and limitations set by near-term quantum devices. Here we introduce LOCCNet, a machine
learning framework facilitating protocol design and optimization for distributed quantum information processing tasks. As
applications, we explore various quantum information tasks such as entanglement distillation, quantum state discrimination, and
quantum channel simulation. We discover protocols with evident improvements, in particular, for entanglement distillation with
guantum states of interest in quantum information. Our approach opens up new opportunities for exploring entanglement and its
applications with machine learning, which will potentially sharpen our understanding of the power and limitations of LOCC. An
implementation of LOCCNet is available in Paddle Quantum, a quantum machine learning Python package based on PaddlePaddle

deep learning platform.
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INTRODUCTION

In the past few decades, quantum technologies have been
found to have an increasing number of powerful applications
in areas including optimization'?, chemistry>#, security>%, and
machine learning’. To realize large-scale quantum computers
and deliver real-world applications, distributed quantum
information processing will be essential in the technology
road map, where quantum entanglement and its manipulation
play a crucial role.

Quantum entanglement is central to quantum information
by serving as a fundamental resource which underlies many
important protocols such as teleportation®, superdense cod-
ing®, and quantum cryptography®. To achieve real-world
applications of quantum technologies, protocols for manip-
ulating quantum entanglement are essential ingredients, and it
will be important to improve existing methods. The study of
entanglement manipulation is one of the most active and
important areas in quantum information'®'",

In entanglement manipulation and distributed quantum
information processing, multiple spatially separated parties are
usually involved. As direct transfers of quantum data between
these nodes are not feasible with current technology, Local
Operations and Classical Communication (LOCC)® is more
practical at this stage. Such an LOCC (or distant lab) paradigm
plays a fundamental role in entanglement theory, and many
important results have been obtained within this paradigm'.
However, how to design LOCC protocols on near-term
quantum devices'? remains an important challenge. Such
protocols are generally hard to design even with perfect
entanglement due to the complicated and hard-to-characterize
structure of LOCC'. Moreover, limited capabilities and
structure of near-term quantum devices have to be considered
during the design of LOCC protocols.

Inspired by the breakthroughs of deep learning’* in mastering
the game of Go'® and solving protein folding'®, it is desirable to
apply machine learning ideas to explore quantum technologies.
For instance, machine learning has been applied to improve
quantum processor designs'’?® and quantum communica-
tion?'22, Here, we adopt the ideas from machine learning to
solve the challenges in exploring LOCC protocols. We use
parameterized quantum circuits (PQCs)*® to represent the local
operations allowed in each spatially separated party and then
incorporate multiple rounds of classical communication. Then one
can formulate the original task as an optimization problem and
adopt classical optimization methods to search the optimal LOCC
protocol. The PQCs have been regarded as machine learning
models with remarkable expressive power, which leads to
applications in quantum chemistry and optimization?3. Here, we
generalize PQC to a larger deep learning network to deal with
distributed quantum information processing tasks and in parti-
cular to explore better entanglement manipulation protocols.

In this work, we introduce a machine learning framework for
designing and optimizing LOCC protocols that are adaptive to
near-term quantum devices, which consists of a set of PQCs
representing local operations. As applications, we explore central
quantum information tasks such as entanglement distillation,
state discrimination, and quantum channel simulation. We
discover protocols with evident improvements via this framework,
sharpening our understanding of the power and limitations of
LOCC. As showcases, we establish hardware-efficient and simple
protocols for entanglement distillation and state discrimination,
which outperforms previously best-known methods. In particular,
for distillation of Bell states with non-orthogonal product noise,
the optimized protocol outputs a state whose distillation fidelity
even reaches the theoretical upper bound and hence is optimal.
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Fig. 1 [lllustration of the procedure for optimizing an LOCC
protocol with LOCCNet. For simplicity, only two parties are involved
in this workflow, namely Alice and Bob. The tree presented here
corresponds to a specific two-round LOCC protocol. Such a tree can
be customized with LOCCNet. With each node (Local Operation)
encoded as a PQC and arrows between nodes referring to classical
communication, one can define a loss function to guide the training
process depending on the task. The tree branch diverges indicating
different possible measurement outcomes. Finally, one can adopt
optimization methods to iteratively update the parameters in each
local operation and hence obtain the optimized LOCC protocol.

RESULTS
The LOCCNet framework

In this section, we introduce LOCCNet, a machine learning
framework that facilitates the design of LOCC protocols for
various quantum information processing tasks, including entan-
glement distillation?*~2°, quantum state discrimination®°~*', and
quantum channel simulation*=*8, An LOCC protocol can be
characterized as a sequence of local quantum operations
performed by spatially separated parties with classical commu-
nication of measurement outcomes [see Supplementary Note 1].

According to the number of classical communication rounds,
one can divide LOCC into different classes'®. The one-round
protocols correspond to LOCC operations where one party applies
a local operation and sends the measurement outcome to others,
who then apply local operations chosen based on the outcome
they receive. Based on one-round protocols, we are able to
construct an r-round protocol recursively. All these protocols
belong to the finite-round LOCC class, and can be visualized as
tree graphs. Each node in the tree represents a local operation and
different measurement outcomes correspond to edges connect-
ing to this node’s children, which represent different choice of
local operations based on the measurement outcomes from
last round.

Although the basic idea of LOCC is relatively easy to grasp, its
mathematical structure is highly complicated' and hard to
characterize. As indicated by its tree structure, a general r-round
LOCC protocol could lead to exponentially many possible results,
making LOCC protocol designs for many essential quantum
information processing tasks very challenging. At the same time, it
will be more practical to consider LOCC protocols with hardware-
efficient local operations and a few communication rounds due to
the limited coherence time of local quantum memory. To
overcome these challenges, we propose to find LOCC protocols
with the aid of machine learning, inspired by its recent success in
various areas. Specifically, we present the LOCCNet framework,
which incorporates optimization methods from classical machine
learning field into the workflow of designing LOCC protocols and
can simulate any finite round LOCC in principle.

As illustrated in Fig. 1, each party’s local operations, represented
by nodes in a tree, are described as parameterized quantum
circuits (PQC)?3. Users can measure any chosen qubit and define a
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customized loss function from measurement outcomes as well as
remaining states. With a defined loss function for a task of interest,
LOCCNet can be optimized to give a protocol. The effect of
classical communication is also well simulated by LOCCNet in the
sense that different PQCs can be built for different measurement
outcomes from previous rounds.

Previously, PQCs have been adapted to many research areas
including quantum simulation*®, quantum optimization', and
quantum error correction®®. The family of variational quantum
algorithms'>3, based on PQCs, is one promising candidate to
achieve quantum advantages with near-term devices. In quantum
information, PQCs also help in estimating distance measures for
quantum states®*>> and compressing quantum data>%°’. Here, we
take one step further by extending the use of PQCs to the
distributed quantum information processing scenario where LOCC
is the most natural set of operations.

In the next three sections, we will demonstrate the LOCCNet
framework in details with important applications and present
some interesting findings, including protocols that achieve better
results than existing ones. We conduct software implementations
of LOCCNet using the Paddle Quantum toolkit®® on the
PaddlePaddle Deep Learning Platform>°,

Entanglement distillation

Many applications of LOCC involve entanglement manipulation,
and the use of entanglement is generally required to be in its pure
and maximal form. Hence, the efficient conversion of entangle-
ment into such a form, a process known as entanglement
distillation?**?, is usually a must for many quantum technologies.
The development of entanglement distillation methods remains at
the forefront of quantum information''. For example, the two-
qubit maximally entangled state |®F) = 1/y/2(|00) +[11)),
which is also known as the entangled bit (ebit), is the fundamental
resource unit in entanglement theory since it is a key ingredient in
many quantum information processing tasks. Thus, an essential
goal for entanglement distillation in a two-qubit setting is to
convert a number of copies of some two-qubit state p,s shared by
two parties, Alice and Bob, into a state as close as possible to the
ebit. Here, closeness between the state psp and the ebit is usually
measured in terms of the fidelity

F= (0'[6s0/0"). U

Although theory is more concerned with asymptotic distillation
with unlimited copies of pss protocols considering a finite
number of copies are more practical due to the physical
limitations of near-term quantum technologies. Also, practical
distillation protocols usually allow for the possibility of failure as a
trade-off for achieving a higher final fidelity. Furthermore, due to
limited coherence time of local quantum memories, schemes
involving only one round of classical communication are preferred
in practice. Under these settings, many practical schemes for
entanglement distillation have been proposed?*?>61-64 Not
surprisingly, there is not a single scheme that applies to all kinds
of states. In fact, designing a protocol even for a specific type of
states is a difficult task.

In this section, we apply LOCCNet to entanglement distillation
and present selected results that reinforce the validity and
practicality of using this framework for designing LOCC protocols.
To use LOCCNet for finding distillation protocols for a state p,g, we
build two PQCs, one for Alice and one for Bob. In the preset event
of success, these PQCs output a state supposed to have a higher
fidelity to the ebit. To optimize PQCs, we define the infidelity of
the output state and the ebit, i.e,, 1 — F, as the loss function to be
minimized. As soon as the value of the loss function converges
through training, the PQCs along with the optimized parameters
form an LOCC distillation protocol. In principle, this training
procedure is general and can be applied to find distillation
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protocols for any initial state psp given its numerical form. Beyond
rediscovering existing protocols, we are also able to find improved
protocols with LOCCNet. Below, we give two distillation protocols
for S states and isotropic states, respectively, as examples of
optimized schemes found with LOCCNet.

An S state is a mixture of the ebit |(D+> and non-orthogonal
product noise®. Here, we define it to be

pas = P|O* (@] + (1 — p)[00) (0], @

where p € [0, 1]. A distillation protocol known to perform well on
two copies of some S state is the DEJMPS protocol?®, which in this
case outputs a state whose fidelity to the ebit is (1 + p)%/(2 + 2p?)
with a probability of (1 4 p?)/2 [see Supplementary Note 2].

Here, we present a protocol learned by LOCCNet that can
output a state achieving a fidelity higher than DEJMPS and close
to the highest possible fidelity. Details on this protocol after
simplification are given in Fig. 2, where Alice and Bob apply local
operations to their own qubits independently and then compare
their measurement outcomes through classical communication.
The distillation succeeds only when both Alice and Bob get 0 from
computational basis measurements.

The final fidelity achieved by this protocol is compared with that
achieved by the DEJMPS protocol in Fig. 3. For the aim of
benchmarking, the techniques based on positive partial transpose
(PPT) were introduced to derive fundamental limits of entangle-
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A — R,(0)
By
B R,(0)

Fig. 2 Circuit of a distillation protocol learned by LOCCNet for S
states. This simplified circuit represents local operations in a
distillation protocol learned by LOCCNet for two copies of an S
state, py5, and pgp. The rotation angles of both R, gates are
6 = arccos(1 — p) + m, which depend on the parameter p of the S
states to be distilled.
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Fig. 3 Fidelity achieved by distillation protocols for two copies of
some S state. The orange dashed line depicts the performance of
the protocol learned by LOCCNet, which outperforms the DEJMPS
protocol (green dotted). Also, the learned protocol is near optimal in
the sense that its line almost aligns with the PPT bound (blue solid).
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ment distillation®®%>=%°, The entanglement theory under PPT
operations has been extensively studied in the literature (e.g.,
refs. 7-7%) and offers valuable limitations of LOCC. Here, the PPT
bound obtained with semi-definite programming®® is an upper
bound to the fidelity achieved by any LOCC protocol [see
Supplementary Note 2].

As shown in the figure, the protocol learned by LOCCNet
achieves near-optimal fidelity in the sense that it is close to the
PPT bound. Analytically, for two copies of some S state with a
parameter p, the post-measurement state in the event of success
is 0as = F|OT)(OF| + (1 — F)|O™) (O |, where

F:1+\/2p—p2 3)

2

is its fidelity to the ebit and |®~) = 1/4/2(]00) —|11)). The
probability of arriving at this state is pscc=p? —p3/2
[see Supplementary Note 2]. It is noteworthy that the distilled
state is a Bell diagonal state of rank two. For two copies of such a
state, the DEJMPS protocol achieves the optimal fidelity®>76, Thus,
combining our protocol with the DEJMPS protocol offers an
efficient and scalable distillation scheme for more copies of some
S state.

Another important family of entangled states is the isotropic
state family, defined as

/

7 (4

Pas = p|OT )@+ (1 —p)
where p € [0, 1] and / is the identity matrix. Distillation protocols
for two copies of some isotropic state have been well studied, and
the DEJMPS protocol achieves empirically optimal fidelity in this
case. Given four copies of some isotropic state with a parameter p,
a common way to distill entanglement is to divide them into two
groups of two copies and apply the DEJMPS protocol to each
group. Conditioned on success, we then apply the DEJMPS
protocol again to the two resulting states from the previous
round. Since the DEJMPS protocol was originally designed for two-
copy distillation, such a generalization is probably unable to fully
exploit the resources contained in four copies of the state. Indeed,
with the aid of LOCCNet, we find a protocol optimized specifically
for four copies of some isotropic state. As illustrated in Fig. 4, Alice
and Bob first apply similar local operations with three pairs of
qubits being measured and then compare their measurement
outcomes through classical communication. If their measurement
outcomes for each pair of qubits are identical, the distillation
procedure succeeds.

The fidelity achieved by this protocol for different input
isotropic states is plotted in Fig. 5, along with that of the
generalized DEJMPS protocol. For four copies of some isotropic

Ao

A Ru(+3)
As Ry(+3)
As R,(+3)

Fig. 4 Circuit of a distillation protocol learned by LOCCNet for
isotropic states. This simplified circuit represents Alice’s local
operation in a protocol learned by LOCCNet for entanglement
distillation with four copies of some isotropic state. Bob’s local
operation is identical to Alice’s, except that the rotation angles of
Bob's R, gates are — 11/2.
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state with a parameter p, our protocol achieves a final fidelity of

2
f_1-2+% ’ )
4—8p+12p?
which is slightly higher than the DEJMPS protocol, as shown in
Fig. 5. Details are referred to Supplementary Note 2. Another
advantage of this optimized protocol is that the output state in
the event of success is still an isotropic state, implying the
possibility of a generalized distillation protocol for 4" copies of
some isotropic state.

We remark that our protocols are optimized with the goal to
achieve the highest possible fidelity, so their probabilities of
success are not high. For situations where the probability of
success is important, one can also design a customized loss
function to optimize a protocol according to their metrics.

Distributed quantum state discrimination

Another important application of LOCC is quantum state
discrimination (QSD). Distinguishing one physical configuration
from another is central to information theory. When messages are
encoded into quantum states for information transmission, the
processing of this information relies on the distinguishability of
quantum states. Hence, QSD has been a central topic in quantum
information’”~7°, which investigates how well quantum states can
be distinguished and underlies various applications in quantum
information processing tasks, including quantum data hiding®®
and dimension witness®'.

QSD using global quantum operations is well-understood in the
sense that the optimal strategy maximizing the success probability
can be solved efficiently via semi-definite programming (SDP)82-84,
However, for an important operational setting called distant lab
paradigm or distributed regime, our knowledge of QSD remains
limited despite substantial efforts in the past two decades®°*. In
the distributed regime, multipartite quantum states are distributed
to spatially separated labs, and the goal is to distinguish between
these states via LOCC.

For two orthogonal pure states shared between multiple
parties, it has been shown that they can be distinguished via
LOCC alone no matter if these states are entangled or not3'.
However, it is not easy to design a concrete LOCC protocol for
practical implementation on near-term quantum devices. Using
LOCCNet, one can optimize and obtain practical LOCC protocols
for quantum state discrimination. Furthermore, for non-
orthogonal states, limited aspects have been investigated in
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Fig. 5 Fidelity achieved by distillation protocols for four copies of
some isotropic state. The blue solid line depicts the fidelity
achieved by the protocol learned by LOCCNet, which outperforms
the generalized DEJMPS protocol (orange dashed).

npj Quantum Information (2021) 159

terms of the feasibility of LOCC discrimination. However, LOCCNet
can provide an optimized and practical protocol in this realistic
setting.

Here, to explore the power of LOCCNet in state discrimination,
we focus on the optimal success probability of discriminating
between noiseless and noisy Bell states via LOCC. Consider two
Bell states, CD+> and |®), and an amplitude damping (AD)
channel A with noise parameter y such that A(p) :EopE(T)+
E\pE] with Eg = |0)(0] + /T —y[1)(1] and E; = \/y|0)(1]. If we
send |®7)'s two qubits, respectively, through this AD channel,
then the resulting state is A ® A(|®7)(®|). The goal is now to
distinguish between |®*) (0| and A ® A(|O7) (O |).

Suppose @y and @, are some pair of two-qubit states. To find a
protocol discriminating between them, we build an ansatz with
measurements on both qubits. As illustrated in Fig. 6, Alice
performs a unitary gate on her qubit followed by a measurement,
whose outcome determines Bob’s operation on his qubit. Given
an ideal discrimination protocol, Bob’s measurement outcome
should be 0 if and only if the input state is @ so that he can tell
which state the input state is for sure. Based on this observation,
we define a loss function

L =P(1|®o) + P(O|D,), (6)

where P(j|®y) is the probability of Bob’s measurement outcome
being j given the input state being ®,. By minimizing this loss
function, we are able to obtain a protocol for distinguishing
between states ®y and @, with an optimized probability of success.
Specifically, for @ =|0*) (0*| and ©;=A® A(O7) (O ),
through optimization we find a protocol where Alice’s local unitary
operation is U=R,(/2) and Bob's local unitary operation is V=
RA(—1)76) where 8 = m — arctan((2 — y)/y) and a=0 or 1 is Alice’s
measurement outcome. This optimized protocol achieves an

Fig. 6 Ansatz used for finding QSD protocols with LOCCNet. Alice
performs a unitary gate on her qubit and measures. Then Bob
performs on his qubit a unitary gate chosen based on Alice’s
measurement result. Bob’s measurement outcome is supposed to
tell which state the input state is.
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Fig. 7 Average success probability of distinguishing a Bell state
and a noisy Bell state. The orange dashed line depicts the behavior
of the protocol via LOCCNet, which outperforms the protocol for
distinguishing perfect orthogonal Bell states (green dotted). More-
over, the protocol from LOCCNet is near optimal since it almost
matches the upper bounds obtained via PPT POVMs (blue solid).
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as given in Supplementary Note 3.

In Fig. 7, we compare the protocol learned by LOCCNet with the
optimal protocol for perfect discrimination between two noiseless
and orthogonal Bell states |®") and [®~). The PPT bound shown
in Fig. 7 is obtained via SDP and serves as an upper bound to the
average probability of any LOCC protocol recognizing the input
state correctly®®, where the input state is either @ or ®; with
equal chance. While the noiseless protocol is consistently better
than random guessing as noise in the AD channel increases, it
inevitably suffers from a decrease in its discrimination ability. The
gap between its probability of success and the PPT bound steadily
widens. On the other hand, the protocol optimized with LOCCNet
can achieve a near-optimal probability of success for each noise
setting, as shown in the figure.

Quantum channel simulation

One central goal of quantum information is to understand the
limitations governing the use of quantum systems to take
advantage of quantum physics laws. Quantum channel lies at
the heart of this question since it characterizes what we can do
with the quantum states physically®$-88, To fully exploit quantum
resources, the ability to manipulate quantum channels under
operational settings is important. Particularly, in distributed
quantum computing, one fundamental primitive, dubbed quan-
tum channel simulation, is to realize quantum channels from one
party to another using entanglement and LOCC protocols.
Quantum channel simulation, exploiting entanglement to synthe-
size a target channel through LOCC protocols*?=#88°, serves as the
basis of many problems in quantum information, including
quantum communication, quantum metrology®®, and quantum
key distribution®’.

One famous example of quantum channel simulation is
quantum teleportation (i.e,, simulation of the identity channel).
As one of the most important quantum information processing
protocols®92, quantum teleportation exploits the physical resource
of entanglement to realize noiseless quantum channels between
different parties and it is an important building block for quantum
technologies including distributed quantum computing and
quantum networks. Similar to quantum teleportation, quantum
channel simulation is a general technique to send an unknown
quantum state ¢ from a sender to a receiver such that the receiver
could obtain N4 _g(,) with the help of a pre-shared entangled
state psg and an LOCC protocol M. The overall scheme simulates
the target channel A in the sense that

Ny ® pag) = Na—s(Wa), Yhu. (8)

For some classes of channels such as Pauli channels, the LOCC-
based simulation protocols were known***>%3, However, the
LOCC protocols for general quantum channel simulation are hard
to design due to the complexity of LOCC. Even for the qubit
amplitude damping (AD) channel, the LOCC protocol for simulat-
ing this channel in the non-asymptotic regime is still unknown,
and its solution would provide a better estimate of its secret key
capacity®'. Note that the asymptotic simulation of this channel
involving infinite dimensions was introduced in ref. +°.

Here, we apply our LOCCNet to explore the simulation of an AD
channel A using its Choi state®*p, = (I® A)(®") as the pre-
shared entangled state. Note AD channel is one of the realistic
sources of noise in superconducting quantum processor®.

To train the LOCCNet for simulating A, we select a set of linearly
independent density matrices S as the training set. The loss

Published in partnership with The University of New South Wales

npj

X. Zhao et al.
5
1.0 o< )
.. s
%o o®
. .
., . o®

0.9 1 . -
> ¢ e o
Fer .0 -0
B o8
2
o
()}
O 0.7
S
I

0.6 1

@ LOCCNet
054 Teleportation
0.0 0.2 0.4 0.6 0.8 10

Noise parameter y

Fig. 8 Average fidelity of simulating AD channel with LOCC
protocols. The blue curve depicts the behavior of the protocol via
LOCCNet, which outperforms the original teleportation (orange) at
high noise level (noise parameter y > 0.4). Each data point contains
the statistical results of 1000 randomly generated states.

function for this channel simulation task is then defined as

L=~ FAW).BW)), ©)

pes
where B is the actual channel simulated by LOCCNet with current

2
parameters and F(p,0) = Tr(s/p1/2op1/2> gives the fidelity

between states p and o. With this loss function to be minimized,
the parameters in LOCCNet are optimized to maximize the state
fidelity between A(y) and B(y) for all p € S.

Once the LOCCNEet is trained to teleport all the basis states in S
with near perfect fidelity, we obtain a protocol for simulating A.
For benchmarking, we randomly generate 1000 pure states and
teleport them to Bob. The results are summarized in Fig. 8.
Compared with the original teleportation protocol, we could
achieve an equivalent performance at low noise level and a better
performance at noise level y>0.4. Note that the numerical
simulations are conducted on Paddle Quantum®®,

DISCUSSION

We established LOCCNet for exploring LOCC protocols in
distributed quantum information processing. Its overall pipeline
is standard for machine learning algorithms. For a specific task,
one firstly designs an appropriate loss function and then utilizes
different LOCCNet structures and optimization methods to train
the model to obtain an optimal or near-optimal protocol.
Depending on the nature of the task, a selected training data
set may be required, as in the case of channel simulation. Based
on the current design of LOCCNet, more machine learning
techniques, such as reinforcement learning could be incorporated
into this framework, making it a more powerful tool for exploring
LOCC protocols.

LOCCNet not only unifies and extends the existing LOCC
protocols, but also sheds light on the power and limitation of
LOCC in the noisy intermediate-scale quantum (NISQ) era'? by
providing a plethora of examples. We developed improved
protocols for entanglement distillation, local state discrimination,
and quantum channel simulation as applications. As a showcase,
we applied LOCCNet to establish hardware-efficient and state-of-
the-art protocols for entanglement distillation of noisy entangled
states of interest. In addition to making a significant contribution
to entanglement distillation, LOCCNet finds direct practical use in
many settings, as we exemplified with several explicit applications

npj Quantum Information (2021) 159



np)

X. Zhao et al.

in distinguishing noisy and noiseless Bell states as well as
simulating amplitude damping channels.

As we have shown the ability of LOCCNet in discovering
improved LOCC protocols, one future direction is to apply
LOCCNet to further enhance practical entanglement manipulation
and quantum communication and explore fundamental problems
in quantum information theory. While in this paper we mainly
focus on bipartite cases, LOCCNet also supports multipartite
entanglement manipulation. For example, as an essential part in
quantum repeaters®®, entanglement swapping aims to transform
two entangled pairs shared between Alice and Bob and between
Bob and Carol into a new entangled pair shared by Alice and Carol
using only LOCC. Indeed, we could use LOCCNet to design such a
protocol. For instance, we can build an LOCCNet where Bob first
operates on and measures his subsystem, and then Alice and
Carol perform local operations according to the measurement
results from Bob. The loss function to minimize can be defined as
the infidelity of a target state and the output state shared
between Alice and Carol. Similar procedures can be followed to
apply LOCCNet in optimizing other multipartite protocols as well,
which is worth exploring in future works.

Another important direction is to extend the framework to the
continuous-variable quantum information processing, which may
be applied to explore better LOCC protocols of private commu-
nication based on continuous variable systems®'. As we have seen
the potential of advancing distributed quantum information
processing with the aid of machine learning, we expect more of
such cases with classical machine learning being used to improve
quantum technologies, which in turn will enhance quantum
machine learning applications.
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