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Abstract—Quantum Local Area Networks (QLANs) represent
a promising building block for larger scale quantum networks
with the ambitious goal –in a long time horizon– of realizing
a Quantum Internet. Surprisingly, the physical topology of a
QLAN can be enriched by a set of artificial links, enabled by
shared multipartite entangled states among the nodes of the
network. This novel concept of artificial topology revolutionizes
the possibilities of connectivity within the local network, enabling
an on-demand manipulation of the artificial network topology.
In this paper, we discuss the implementation of the QLAN model
in SeQUeNCe, a discrete-event simulator of quantum networks.
Specifically, we provide an analysis of how network nodes
interact, with an emphasis on the interplay between quantum op-
erations and classical signaling within the network. Remarkably,
through the modeling of a measurement protocol and a correction
protocol, our QLAN model implementation enables the simulation
of the manipulation process of a shared entangled quantum
state, and the subsequent engineering of the entanglement-based
connectivity. Our simulations demonstrate how to obtain different
virtual topologies with different manipulations of the shared
resources and with all the possible measurement outcomes, with
an arbitrary number of nodes within the network.

Index Terms—Multipartite Entanglement, Quantum Network
Simulator, SeQUeNCe, QLANs, Graph States.

I. INTRODUCTION

As a cross-layer resource, entanglement has undoubtedly a
pivotal role in the design of future quantum communication
networks [4]–[7]. Specifically, the application of entanglement
in its multipartite form is receiving considerable attention
from the community [8], [9], given its importance as an
exceptional resource for revolutionizing the connectivity of
quantum networks and enabling novel and surprising network
functionalities [10]–[16]. Unlike classical networks, Quan-
tum Local Area Networks (QLANs) can overcome physical
network constraints through multipartite entanglement that
allow flexible on-demand creation of virtual (or artificial)
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links1 between nodes [1], [5], [6]. Remarkably, artificial links
constitute a sort of “overlay entangled topology” built upon
the physical one, referred to as artificial topology, that can
differ significantly from the physical topology. Specifically,
by exploiting the unique properties of two-colorable graph
states [17], artificial topologies can be engineered to enhance
network communication capabilities.

A theoretical framework for QLAN and the introduction of
the necessary tools for network topology engineering were
proposed in [5], [6]. Nevertheless, the practical realization
of complex quantum communication scenarios is limited by
hardware that is not yet sufficiently mature. Therefore, re-
searchers resort to quantum network simulators to conduct
empirical simulations to verify the theories and analytical
results. In recent years, quantum network simulators [18]–
[20] have played a crucial role in studying quantum network
hardware [21]–[23], protocols [24]–[26], and applications [27],
[28]. Motivated by the above, this paper addresses the imple-
mentation of the QLAN framework discussed in [5] and [6]
in a discrete-event simulator of quantum networks called
SeQUeNCe [18]. The contributions of this manuscript are the
following:

i) We extend SeQUeNCe by adding new classes of network
node modules: orchestrator node and client node. These
modules represent the core component of the QLAN
system that enables the dynamic construction of artificial
topologies by only performing Local Operations and
Classical Communication (LOCC).

ii) We design and implement a measurement protocol
and a correction protocol that allow the simulation of
the manipulation of shared entangled quantum states
and the subsequent engineering of entanglement-based
connectivity.

More in detail, the two protocols provide an analysis of
the network nodes’ interaction with the interplay between
quantum operations and classical signaling within the network.
Remarkably, the conducted simulation studies demonstrates
how various virtual topologies can be achieved through dif-
ferent manipulations of the shared resources, accounting for
all possible measurement outcomes, with an arbitrary number

1virtual or artificial links between two QLAN nodes reflect the interaction
pattern between the qubits belonging to the composite multipartite entangled
state.
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(a) Schematic diagram of the correspon-
dence between graph domain and graph
state domain. Figure reproduced from [1].

Resulting Graph state Graph operations
P

(a)
z,± |G⟩ = |z,±⟩

(a) ⊗ U
(a)
z,± |G− a⟩︸ ︷︷ ︸

|G̃z⟩

G̃z = G− a

P
(a)
y,± |G⟩ = |y,±⟩

(a) ⊗ U
(a)
y,± |τa(G)− a⟩︸ ︷︷ ︸

|G̃y⟩

G̃y = τa(G)− a

P
(a)
x,± |G⟩ = |x,±⟩

(a) ⊗ U
(a)
x,± |τb0 (τa (τb0(G))− a)⟩︸ ︷︷ ︸

|G̃x⟩

G̃x = τb0
(
τa(τb0(G))− a

)
(b) Table of the Pauli measurements and the corresponding graph operations, up to the
application of the correction unitaries that depend on the outcomes [2], [3].

Fig. 1: Schematic representation of the mapping between graph states and graph theory tools (a) under the application of Pauli
measurements (b).

of nodes in the network. The implemented software modules
are open source and publicly available at [29]. To the best of
our knowledge, this is the first paper to address the software
implementation of the key functionality enabled by the QLAN,
i.e., the engineering of the network topology through the
manipulation of a shared multipartite resource.

II. PRELIMINARIES

A. Introduction to Graph states

Graph states gained relevant attention within the quantum
communication community thanks to their unconventional
properties [2]. Specifically, graph states can be effectively
described with graph theory tools and thus, any given graph
state |G⟩ corresponds to an associated graph G.

Formally, a graph state |G⟩ associated to the graph G =
(V,E) is defined as follows:

|G⟩ =
∏

{a,b}∈E

CZab |+⟩⊗n
, (1)

with |+⟩ = 1√
2
(|0⟩ + |1⟩), n = |V | and CZab denoting

the Controlled-Z gate applied to the qubits associated to the
vertices a and b. One of the most fascinating consequences
of this formulation, also briefly presented in Fig. 1a, is that
quantum operations – such as Pauli measurements – on the
graph state can be associated with some simple operations
on the associated graph G. In particular, the action of the
Pauli projection operators on some qubits of the graph state
|G⟩ can be straightforwardly related to local complementation
operations on the associated graph G [2], [3]. Remarkably,
as schematically represented in Fig. 1b, the application of a
projection operator – Px, Py , Pz – on a qubit of the graph state
|G⟩ corresponds, up to some local correction unitaries Ui,±,
to a new graph state |G̃i⟩, on the remaining qubits, whose
associated graph G̃i can be obtained through simple graph
transformations on the associated graph G of the initial state
|G⟩. The application of Pauli measurements on graph states is
defined as follows:

I) Projective σz Pauli measurements
The projective measurement via Pauli operator σz of
a qubit associated to the vertex a of the graph G of
the initial graph state |G⟩, yields to i) the deletion of
the measured vertex on the associated graph G and ii)
the resulting graph state |G̃z⟩

△
= U

(a)
z,± |G− a⟩ on the

unmeasured qubits. Specifically, the correction unitaries
Uz,± are defined according to the measurement outcome
and take into account the neighborhood Na of the
measured qubit a:

U
(a)
z,+ = I , U

(a)
z,− =

⊗
b∈Na

σ(b)
z . (2)

II) Projective σy Pauli measurements
The projective measurement via Pauli operator σy of a
qubit associated to the vertex a of the graph G of the
initial graph state |G⟩, yields to i) the local complemen-
tation on vertex a, namely, τa(·), and the deletion of
the measured vertex on the associated graph and ii) the
resulting graph state |G̃y⟩ = U

(a)
y,± |τa(G)− a⟩ on the

unmeasured qubits. Specifically, the correction unitaries
Uy,± are defined according to the measurement outcome
as follows:

Uy,+ =
⊗
b∈Na

√
−iσ(b)

z , Uy,− =
⊗
b∈Na

√
iσ

(b)
z . (3)

III) Projective σx Pauli measurements
The projective measurement via Pauli operator σx of a
qubit associated to the vertex a of the graph G of the
initial graph state |G⟩, yields to i) a sequence of local
complementations on vertex a and a support vertex b0 ∈
Na, as well as the deletion of the measured vertex on the
associated graph and ii) the resulting graph state |G̃x⟩ =
U

(a)
x,± |τb0 (τa (τb0(G))− a)⟩ on the unmeasured qubits.

Specifically, the correction unitaries Ux,± are defined



Fig. 2: Some examples of the resulting graph states after the application of Pauli measurements and corrections.

according to the measurement outcome as follows:

Ux,+ =

√
iσ

(b0)
y

⊗
b∈Na\{Nb0

∪{b0}}

σ(b)
z , (4)

Ux,− =

√
−iσ(b0)

y

⊗
b∈Nb0

\{Na∪{a}}

σ(b)
z .

The application of the Pauli projection operators reveals
the output topology of the graph state after the measurement.
However, in order to obtain exactly G̃i as output associated
graph – whose topology is described by simple graph theory
tools – it is necessary to apply the corresponding correction
unitaries U†

i,± on some unmeasured qubits, with respect to
the chosen measurement basis and the measurement outcomes.
The next section provides further details.

B. Introduction to QLANs

QLANs are envisioned as the building block of the future
Quantum Internet [1], [5], [6]. Unlike larger-scale quantum
networks models, the implemented QLAN model relies on a
centralized quantum node called orchestrator node, which is is
directly connected through a quantum channel with each client
nodes of the local area network on a physical star topology.
The orchestrator is responsible for the generation of the initial
graph state, the application of the Pauli measurements on the
qubits, and the communication of the measurement outcomes
to the clients. The clients on the other hand, are equipped
with the minimum required quantum resources to store the
entangled qubits distributed by the orchestrator and they only
assume a secondary role in the network’s hierarchy2. Unlike
classical local area networks, the physical topology of a QLAN
is not a limitation for the communication capabilities of the
network, because the orchestrator can establish virtual links
between clients by performing local Pauli measurements on
the qubits of the generated graph state. The reference QLAN

2Network’s hierarchy refers to the allocation of significantly higher re-
sources at the orchestrator rather than at the clients, which are lightweight.

model also assumes that after the generation of the n-qubit
resource state, the orchestrator is able to wisely distribute
a single entangled qubit for each client. At the end of the
distribution process, the orchestrator retains no qubits, and
the remaining n − no = k qubits are distributed among
the clients. Therefore, the vertex set of the associated graph
G is partitioned into two disjoint sets, V = Vo ∪ Vc =
{o1, . . . ono

}∪{c1 . . . ck}, where Vo is the set of qubits retained
by the orchestrator and Vc is the set of qubits distributed
among the clients. Formally:

V = Vo ∪ Vc, Vo ∩ Vc = ∅, |Vo| = no, |Vc| = k, (5)

thus, the total number of clients in the QLAN is exactly k.
As represented in Fig. 2, after the distribution process, the
orchestrator node has complete control of the connectivity
of the client nodes. Remarkably, by performing local Pauli
measurements on its qubits, the orchestrator is able to ma-
nipulate the artificial links of the network. Hence, the chosen
network logic is given by the orchestrator measurement bases,
represented as a vector of the kind: {σ(o1)

i , . . . , σ
(ono )
i }

with i ∈ {x, y, z}, that have a decisive impact on the output
artificial topology.

III. QLAN MODULE IN SEQUENCE

A complete simulation of the QLAN model proposed in
[5], [6] can be implemented in SeQUeNCe according to
the main modules of the simulator. Specifically, the network
nodes are implemented as QuantumNode entities, which are
able to store qubits and perform quantum operations. We
customized SeQUeNCe’s QuantumNode into two new types:
the OrchestratorNode and the ClientNode that represent the
different physical requirements (i.e., the node hierarchy) for
the network nodes.

A. QLAN Module Design

• Orchestrator node: the orchestrator node requires an
array of quantum memories to store the qubits of the
generated graph state. Moreover, it is equipped with a



Fig. 3: QLAN measurement protocol and correction protocol interaction. Please note that the represented interaction happens
for each client of the network. A detailed description of the implementation of each protocol is given in Alg.1 and 2.

set of quantum gates to perform the desired measurement
circuits. Specifically, the execution of the measurement
circuits requires the orchestrator to coordinate its opera-
tions – according to the desired network logic – with a
measurement protocol. Finally, it also requires a Resource
Manager3, that is responsible for the management and
generation of the processes related to this node.

• Client node: each client node requires – for the sake
of simplicity – a single quantum memory to store the
qubits distributed by the orchestrator node. Moreover,
it is equipped with a set of quantum gates able to
implement correction circuits. A client node requires a
correction protocol to manage the correct application of
the corrections stemming from the outcomes received
from the orchestrator. Finally, similarly to the orchestrator
node, it also requires a Resource Manager.

As discussed in Sec. II-B, for the sake of simulating the
functionalities provided by the QLAN model, we require a
n = no + k qubit graph state to be distributed among the
network nodes. As instance, the simplest state4 to be generated
and distributed is a linear graph state, namely, a graph state
where each qubit is connected to the next one and no = k−1.
For the sake of the simulation, the circuits required for the
generation of the required simulation can be fully simulated in
SeQUeNCe, with a given number of clients. Specifically, the
simulation of quantum gates in SeQUeNCe is implemented
using QuTiP [30], an open source simulation tool widely
adopted by the quantum simulation community.

The simulation of the QLAN model is based on the exe-
cution of two core protocols, the measurement protocol and
the correction protocol running at the orchestrator node and

3Each network node implemented in SeQUeNCe is provided with a resource
manager to allocate and manage the resources needed for the protocols.

4We emphasize that every graph state satisfying (5) can be tested with the
module.

the client nodes, respectively. As depicted in Fig. 3, the im-
plemented protocols rely on adequately performing quantum
operations – represented by quantum circuits – and classical
signaling in order to correctly apply the desired network
logic. More in detail, the classical signaling between the two
protocols uses a classical channel that connects each client
node to the orchestrator in a star topology. Moreover, in order
to emphasize the interplay between classical and quantum
operations performed at the network nodes, the protocols are
described in Alg. 1 and 2, respectively5. We use different
colors and fonts for denoting local quantum operations

and classical communication (LOCC) involved in
the protocols. For the sake of brevity, we assume that the
orchestration logic (i.e., the bases array) has already been
decided by the orchestrator.

B. Measurement Protocol

The measurement protocol represents the sequence of rules
and messages exchanged by the Orchestrator Node to perform
the desired topology engineering process. Specifically, by
appropriately measuring its own qubits, the orchestrator up-
dates accordingly the set of destinations for the measurement
outcomes. More in detail, the orchestrator’s operations are
described by the bases-array, which determines both the mea-
surement circuits to be performed and the classical messages to
be sent to the clients. As detailed in Alg. 1, the set of destina-
tion clients – referred to as dest-sample – for the measurement
outcomes strictly depends on the measurement basis and the
measurement outcomes – according to Eq. (2), (3) and (4)
– but are also related to the neighborhood of the j-th qubit
measured at the orchestrator, namely, Noj . This consideration

5The definition of protocol adopted here does not take into account the
formal definition of i) the syntax of the messages and ii) semantics fields.
Indeed, the classical message is modeled through the MsgType variable in the
pseudo-code.



Algorithm 1: Measurement Protocol

1 for σ
(j)
i ∈ bases-array do

2 Apply Pi on qubit oj
3 meas-outcomes(j) ← mj

4 for mj ∈ meas-outcomes do
5 if bases-array(j) is σx then
6 b0 ← Noj [0]
7 Nb0 ← {ō ∈ Vo : ∃(b0, ō) ∈ Eō}
8 MsgType ← B0 Designation
9 Send MsgType to b0 node

10 if mj is ”+” then
11 dest-sample ← {b0} ∪ {Noj \ (Nb0 ∪ b0)}
12 MsgType ← |x,+⟩
13 else if mj is ”−” then
14 dest-sample ← {b0} ∪ {Nb0 \ (Noj ∪ oj)}
15 MsgType ← |x,−⟩
16 Send MsgType to dest-sample
17 if b0 ∈ Noj+1

then
18 Noj+1

← (Noj ∪Noj+1
) \ (Noj ∩Noj+1

)
19 else
20 dest-sample ← Noj

21 if bases-array(j) is σy then
22 if mj is ”+” then
23 MsgType ← |y,+⟩
24 else if mj is ”−” then
25 MsgType ← |y,−⟩
26 Send MsgType to dest-sample
27 else if bases-array(j) is σz then
28 if mj is ”+” then
29 MsgType ← |z,+⟩
30 else if mj is ”−” then
31 MsgType ← |z,−⟩
32 Send MsgType to dest-sample
33 Noj ← ∅

leads to the potential arrival of multiple correction operations
at the same client belonging to different orchestrator’s qubit
neighborhood Noj . Moreover, according to the arbitrary choice
of the b0 node, a σx measurement can cause an update of the
neighbors of the following orchestration qubit. This specific
behavior, is referred to as rolling effect [5]. Moreover, as
shown in the last line of Alg. 1, at each measurement operation
with any chosen base, the neighborhood of the measured qubit
is also left empty.

C. Correction Protocol

As described in Alg. 2, the correction protocol starts when
a client receives a classical message from the orchestrator.
Each message represents the type of measurement that was
performed and its outcome. With this information, the client
is then responsible for applying the corresponding correction
unitaries, according to Eqs. (2), (3) and (4).

Remark. The corrections depend on the measurement out-
comes and the measurement bases, as detailed in Sec. II-B.

Algorithm 2: Correction Protocol

1 while new message arrives do
2 switch MsgType do
3 case MsgType is B0 Designation do
4 b0 ← True
5 case MsgType is |z,+⟩ do
6 No correction is needed

7 case MsgType is |z,−⟩ do
8 Apply σz gate on its own qubit

9 case MsgType is |y,+⟩ do
10 Apply

√
−iσz

†
on its own qubit

11 case MsgType is |y,−⟩ do
12 Apply

√
iσz

†
on its own qubit

13 case MsgType is |x,+⟩ do
14 if b0 is True then
15 Apply

√
iσy

†
on its own qubit

b0 ← False
16 else
17 Apply σz gate on its own qubit

18 case MsgType is |x,−⟩ do
19 if b0 is True then
20 Apply

√
−iσy

†
on its own qubit

b0 ← False
21 else
22 Apply σz gate on its own qubit

23 Send ACK message to Orchestrator

Remarkably, it is sufficient for the clients to apply the gate
corresponding to the complex conjugate U†

i,± to cancel the
effects of the Ui,± unitaries.

Recall that for the correction process to be successful,
all clients must be listening for potential messages from the
orchestrator, therefore it is very likely that several instances of
the correction protocol will run in parallel on several clients.

D. Module Validation

The module has been validated with a physical star topology
equipped with a single orchestrator and an arbitrary number
of clients. Specifically, the considered simulations start when
the client and orchestrator memories correctly store the qubits
of graph states corresponding to the initial topology. We also
note that the module’s logic – with a different resource state
generation – also holds for an arbitrary graph state generated at
the orchestrator and satisfying the conditions presented in (5).
As a result, by comparing the resulting density matrices ρ̃G =
|G̃⟩ ⟨G̃| with the expected ones ρG, we note that the resulting
states, obtained according to the desired orchestration logic,
perfectly match with the theoretical prediction – by assuming
that the undesired imaginary part is completely negligible –
in the absence of noise. Fig. 4 presents the simulation results
of a 4-clients QLAN topology6, where the final graph state

6The mean simulation time for a 4-client topology on a M2 Macbook Pro
is 0.028s with a standard deviation of 0.011s. Simulation time grows in the
order of seconds for simulations with at least 6 clients.



Fig. 4: Resulting graph states in a 4-clients topology after the application of Pauli measurements and corrections.

obtained after of the corrections coincides with the desired
artificial topology. Remarkably, the desired orchestration logic
can be applied with an arbitrary choice of measurement bases
and with all the possible outcomes.

IV. CONCLUSION

In this paper, we discussed the design and implementation
of the functionalities of the QLAN model proposed in [5],
[6] using SeQUeNCe. Specifically, we described the design
of the implemented software module and the functionalities
that can be simulated, with a focus on the coordination
and the interplay between quantum operations and classical
signaling. More in detail, in order to reproduce the centralized
model of QLAN, a measurement protocol is required at the
orchestrator and a correction protocol is required at each client
in the network. Thanks to the implementation of the network
nodes’ unique features and protocols, it has been possible to
validate the theoretical framework of the QLAN model by
comparing the theoretical results with the output topologies.
The simulation matches the theoretical prediction with an
arbitrary Pauli measurement array and with a given number
of clients.
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