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Multiparty Session Types (MPSTs) are a typing discipline for message-passing protocols that
guarantee communication safety properties, such as deadlock-freedom. We propose a quantum
extension of MPSTs, called Quantum MPSTs (QMPSTs), with the aim of specifying quantum proto-
cols. QMPSTs guarantee usual communication safety properties, in addition to safety properties
specific to quantum information, such as no-cloning and no-deleting. We exhibit the use of QMP-
STs to verify Quantum Teleportation. The full paper (to appear in SEFM’24 proceedings) with
complete details, metatheoretic results, and examples of other quantum protocols is available
at arXiv:2409.11133 [Lanese et al. 2024].
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1 Introduction

Quantum protocols involve the exchange of (quantum) information between multiple
parties in (qQuantum) networks, giving rise to complex interaction patterns, interleaved
with manipulations of quantum states. This raises the need for tools and techniques
to specify, analyse, and verify such protocols. In fact, there does not exist a mainstream
formal way to describe quantum protocols, witnessed by the fact that the Quantum Protocol
Zoo [The Quantum Protocol Zoo 2024], a well-known library of quantum protocols, relies on
natural language — hence ambiguous - descriptions, paired with Python implementations.

Existing formalisms for quantum protocols in the literature include imperative languages,
such as LanQ [Mlnarik 2006] and QMCLANG [Davidson et al. 2012; Papanikolaou 2009],
and process calculi, such as, CQP [Gay and Nagarajan 2005], CCSY [Ardeshir-Larijani et al.
2018] and 1qCCS [Ceragioli et al. 2024]. These systems, however, only have a rudimentary
type system for values, which does not allow for an abstract description or specification
of the quantum protocol, and provides little safety guarantees for communication. The
analysis in [Gay and Nagarajan 2005] on the shortcomings of their CQP approach reports:
“The proliferation of channels is a consequence of the fact that our type system associates
a unique type with each channel. Introducing session types would allow a single channel
to be used for the entire protocol”.

Following this hint in [Gay and Nagarajan 2005], we propose to use session types
to describe quantum protocols. In particular, we start from Multiparty Session Types
(MPSTs) [Honda et al. 2016; Hittel et al. 2016], and propose a quantum extension of
them, dubbed Quantum MPSTs (QMPSTs), as a formal session-typed language to describe
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quantum protocols. QMPSTs provide both an abstract view — the global type, describing
the expected pattern of interactions, and a concrete view — a multiparty system made of
named quantum processes. The two views are formally related — type checking ensures that
processes actually behave as prescribed by the global type, and, the framework of MPSTs
also ensures relevant communication properties by construction, such as progress.

In this short essay, we demonstrate the main features of QMPSTs by explaining the
quantum teleportation protocol as typed and implemented in our system, and refer to the
full paper for details of the system, metatheoretic results, proofs, and additional examples
of quantum protocols [Lanese et al. 2024].

2 Quantum Teleportation

The quantum teleportation protocol [Bennett et al. 1993] allows transmitting quantum
information from a sender at one location to a receiver at another location, using a non-
quantum medium. In particular, only classical bits are sent over the communication medium,
and an entangled quantum state is used for the actual teleportation of quantum information.

We use our QMPST system to describe the quantum teleportation protocol — using
the variant described in [Gay and Nagarajan 2005, Fig. 5] under the name “Quantum
teleportation with EPR source”. The protocol involves two participants, Alice and Bob, an
EPR Source which produces entangled pairs of qubits, and an environment Env, where
other participants can take input from and send output to. Participant names are also called
roles in the context of MPSTs, which are used in type signatures for typing processes.

As is standard in MPSTs, we first define a global type G, which describes the global (or
abstract) view of the protocol, which is the expected pattern of interactions between all
participants. The types qbit and bit denote quantum and classical bits, respectively.

G 2 EnvoAlice:(qbit).
Source—Alice:(gbit) . Source—Bob:(qbit).
Alice—Bob:(bit?) . Bob—Env:(qbit).
end

This global type is meant to be read sequentially, from left to right. First, Env sends a
gbit to Alice, or, Alice takes a qbit from Env, which describes both the send and receive
actions of the interaction. Next, Alice takes a qbit from Source, and Bob takes a qbit
from Source. These two qubits are meant to be entangled, which will be implemented by
the program for the Source process. Then, following protocol, Alice sends two classical
bits to Bob via a classical channel, which is written as the type bit?. Finally, Bob sends a
gbit to Env, and the protocol ends.

Two important points are worth mentioning. The global type does not specify the actual
quantum operations that are performed, but only the abstract view of the system, given by
the types of the messages exchanged between participants. The participant Alice only
exchanges classical bits with Bob, and qubits are only exchanged during interactions with
Source and Env, which is expected of the quantum teleportation protocol.

The global type G can be projected onto each participant p to obtain a local type for each
participant, G | p, where [ is a projection operator (with merging), defined in [Lanese et al.
2024, Def. 2]. Local types are similar to session types (in the binary sense), but importantly,
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differ in the fact that they are annotated with the roles of the participants. The local type
for each participant describes its behaviour in the context of the whole multiparty session.
We give the the local type for each participant below, which is calculated by projection.

G|Alice = Env&(qgbit).Source&(qbit).Boba®(bit®).end
G |Bob Source&(qbit).Alice&(bit?) .Enve(qgbit).end
G [Source = Alice®(qgbit).Bob&(qgbit).end
GlEnv = Alice®(qgbit).Bob&(qgbit).end

The local type G [ Alice describes the expected interactions for Alice: first, Alice receives
a qbit from Env, which is denoted by Env&(qgbit) — the external choice (or branching, or
simply, receive) type (corresponding to the “with” additive in linear logic), with only a
single branch of type qbit annotated with the sender’s role Env. Next, Alice receives a gbit
from Source, using the same external choice type. Then, Alice sends two classical bits
to Bob, which uses the internal choice (or selection, or simply, send) type (corresponding
to the “plus” additive in linear logic), with only a single selection of type bit? annotated
with the receiver’s role Bob. Finally, Alice ends the protocol. Note that each branching
or selection type has a single branch or selection in this example, forcing the protocol to
follow a linear sequence of interactions. In general, these can have multiple branches or
selections, indexed by sets of labels, allowing for more complex interactions. Similarly, the
local types for Bob, Source, and Env are as expected.

Now we write terms defining the actual processes in the quantum teleportation protocol
and assign them roles, realizing the actual multiparty system which implements the
quantum teleportation protocol. We take inspiration from the syntax in [Ardeshir-Larijani
et al. 2018, Fig. 11], but adapt it to include primitives for session-typed communication.

M 2 Alice > P4 | Bob > Pg | Source » Ps | Env > Pg

where:
Psx = Env&(w).Source&(x).CNot(w,x).H(w).7 := meas (w, x).Bob&®(7).0
P = Source&(y).Alice&(7).or(y).Enve(y).0
Ps = newxs,ys.H(xs).CNot(xs, ys) .Alice® (x;).Bob@(ys).0
Pr = Alice®(q).Bob&(y).0,

The term language combines standard syntax of session types, with quantum operations
on qubits, (and classical operations on bits). We describe each process in turn.

Alice is associated to the process P4, which takes the desired gbits from Env and
Source, then applies two unitary transformations to them: a controlled not CNot (which
negates the second qbit if the first one is true, just propagates it otherwise — and acts
linearly if the states of the qubits are not classical states but a superposition of them), and
a Hadamard gate H (which turns classical states into a superposition), measures the two
resulting gbits obtaining two classical bits in r (the meas operator here works on pairs),
and sends them to Bob.

Bob, or Pg, gets the two bits and uses them to select which of the 4 Pauli transformations
0o, - . ., 03 to apply to y, where oy is the identity matrix, and o1, 02, o3 are the three 2 X 2
Pauli matrices.



Ivan Lanese, Ugo Dal Lago, and Vikraman Choudhury

Source, or Ps, just creates a pair of entangled qbits, and sends its components to,
respectively, Alice and Bob. Env, or Pg, just gives the initial qbit to Alice and gets the
result from Bob.

This is an untyped multiparty system, and we now typecheck the system, using our
typing rules [Lanese et al. 2024, Fig. 4]. We explain how typechecking works informally.
To typecheck a multiparty system, one typechecks each process using the local type of its
participant. For example, the typing of Alice’s process P, is derived as follows.

0 - r:bit?  r : bit? 0 -r:bit? - 0 : end
0 - r:bit? r Bob®(r).0 : Bob®{(bit’).end}
0 - z:qbit, x:qbit + r := meas (z, x).Bob®(r).0 : Bob@{(bitz).end}
0 - z:qbit, x:qbit + H(z).r := meas (z, x).Bob&(r).0 : Bobea{(bitz).end}
0 - z:qbit, x:qbit + CNot(z, x).H(z).r := meas (z,x).Bob®(r).0 : Bob@{(bitz).end}
0 - z:qbit  Source&(x).CNot(z, x).H(z).r := meas (z,x).Bob®(r).0 : Source&{(qbit).Bob&{(bit?).end} }
0-0+ Env&(z).Source&(x).CNot(z, x).H(z).r := meas (z,x).Bob®d(r).0 : G [Alice

We read the typing derivation in a bottom-up fashion, maintaining a typing context for
classical (non-linear) variables (bound to values at runtime), and quantum (linear) refer-
ences (bound to references in a quantum register at runtime), in each evident judgement.
The process P4 and its local type G [Alice evolves in tandem (in fact, their transitions
are in bisimulation). The received qubits z and x are bound in the linear typing context,
and used by the unitary operations CNot(z, x) and H(z), which do not consume the qubit
references. The measurement operation r := meas (z, x) measures both qubits, consuming
both of them in the typing context, and binds the (classical) variable r to a pair of bits in
the (non-linear) typing context. This is used in the selection, when r is sent to Bob. Finally,
P4 ends the protocol, discarding r. Similarly, processes Pg and Ps are typechecked using
their respective local types, in empty contexts. The environment process Pg requires a free
qubit g, and is typechecked in context q:qbit. Completing all derivations, the following
judgement is evident.

q:qbit - M : G

Processes and multiparty systems in QMPSTs can be given a dynamic semantics by
giving a non-deterministic and probabilistic labelled transition system (GPLTS), over con-
figurations of quantum states, in addition to the usual communication rules of multiparty
session typed systems (see [Lanese et al. 2024, Sec. 3]). Typechecking ensures the following
important properties for multiparty systems (see [Lanese et al. 2024, Sec. 4]):

Subject Reduction: transitions preserve typability,

Session Fidelity: Global types and multiparty systems evolve in agreement,
Progress: Every well-typed system reduces, or is of global type end,

Type Safety: Well-typed systems do not get stuck,

Unique Ownership Of Qubits: Every qubit reference is owned by exactly one process,
and

Qubit Safety: Qubit references owned by well-typed systems are the same as their
runtime qubit registers.
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