@° PLOS | ONE

Check for
updates

E OPENACCESS

Citation: Cardenas-Lopez FA, Lamata L, Retamal
JC, Solano E (2018) Multiqubit and multilevel
quantum reinforcement learning with quantum
technologies. PLoS ONE 13(7): €0200455. https:/
doi.org/10.1371/journal.pone.0200455

Editor: Zoltan Zimboras, Wigner Research Centre,
HUNGARY

Received: April 12,2018
Accepted: June 25, 2018
Published: July 19,2018

Copyright: © 2018 Cardenas-Ldpez et al. This is an
open access article distributed under the terms of
the Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Data Availability Statement: All relevant data are
within the paper and its Supporting Information
files.

Funding: We acknowledge support from CEDENNA
basal grant No. FB0807 and Direccion de
Postgrado USACH (FAC-L), FONDECYT under
grant No. 1140194 (JCR), Spanish MINECO/FEDER
FIS2015-69983-P and Basque Government IT986-
16 (LL and ES), and Ramén y Cajal Grant RYC-
2012-11391 (LL).

Competing interests: L. L. declares his affiliation
with PLOS ONE as Academic Editor. This does not

RESEARCH ARTICLE

Multiqubit and muiltilevel quantum
reinforcement learning with quantum
technologies

F. A. Cardenas-Lopez'-?*, L. Lamata®, J. C. Retamal'2, E. Solano®*°

1 Departamento de Fisica, Universidad de Santiago de Chile (USACH), Santiago, Chile, 2 Center for the
Development of Nanoscience and Nanotechnology, Estacién Central, Santiago, Chile, 3 Department of
Physical Chemistry, University of the Basque Country UPV/EHU, Bilbao, Spain, 4 IKERBASQUE, Basque
Foundation for Science, Bilbao, Spain, 5 Department of Physics, Shanghai University, Shanghai, China

* francisco.cardenas @usach.cl

Abstract

We propose a protocol to perform quantum reinforcement learning with quantum technolo-
gies. At variance with recent results on quantum reinforcement learning with superconduct-
ing circuits, in our current protocol coherent feedback during the learning process is not
required, enabling its implementation in a wide variety of quantum systems. We consider
diverse possible scenarios for an agent, an environment, and a register that connects them,
involving multiqubit and multilevel systems, as well as open-system dynamics. We finally
propose possible implementations of this protocol in trapped ions and superconducting cir-
cuits. The field of quantum reinforcement learning with quantum technologies will enable
enhanced quantum control, as well as more efficient machine learning calculations.

Introduction

Machine Learning (ML) is a subfield of Artificial Intelligence (AI) that has attracted increasing
attention in the last years. ML usually refers to a computer program which can learn from
experience E with respect to some class of task T and performance measure P, if its perfor-
mance at tasks in T, as measured by P, improves with experience E [1]. In other words,
Machine Learning addresses the problem of how a computer algorithm can be constructed to
automatically improve with experience. Several applications in this field have been imple-
mented such as handwriting pattern recognition [2], speech recognition [3] and the develop-
ment of a computer able to beat an expert Go player [4], just to name a few.

The learning process in ML can be divided in three types: supervised learning, unsupervised
learning and reinforcement learning [5]. In supervised machine learning, an initial data set has
the function of training the system for later prediction making or to classify data. Usually,
supervised learning problems are categorized into regression (continuous output) or classifica-
tion (discrete output). Unsupervised learning allows one to address problems where the train-
ing data is not necessary and only correlations between subsets in the data (clustering) are
considered and analyzed. Finally, reinforcement learning [6] differs from supervised and
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unsupervised learning in that it takes into account a scalar parameter (reward) to evaluate the
input-output relation in a trial and error way. In this case, the system (so-called “agent”)
obtains information from its outer world (“environment”) to decide which is the better way to
optimize itself, for adapting to the environment.

Quantum information processing (QIP) could contribute positively in the future in the
development of the machine learning field, with several quantum algorithms for machine
learning with significant possible gains with respect to their classical counterparts [7-11].
More specifically, quantum algorithms have been developed and in some cases implemented
for supervised and unsupervised learning problems [12-18]. However, quantum reinforce-
ment learning has not been widely explored and just a few results have been obtained up to
now [19-26]. Related topics in biomimetic quantum technologies are quantum memristors
[27-30], as well as quantum Helmholtz and Boltzmann machines [31-33]. These, together
with quantum reinforcement learning, may set the stage for the future development of semi-
autonomous quantum devices.

The field of quantum technologies has grown extensively in the past decade. In particular,
two architectures which are very promising for the implementation of a quantum computer,
in terms of numbers of qubits and gate fidelities, are trapped ions [34, 35] and superconduct-
ing circuits [36-38]. Current technological progress in trapped ions has allowed us to imple-
ment quantum protocols with several ions involving high-fidelity single and two-qubit gates as
well as high-fidelity readout [39, 40]. Superconducting circuits have also proven to be an excel-
lent platform to perform quantum information processing protocols because of their individ-
ual addressing and scalability. Two-qubit quantum gates have achieved fidelities larger than
99% [41, 42] in this platform. Furthermore, technological progress in this architecture has
made possible to build artificial atoms with high coherence time in coplanar [43] and 3D
architecture [44], allowing for the development of feedback control with superconducting cir-
cuits [45, 46]. This feedback mechanism has inspired protocols for quantum reinforcement
learning with superconducting circuits [23] where the feedback loop control allows one to
reward and restart the system to obtain maximal learning fidelity.

Here, we propose a general protocol to perform quantum reinforcement learning with
quantum technologies. We understand general in the sense that it goes beyond the context of
qubits for embedding information in agent or environment. In this sense, and at variance with
a previous result [23], we extend the realm of the quantum reinforcement learning protocol to
multi-qubit, multi-level, and open quantum systems, therefore permitting a wider set of sce-
narios. Our protocol considers a quantum system (the agent), which interacts with an external
quantum system (its environment) via an auxiliary quantum system (a register). The aim of
our quantum reinforcement learning protocol is for the agent to acquire information from its
environment and adapt to it, via a rewarding mechanism. In this fully quantum scenario the
meaning of the learning process is the establishment of quantum correlations among the par-
ties [21]. In our specific case, the quantum agent aims at attaining maximum quantum state
overlap with the environment state, in the sense that local measurements on agent and envi-
ronment will produce the same outcomes or, equivalently, that the agent and environment
entangled final state is invariant under the exchange of these two subsystems. An interpreta-
tion of this outcome is that the agent can learn about the information embedded in the envi-
ronment state, which has been consequently modified from a separable to an entangled state
with the agent and registers. After this process we are in position of evaluating any figure of
merit with the outcome measurements. Optimizing this figure of merit should be associated to
a particular learning process probably requiring particular actions to be applied on the agent.
Another possible result is obtained by considering projective measurements in the register sys-
tems. Only after these projective measurements agent and environment will be decoupled
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from them and the protocol assures that the former are in a pure correlated state, without
needing to know any information about their initial states. We analyze the case where the reg-
ister subspace is larger than agent and environment subspaces. The inclusion of more elements
in the register subspace allows for delaying the application of the rewarding criterion to the
end of the quantum protocol. This fact will enable its implementation in a wider variety of
quantum platforms, besides superconducting circuits with coherent feedback. We also study
quantum reinforcement learning in the case where agent, environment and register are com-
posed of qudits. In this case, we obtain that the maximal learning fidelity is achieved in a fixed
number of steps in the qudit dimension, and this number scales polynomially with the number
of subsystems in the environment subspace. In addition, we analyse quantum reinforcement
learning in the situation where the environment is larger than the agent. We highlight two
results: the first of them is obtained when considering that the register has the same elements
than the environment. In this case, two rewarding criteria are needed to obtain maximal learn-
ing fidelity and the entanglement between the agent and a specific part of the environment is a
key resource. The other case is the situation where the register has more elements than the
environment. In this case, only one measurement is needed to obtain maximal learning fidelity
and the environment-agent entanglement is not a key resource. Based on this fact, the reward-
ing criterion is applied at the end of the protocol. Finally, we describe how our quantum learn-
ing protocols can be implemented in quantum platforms as trapped ions and superconducting
circuits.

Quantum reinforcement learning protocol with final measurement

Here, we introduce a protocol to perform quantum reinforcement learning, which introduces
significant novelties with respect to the existing literature. Unlike a previous quantum rein-
forcement learning result [23], the protocol described here needs one measurement at the end
of the procedure and no feedback, allowing for its implementation in a variety of quantum
platforms including ions and photons. The improvement relies on adding more registers than
before [23] and making them interact conditionally with each other. The inclusion of ancillary
systems has proven to be useful in several implementations of quantum information, because
measurements on the ancillary system allow one in principle to obtain information about the
main system without destroying it. Moreover, the measurement associated with the rewarding
criterion is performed at the end of the protocol. This opens the possibility to implement quan-
tum reinforcement learning protocols in architectures for which implementing coherent feed-
back may be a challenging problem.

The quantum reinforcement learning protocol described here works in the following way.
We firstly consider an agent and environment, composed of one qubit each, and two register
qubits, see Fig 1. The first step is to encode the environment information in the register states
(usually this kind of operation in the context of classical reinforcement learning is called the
action). Subsequently, the internal states of the registers interact conditionally with the agent
(usually this kind of operation in classical reinforcement learning is called the percept). Finally,
an agent-register interaction changes the agent state (partial rewarding mechanism). At this
stage the rewarding criterion is satisfied, in the form of a correlated agent-environment state,
in the sense that local measurements on agent and environment will produce the same out-
comes. On the other hand, the agent-environment system is also entangled with the two regis-
ters, and in order to attain a correlated pure state of agent and environment, a single, final
measurement may be performed on the two register states. This will produce an agent-envi-
ronment state maximizing the learning fidelity defined as F ,; = [(/,|¢;)|, where |y,) is the
agent state and |¢g) is the environment state, both after the protocol.
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Fig 1. Proposed protocol to perform quantum reinforcement learning with final measurement. We consider a set composed of four qubits, corresponding to agent

A, environment E, and registers R, and R,. The considered interactions agent-register, register-register and environment-register consist of CNOT gates. The
measurement in the register subspace is denoted by the rightmost box.

https://doi.org/10.1371/journal.pone.0200455.9001

To perform our quantum reinforcement learning protocol we consider that initially agent
and environment are in arbitrary single-qubit pure states, whereas the register states are in
their ground state, namely

{14) = @10), + 1), |E) = ox[0) + o[ 1)y, [R) = 0),10),} (1)

W)y = |AIE)R). (2)

The first step in the protocol is to extract information from the environment, updating the
information in the registers conditionally to the environment state. This process is done by
applying a pair of CNOT gates in the environment-register subspace. Here, the first system is
the control and the second the target,

¥ = Uik Uek) ¥, (3)
W) = (04100, + e [1).0) (9£10)£0),]0), + o[ 1) [1)[1),)- (4)

Then, the information encoded on the registers is updated conditional on the agent state. As
the register subspace is larger than the agent subspace, we will choose which part of the register
subspace will the agent update. Without loss of generality, let us assume that the register R,
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will be updated. The upgrade of agent subspace is performed by a CNOT gate acting in the A —
R, subspace, where the agent state is the control and the register is the target,

|lP>2 = U(CAIT]IgﬂlP%a
W), = (230210),]0)£10),]0), + 0G0 0}, 1) [1), 1), + oyerg[1),[0)[1),10), (5)

+oy0 1) 4[1)£[0), 1))

Subsequently, the register R, is also updated with respect to the R; state. This is accomplished
by applying a CNOT gate in the register subspace, where R; acts as control and R, as target,

¥)y = Ul ¥
)5 = (0g]0),4]0)£10),10), + 0 [0)4[1)£[1)1]0), + oo [1),4]0)[1),[1), (6)

+ouy o[ 1) 4[1)£[0), 1))

Followingly, we update the agent state according to the information encoded in the register R;.
This is done by applying a CNOT gate in the R; — A subspace, where R, is the control and A is
the target,

W) = Ugal¥s
W), = (0305]0),4]0)£]0),10), + aggorg 1) 4[1)p[1),]0), + 030t [0) 4]0) [ 1), 1), (7)
+ou o[ 1) 4[1)£[0), 1))

We point out that, in the previous state, agent and environment are already maximally corre-
lated, in the sense of having the same outcomes with respect to local measurements performed
on either of them, or, equivalently, the state is invariant under particle exchange with respect
to the agent-environment subsystem. We also remark that this state is general, valid for any
initial agent and environment states. The fact that agent and environment get entangled with
the two registers allows one to distinguish between identical agent-environment components
that originate from different initial states, namely, to distinguish between states arising from
oo or o o, as well as from oo}, or o} ol

Finally, by performing a projective measurement on the register subspace, the rewarding
criteron is satisfied. It is easy to show that, independently of the measurement outcome, the
learning fidelity F ,; = |(Y,|¢;)| is maximal, given that agent and environment states end up
being in the same state, either |0) or |1). In this case only one iteration of the protocol is suffi-
cient in order that the agent adapts to the environment. Moreover, throughout the protocol,
measurements on agent and/or environment are not required, which may allow its implemen-
tation in a variety of quantum platforms as trapped ions, superconducting circuits, and quan-
tum photonics.

In our protocol, we do not need coherent feedback given that the registers entangle with
agent and environment and as a result produce the desired agent-environment state that is
invariant under permutation. It is true that the entanglement with the registers produces a
mixed state in case the register states are discarded, but this is not a drawback in our protocol.
Indeed, what our protocol does is, for arbitrary initial agent and environment states, which
need not be known, to give a constructive way to produce a final agent-environment state per-
fectly correlated, in the sense of invariant under permutations in agent-environment subspace.
This state is in general entangled, namely, quantum, and we do not need to perform any mea-
surement on agent and environment during the protocol, namely, it can equally well work
with photons, ions, and superconducting circuits, among others. After the production of the
agent-environment-register entangled state, the registers are entangled with agent and
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environment, but this does not prevent us from measuring the registers at a certain desired
time, and decoupling agent and environment from them. This way, we will not have measured
agent and environment at any time of the protocol, and we can assure that they are perfectly
correlated irrespective of their initial states, and without having any prior information about
them. This may be useful, e.g., for distributing private keys in quantum cryptography for arbi-
trary, unknown, initial states, without the need to initialize agent and register in reference
states.

Quantum reinforcement learning for multiqubit systems with final
measurement

In the previous section, we have showed that by considering more than just one register the
rewarding criterion in the quantum reinforcement learning algorithm can be done at the end
of our protocol. The same results can be obtained when we consider more complex configura-
tions. Indeed, by assuming that agent and register are composed of two qubits each, and four
qubits act as registers, we show that the rewarding criterion can also be applied at the end of
the quantum protocol. Let us illustrate this fact with an analysis for multiqubit agent, environ-
ment, and register states,

[A) = 100), + 00 [01), + 0’ [10), + [ [11),, (8)
|E) = 2’00} + ' [01) + 0"[10)  + 0/ [11)., ©)
[R) = 10),10),10)5]0),, (10)

), = |4)[E)|R). (11)

Following the same procedure described previously, the protocol consists mainly in three
types of interaction, as shown in Fig 2. Firstly, we update the registers conditionally to the envi-
ronment states. More specifically, we consider an interaction between the environment qubits
E; and E, with the registers R; and R,, respectively. In this description, the environment acts as
control and the registers act as targets in the CNOT gates,

W) = Ui Ui ¥
W), = [A)(2]00);[0},]0)510)5[0), + '01),]0),[1),10);0), (12)

+o' [10)£]1),10),]0)4]0), + o5 [11)£[1),]1),]0)510),)-

Thereafter, we update similarly the remaining registers, that is, we apply a CNOT gate between
the environment qubits E; and E, and the register qubits R; and R, respectively, obtaining

¥), = Uge)Usw P
W), = [4)(]00)£]0),10),]0)5]0), + ot'[01)[0), [1),]0)5]1), (13)

g [10)£1),10),[1)5]0) + o [11) 1)1 1),[1)5]1).)-

Next step consists in updating a part of the register subspace conditionally to the agent state.
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Fig 2. Schematic representation of quantum reinforcement learning protocol for multiqubit systems. Agent, environment and registers are denoted as A, Eand R,
R,, R, and R,, respectively. The measurement in the register subspace is denoted by the rightmost box.

https://doi.org/10.1371/journal.pone.0200455.9002

Thus, the registers R; and R, will be updated via A; and A,, respectively,

W)y = UG Uiy ¥
W), = 94'0]00),]00)]0),10),]0),[0), + 0c’e'[00),4]01)£]0),[1),0)5[1),
+003'0'[00),4[10) £[1),10),[1)510), + 00t [00) 4 [11) [ 1), [1),[1)5]1),,

+0310'[01),,]00) ]0)1[1),]0)50), + 04! 01 [01),,01) [0, [0),]0)[1) 4

oo’ |01) 1 [10) 1), [1),[1)5]0), + ot 01 [11)[1),]0),[1)5[ 1), (14)
+a'%’[10),4]00)£[1),10),]0)5]0), + o’ [10) 01 [ 1), [1),]0) 1),

oo [10),410)£]0),10),[1)4]0), + oy'ozg! [10),[11)]0) [ 1), 1), 1),

oo [11),4]00)£[1),1)5]0),]0) + 03’0z’ [11),,]01)]1),]0), |05 1),

o o’ [11),4]10)£]0), [1),[1)5]0), + oo [11)[11)£[0), [0, [ 1)),
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Afterwards, to obtain orthogonal outcomes in the register subspace we perform a pair of
CNOT gates in this subspace. The interaction will be between the registers that interact with a
common environment, namely, register R; interacts with R; because both have interacted with
E,. Similarly for R, and R, which have interacted with E,. In this case, R;(R;) is the control

and R3(R,) is the target.

W) = Uiy Uy [P)s

W), = 3'o'00),]00)[0),10),]0)5]0), + 0i’z'[00) ,[01)£[0),[1),]0)4]0),
F002;'[00) 4 [10)[1),]0),0)510),, + a0z [00) 1 [11) £ [1),]1),]0)5]0),

Foi3o'[01),]00)[0),]1),]0)5 1), + or'erg'[01),,]01)0),]0),]0),]1),

F0to’|01) . [10) [ 1), [1),]0)5]1) + e'erg'[01),[11)[1),]0), |0} [1),  (15)
Fo,o'[10),00)[1),]0),[1)510), + ooy [10),,]01) 1), [1),[1)510),
Fo,02;'[10),10)]0),10),[1)510), + oot [10) ,[11)[0),[1),[1)510),
ooy [11),4]00) 1), [1),[1)5[1), 4 o6l [11) ,]01)[1),]0),[1)51),
Folog [11),[10)[0),]1),[1)5 1), + erilog'[11)1[11)£[0),0),[1)4]1),-

Finally, we update the agent considering the states of the register in order that the rewarding
criterion is satisfied. This is done by applying two CNOT gates in the agent-register subspace,
where A; is controlled by R; and A, is controlled by R,,

W) = Ui Umanhis
W), = %]00),]00)£]0),0),]0)4]0 1),10),10),

+ oo [11),[11) 1),

1210)510), + o'z’ [01),]01)]0), [1),]0)4]0)
10)510)510), Ye[1)111),/0),10),
+o'0|00) 400 £]0),[1),0)5[ 1), + o305 [01),]01) £]0),]0), |04 1),
oo [10),[10) 1), [1),]0),[ 1) 4 + ooty [11),,[11)4[1),]0),[0)5 1), (16)
+o'0|00),4100) £ 1),10),[1),]0) 4 + 2’0z’ 01),,]01) 1), 1),[1),]0),
o'y [10),4[10)[0),]0)5[1)]0), + elory! [11),[11)[0), [1),[1),]0),
+o0|00) 4 00) £ 1), [1),[1)[ 1), + 0370t [01),01) [ 1),]0), 1) 1),
oo [10),10)£]0), [1), 1) 1) + ooz [11),11)]0)1]0), 1) 1),

From the latter Eq (16), it is straightforward to see that independently of the measurement out-
comes the learning fidelity is maximal. Moreover, as in the previous case, one iteration of the
quantum reinforcement protocol is needed to obtain maximal learning fidelity,

Fap = |<lpA‘¢E>|

Quantum reinforcement learning for qudit systems

So far, we have studied quantum reinforcement learning processes only for two-level systems
or in pairs of them. However, there are several quantum systems which cannot be described in
terms of a two-level system. For instance, quantum harmonic oscillators, electronic energy lev-
els in an ion, and superconducting artificial atoms such as transmons [47], where for some
regimes of Josephson energy they must be considered as a three-level system. In this context, it
is interesting to extend the quantum reinforcement learning protocol developed here for cases
where multilevel systems compound the agent, environment, and register.

To perform the previous task, we first need to define a set of logic operations that we will
perform on our system. In the qubit case, the main logical operation applied is the CNOT gate,
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which considers a conditional interaction between two qubits, where one acts as a control
while the other acts as a target. The control qubit remains unchanged whereas the target qubit
output is modified by the addition modulo 2. Then, it is wise to assume that the set of logic
operations between multilevel systems could be defined in terms of an addition modulo D,
where D stands for the dimension of one subsystem (agent, environment or register sub-
spaces), according to

U|i>1lj>2 = |i>1|i@j>2- (17)

Here, i @ j stands for the addition modulo D. This gate is usually known as XOR gate [48]. For
two-dimensional systems, this gate corresponds to the CNOT gate. Nevertheless, for higher
dimensional systems this definition presents several disadvantages. For instance, the XOR gate
defined as in Eq (17) is unitary but not Hermitian for D > 2. Moreover, this logical operation
is no longer its own inverse. To avoid these problems, in the literature [48] the generalized
XOR gate (GXOR) has been defined as

GXOR1,2|i>1|j>2 = |i>1|i9j>2> (18)

where the operation © denotes the difference i — j modulo D. The GXOR gate of Eq (18) does
not present the disadvantages pointed out in the definition of Eq (17). That is, the GXOR gate
is Hermitian, unitary and i © j = 0 only when i =j.

Considering our proposed protocol for single-qubit cases, we show that when we take into
account multilevel systems, the number of interactions to obtain maximal learning fidelity is
fixed and depends only on the number of agent subsystems in the protocol. Let us illustrate
this with an example of multilevel agent-environment-register state,

N-1 N-1

= D> degln),m);|0),]0).. (19)

n=0 m=0

The first step in our protocol is identical to the equivalent one in the single-qubit case. We
update the register conditionally on the environment state, that is, we transfer information of
the environment and encode it in the register system. This is done by applying a pair of GXOR
gates acting in the environment-register subsystem. In this case, the environment interacts
with both registers R; and R,. The environment acts as control and both registers are targets,

W) = Uk Yo,

(E,Ry)

N—-1 N-1 (20)

) = DD dogin)lm)glm),j0),.

n=0 m=0
Ws) = Uiy ¥h),

N-1 N-1 (21)

[¥.) = DD chogln)m)plm),[m),.

n=0 m=0

Once the information has been transferred to the register, we update the register R, based
on the agent state. That is, we perform a GXOR gate in the subspace composed of agent and
register. Here, the agent act as a control and the register R is the target,

W) = Ui |¥a),

N-1 N-1 (22)
¥y = Y Za”a"“l alm)gln © m),[m),.

n=0 m=
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Orthogonal outcome measurements in the register subspace are provided by interactions
between the registers in this subspace. Thus, we apply a GXOR gate in the register subspace,
where R, is the control and R, is the target,

Y, = U(;)f%}j V),

N-1 N-1 (23)
) = DD dhegln)lm)pn © m),|(n© m) S m),

n=0 m=0

Subsequently, the agent state is updated conditionally to the information encoded in the state
of the register R,. The GXOR gate is applied in the register-agent subspace. In this case, R; is
the control and the agent is the target,

¥ = Ugalta),

N-1 N-1 (24)
W) = Z Z“Z“Ztm O m),[m)gln © m),|n© 2my),.

n=0 m=0

For the case where the multi-level system contains D = 2, we recover the result discussed pre-
viously because of 0 © m = m for that dimension. On the other hand, we are interested in sys-
tems with more energy levels, such that we need to adapt the protocol to obtain maximal
learning fidelity for a fixed number of steps. In this case, we will update the agent subsystem by
an iterative interaction with registers R; and R, as shown in Fig 3. Here, the agent always acts
as target, while the registers are the controls. Therefore, we apply a GXOR gate between the
register R, and the agent,

|1116> — UGXOR|\P>
N-1 N-1 (25)
W) = > waine m),myln© m),[n S 2m),.
n=0 m=0

Now, by applying a GXOR gate between the register R; and the agent we obtain,

W) = U l¥e),
N-1 N-1 (26)
¥ = DD o [0),m)gln © m),|n © 2m),.
n=0 m=0
We perform subsequently a GXOR gate in the subspace composed of R, and agent A,
W) = Un¥2)s
N-1 N-1 (27)
W) = 3 waine 2m),|m),ln e m),n e 2m),
n=0 m=0

Finally, applying a GXOR gate on the register-agent subspace we obtain the desired result. By
considering a fixed number of interactions between the set of agent, environment and register,
the learning fidelity becomes maximal independently of the outcome measurement on the reg-
ister subspace, which can again be carried out at the end of the protocol,

W) = Ugnl¥s),

N-1 N-1 (28)
[¥) = D> dholm),lm)pln © m),|n© 2m),.

n=0 m=0

Thus, in a machine learning protocol where the learning units are composed by multilevel
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Fig 3. Quantum reinforcement learning protocol for qudits. The systems involved are denoted as agent A, environment E and registers Ry, R,. In this case, the logical
quantum gates which are applied in the learning protocol correspond to GXOR gates. The measurement process in the register subspace is denoted with the rightmost
box.

https://doi.org/10.1371/journal.pone.0200455.9003

systems (see Fig 3), the number of logical operations required to obtain maximal learning
fidelity does not depend on the system dimension.

Example

Here, we exemplify how our reinforcement learning protocol works in qudit systems. We con-
sider, without loss of generality, the case for dimension D = 4. In this case, the agent-environ-
ment-register state has the following form,

|A) = o]0), + o 1), + o4 [2)4 + % 13) 4, (29)
|E) = oigl0)p + o[ 1) + 0 |2) + 2[3) (30)
[R) = 10),]0), (31)

W)y = [A)E)|R). (32)

As mentioned previously, the considered quantum gate is a GXOR gate with subtraction mod-
ulo 4. The first step is to update the register according to the environment information,

|\P>1 = U(GE?(12];|T>07
W) = (]0), + o |1), +04[2), +0il3),) (33)

(5100610, 10); + 05 [1)£[1)110), + 0£[2)£[2),10), + 2£3)[3),10),),

W), = Uiy ¥,
W), = (G0}, + a1, +0312), + 513),) (34)

(@£10)£10)110), + org| 1) | 1), 1), + 05 [2)[2), [2), + 02[3)[3),13),)-
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Subsequently, the register is updated conditional to the agent state,

¥, = Uaxg**m

W)y = o40510)4]0)[0),10), + oierg|0) 4] 1)
|
|
|
|

2£100,10) 2
oy O<E|0> 130611135

| |

| |

| |

| |

£3h 1
+ 05 11),4]0)4[1),0),
12041301120, + b0 1),413)412),13), + 0202[2),,]0
)12)
ALY

| )
2el1)113) |
)el3)112) Dal3)el )
1),(1),11), + %oz |2) ,12)]0),]2), + o302 |2)
)£13),10) Dall)el )
2£10):113)

1301 [1)s + 0 [0),4]2),
Vel | )
Jel2)1| 10)£12),10),  (35)
FON | )
al0)£13)110), + 03 [3),4[1)£12),[1), | )

A3E0132'

Then, to obtain orthogonal outcome measurements in the register basis, we perform an inter-
action in the register subspace,

W), = UGR’f‘i‘j ¥
W), = |0> 1006100110} + 030t 0) 5[ 1) £[3)1[2)5 + 30[0) 4]2)[2),]0)
0 |0).4]3)51)112), + o0 [1) 4]0 [1): 1), + o006 ]1) 4[1)]0),13),
+O€10<§|1>A|2>E|3>1I1> + oo |1)413)(2)113), + #4012),10)4[2),2),  (36)
oo [2) ,[1)p[1),10), + ook |2) 4]2)10),12), + o0 |2) 4[3)£13),10),
+e0[3)4]0)£[3)113)5 + eiotg|3).a1)[2)1 1), + o0k |3) 4[2) (1), 13),
o0 (3) 4[3)[0): 1),

Now, we need to apply iterative interactions in the register-agent subspace to update the agent
in each step until we get maximal learning fidelity with respect to the environment. We start
by performing a GXOR gate between the register R; and the agent,

‘\{]>5 — UGXORI\P>

(W) = 0]0)4]0)[0)110), + ook |3)4[1)5[3)112), + e |2) 412)£[2),0),
oo [1)4[3)p[1)112), + 00 [0),4]0) 1), 1), + o0613) 4[1)£]0),13),
o0 [2) 4[2)p[3)1 1), + a0 [1),4[3)£[2)113), + 40[0),4[0),[2),12),  (37)
Feo[3) 5[ 1)p[1)110), + ook |2) 4]2)510), 12), + oo |1) 413)£13),10),
+e302[0),4]0)£[3)113), + o0tk |3).41)5[2): 1), + o0 |2) 4[2) (1), 3),
oo [1),4[3)[0) 1),

Hereafter, we apply the GXOR gate in the R,-agent subspace,

‘\I]>6 — UGXOR|\P>

W)s = 040210)4]0)£[0),10); + o4erp|3) 4[1)[3)112), + 4oz |2) 4[2)[2),10),
+ory %Il> 13)el1)112)5 + 0 [1)410)[1)1[1), + 0105[0)4[1)£10),[3),
+o0(3) 4[2)5[3), 1), + 05 12) 413)£12),13), +fo £ 2)410)£[2),12),  (38)
Foiaop|1) 41)£11),10), + 035 [0)412) [0), [2), + 050 [3) 413)[3),10),
oo [3)4]0)5[3)113), + oo [2) 4[1)£[2), 1), +a3a§|1>Al2>E|1>1\3>2
+00[0),4[3)£[0): 1),
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Afterwards, we perform a GXOR gate between R; and A,

), = UzalPs
‘lP>7 = A E|O>A|O El3 2
3)ell) +a1°‘%|0>A0511 +“i°‘115|0>A150132

)
2 2)
A13)413),10
+O{iai‘|0A2 E1>]32

|

2el1112), nl),
+o0[0),4]2)[3), 1), ) )113)s + #32£0),]0
o0 [0),4[1)£[1)1]0), + 20[0),4[2)5[0), [2), + o0 |0)
+0030[0)4[0)13), 13), + 0630 [0) 4 [1)£[2), 1), )
+030£[0),4[3)[0): 1),

+ o310 ,13) 212,13 2

A 1 1 2

£0)110), + 040510) 1 [1)[3),12), + 04e410) 4[2)[2),10),
10)e[1), 1 1)£10), |
13)e12)1] 10)/2), |
12)£|0)1] 13)e13)1]
1)e12),] 12)6l1),

|
)
e
)
)

) )
+000).4] 2 )

| | o (39)

| | )

| | )

| |

Subsequently, an interaction in the R,-agent subspace is performed,

W)s = U Ve
W)y = 0g]0)4]0)[0),10), + oo |2) 4[1)4[3)112), + 2405]0) 4[2)4[2),0),
oo [2)4[3) 5[ 1)1[2), 4 o[ 1).4]0) 1) 1), + o0613) 4[1)4[0)413),
+ou 0 1)412)13)1 1), + 0302[3)413)[2),[3), + 04212),410),[2),[2),  (40)
+e0[0) 4 [ 1) p[1)110), + o0k |2) 4]2)[0),[2), + 0305]0),4[3)£13),10),
o0 [3) 4]0 £[3)113), 4 ciotg|1).a1)[2)1 1), + o0 |3) 4[2) (1), 13),
oo [1),4]3)[0): 1),

Finally, we apply a GXOR gate between R, and the agent,

W)y = U Vs
W)y = 02]0)4]0)[0),10), + oo |1) 4[1)5[3),12), + ek |2) 412)4[2),10),
+e0(3) 4[3) [ 1):1[2), + 2 “|0>A|0>E|1>1\ )a + 0305[1),[1)£[0),13),
+<><10!§|2>A|2>E|3>1I1> o [3)43)52)113)5 + 0 [0)4[0)£[2),[2),  (41)
o[ 1) 4[1)5[1)110), + 050 [2) 4[2)[0), 12), + o0513) 4[3)13)110),
2[0) 4]0)[3),3), +0<5 1|1>A|1>E|2>1\1> + #0512) 412)[1),3),
+O€3%I3>AI3>EIO>1I1>2

As we can see, based in the quantum protocol described previously (see Fig 3), we have shown
that for a fixed number of interactions, we obtain maximal learning fidelity even though the
system has an arbitrary dimension.

Quantum reinforcement learning in multiqudit systems

In the previous section, we proved that for an agent and environment composed of a multilevel
system each, the quantum reinforcement learning protocol entails maximal learning fidelity
for a fixed number of steps, irrespective of the dimension. Here, using this result, we also
prove that for more than one multilevel system in agent, environment, and register subspaces,
the number of steps is also fixed and scales with the number of individual subsystems that
compose both agent and environment subsystems. To be more specific, in the single-multilevel
case the needed total steps are nine. For two multilevel systems, we show that the number of
required steps are eighteen, and in general, 91, with n being the number of multilevel subsys-
tems. The possible initial states of our protocol consist in arbitrary superpositions for both
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agent and environment states and the register states are in their ground state,

N-1 N-1

[P0y = D > oo n),m),lp)pla),10),]0),10),]0),. (42)

n,m=0 p,q=0

The first step in the protocol consists in encoding the environment information in the register
states. This is done by applying a pair of GXOR gates. The gates are applied in the environ-
ment-register subspace, while the interaction in this case is the same as the one described pre-
viously. Namely, E; controls R, and E, controls R,.

) = UZSHUES ),
N-1 N-1 (43)
¥ = Y0 D oo n),lm),lp).la)slp)[4).10),10),.
n,m=0 p,q=0

Similarly, in the second step we encode the environment information in the other two registers
(Rs and R,) through GXOR gates. Here, the control system is the environment while the tar-
gets are the registers.

) = USSHUSSHIY),
N-1 N-1 (44)
[¥a) = D > oo m)lm)lp)cla)elp)|a)slp)sla)
n,m=0 p,q=0

Subsequently, a part of the register subspace is updated conditional on the agent information.
Therefore, we apply a pair of GXOR gates on the agent-register subspace. In this case, agents
A, and A, are controls and registers R; and R, targets.

|lP3> — UGXOR UGXOR) |\P1>7

(Ag,Ry) ™ (A1,Ry

W) = 3 S el o) labln © phlm © @hlp) ). )

n,m=0 p,g=0

Now, we update the register subspace considering interactions between register components
which have been acted upon with the same part of the environment. Namely, the register R;
will be updated with the control of R; (Similarly with R, being controlled with R;).

¥,) = U?é(})zlj U?z)fcf)zlj I¥),

N-1 N-1 (46)
¥ = Y Dol n),[m),p)sla)sin © p),lm © g)y|n & 2p),|m & 2),.

n,m=0 p,q=0

Subsequently, we need to apply successive interactions between agent states and register states
to obtain maximal learning fidelity. We show that applying the same interactions as for the sin-
gle multilevel case for the triplet formed by agent A; with the environment parts R; and R;
(similarly A, with R, and R,), the maximal learning fidelity is reached. It is straightforward to

PLOS ONE | https://doi.org/10.1371/journal.pone.0200455 July 19,2018 14/25


https://doi.org/10.1371/journal.pone.0200455

o @
@ : PLOS | ONE Multiqubit and multilevel quantum reinforcement learning with quantum technologies

show that
W) = U USRS UGS U
GXOR GXOR GXOR GXOR GXOR
URz Az)U UR4 Az)U U(Rz Az)
Uy [¥a), (47)
I¥,) = Z Zfl"m“ P al@)alp)ela)eln © p)iIm © q),|n © 2p),|m © 29),.
n,m=0 p,q=0

Summarizing, for the case studied in this section, we demonstrate that the number of opera-
tions required to obtain maximal learning fidelity does not depend on the learning unit
dimension and it is equal to eighteen operations, which correspond to the double of the
required steps in the single multiqubit case. It is straightforward to realize that the number of
needed operations to achieve maximal learning fidelity in a machine learning protocol com-
posed by n subsystems for agent and environment is equal to 9n. Namely, the number of oper-
ations scales polynomially, indeed linearly, with the number of subsystems.

Quantum reinforcement learning in larger environments

Up to now, the quantum reinforcement learning protocol described here always considers that
the agent and the environment have the same number of subsystems, as well as the same
dimension. In these cases, we have shown that by adding more system registers the quantum
protocol improves in the sense that only one iteration and one measurement is enough to
obtain maximal learning fidelity. Nevertheless, in more realistic scenarios, the agent must
adapt to larger or more complex surroundings. Here, we discuss the situation where the envi-
ronment has more subsystems than the agent, and therefore a larger dimension. As the envi-
ronment has more information than the agent, it is expect that not all available surrounding
information will be transferred to the agent. Indeed, we prove that by depending on the regis-
ter-environment interaction, the agent can encode the information from one specific part of
the environment. In this case, unlike the protocol previously discussed, we achieve maximal
learning fidelity after applying one measurement and a rewarding iteration (feedback).

The proposed quantum protocol is shown in Fig 4. Here, one two-level system forms the
agent, while register and environment are constituted each by two qubits. Each environment
qubit interacts with one qubit from the register, such that this interaction updates the registers
conditionally to the environment information. Then, one part of the register subspace is also
upgraded conditionally to the agent state. Subsequently, we perform a measurement on the
register subspace, such that depending on the measurement outcomes we apply a conditional
operation in the agent-register subspace until the agent adapts to a specific part of the environ-
ment. To illustrate this, let us introduce a possible agent-register-subspace state which has the
following form,

[A) = 23]0)4 + (1), (48)

|E) = o2]00), + a2'01), + 21[10), + o} [11), (49)
[R) = [0),10),, (50)

¥, = [A)|E)IR). (51)

The first step is to transfer quantum information from the environment onto the registers.
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Fig 4. Quantum reinforcement learning for larger environment systems. The systems involved are denoted as agent A, environment E and registers Ry, R,, where E
contains now two qubits while A just one. The logical gates applied between the different subsystems are CNOT gates. In this case, to obtain maximal learning fidelity, it
is required to perform two separate measurements denoted by the blue boxes.

https://doi.org/10.1371/journal.pone.0200455.9004

This is done by applying a pair of CNOT gates in the environment-register subspaces,

W), = URSTURYI),
), = (410}, + 1)) (52)

(o'100)[0), 10}, + o5'[01)[0), 1), + o15[10)£[1),[0), + o' [11)[ 1), [1),)-

Subsequently, the register R, is updated conditionally to the agent information. Therefore, a
CNOT gate is applied in the agent-register subspace, where the agent qubit is the control and
the register R; is the target,

¥), = UG [¥h
W), = 0(0),]00)4]0),0), + o4e'|0),]01),0),[1),
+0005[0),,[10)[1),0), + oo’ [0),[11) 1), 1), (53)
a0 [1),4]00)[1),0), + oo [1),]01) 1), 1),
14110)[0),| 2l0) |1

+o0'[1),4[10)]0),10), + oo [1),[11)£]0)[1),.-
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Afterwards, we perform a measurement on the register subspace. In this case, the wave func-
tion is projected into the four possible measurement outcomes,

M, = (o3%']0),]00); + 0530 [1),]10))[0), ]0),
= (2210),10)s, + o4o[1)4[1),)10),10),]0),,
M, = (e [0),01) + ey [1),4]11)£)[0),]1),
= (@2 0)410)g, + oo [1)4[1)5, ) [1)5,10), 1), (54)
My = (23%'[1),]00), + 04324]0) 10))[1),]0),
= (o' [1)410)s, + o40”|0)4[1), )10}, [1),0),,
My = (e [0),[11) + o' [1),4101) ) [1),]1),
= (0 [0)4 1) g, + oo [1),410)g ) [1)g, [1), 1),

As we can see, the projective measurement on the register subspace produces that agent and
one part of the environment subspace (E;) is in an entangled state. At this stage, we can apply
the rewarding criterion which consists in performing a CNOT gate operation in the register-
agent subspace. The register qubit R, is the control and the agent is the target,

My, = Ui yM; = (0510),[0), + 0305°[1), 1)y )[0)s,0),10).,
M,, = UgioM, = (0406!]0),[0), + erierg'[1) 41y ) 1), [0),[1),, (55)
My, = UgioMy = (096°10)4[0), + oe’| 1) 41y )10}, [1),10),,
My, = UG yM, = (o' |1, 1)y, + ee'|0),[0)g, )1, [1)]1),-

1 2

Finally, we perform a CNOT gate in the agent-register subspace to obtain orthogonal measure-
ment outcomes. The qubit agent is the control and the qubit register R is the target, according
to

My, = UG My, = 230]0),]00)[0),]0), + eryo”[1) 5 [10)4]1),10),,
My, = UG Ms, = 030! [0) 4 01)510), 1), + ererg'[1),[11)[1),[1),, (56)
My, = UGt My, = 2,04]0),,]00)[1),]0), + eto”|1)5[10)4]0),10),,
My, = URR)M,, = 0,051 [0),01) 1), 1), + etery'[1),[11)[0),[1),.-

In this quantum reinforcement learning protocol, we perform interactions between the envi-
ronment and the register subspaces. Nevertheless, the agent is updated only regarding the
information encoded in register R;. Thus, the maximal learning fidelity is achieved with
respect to the first qubit of the environment.

Let us now consider another configuration similar to the one studied previously in this arti-
cle, where the register is formed by a larger number of subsystems than the environment.
Here, additionally, the environment we consider is larger than the agent. We prove that, for
this system configuration, maximal learning fidelity between the agent and one part of the
environment is achieved in one rewarding process. For this configuration, the maximal fidelity
does not depend on the entanglement present in the agent-environment subspace. The general
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agent-register-environment state is

[A) = 03[0),, + o [1) (57)

[E) = (o10)y, + o[1))[0)z, + (BelO), + BelL)g, )L, (58)

[R) = 10)110),]0)510),, (59)

V), = [A)E)|R). (60)

The quantum protocol consists in updating the registers R, , conditionally to the environment

state E; »,

) = Ui U Po

W) = (0, + 1)) (%[0)5, 10)1,100,10)510)5]0) + o [1), [0),[1)1]0),]0)510), (61)

+B10)g,11)5,10),[1)210)310), + Bl 1), 1), 1),[1).10),10),).-

After this, we also update the information of the registers R; 4, conditionally to the environment

state E ,,
W)y = U ey Uty )
W), = (@]0), + 0 [1),) (eg]0), [0), [0),]0),]0)5]0), + o[ 1), 10), [1),10),[1),]0), (62)

410}, 115,10}, 11),10)511), + Bel L), 1), [1),[1),11),11),)-

Now, the register R is updated conditionally to the agent state,

¥)y = UG [P
W)y = o40510)4]0)g, 10),10),10)510)5]0), + o0t 0)4[1), [0}, [1),10)5]1)50),

+058210)10) 1) 5,100, 11),[0)5 1), + @ Bel0)a[ 1), 1), [1), 1), 1105110, (63)
+0030[ 1) 410}, [0), [1)110)5]0)5]0), + 03[ 1) 4 [1) 100, 0)1]0)5[1)510)
H0 B 1) al0)g, [1)5, 111100} [1), + i Bel1)al1) g, 11D, 0), 1), 1) 1),

Then, the next step would consist in updating a part of the register subspace from the informa-
tion encoded in the other part. However, this step is not necessary because the number of
terms in Eq (63) is smaller than all the possible measurement outcomes in the register sub-
space. Thus, the register is always projected onto orthogonal measurement outcomes. On the
other hand, we update the agent state from the information encoding in the register R;. There-
fore, we perform a CNOT gate in the register-agent subspace, where the register R, is the con-
trol and the agent is the target,

W) = Uyl

W), = @0]0)4]0)p, 100, 10),10)510)]0), + o3[ 1)411), 0}, [1),10),]1)5]0),
+03 2100410}, 1), 100111),10)5 1) + 03B 1)4[1) 5, 11}, 101 [1),[1)511), (64)
+030[0),4]0), 10, [1)110)510),]0)4 + 03z 1)4 1), 0}, 10),10),[1)5]0)
+0) B210)10) g, 1) 5, 11)1[1),]0)5 1), + el 14l 1), 11D, 0), [1), 1) 1),
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By measuring the register subspace, we obtain that agent and environment qubit E; achieve
maximal fidelity.

Quantum reinforcement learning for mixed states

Let us consider now the situation where the environment evolves under a noisy mechanism
(for qubit states, noisy mechanisms can be depolarizing noise as well as amplitude damping).
In this case, the density matrix describing the environment state reads

Poo Por
p= ( ) ) : (65)
Py Pu
We focus now our attention in the application of the quantum reinforcement learning proto-
col in this type of state. We will show that, by adding more registers, two main results will be
obtained. Firstly, even though the environment is in a mixed state, the learning fidelity will be
maximal for any measurement outcome in the register basis. Additionally, the measurement

outcomes provide relevant information about the coherences of the mixed state. To apply the
quantum protocol, we express the mixed state in term of its (non-unique) purification, such as

P1o
v Poo

D) [le) +

2
P
m_W;WHmw7 (66)

00

|IPE+e> = |f/ﬁ)0|®£ +

2
P Pl
) = - le,) + Pu — ‘i

v Poo Poo

le2) = [¥eee) = VPwl0)ler) + vorl1) ). (67)

Here, |/,) is a normalized vector in the purification Hilbert space. As we can see, the coeffi-
cient of the quantum state written in its extended Hilbert space (environment + purification)
depends only on the diagonal terms of the mixed state. Moreover, to obtain additional infor-
mation about the mixed state, we need to perform unitary transformations on it in such a way
that the information related to the coherences is in the diagonal of the state after the transfor-
mation. To be more specific, we need to perform unitary transformations such that the mixed
state can be written as follows,

B 1 L+ (por + P51 P11 = Poo + (Por — P3y)
p— UpUl = ) ) ; (68)
P = Poo — (Por — Piy) L= (po + P3y)
1 1 —i(po — p5y) Por + Poy + (P — Poo)
5 UpUl =1 @)
Por + Po — 1Py — Poo) L+i(py — py)

To carry out this task, we need to add three more registers, where each of them has the func-
tion to encode information of diagonal, real, and imaginary part of the coherence terms,
respectively. A possible state for the space composed of agent, mixed environment and register
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is given by

[A) = o4[0), + (1), (70)

(W) = v/PoolO)eler) + v/ulL)elb) (71)

R) = \0>1|0>2\/i§(|1>3|0>4|0>5 +10)51)410)5 +10510),]1)) (72)
W) = [A)[¥e ) R). (73)

The first step is to apply a unitary transformation, which is conditional to the state of the regis-
ter R3, Ry and Rs. In case that the register state is |1)3]0)4]0)s, we apply the transformation

U, = I @I @I, .Ifthe register state is in the state |0)3]1)4|0)s, we apply the transformation
U, =T, ® U, ® I, . Finally, if the register state is in the state |0)3|0)4|1)s the unitary transfor-

mation is given by U, = I, ® [, ® U.,. Hence, the state after this transformation is given by

unitary transformation in the environment state according to

W) = [AW5.)10)110)5]1)5]0),10)5 + [A)Y U, [e.)10),10),]0)5]1),]0);
HAU[21.10)1]0)510)5]0)4[1)s,
¥ = %10),5 + |1 )[(VPool0)ler) + v/Pr1i 1) 10.))10),10),[1)510),]0)

75
(74)
( e (P1)|0)gler) \/ — Re(py)[1)]. >|0 10),10)511)410);

m (py;)|0)gle;) + %— Im(ﬁm)|1>£|$e>>|0>1|0>2|0>3|0>41>5]-

77

Afterwards, we apply the quantum protocol as we did in the first section. Namely, we first
update the register conditionally to the information of the environment. Then, we update the
register R, conditionally to the information of the agent. Subsequently, to obtain orthogonal
measurement outcomes we perform CNOT gates in the register subspace (R is the control
and R, is the agent). Finally, the agent is updated in terms of the information encoded in
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register R; (where A is the target and R, is the control),

1 0
W), = 7 %4v/P00l0)410)¢le1)10),10),1)510),10)5
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This quantum reinforcement learning protocol exhibits two features. First, by performing
projective measurements on registers Ry, R, and R;, we recover the result studied in the first
section, i.e., the learning fidelity is maximal independently of the measurement outcomes in
the register subspace. The second feature is that, for specific measurement outcomes in a part
of the register subspace, we obtain information about the population (diagonal) and the coher-
ences (off-diagonal) of the mixed state. This feature can be used in problems such as partial
cloning in cases where the system in which we can extract information evolves under loss
mechanisms.

Analysis of implementation in quantum technologies

An interesting result obtained in this manuscript is that in most of the cases, for the considered
quantum reinforcement learning protocols, adding more registers improves the rewarding
process. That is, via a purely unitary evolution, without coherent feedback, a maximally posi-
tively-correlated agent environment state is achieved, in the sense that the final agent contains
the same quantum information as the considered final environment. This means that the
agent has acquired the needed information about the environment and accordingly modified
it, being this a quantum process. In our formalism, typically, one measurement at the end of
the protocol is enough to obtain maximal learning fidelity in one iteration of the process. In
this sense, several quantum architectures could benefit of this fact, given that coherent feed-
back is not needed in this case. For instance, we focus our attention in two prominent plat-
forms, namely, trapped ions and superconducting circuits.
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Trapped ions

As we have pointed out along the manuscript, the performance of our proposed quantum pro-
tocols is based on the quality of the quantum gates between different subsystems. In this case,
the realization of high-fidelity quantum gates is essential to perform the quantum protocol
proposed here. Technological progress in trapped ions has enabled to implement single [49]
and two-qubit quantum gates [50] with a large fidelity. For the single-qubit gate, e.g., a Beryl-
lium hyperfine transition can be driven with microwave fields or lasers, being the error associ-
ated with single-qubit gates below 10~*. For two-qubit gates, the use of either microwaves or a
laser beam with modulated amplitude allows for the interaction of both qubits (electronic lev-
els of, e.g., Beryllium or Calcium ions) at the same time. Adiabatic elimination of the motion
allows one to obtain maximally entangled states of both ions. The fidelity of trapped-ion two-
qubit gates can reach nowadays above 99.9% [51, 52]. Trapped-ion technologies offer long
coherences times, which can reach up to the range of seconds [53] for Calcium atoms. In addi-
tion, this platform enables state preparation and readout with high fidelity [39, 54, 55]. Here,
the use of hyperfine states and the microwave fields improve the optical pumping fidelity and
improve the relaxation time T; allowing to obtain fidelity readouts of 99.9999% [54].

Superconducting circuits

As in trapped ions, the technological progress in superconducting circuits has grown signifi-
cantly in the latter years. For instance, artificial atoms whose coherence times are in the micro-
second range have been built in coplanar [43] and 3D architectures [44]. On the other hand,
integrated Josephson quantum processors allows one to implement quantum gates between
two-level systems even in cases where the qubits do not have identical frequencies, as well as
making them interact via a quantum bus [56]. The Xmon qubits achieve two-qubit gate fideli-
ties above 99% [41, 42]. These technological progresses have developed feedback loop control
in this platform. This feedback protocol relies on high fidelity readout, as well as on condi-
tional control on the outcome of a quantum non-demolition measurement [45, 46]. Even
though in the quantum reinforcement learning protocols in this paper coherent feedback is
not required, this may be a useful ingredient in other quantum reinforcement learning propos-
als [23].

Discussion

In summary, we propose a protocol to perform quantum reinforcement learning which does
not require coherent feedback and, therefore, may be implemented in a variety of quantum
technologies. Our learning protocol, being mostly unitary (except with the final register mea-
surement) considers learning in a loose sense: while it does not depend on feedback, the proto-
col achieves its aim regardless of the initial state of agent and environment. In this aspect, it is
general, and obtains a similar goal than Ref. [23] without the need of feedback, enabling its
implementation in a variety of quantum platforms. We also point out that one may employ
different performance measures than the one considered here, depending on the agent possi-
ble aims. Adding more registers than in previous proposals in the literature [23], the rewarding
criterion can be applied at the end of the protocol, while agent and environment need not be
measured directly, although only via the registers. We also obtain that when the considered
systems are composed of qudits, the number of steps needed to obtain maximal learning fidel-
ity is fixed in each qudit dimension and scales polynomially with the number of qudit subsys-
tems. We consider as well environment states which are mixtures, while the agent can also in
this case acquire the appropriate information from them. Theoretically, all the cases consid-
ered of qubit, multiqubit, qudit, and multiqudit, have many similarities. Even though the
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protocols are not directly transformable into one another, a d-dimensional qudit can be rewrit-
ten as a log,(d) multiqubit system, while a multiqudit system with #n qudits is equivalent to an
n log,(d) multiqubit system. Therefore, in this respect, it is intuitive that the results for all these
protocols (namely, that maximal fidelity can be attained) should be related. Nevertheless, it is
valuable to show that the protocol can be scaled up to multiqudit systems with many parties
and high dimensions, given that this will be an ultimate goal of a scalable quantum device.
Implementations of these protocols in trapped ions and superconducting circuits seem feasible
with current platforms.
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