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Abstract—In this article, a novel training paradigm inspired
by quantum computation is proposed for deep reinforcement
learning (DRL) with experience replay. In contrast to the tradi-
tional experience replay mechanism in DRL, the proposed DRL
with quantum-inspired experience replay (DRL-QER) adaptively
chooses experiences from the replay buffer according to the
complexity and the replayed times of each experience (also
called transition), to achieve a balance between exploration and
exploitation. In DRL-QER, transitions are first formulated in
quantum representations and then the preparation operation
and depreciation operation are performed on the transitions.
In this process, the preparation operation reflects the relation-
ship between the temporal-difference errors (TD-errors) and the
importance of the experiences, while the depreciation operation is
taken into account to ensure the diversity of the transitions. The
experimental results on Atari 2600 games show that DRL-QER
outperforms state-of-the-art algorithms, such as DRL-PER and
DCRL on most of these games with improved training efficiency
and is also applicable to such memory-based DRL approaches
as double network and dueling network.

Index Terms—Deep reinforcement learning (DRL), quantum
computation, quantum-inspired experience replay (QER), quan-
tum reinforcement learning.

NOMENCLATURE

(%) Tensor product.
8 Temporal-difference error.
S, Kronecker delta.
€ e-greedy factor.
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y Discount factor.
l Angle of the uniform state.
[vr) State vector (quantum state).
H Hilbert space.
u Hyperparameters for the rotation time my.
® Depreciation factor.
D Rotation angle.
b4 Policy function.
i i=+—1
o Preparation factor.
712 Hyperparameters for the depreciation factor .
0 Parameters of the evaluation network.
0~ Parameters of the target network.
{12 Hyperparameters for the preparation factor §.
A Action space.
a; Selected action according to policy m(s;) at time .
er t-th experience.
h Eigenvalue.
k Label of experience in buffer.
M Size of experience replay buffer.
P State transition probability.
P(h) Probability of obtaining 4.
QO(s, a) State—action values.
R Reward function.
T Scalar reward at time step ¢.
RTmax  Maximum value of times of being replayed.
S State space.
St State at time step 7.
SK Label of the selected experience in experience
replay.
T Terminal time of one episode.
U Unitary operator.
Ut Transposed conjugate matrix of U.
Xn Projector onto the eigenspace of H with A.
Y Pauli Y matrix.
I. INTRODUCTION
EINFORCEMENT learning (RL) is an intelligent
Rparadigm that learns through the interaction with the

environment. During the training process of this interaction-
based algorithm, similar to human behaviors [1]-[3], the agent
adjusts its behavior to maximize the cumulative rewards for
the entire control task according to the retroaction it receives
from the environment. When it comes to the general situation
of the real-world environment, most control tasks often come
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with high-dimensional inputs, where traditional RL approaches
cannot work well. Fortunately, deep learning provides a new
approach to handle the complex input information and has
achieved a huge breakthrough in various fields [4]-[10]. In
particular, by combining deep learning with RL, a new frame-
work of deep RL (DRL) arises, where the deep Q network
(DQN) becomes one of the most famous DRL methods [11].

DQN was employed to estimate the action values to help the
agent make sequential decisions, where raw images were fed
into the convolutional neural networks followed by the fully
connected networks to output the action values that estimated
the future rewards. In order to improve the utilization of the
state—action transitions, an experience replay mechanism was
deployed in the DQN framework [12], where experiences were
stored in a finite-size buffer and were retrieved from the buffer.
This mechanism of experience replay effectively sped up the
processing of the experiences during training, but it ignored
the difference in the importance between experiences. A series
of experience replay variants has been developed to further
improve the learning process, such as prioritized experience
replay (PER) [13], deep curriculum RL (DCRL) [14], remem-
ber and forget for experience replay (ReF-ER) [15], attentive
experience replay (AER) [16], and competitive experience
replay (CER) [17].

In PER, temporal difference errors (TD-errors) determine
the priorities of the experiences and influence the probabili-
ties of those experiences’ being replayed. This method further
enhances the utilization of experiences compared to the origi-
nal experience replay, but the data generated by the agent are
noisy. Since DRL-PER gives higher priorities to transitions
with larger TD-errors, there might exist some experiences,
whose large TD-errors would not decrease even after many
times of replay. From this respective, DRL-PER may cause
some experiences to be overused, which might result in oscil-
lations of the neural network [18]. To improve the sample
efficiency of DQN, DCRL proposed a criterion for the sam-
ples’ importance based on the difficulties and diversities of
the experiences, where the difficulties are positively correlated
with TD-errors and the diversities are related to the number
of replaying times [14]. However, it introduced a number of
parameters that required more prior knowledge to tune accu-
rately. In ReF-ER [15], policy updates are penalized according
to the Kullback—Leibler divergence to accelerate convergence,
AER selects experiences according to the similarities between
their states and the agent’s current state [16], and CER sets
up two agents for competitive exploration between a pair of
agents [17]. These three methods may rely on high computing
resources and it is desirable to design a more effective and
general approach to enhance experience replaying for DRL.

At the same time, quantum physics has been employed
to dramatically enhance information-processing capabil-
ity [19]-[26] and has a positive influence on specific algo-
rithmic tasks of applied artificial intelligence [27]-[30]. In
particular, there has been much interest in the quantum
enhancement of RL and its applications. The idea of quan-
tum RL first originated from introducing the characteristics of
quantum parallelism into classical RL algorithms [31], which
achieved a better tradeoff between exploration and exploitation
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and sped up the learning as well. Quantum mechanics was
found to be able to bring an overall quadratic speedup for intel-
ligent agents [32]. The general agent-environment framework
was also extended to the quantum domain [33]. In addition,
quantum RL with multiqubits was evaluated on superconduct-
ing circuits [34] and was extended to other cases, such as
multilevel and open quantum systems [35]. Multiple value
functions using the Grover algorithm were proved to con-
verge in fewer iterations than their classical counterparts [36].
Recent research also demonstrated the advantage of RL using
the quantum Boltzmann machines over the classical one [37].

Inspired by quantum machine learning, we may produce
atypical patterns in data. For example, the quantum super-
position state provides an exponential scale of computation
space in the n-qubits linear physical space [31], [38]. In
this article, we propose a quantum-inspired experience replay
(QER) approach for DRL (DRL-QER) to improve the training
performance of DRL in a natural way without deliberate hyper-
parameter tuning. In DRL-QER, the experiences are expressed
in quantum representations and the probability amplitudes
of the quantum representations of experiences are iteratively
manipulated by quantum operations, including the preparation
operation and depreciation operation. In particular, the prepa-
ration operation is designed according to the importance of
the experiences, and the depreciation operation is associated
with the replaying times for the selected experiences. With the
two operations, the importance of the experiences is distin-
guished and the diversity of experiences is guaranteed. To test
the proposed DRL-QER algorithm, experiments are carried out
on the Gym-Atari platform with a comparison to DRL-PER
and DCRL. In addition, DRL-QER is implemented with dou-
ble DQN and dueling DQN, and the DRL-QER variants are
compared with their classical counterparts.

The remainder of this article is organized as follows.
Section II introduces DRL, experience replay, and the basic
concepts of quantum computation as well. In Section III,
the framework of DRL-QER is introduced and quantum
representations and quantum operations are presented, fol-
lowed by the algorithm description of DRL-QER with specific
implementation details. In Section IV, experimental results
are demonstrated to verify the performance of the proposed
DRL-QER algorithm. The conclusion is drawn in Section V.

II. PRELIMINARIES
A. Deep Reinforcement Learning and Experience Replay

1) Markov Decision Process: The training process of RL
is based on the model of the Markov decision process,
whose basic components can be described by a tuple of
(S,A, P,R) [1], where S is the state space, A is the action
space, P : SxA xS — [0, 1] is the state transition probability,
and R : S x A — R is the reward function.

In the process of interaction with the environment, the agent
forms state s, € S at the time step ¢ € [0, T] and chooses an
action a; = m(s;), a; € A, where T is the terminal time and
policy 7 is a mapping from state space S to action space A.
After carrying out the action a;, the agent transits to the next
state 5,11 and receives a scalar reward signal r;. Thus, we

Authorized licensed use limited to: ULAKBIM UASL - DOKUZ EYLUL UNIVERSITESI. Downloaded on October 28,2022 at 12:58:47 UTC from IEEE Xplore. Restrictions apply.



9328

obtain a transition of e, = (sy, ay, 17, s141) at time step 7. RL
aims at determining an optimal policy 7* so as to maximize
the cumulative discounted future rewards R; = Z,{;é Y rn,
where y € [0, 1] is a discount factor to balance the importance
of the current rewards and the future rewards. As a widely
used RL algorithm, Q-learning defines Q(s, a) as the expected
discounted reward for executing action a at state s following
the policy m, and a lookup Q table is established to store the
Q-values [39].

2) Deep Q Network: In high-dimensional environments, it
is a general and effective approach to approximate Q(s, a)
using a neural network with parameter 0, that is, Q(s, a; 0) =
Q0(s, a), instead of a lookup table that stores all state—action
values Q(s, a) [39]. In order to update the parameters of the
neural network with a gradient descent method, the “true val-
ues” y(s, a) of the state—action values Q(s, a) are estimated
from the maximum of the next state—action values Q(s’, a’),
that is, y(s, a) = r + y maxy Q(s', a’;07), where 6~ denotes
the parameters of the target network, which are fixed during
the computation of y(s, a) and are updated after some training
steps.

The TD-errors § can be measured by the deviation between
y(s, a) and Q(s, a) as

8=y(s, @)—0O(s, @)=r+y max O(s',d';07)—0(s, a; 0).
(1)

Accordingly, the loss function Loss(6; Q, y) to be optimized is

2
Loss(6;Q,y) = %(r -+ y max O(s'.d';07) — O, a;@)) .
)

Differentiate the loss function Loss(6;Q,y) with respect to
parameter 6, and we obtain the gradient as

VyLoss= [r—i—y max 0(s',d';67)—0(s, a; 9)] Vo O(s, a;0).
3)

3) Experience Replay: In most RL frameworks, agents
incrementally update their parameters while they observe a
stream of experiences. In the simplest form, the incoming
data are used for a single update and discarded immediately,
which brings two disadvantages: 1) strongly correlated tran-
sitions break the independent identically distributed (i.i.d.)
assumption that is necessary for many popular stochastic
gradient-based algorithms and 2) the rapid forgetting of pos-
sibly rare experiences that are potentially useful in the future
leads to sampling inefficiency. A natural solution would be to
put the past experiences into a large buffer and select a batch
of samples from them for training [12], [40], [41]. Such a
process is called experience replay.

In experience replay, how to choose the experiences (transi-
tions) to be replayed plays a vital role to improve the training
performance of DRL. When putting the transition e; into a
fixed experience replay buffer with size M, a new index label
ke {l,..., M} is assigned to it, with its priority denoted as
Py. As such, the entire experience buffer can be regarded as
a collection of transitions as {(e;, Px)}. A complete process
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of experience replay is actually a store-and-sample process,
and the learning process works by selecting a minibatch sam-
ple from the entire buffer to update the parameters of the RL
agent. The key of experience replay lies in the criterion by
which the importance of each transition is measured, that is,
to determine P for each transition.

B. Quantum Computation

In quantum computation, the basic unit that carries
information is a quantum bit (also called qubit) and a qubit can
be in a superposition state of its eigenstates |0) and [1) [38],
[42], which can be written as the following form of:

1Y) = «|0) + BI1) “4)

where « and B are complex numbers satisfying |a|>+|8]> = 1.
Quantum mechanics reveals that measuring a qubit in the
superposition state |1) leads it to collapse into one of its eigen-
states of |0) with probability |«|? or |1) with probability |A]>.
In particular, the coefficients can be written as « = (0|y) and
B = (1|y), where (a|b) represents the inner product between
|a) and |b).

In quantum computing, unitary transformation is an essen-
tial operation on quantum systems and can transform an initial
state |v) to another state |v'):

[y} = Uly) (5)

where U satisfies UTU = UUT = I. For example, a Hadamard
gate that transforms |0) to (]0) + 11))/+/2 and |1) to (|0) —
11))/+/2 can be formulated as

I 1 1
Hzﬁ[l _1]. ©)

Another significant quantum gate is the phase gate, which is
an important element to carry out the Grover iteration [20]
for reinforcing the amplitude of the “target” item. More dis-
cussions about quantum operations and quantum gates can be
found in [38].

The Grover algorithm is one of the most important quantum
algorithms. It has been widely used in the problem of large-
scale database searching and is able to locate items with the
complexity of O(+/N) in the unstructured database with high
probabilities. Its core idea is to represent items as a quantum
system and manipulate its state using a unitary operator in an
iterative way [20]. As one of the main operations in the Grover
algorithm, the Grover iteration has been successfully applied
to RL methods [31], where the action is represented in the
superposition of its possible eigen actions. Then, unitary trans-
formation is iteratively performed on the superposition states
to change the probability amplitudes of the “good” actions.

The state space of a composite quantum system is repre-
sented by the tensor product, denoted as (), of the state space
of each component system. For example, the composite quan-
tum system of two subsystems A and B can be defined on
a Hilbert space 7 = 7% ® 5, where ¢ and 3 cor-
respond to the Hilbert space of the subsystems A and B,
respectively. Furthermore, its state |¥4p) may be described
by the tensor product of the states of its subsystems, that is,

|VaB) = [¥)a & |¥)B-
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Quantum composite systems as buffer
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Fig. 1. Framework of DRL-QER. Step 1: Representing the newly generated
experience using a qubit; Step 2: Performing the preparation operation on the
quantum representation with Grover iteration; Step 3: Sampling experiences to
compose minibatch data; Step 4: Training the DRL agent with the minibatch
data; and Step 5: Updating the quantum representation of the experience by
the new TD-error (the preparation operation) and the new number of replayed
times (the depreciation operation) and then put it back into the replay buffer.

To obtain information by measuring or observing
a quantum system, positive-operator-valued measure
(POVM) can be applied [38]. For an observable H,
there exists a complete set of orthogonal projectors
X+ YpXn=1.Xn =X}, X;Xp = 8, ,Xa}. where &, is
the Kronecker delta, X, is the projector onto the eigenspace
of H with eigenvalue h, and we have H = ), hX;. The
probability of obtaining outcome s can be calculated by

P(h) = (V1 Xnl¥).

III. DEEP REINFORCEMENT LEARNING WITH
QUANTUM-INSPIRED EXPERIENCE REPLAY

In this section, the framework of DRL-QER is first intro-
duced. Then, quantum representations and quantum operations
using the Grover iteration are designed to provide a natural
and appropriate experience replay mechanism. Finally, the
implementation of the integrated DRL-QER algorithm is
presented.

A. Framework of DRL-QER

In DRL-QER, quantum characteristics are borrowed to
design new manipulation methods to improve the experience
replay mechanism, which aims at providing a natural and
easy-to-use experience replay approach using quantum repre-
sentations and unitary transformation for the experiences and
their importance, respectively.

The framework of DRL-QER is described as in Fig. 1.
During each learning iteration, the agent interacts with the
environment and obtains the transition e; at time step 7. Such
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a transition is first expressed in the quantum representation, or
more precisely, the kth qubit, where £ is its index in the buffer.
Second, the state of the qubit evolves to a superposition state
through the preparation operation. Then, transitions are sam-
pled with probabilities proportional to their importance and
those selected samples compose the minibatch data for train-
ing the neural network. In addition, after each training step,
the amplitudes of the selected quantum representations are
manipulated by the combined unitary transformation, includ-
ing the preparation operation to adapt to the new TD-errors
and the depreciation operation to deal with the replaying
times of the transitions. This procedure is carried out itera-
tively until the algorithm converges, whose specific details are
implemented in the following sections.

B. Quantum Representation of Experiences

In the quantum theory, a qubit can be realized by a two-
level atom, a spin system, or a photon. For two-level atoms,
|0) can be the ground state, while |1) represents the excited
state. For spin systems, |0) can be the state of spin up, while
|1) represents the state of spin down. For photons, |0) can be
the state of horizontal polarization, while |1) represents the
state of vertical polarization. Here, in experience replay, one
experience can be regarded as a qubit system, and its two
eigenstates |0) and |1) represent the actions of rejecting and
accepting this experience, respectively.

During the learning process, the agent tries to interact with
its environment, which can be modeled as an MDP. For each
step f, with the current state s;, the agent selects an action a;,
under a certain exploration policy (such as e-greedy), and then
transfers to the next state s,y and obtains a reward r;. Finally,
four elements together compose a transition (sy, as, 1y, St+1),
which is assigned a new index k to denote its order in the
experience buffer. In transforming the transition into quantum
representation, we define the action of accepting and reject-
ing the transition as two eigenstates. Then, the transition is
regarded as a qubit (as shown in Fig. 2) with its state as

v ®) = o 10) +601) )

where the coefficients bgk) and b(lk) have probability amplitude
meanings and satisfy |bg<)|2 + |b(1k)|2 = 1. In particular, the
probability of rejecting this transition is [b3 |2 = |(0]y®)2
and the probability of accepting it is |b(]k)|2 = (1@, 1t
is worth noting that the coefficients of the qubit are related
with the significance of the experience. Before determining
its importance, it is practical to first set an initial state and let
the qubit evolve from the initial state to a desired state.

In quantum computing, a uniform state is one significant

superposition state and has the form as

V2
2
It has equal probabilities for two eigenstates and means that
the least knowledge is given about the state with maximum
entropy, which makes it feasible to adopt the uniform state as

the initial state for each experience.

[Yo) = —-(10) + [1)). ®)
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Fig. 2. Experience represented in a qubit system. Here, |0) and |1) correspond
to rejecting or accepting the transition. The state of such a transition can be
formulated as |y) = b(()k)IO) + b(lk)ll), where |b(lk)|2 is the probability of
|2

accepting and |b(()k) corresponds to the probability of rejecting.

‘t//[>:cost9f [0>+sin6f |1>

)= 2 o)1)

0)

Fig. 3. State transition of a qubit system under unitary rotation Ug, where
[¥o) is the initial state and |y/y) is the final state.

To adjust the probability amplitudes of qubit state in (7),
a rotation operator, which is the basic element of the Grover
iteration [20], [31], is applied with

Up = e — [COS(CD)

—sin(®d)
- | sin(®) } ©)

cos(d)

where @ is a real number and has the physical meaning of the
rotation angle. Pauli Y operator is given as

YE[? 5’}.

The operation of performing a rotation operator Ug on a qubit
of experience is visualized in Fig. 3. The quantum system
evolves from the initial state |y) (the green one) to the final
state [¢y) (the blue one), under the unitary transformation
Us. Projecting [yo) and |yy) to the y-axis, the amplitude of

(10)
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observing |1) increases, which reveals that the probability of
accepting the transition is slightly increased.

Since the kth experience in the buffer has the quantum repre-
sentation form of [ ®), the state of a memory buffer, which
is composed of M experiences, is the tensor product of M
subsystems:

‘wtotal> _ )llf(l)>® ‘1//(2)>®"')1/I(M))‘ (11)

C. Quantum Operations on Experiences

To deal with the quantum representations of experiences,
three subprocesses are involved, that is: 1) preparation opera-
tion; 2) depreciation operation; and 3) experience selection by
quantum observation. First, the preparation operation is intro-
duced to steer the quantum systems toward the target states,
whose amplitudes are related to the TD-errors of the experi-
ences. In fact, whenever the TD-errors of the experiences have
changed, the preparation operation is performed to update their
probability amplitudes. From this respect, every time when a
suitable priority is determined, the quantum systems are to be
transferred to a new target state, which can be regarded as
a process of quantum state preparation. Hence, we call this
special operation the preparation operation. In addition, the
depreciation operation is utilized to make sure that the signifi-
cance of the experiences is adapted to the experience relaying
process, such as the times of the experiences’ being vis-
ited. Another significant operation is to select experiences by
quantum observation, to compose minibatch data for training.

To adjust the amplitudes of quantum systems in a natural
and appropriate way, a Grover iteration method is adopted
for both the preparation operation and depreciation operation.
The Grover iteration is a significant operation for dealing with
quantum states originated from classical information and it
aims at intensifying the probabilities of the target eigenstates,
with others at equal probabilities [20], [31]. Considering that
the probabilities of experiences’ being extracted from an expe-
rience buffer vary, we do not use the conventional method,
that is, performing the unitary transformation on the compos-
ite system (the entire experience buffer). Instead, the Grover
iteration is conducted on a single experience with its quan-
tum representation. This strategy helps to adaptively adjust
the probability amplitude of each transition and, therefore, to
circumvent the neglect of the differences between experiences.

1) Preparation Operation: To better optimize the process
of experience replay in DRL-QER, the importance of experi-
ences needs to be distinguished first. Since a single rotation
changes the probability amplitude of a qubit system, we define
a basic rotation operator as

12)

sin(o)

_ —ioy _ | cos(o)
Us=e - [ cos(o)

— sin(a):|

where o € R is a tiny rotation angle. Based on the exponential
approximation formula, that is, Uy = (U,)™ with an integer
m, several iterations of unitary rotations amount to an overall
rotation on the qubits. In addition, due to e oY omi(=0)Y — |
the rotation in the reverse direction can be conducted with
U;' (or U}). Hence, different rotations can be achieved by
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]
’t//}") > =cos 6, |0)+siné, |1)

L o))

|vo)=

>

0)

Fig. 4. Procedure of the preparation process using Grover iterations for the
kth qubit. |y) is the uniform quantum state and Iw;k)) is the quantum state

after conducting the transformation Ug).

performing multiple times of basic rotations in clockwise or
counterclockwise directions.

The preparation operation for a single experience (the kth
transition in the buffer) is described in Fig. 4, where four times
of basic rotations in the counterclockwise direction are per-
formed on the qubit to intensify the “accepting” amplitude of
the good experience or equivalently to strength the “rejecting”
amplitude of the bad experience. Generally, the state evolution
of such a quantum system can be expressed as

k k k
v =, |y) = uflve)

where my, represents the number of rotation times of the kth
qubit. Considering that TD-error reveals the importance of the
transition, we associate the value of my with its TD-error. For
transition e; with TD-error §;, the priority for the kth qubit is
given as Py = |§] + € and the maximum priority of all the
experiences is Ppax. To convert the priority into the proba-
bility amplitude of the qubit, we try to map priority Py to a
rotation angle, which corresponds to a unitary transformation
of quantum states. In particular, Ppax is mapped to a rota-
tion angle X5« and then the angle of Py can be recorded as
Yk = Zmax X (Pr/Pmax)- Since the Grover iterations aim at
iteratively performing unitary transformations until a desired
state is achieved, X« is split into u pieces, and each piece
is assigned with o. The initial state of the qubit is assigned
with rotation angle ¢, so the angle of rotation can be defined
as the target angle minus the initial angle. Finally, the value
of my reads as

13)

my = Floor(u X Pi/Pmax — t/0) (14)

where (,t € R are two hyperparameters and Floor(x) takes
the largest integer not greater than x. In particular, the sign of
my, reflects the rotation direction relative to the angle of the
uniform state, that is, (77 /4). For example, when my is a posi-
tive integer, the Grover iteration works in the counterclockwise
direction; otherwise, it is conducted in the clockwise direction.
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The value of o in (13) is usually carefully set since it plays
an important role in the quantum representation of experiences.
From a convenient point of view, it is the most appropriate
to set a fixed value. While from the perspective of adapta-
tion to different environments, associating it with the training
process, such as the TD-errors, the maximum times of experi-
ences being visited, and the training steps are more preferable.
In this work, we describe it with a function associated with
the training episode TE

&1

o — ——
&
1+ eTE

5)

where ¢1, {&» € R are two hyperparameters.

By performing the same procedure to each transition, all
experiences will end up in their target quantum representa-
tions. For example, for most of those valuable transitions,
performing the preparation operation in the counterclockwise
direction makes them approach |1), while for those less impor-
tant experiences, the preparation operation in the clockwise
direction can be deployed on their quantum representations to
make them closer to |0).

2) Depreciation Operation: After the process of prepara-
tion, the probabilities of selecting the experiences are closely
associated with their TD-errors. However, in actual training,
some experiences are replayed at high frequencies and may
result in poor learning performance, which is called overtrain-
ing, and the limited size of the replay buffer may aggravate
this situation [43]. In RL, overtraining reveals the issue of
exploration—exploitation tradeoff [44]-[49]. Sufficient explo-
ration in the state—action space helps prevent the algorithm
from being trapped in locally optimal solutions while exploit-
ing the current policy helps the algorithm converge as fast
as possible. To achieve a balance between exploration and
exploitation, the sample diversity is considered to enhance
the learning performance of the agent. As such, the depre-
ciation operation is developed for the experiences according
to the replaying process. This is achieved by iteratively mod-
ifying their probabilities once the transitions are selected,
whose effect contains and is greater than the utilization of
the importance-sampling correction, which is demonstrated in
the ablation experiments in the supplementary material.

Once the experiences are selected and put back in the
memory buffer for training, their importance to the agent
is unavoidably changed, not only because their TD-errors
have been changed but also in that they are no longer brand
new to the agent. Therefore, their probability amplitudes
need to be modified. From this perspective, another unitary
transformation

Uy — |:cos(co) (16)

sin(w)

— sin(w) ]

cos(w)

is used for the depreciation operation, with @ € R. In par-
ticular, it is implemented on the selected experiences using
the Grover iteration. Every time the experiences have been
accepted, their quantum representations go through a unitary
transformation as follows:

) < va|u). (17
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The value of Uy, or more precisely @, should be adapted
to the specific scenario. In experience replay, when the buffer
is full, new transitions are orderly put in the buffer, with the
old ones replaced. Besides, the period of the experiences being
replaced is a fixed number of steps. Hence, a transition will be
kept in the buffer for fixed-time steps, before it is replaced. In
that case, during fixed training steps, the total replaying times
of all the experiences are fixed. A large value of the max-
imum number of replaying times among all the experiences
(denoted as RTp.x) reveals an uneven replaying distribution,
which means that some experiences have outstanding priorities
compared to other experiences. To weaken this phenomenon,
a smaller ® helps to retain those less important experiences;
otherwise, a large depreciation factor might result in sharp
declines in the accepting probabilities of those experiences.
Hence, the value of w is decreased with RT,x.

In addition, @ should be adapted to the training episode TE.
In the early training stage, the importance of experiences is
ambiguous. After a period of training, the TD-errors of some
experiences tend to remain in large values, regardless of how
many times they have been selected to update the network.
Therefore, it is feasible to “intensify” the accepting probabil-
ities of the experiences that have been replayed with more
times compared with others at the early training stage and to
“cool” down their accepting probabilities to avoid overtrain-
ing at the later stage. This is realized by increasing @ with
the training episode TE. Finally, the depreciation factor @ is
given as

® = RTmax(l + erz/TE)

(18)

where 71, 7 € R are two hyperparameters.

3) Experience Selection by Quantum Observation: To
accomplish the training process, samples are chosen from the
buffer and fed into the network for learning. Here, we draw
from the quantum measurement principle and determine the
probabilities of experiences based on quantum observation.
For the kth qubit in state |1/f]f.k)), observing its probability of

being accepted is |(1|1//]£k) )|?, which is actually the probability

of measuring |1). Then, by normalizing the probability based
on all transitions, we obtain its replaying probability as

o)

by = —— .
)

19)
2

The process of experience selection is summarized as in
Fig. 5, where each transition has its own probability in the
buffer. Inspired by the quantum observation principle, this pro-
cess determines the probabilities of being selected among the
buffer. During the sampling process, several times of sampling
one transition from the experience buffer are performed under
fixed probabilities. The sampling times are consistent with the
size of the minibatch, which is set as 32 in the simulations.

Remark 1: The process of obtaining minibatch data from
the buffer with fixed probabilities is a sampling process with
replacement. For each sampling process, the selected sample is
still retained in the buffer and is reset to the uniform state after
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\\\v/,/// pling
Buffer Mini-batch

Fig. 5. Observation process for experience replay. The buffer is composed of
a number of transitions, where each one is accompanied with its probability
drawn from the quantum observation principle. The transitions are sampled
out from buffer according to their replaying probabilities to compose the
minibatch data.

being sampled. This idea is inspired by the phenomena that
observing a quantum system makes its state collapses. In that
case, the quantum operation (i.e., the preparation operation and
depreciation operation) on the selected quantum experience
starts from the uniform state, rather than its previous state.

D. Implementation

An integrated DRL-QER algorithm is shown as in
Algorithm 1. During each step, the agent encounters transi-
tion e;. Considering that the newly generated transition does
not have a TD-error, we assign the maximum TD-error for it,
that is, 8; = Smax to give it a high priority. This guarantees that
every new experience is sampled with a high priority. Then, the
transition is represented as a qubit, with its initial state as [p).
The preparation operation using the Grover iteration is per-
formed on the experience until it reaches the final state |1p;k)).
After the buffer is full, transitions are sampled with probabil-
ities proportional to their amplitudes of quantum states, and
those selected samples compose the minibatch data for train-
ing the network. For the selected transitions, after being reset
to the uniform state, their corresponding quantum represen-
tations are manipulated through the preparation operation to
adapt to new priorities, and the depreciation operation to adapt
to the replaying times. This procedure is carried out iteratively
until the algorithm converges.

Remark 2: The proposed QRL-QER method works by rep-
resenting the classical information (experiences) into quantum
forms and performing quantum operations. Although it is
inspired by quantum laws, the process can be simulated on
a classical device. Hence, it is a quantum-inspired algorithm
and does not need to be implemented on a quantum device.

Remark 3: In DRL, the buffer is utilized to store the past
experiences, which can be used to update the parameters of
the agent. During this process, the agent interacts with the
environment under the new network parameters. Hence, the
experiences in the buffer should be updated after some training
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Algorithm 1: DRL-QER Algorithm

Input: size of experience buffer M, size of mini batch N.

Initialize the preparation factor o, the depreciation factor @, the maximum TD-error 8, the replayed time vector

cn = [cny, cny, ..
for TE = 1 — TrainingFrames do
Observe s1 and choose a; ~ 7(s1);
fort=1— T do
Observe ry, s;+1 and then obtain a transition e;;

if 5,11 is terminal then
| break;

end
Initialize the kth qubit as the uniform state |y);
Set Py = |6max| and obtain my according to (14);

v ®) = o)™ yo);
if LF==True then
probabilities [bg, by, ..., byr] according to (19);

forj=1— N do

end

Copy weights into target network Orgpger <— 0

end

k<—k+1;

if kK > M then

| Set LF = True and set k = 1;

end
Choose action a1 ~ 7 (ss41);

end

end

Sampling a transition with its index in the buffer as d € {1, 2, ..., M} based on [b1, by, .

Reset the dth qubit back to the uniform state |¥);

Compute its TD-error §; = rj + n max, Qrarger(Sj+1, a) — O(sj, a;);

Obtain its priority Py = |§;| and obtain m, according to (14);

Update the replaying time cng by cng = cng + 1;

Conduct a complex Grover iteration process including both the preparation operation and depreciation
operation on the experience’s quantum representation W;d)) = (Uyp) ™ (Uy )™ |Yrg);

Update 8,qx = max(Smax, |8j]) and update RTn,x = max(cny, cna, ..., chy);

Update weights 6 by stochastic gradient descent;

., cny] = 0, the index in the buffer k = 1, a variable LF = False;

Perform the preparation operation on kth qubit using Grover iteration, and obtain its final state

Store the transition e, with its quantum representation |1p]$") ) in the buffer;
Determine the probabilities of the experiences by quantum observations and obtain their replaying

Update the preparation factor o and the depreciation factor w;

- byl;

Remove the kth quantum representation of experience from the buffer and reset cny = 0;

steps to gain a better training effect. To achieve this, the buffer
is set as a fixed size and the oldest experience is discarded to
make room for the newly produced experience (reset k = 1 in
Algorithm 1) when the buffer is full (k >= M in Algorithm 1).
In addition, the procedure of updating the parameters of the
network begins after the buffer is full, that is, the variable LF
is set True. This technique is also applied to DRL-PER and
DCRL to achieve a fair comparison in the following experi-
ment section. In the implementation of Algorithm 1, we set
a predefined value for the maximum value of TD-error, that
iS, dmax. During the entire learning process, dmax should be
updated once a larger TD-error is found. As such, new &max
is assigned to the future newly generated transitions to give
them the highest priorities.

IV. EXPERIMENTS

To test the proposed DRL-QER algorithm, several groups
of experiments are carried out on Atari games with compari-
son to two benchmark algorithms (DRL-PER and DCRL). In
addition, DRL-QER is combined with a double network and a
dueling network and tested on additional experiments to verify
its performance.

A. Setup

The experiments are carried out on the widely used platform
OpenAl Gym to play Atari 2600 games [50], and the testing
games can be divided into four categories, namely: 1) shooting
games; 2) antagonistic games; 3) racing games; and 4) strategy
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TABLE I
HYPERPARAMETERS ADJUSTMENTS IN NUMERICAL EXPERIMENTS
Altered Hyper-parameters
Hyper-parameter Original Value | Altered Value
Training Frames 5% 107 5% 100
Preparation sub-factor {; — 0.037
Preparation sub-factor {, — 2% 100
Depreciation sub-factor 7 — T
Depreciation sub-factor 7, — 1 x 109
Parameter u of m — 100
Parameter 1 of m — 0.257

games. For all games, the agent takes high-dimensional data
(210x 160 color video) as input to learn good policies. In order
to win the games, the agent has to plan over the long term. All
the experiments are deployed on a computer of ThinkStation
P920 with 24xCPU@2.40 GHz, Nvidia Tesla p5S000, Ubuntu
16.04.5 LTS, and Python.

To verify the effectiveness of DRL-QER, two baseline
algorithms, including: 1) DRL-PER [13] and 2) DCRL [14]
are also tested for comparison. The sampling method in
DRL-QER can be regarded as a generalization of that in
DRL-PER. DRL-PER sample experiences according to their
TD-errors with proportional prioritization, and this can be
regarded as a situation in which DRL-QER does not consider
the influence of overtraining and discards the depreciation
operation.

When deploying DRL-QER on Atari 2600 games, we adopt
a similar neural-network architecture and the same hyperpa-
rameter setting to those in [11] and [13]. Considering the
hardware limitation and the high computation cost, we make
some fine tuning on the hyperparameters and train for five mil-
lion frames instead of 50 million frames to avoid the expensive
cost of training. The quantum operations are implemented on
classical computers via necessary approximation for the sim-
ulation of DRL-QER, that is, the states of qubit systems are
represented by 2-D complex vectors and the preparation oper-
ation and depreciation operation are performed in the form
of unitary matrix transformation. In addition, the normalized
probabilities are stored in a special binary heap called “sum
tree,” where the value of a parent node is the sum of all val-
ues of its children. Last but not least, for performing necessary
operations on experiences, we introduce some hyperparame-
ters for the preparation factor o and the depreciation factor w,
and their values are provided in Table 1. Specifically, {1 and >
are tuned to make sure that p-o approaches 0 at the early stage
and approaches (37 /4) at the ending stage. Similarly, t; and
7o are tuned to ensure that @ is close to 0 and (o /RTyax) in
the beginning and the ending periods, respectively. The other
hyperparameters of DRL-QER are selected by performing a
grid search on the game breakout.
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TABLE I

AVERAGE REWARDS PER EPISODE OF DRL-PER, DCRL, AND DRL-QER

Game Name DRL- DCRL(=£std) DRL-
PER(+std) QER(+£std)
Alien 1270.2(£341.3)  1223.9(£297.1)  1309.3(+348.8)
Beam Rider 1448.3(£290.2)  1594.6(+£302.3)  1508.2(+330.4)
Breakout 5.7(£2.1) 5.2(£1.9) 5.8(£2.8)
Carnival 1142.5(£376.2)  1235.1(£331.5) 1214.0(+413.4)
Enduro 43.0(+20.6) 44.3(+20.5) 42.7(£19.2)
Freeway 60.6(16.6) 60.2(£5.8) 60.7(46.3)
Kangaroo 1129.3(£291.3)  1237.3(£303.2)  1143.3(+324.6)

Kung-Fu Master

521.3(£328.8)

670.0(£434.8)

712.0(£370.9)

Ms. Pacman

1862.2(+£661.8)

1918.9(+£741.2)

1903.5(+735.3)

River Raid

2248.6(+626.8)

1239.5(£251.6)

1479.5(£307.5)

Road Runner

2312.7(£897.7)

3615.3(£1543.8)

3208.7(£1298.7)

Space Invaders

679.2(+321.2)

735.1(£250.8)

741.5(£317.2)

B. Experimental Results

The experiments of the 12 games are deployed to compare
the performance of DRL-PER, DCRL, and DRL-QER. Similar
to DCRL [14], AER [16], and CER [17], each simulation is
run three times to collect the average performance for a fair
comparison. After the training process, we test the agents for
150 episodes and the average rewards with the standard devi-
ation are summarized in Table II. It is clear that DRL-QER
outperforms DRL-PER in most of the testing games. The sta-
tistical analysis also reveals that DRL-QER and DCRL achieve
a comparative performance for the 12 games and they have
different advantages in different games. Considering the total
reward metric tends to be noisy because small changes to the
weights of the DRL agent can lead to large changes in the
distribution of states the agent visits [11], we take the esti-
mated action value as the metric, which has been demonstrated
to be more stable than the reward metric to reveal the train-
ing performance of DRL methods. In particular, we divide the
training phase into 125 epochs and the average action values of
the testing frames are recorded after each training epoch. The
experimental results demonstrate that the learning progress of
DRL-QER is faster and more robust than that of DRL-PER
and is not worse than DCRL. It is worth noting that DRL-QER
merely changes the priorities of experiences without affecting
the convergence of the baseline DRL method [13]. However,
the efficient use of samples contributes to a faster convergence
under limited training epochs. Hence, the trends of the training
curves (shown in Fig. 6) reflect the superiority of our method.
What is more, DCRL involves many parameters that are diffi-
cult to fine tune for different games, while DRL-QER does not
require prior knowledge to fine tune parameters. In fact, the
parameter settings of DRL-QER are almost the same across
the 12 games. From this respective, DRL-QER is an effective
and general approach with enhanced performance.
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Fig. 6. Performance of DRL-QER with comparison to DRL-PER and DCRL regarding the average Q value. (a) Space invaders. (b) Carnival. (c) Breakout.
(d) Freeway. (e) Beam rider. (f) Kung-Fu master. (g) Road runner. (h) River raid. (i) Enduro. (j) Ms. Pacman. (k) Kangaroo. (1) Alien.

C. Additional Exploratory Experiments

The proposed DRL-QER aims at taking advantage of quan-
tum characteristics in the experience replay mechanism. To
figure out whether this mechanism can be applied to other
memory-based RL algorithms, we further apply DRL-QER to
the double network [51] and the dueling network [52] and

implement experimental simulations on randomly selected four
games using the same hyperparameter setting in Table I. In
Fig. 7, both double DQN and dueling DQN algorithms using
the QER method show faster convergence regarding the aver-
age Q value compared with their classical counterparts. The
average rewards of DRL-QER-Double and DRL-PER-Double
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Fig. 7. Performance of DRL-QER-Double/DRL-PER-Double and DRL-QER-Dueling/DRL-PER-Dueling regarding the average Q value. (a) Alien. (b) Carnival.

(c) River raid. (d) Space invaders.

TABLE III
AVERAGE REWARDS PER EPISODE OF DRL-PER WITH DOUBLE
NETWORK AND DRL-QER WITH DOUBLE NETWORK

Game Name DRL-PER(+std) DRL-QER(#std)

Alien 1215.2(£392.0) 1275.0(£350.0)
Carnival 2420.5(£315.2) 2480.3(+319.2)
River Raid 1906.2(+522.6) 1870.9(£310.7)
Space Invaders 723.6(£229.9) 750.3(+£262.8)

TABLE IV
AVERAGE REWARDS PER EPISODE OF DRL-PER WITH DUELING
NETWORK AND DRL-QER WITH DUELING NETWORK

Game Name DRL-PER(-£std) DRL-QER(-£std)

Alien 801.4(£131.6) 854.6(£140.3)
Carnival 1317.0(£376.5) 1367.7(+380.2)
River Raid 3249.2(£522.0) 3007.3(£456.7)

Space Invaders 756.1(£229.5) 758.8(£262.2)

are summarized in Table III. Besides, the average rewards of
DRL-QER-Dueling and DRL-PER-Dueling are summarized
in Table IV. From these two tables, the average rewards
per episode are also increased in the “double network” and
“dueling network”™ for three games except for Riverraid.

V. CONCLUSION

In this article, the DRL-QER method was proposed by intro-
ducing quantum characteristics into the process of experience
replay in DRL to guarantee that the learning scheme focuses
on what the agent has learned from the interaction with the

environment instead of the prior knowledge. In DRL-QER, the
experiences are represented in quantum states, whose amplitudes
are correlated with the TD-errors and the replaying times. In
particular, the preparation operation and depreciation operation
in DRL-QER help speed up the training progress and achieve an
improved sampling efficiency. The experimental results demon-
strated the superior performance of the proposed DRL-QER
over DRL-PER and DCRL. Comparisons of DRL-PER and
DRL-QER in dueling DQN and double DQN further showed
that DRL-QER can also achieve improved performance for other
memory-based DRL algorithms. Our future work will focus on
in-depth theoretical research on the convergence of DRL-QER
and quantum-enhanced RL along with its applications to other
continuous control methods, such as deep deterministic policy
gradient (DDPG) [53], [54] and soft actor critic [55].

REFERENCES

[1] R.S. Sutton and A. G. Barto, Reinforcement Learning: An Introduction,
2nd ed. Cambridge, MA, USA: MIT Press, 2018.

[2] M. L. Littman, “Reinforcement learning improves behaviour from eval-
uative feedback,” Nature, vol. 521, no. 7553, pp. 445-451, May 2015.
[Online]. Available: https://doi.org/10.1038/nature 14540

[3] J.-A. Li et al., “Quantum reinforcement learning during human decision-
making,” Nat. Human Behav., vol. 4, no. 3, pp. 294-307, Mar. 2020.

[4] A. Krizhevsky, 1. Sutskever, and G. E. Hinton, “Imagenet classifica-
tion with deep convolutional neural networks,” in Proc. Adv. Neural Inf.
Process. Syst., 2012, pp. 1097-1105.

[5] C. Farabet, C. Couprie, L. Najman, and Y. LeCun, “Learning hierarchical
features for scene labeling,” IEEE Trans. Pattern Anal. Mach. Intell.,
vol. 35, no. 8, pp. 1915-1929, Aug. 2013.

[6] H. Goh, N. Thome, M. Cord, and J.-H. Lim, “Learning deep hierarchical
visual feature coding,” IEEE Trans. Neural Netw. Learn. Syst., vol. 25,
no. 12, pp. 2212-2225, Dec. 2014.

[7]1 G. Hinton et al., “Deep neural networks for acoustic modeling in speech
recognition: The shared views of four research groups,” IEEE Signal
Process. Mag., vol. 29, no. 6, pp. 82-97, Nov. 2012.

[8] I Sutskever, O. Vinyals, and Q. V. Le, “Sequence to sequence learning
with neural networks,” in Proc. Adv. Neural Inf. Process. Syst., 2014,
pp- 3104-3112.

Authorized licensed use limited to: ULAKBIM UASL - DOKUZ EYLUL UNIVERSITESI. Downloaded on October 28,2022 at 12:58:47 UTC from IEEE Xplore. Restrictions apply.



WEI et al.: DRL WITH QUANTUM-INSPIRED EXPERIENCE REPLAY

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

Authorized licensed use limited to: ULAKBIM UASL - DOKUZ EYLUL UNIVERSITESI. Downloaded on October 28,2022 at 12:58:47 UTC from IEEE Xplore. Restrictions apply.

P. P. Brahma, D. Wu, and Y. She, “Why deep learning works: A manifold
disentanglement perspective,” IEEE Trans. Neural Netw. Learn. Syst.,
vol. 27, no. 10, pp. 1997-2008, Oct. 2016.

H. Tembine, “Deep learning meets game theory: Bregman-based algo-
rithms for interactive deep generative adversarial networks,” IEEE Trans.
Cybern., vol. 50, no. 3, pp. 1132-1145, Mar. 2020.

V. Mnih et al., “Human-level control through deep reinforcement
learning,” Nature, vol. 518, no. 7540, pp. 529-533, Feb. 2015.

L.-J. Lin, “Self-improving reactive agents based on reinforcement
learning, planning and teaching,” Mach. Learn., vol. 8, nos. 3-4,
pp. 293-321, 1992.

T. Schaul, J. Quan, I. Antonoglou, and D. Silver, “Prioritized experience
replay,” in Proc. IEEE Int. Conf. Learn. Represent., 2016.

Z. Ren, D. Dong, H. Li, and C. Chen, “Self-paced prioritized curricu-
lum learning with coverage penalty in deep reinforcement learning,”
IEEE Trans. Neural Netw. Learn. Syst., vol. 29, no. 6, pp. 2216-2226,
Jun. 2018.

G. Novati and P. Koumoutsakos, “Remember and forget for experi-
ence replay,” in Proc. 36th Int. Conf. Mach. Learn., vol. 97. Long
Beach, CA, USA, Jun. 2019, pp. 4851-4860. [Online]. Available:
http://proceedings.mlr.press/v97/novatil9a.html

P. Sun, W. Zhou, and H. Li, “Attentive experience replay,” in Proc.
34th AAAI Conf. Artif. Intell., 32nd Innov. Appl. Artifi. Intell. Conf.,
10th AAAI Symp. Educ. Adv. Artif. Intell., New York, NY, USA,
Feb. 2020, pp. 5900-5907. [Online]. Available: https://aaai.org/ojs/
index.php/AAAl/article/view/6049

H. Liu, A. Trott, R. Socher, and C. Xiong, “Competitive
experience replay,” in Proc. 7th Int. Conf. Learn. Represent.
ICLR, New Orleans, LA, USA, 2019. [Online]. Available:

https://openreview.net/forum?id=Sklsm20ctX

H.-S. Chang, E. Learned-Miller, and A. McCallum, “Active bias:
Training more accurate neural networks by emphasizing high vari-
ance samples,” in Proc. Adv. Neural Inf. Process. Syst., 2017,
pp. 1002-1012.

P. W. Shor, “Algorithms for quantum computation: Discrete logarithms
and factoring,” in Proc. 35th Annu. Symp. Found. Comput. Sci., 1994,
pp. 124-134.

L. K. Grover, “Quantum computers can search arbitrarily large
databases by a single query,” Phys. Rev. Lett., vol. 79, pp. 4709-4712,
Dec. 1997. [Online]. Available: https://link.aps.org/doi/10.1103/
PhysRevLett.79.4709

J. Biamonte, P. Wittek, N. Pancotti, P. Rebentrost, N. Wiebe, and
S. Lloyd, “Quantum machine learning,” Nature, vol. 549, no. 7671,
pp. 195-202, Sep. 2017. [Online]. Available: https://doi.org/10.1038/
nature23474

X.-D. Cai et al, “Entanglement-based machine learning on
a quantum computer,” Phys. Rev. Lett., vol. 114, Mar. 2015,
Art. no. 110504. [Online]. Available: https://link.aps.org/doi/10.1103/
PhysRevLett.114.110504

Z. Li, X. Liu, N. Xu, and J. Du, “Experimental realization of a quan-
tum support vector machine,” Phys. Rev. Lett., vol. 114, Apr. 2015,
Art. no. 140504. [Online]. Available: https://link.aps.org/doi/10.1103/
PhysRevLett.114.140504

K. Beer et al., “Training deep quantum neural networks,” Nat. Commun.,
vol. 11, p. 808, Feb. 2020. [Online]. Available: https://doi.org/10.1038/
s41467-020-14454-2

L. Bai, L. Rossi, L. Cui, J. Cheng, and E. R. Hancock, “A
quantum-inspired similarity measure for the analysis of complete
weighted graphs,” IEEE Trans. Cybern., vol. 50, no. 3, pp. 1264-1277,
Mar. 2020.

W. Ding, C. Lin, and Z. Cao, “Deep neuro-cognitive co-evolution for
fuzzy attribute reduction by quantum leaping PSO with nearest-neighbor
memeplexes,” I[EEE Trans. Cybern., vol. 49, no. 7, pp. 2744-2757,
Jul. 2019.

S. C. Kak, “Quantum neural computing,” in Advances in Imaging and
Electron Physics, vol. 94. Amsterdam, The Netherlands: Elsevier, 1995,
pp. 259-313.

V. Dunjko and H. J. Briegel, “Machine learning & artificial intelligence
in the quantum domain: A review of recent progress,” Rep. Progr. Phys.,
vol. 80, no. 7, 2018, Art. no. 074001.

G. Carleo and M. Troyer, “Solving the quantum many-body
problem with artificial neural networks,” Science, vol. 355,
no. 6325,  pp. 602-606, Feb.  2017.  [Online].  Available:

https://science.sciencemag.org/content/355/6325/602

S. Lloyd, M. Mohseni, and P. Rebentrost, “Quantum principal com-
ponent analysis,” Nat. Phys., vol. 10, no. 9, pp. 631-633, Sep. 2014.
[Online]. Available: https://doi.org/10.1038/nphys3029

(31]

[32]

[33]

[34]

[35]

[36]

(371

[38]

(39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

9337

D. Dong, C. Chen, H. Li, and T.-J. Tarn, “Quantum reinforce-
ment learning,” IEEE Trans. Syst, Man, Cybern. B, Cybern.,
vol. 38, no. 5, pp. 1207-1220, Oct. 2008. [Online]. Available:
https://doi.org/10.1109/TSMCB.2008.925743

G. D. Paparo, V. Dunjko, A. Makmal, M. A. Martin-Delgado, and
H. J. Briegel, “Quantum speedup for active learning agents,” Phys. Rev.
X, vol. 4, no. 3, 2014, Art. no. 031002.

V. Dunjko, J. M. Taylor, and H. J. Briegel, “Quantum-
enhanced machine learning,” Phys. Rev. Lett., vol. 117,
Sep. 2016, Art. no. 130501. [Online]. Available:

https://link.aps.org/doi/10.1103/PhysRevLett.117.130501

L. Lamata, “Basic protocols in quantum reinforcement learning with
superconducting circuits,” Sci. Rep., vol. 7, p. 1609, May 2017.

F. Cérdenas-Lopez, L. Lamata, J. C. Retamal, and E. Solano, “Multiqubit
and multilevel quantum reinforcement learning with quantum technolo-
gies,” PloS One, vol. 13, no. 7, 2018, Art. no. €0200455.

W. Hu and J. Hu, “Training a quantum neural network to solve the con-
textual multi-armed bandit problem,” Nat. Sci., vol. 11, no. 1, pp. 17-27,
2019.

D. Crawford, A. Levit, N. Ghadermarzy, J. S. Oberoi, and P. Ronagh,
“Reinforcement learning using quantum boltzmann machines,” Quantum
Inf. Comput., vol. 18, nos. 1&2, pp. 51-74, 2018. [Online]. Available:
http://www.rintonpress.com/xxqic18/qic-18—12/0051-0074.pdf

M. A. Nielsen and I. L. Chuang, Quantum Computation and Quantum
Information. Cambridge, U.K.: Cambridge Univ. Press, 2010.

L. C. Baird, “Residual algorithms: Reinforcement learning with function
approximation,” in Proc. Mach. Learn., 1995, pp. 30-37.

B. Luo, Y. Yang, and D. Liu, “Adaptive Q-learning for data-based
optimal output regulation with experience replay,” IEEE Trans. Cybern.,
vol. 48, no. 12, pp. 3337-3348, Dec. 2018.

Z. Ni, N. Malla, and X. Zhong, “Prioritizing useful experience replay for
heuristic dynamic programming-based learning systems,” IEEE Trans.
Cybern., vol. 49, no. 11, pp. 3911-3922, Nov. 2019.

D. Dong and I. R. Petersen, “Quantum control theory and applications:
A survey,” IET Control Theory Appl., vol. 4, no. 12, pp. 2651-2671,
2010.

T. De Bruin, J. Kober, K. Tuyls, and R. Babuska, “The importance of
experience replay database composition in deep reinforcement learning,”
in Proc. Deep Reinforcement Learn. Workshop (NIPS), 2015.

S. Ishii, W. Yoshida, and J. Yoshimoto, “Control of exploitation—
exploration meta-parameter in reinforcement learning,” Neural Netw.,
vol. 15, nos. 4-6, pp. 665-687, 2002.

P. Abbeel and A. Y. Ng, “Exploration and apprenticeship learning in
reinforcement learning,” in Proc. 22nd Int. Conf. Mach. Learn., 2005,
pp. 1-8.

T. Mannucci, E.-J. van Kampen, C. de Visser, and Q. Chu, “Safe explo-
ration algorithms for reinforcement learning controllers,” IEEE Trans.
Neural Netw. Learn. Syst., vol. 29, no. 4, pp. 1069-1081, Apr. 2018.
D. Dong, C. Chen, J. Chu, and T.-J. Tarn, “Robust quantum-
inspired reinforcement learning for robot navigation,” IEEE/ASME
Trans. Mechatron., vol. 17, no. 1, pp. 86-97, Feb. 2012.

C. Chen, D. Dong, H. Li, J. Chu, and T.-J. Tarn, “Fidelity-based proba-
bilistic g-learning for control of quantum systems,” IEEE Trans. Neural
Netw. Learn. Syst., vol. 25, no. 5, pp. 920-933, May 2014.

Q. Zhang and D. Zhao, “Data-based reinforcement learning for nonzero-
sum games with unknown drift dynamics,” IEEE Trans. Cybern., vol. 49,
no. 8, pp. 28742885, Aug. 2019.

G. Brockman et al., “OpenAl gym,” CoRR, vol. abs/1606.01540, 2016.
[Online]. Available: http://arxiv.org/abs/1606.01540.

H. van Hasselt, A. Guez, and D. Silver, “Deep reinforcement learn-
ing with double Q-learning,” in Proc. 30th AAAI Conf. Artif. Intell.,
Phoenix, AZ, USA, Feb. 2016, pp. 2094-2100. [Online]. Available:
http://www.aaai.org/ocs/index.php/AAAI/AAAI16/paper/view/12389

Z. Wang, T. Schaul, M. Hessel, H. van Hasselt, M. Lanctot,
and N. de Freitas, “Dueling network architectures for deep rein-
forcement learning,” in Proc. 33rd Int. Conf. Mach. Learn., New
York, NY, USA, Jun. 2016, pp. 1995-2003. [Online]. Available:
http://proceedings.mlr.press/v48/wangf16.html

T. P. Lillicrap et al., “Continuous control with deep reinforcement learn-
ing,” in Proc. 4th Int. Conf. Learn. Represent., 2016. [Online]. Available:
http://arxiv.org/abs/1509.02971

D. Zhao and Y. Zhu, “MEC-A near-optimal online reinforcement learn-
ing algorithm for continuous deterministic systems,” IEEE Trans. Neural
Netw. Learn. Syst., vol. 26, no. 2, pp. 346-356, Feb. 2015.



9338

[55] T. Haarnoja, A. Zhou, P. Abbeel, and S. Levine, “Soft actor-critic:
Off-policy maximum entropy deep reinforcement learning with a
stochastic actor,” in Proc. 35th Int. Conf. Mach. Learn. ICML,
Stockholm, Sweden, Jul. 2018, pp. 1856—1865. [Online]. Available:
http://proceedings.mlr.press/v80/haarnojal8b.html

Qing Wei (Graduate Student Member, IEEE)
received the B.E. degree in automation from the
Department of Control and Systems Engineering,
School of Management and Engineering, Nanjing
University, Nanjing, China, in 2018, where he is cur-
rently pursuing the M.S. degree in control science
and engineering.

His current research interests include machine
learning and deep reinforcement learning.

Hailan Ma (Graduate Student Member, IEEE)
received the B.E. degree in automation and the
M.A.Sc. degree in control science and engineering
from Nanjing University, Nanjing, China, in 2014
and 2017, respectively. She is currently pursuing the
Ph.D. degree with the School of Engineering and
Information Technology, University of New South
Wale, Canberra, ACT, Australia.

She was a Research Assistant with Nanjing
University from 2019 to 2020. Her research interests
include learning control and optimization of quan-
tum systems, and quantum machine learning.

Ms. Ma is a member of the Technical Committee on Quantum Cybernetics,
IEEE Systems, Man and Cybernetics Society.

— ]

IEEE TRANSACTIONS ON CYBERNETICS, VOL. 52, NO. 9, SEPTEMBER 2022

Chunlin Chen (Member, IEEE) received the B.E.
degree in automatic control and the Ph.D. degree in
control science and engineering from the University
of Science and Technology of China, Hefei, China,
in 2001 and 2006, respectively.

He is currently a Professor and the Head of the
Department of Control and Systems Engineering,
School of Management and Engineering, Nanjing
University, Nanjing, China. He was with the
Department of Chemistry, Princeton University, from
2012 to 2013. He had visiting positions with the
University of New South Wales, Canberra, ACT, Australia, and City University
of Hong Kong, Hong Kong. His current research interests include machine
learning, intelligent control, and quantum control.

Prof. Chen serves as the Chair of Technical Committee on Quantum
Cybernetics, IEEE Systems, Man and Cybernetics Society.

Daoyi Dong (Senior Member, IEEE) received the
B.E. degree in automatic control and the Ph.D.
degree in engineering from the University of Science
and Technology of China, Hefei, China, in 2001 and
2006, respectively.

He is currently a Scientia Associate Professor
with the University of New South Wales, Canberra,
ACT, Australia. He was with the Institute of Systems
Science, Chinese Academy of Sciences, Beijing,
China, and with the Institute of Cyber-Systems and
Control, Zhejiang University, Zhejiang, China. He
had visiting positions with Princeton University, Princeton, NJ, USA; RIKEN,
Wako, Japan; University of Duisburg-Essen, Duisburg, Germany; and the
University of Hong Kong, Hong Kong. His research interests include quantum
control and machine learning.

Dr. Dong was awarded an ACA Temasek Young Educator Award by
the Asian Control Association. He is a recipient of an International
Collaboration Award and an Australian Postdoctoral Fellowship from the
Australian Research Council, and a Humboldt Research Fellowship from the
Alexander von Humboldt Foundation of Germany. He serves as an Associate
Editor for IEEE TRANSACTIONS ON NEURAL NETWORKS AND LEARNING
SYSTEMS and a Technical Editor for IEEE/ASME TRANSACTIONS ON
MECHATRONICS. He is a Member-at-Large, Board of Governors, and the
Associate Vice President for Conferences and Meetings, IEEE Systems, Man
and Cybernetics Society.

“my

s
v

Authorized licensed use limited to: ULAKBIM UASL - DOKUZ EYLUL UNIVERSITESI. Downloaded on October 28,2022 at 12:58:47 UTC from IEEE Xplore. Restrictions apply.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


