Paper:

Quantum Representation for Robot’s Emotions

Quantum Representation for Robot’s Emotions
Based on PAD Model

Xiao Ling*, Shan Zhao*, and Hongyu Zhai*

*School of Computer Science and Technology, Changchun University of Science and Technology, Changchun 130022, China

Abstract: The development line of robotics is marked
with the triad: industrial-assistive-social robot-
s, which leads from human-robot separation to-
ward human-robot interaction (HRI). Exploiting the
promise of security and efficiency that quantum com-
puting offers, a quantum representation based on
the Pleasure-Arousal-Dominance (PAD) emotion mod-
el (QRPE) is proposed, which utilizes only » + 3 qubits
to store robot emotions in a time cycle. Meanwhile,
an example to illustrate quantum robot emotional s-
tate is given. Furthermore, three unitary operations
that can be performed on the QRPE model to achieve
specific transitions are designed. They facilitate the
construction of complex quantum algorithms to deal
with robot’s emotions and the improvement of robot’s
ability to provide better service to humans.

Keywords: quantum computing, human-robot interac-
tion, robot’s emotions, PAD emotion model

1. Introduction

As humanoid robots become social companions inhab-
iting and building relationship with humans, the study
of the emotional communication between humans and
robots are increasing in the field of human-robot inter-
action (HRI). Such socially assistive robots are increas-
ingly used in nursing homes as a companion providing
for elderly or autistic people with mental health services,
which can help relieving loneliness and enabling com-
munication [1]. In this situation, artificial emotions help
robots drive cognitive mechanisms for selecting appropri-
ate actions in response to environmental stimuli, which
have been explored and modeled to promote interactions
between humans and robots. Therefore, various model-
s have been proposed to establish the emotional states of
robots, such as Ekman’s six basic emotions [2], “Plutchik"
emotions wheel [3], Izard’s four-dimensional theory [4],
and Pleasure-Arousal-Dominance (PAD) emotional state
model [5]. Among them, the PAD model has been exten-
sively applied to text semantics [6], audiovisual speech
[7], head and facial gestures [8], and emotional descrip-
tion of emotional expression robots [9].

With the rapid development of quantum computing, the
combination of emotion models and quantum computing
will greatly promote the development of emotional com-

puting. In recent years, there are some attempts, e.g., ap-
plying quantum circuits to fuzzy set modeling [10], quan-
tum emotion representation based on the Bloch sphere
[11], computational description of a quantum mixed state
composed of emotions and thoughts [12], and describing
and manipulating the emotion space of robots, extending
emotional interpretation to the field of quantum comput-
ing [13].

In this study, a quantum representation based on the
PAD emotion model (QRPE) is proposed. Three qubits
are allocated to determine the type of emotions, the angle
information of three entangled qubits is used to represen-
t the three-dimensional emotional information, and a n-
qubits sequence is used to determine the time. Moreover,
three operations are designed to transform emotions for
specific application.

The rest of this study is organized as follows. In Sec-
tion 2, the QRPE model and its preparation procedure are
discussed, which is transformed from the initialization s-
tate to the QRPE state. In addition, a simple example is
given to shown the robot’s emotional state over a period
of time. In Section 3, three operations for QRPE are de-
signed to manipulate the emotions of robots. Meanwhile,
examples are given to illustrate these operations.

2. Quantum Representation Based on PAD E-
motion Model

Based on the PAD emotion model, QRPE model and
the emotions generation of robot are introduced in this
section.

2.1. Modified PAD Emotion Model

The commonly used PAD emotion model expresses e-
motions according to the three-dimensional scale, where
P (Pleasure-Displeasure) represents the individual emo-
tional state (i.e., positive and negative characteristics); A
(Arousal-nonarousal) represents the individual’s neuro-
physiological activation level, alertness. It is related to
the activation degree of the body energy associated to the
emotional state; and D (Dominance-Submissiveness) rep-
resents the individual’s situation and control of others. In
such case, the robot’s emotions can be mapped to a three-
dimensional coordinate of the PAD emotion space [14] as
shown in Figure 1.

Specifically, in the PAD emotion model, eight areas
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Fig. 1. Emotion octants of the PAD space.

different colors are used to represent eight emotion labels
(i.e., Exuberant, Dependent, Relaxed, Docile, Bored, Dis-
dainful, Anxious, and Hostile) as shown in Table 1.

Table 1. Emotional label of the PAD space.

Quadrant Label Quadrant Label
Q.,(+P+A+D) Exuberant  Qj(-P-A-D) Bored
Op(+P+A-D)  Dependent  Qy(-P-A+D)  Disdainful
0. (+P-A+D) Relaxed Qr(-P+A-D) Anxious
Q4(+P-A-D) Docile Q0.(-P+A+D) Hostile

2.2. QRPE Model

In order to express the robot’s emotions over a period
of time on quantum computers, the QRPE is presented as

11 25!
‘RQRPE>:73WZ [Epap)@1t), . . . . . . (1)
=0

which can be composed by two parts: emotional infor-
mation |E},,,,) and the corresponding time cycle |r) =
|th—1ty—2...to). Specifically, emotional information can be
mathematically defined as

, 6 0y, . O 6
[Ehap) = (c05 2 [0) +5in 2| 1))[01) + (cos 2 [0)
91‘ 1 !
+sin7A|1>)\10> + (cos%’\O)—Fsin%\l))Hl)
t ! 13
= cos % |001) 4 cos 6—2"‘ |010) 4 cos 071) |011)
. 6h G S
+s1n7|101> +s1n7|110> +s1n7|111>.
In Equation (2), |E},, ) is composed of six computational
basic states |001), [010), [011), [101), |110), and |111)
with their probability amplitudes. The superposition state
cos 67Xt|0> + sin %Xt|1> (X ={P,A,D} and {6},6,,6}} €
[0, 7]) are used to determine the dimension of emotions.
The emotional states of a robot in a certain time cy-
cle (t =4) in QRPE model is shown in Figure 2, where
three qubits are used to represent the emotional informa-

tion based on PAD model at each moment, and the other
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Fig. 3. Correspondence between angles and emotion space.

two qubits are encoded to describe the required time in-
formation.

The relationship between the emotion space of dimen-
sion and angle value 0%, where X = {P,A, D}, is defined
as shown in Figure 3. Since 6 € [0, 7], it is determined
that the angle range of the positive semi-axis mapping is
[0, %), and the angle range of the negative semi-axis is
(5, 7). When 6 = 7, it means that the value of the dimen-
sion is 0.

2.3. QRPE Generation Procedure

To achieve the transforming of quantum states from the
initial state to the desired QRPE model, several quantum
gates (identity, Hadamard, and rotation) are required to
obtain the desired QRPE state. Given three angle vec-
tors Oy = (62, 6y,...,62 ~1),(6 € [0,7],X = {P,A,D}),
assume that the initial state is |0)" >, where n is the num-
ber of qubits carrying time information, and 3 qubits are
used to encode emotional information. After multi-step
unitary transformation, the initial state of the quantum
computer is transformed into the state required by QRPE.
The transformation is mainly completed by the following
three steps.

As a preliminary, three operators are designed as fol-
lows to transform the initial state:

_ (cos(arctan/2)  sin(arctan/2)
M (arctan v'2) = (sin(arctan\/i) fcos(arctan\/i))7 - 3
My =10)0[X+ 1), . . . ... ... &
Mg =10)0|@[+|1){(l|@H. . . . . . . . . . (5

Step 1: The transform .7 = |I)®3 @ H®" is designed by
the tensor product of three identity and » Hadamard ma-
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trices, which can be used to transform the initial state
|0)¥3+7 to an intermediate state as

[H) = 7(10)*"*?)
— I®3|O>®3 ® |H>®n|0>®n
1 2=t

=77 Z|0 Y @ r).

Step 2: The time information has been initialized, then
the transform .# = I @ M(B)M(A)M(x) ®1 is considered
to transform the |0)®? to the emotional state of QRPE (i.e.
|Epap)), which can be described as

|Epap) = #10)*

= 1|0) ® M(B)M(A)]cos(arctan v/2)|0)+

sin(arctan v'2)[1)] ® 1]0)

= 1]0) ® M(B)[cos(arctan v/2)|01) + sin(arctan v'2)|10)]

(6)

= |0) ® [cos(arctan/2)|01) + L sin(arctan v'2)[10) 4

V2
\}Esin(arctan V2)[11)]
_ \%|0> @ (|01) +]10) +]11)).

Step 3: When the robot is motivated by stimulation, the
emotions in the period |r) can be generated by three ro-
tation matrices (rotation 8 around the y-axis of the Bloch
sphere), which is defined as

6
coss —sin
R,(0)={". 2),06=16:,0,,0 8
O = (508 n) o= (hohoh). . . ®)
Based on the transformation in Equation (8), three con-
trol rotation matrices 65, 0}, and 6}, are given as

3
RE =10 Y [/){(jil+Ry(6p) @[1)(1],
j=2
3
Ri=1® ) |)Ul+R(6) @22 . . . ©)
j=1j#2
b 3
RP =12 ) [j){l+R,(6p)®3)(3|.
J=1,j#3
Therefore, R, = RPRARF. Then the operation R;, t =
{0,1,...,2" — 1} can be formalized as

_I®3® Z

J=1j#t

NGIAR @O . . . . .. (10)

It is clear that R, is a unitary matrix since R,R] = I®"*3

2"—1

RuRi(|Epap)|H)) = f\[ <|0 ®le Y i

J=0,j7k,m

(11
+\E£AD>®|k>+\E&D>®|m>) (v

= |RoreE)-
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After the transformations above, the initialized state
|0)®3+7 is transformed to the QRPE state as shown in Fig-
ure 4. The complexity of the preparation for |[Rogpg) can
be calculated in terms of quantum gates. As such, the
complexity of [Rpgrpr) can be calculated as

(n+5)4+3x2"x (2272 — 1) 43 x 2" x (2272 —2)(12)
=3x2¥3 _9x 2"t n+5.
Step 2 Step 3

R, (arctau \/5 ) ; |

Step 1

Fig. 4. General circuit of QRPE model.

2.4. Measurement-Based Emotions Retrieval

The measurement of the quantum state of robot’s emo-
tions is used to retrieve the probability distribution of e-
motions. The emotional information of QRPE is present-
ed as follows:

05 0}
|Epap) —cos—|001>+cos—|010)+cos Lio11)
2wy

t

6! 6}
+sin7”|101>+sin7f‘|110>+s1n—|111>

Therefore, in order to retrieve the emotion information of
the robot, the coefficient of this state needs to be measured
separately. The emotional state can be written as

|Epap) = |Ep)|01) + [E4)[10) +[Ep)[11), . . . . (14)

where

|Ep) = cos—\O) —l—sm—\ )

t

‘EA>_COSQ—‘O>—|—51H—‘> I € 1))

0;
|Ep) = 0057D|0> —0—51n—|1)

According to Equations (14) and (15), the measurement
operation is retrieved in emotional dimensions. There-
fore, |Ep) encodes the value of the P dimension, |E,) en-
codes the value of the A dimension, and |Ep) encodes
the value of the D dimension. The qubits d; and dj are
used to control the operation, respectively. In theory, ev-
ery measurement result on |Ex)(X = {P,A,D}) is O or
1. When the measurement result is 0, the probability is

cos? “X. Otherwise, the probability is sin’ 2 Then the X
dlmenswn value can be obtained by the probability.

A simple example is given to show the robot’s emo-
tional state in a time cycle. The specific emotional state
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Fig. 5. Quantum circuit to encode emotions in a time cycle to QRPE model.
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Fig. 6. Robot’s emotional state in a time cycle.

at the corresponding time is shown in Figure 6. It can be
implemented by the quantum circuit in Figure 5.

As mentioned earlier, the angle information encoded
by three emotions is used to represent changing emotions,
and four qubits are used to represent time information.
An example is used to illustrate the emotional state (from
quadrant a to &) of the robot in QRPE model over a time
cycle (from 1 to 8), which is given in Figure 6.

3. Operations on QRPE Model

Based on the above discussion, the emotions of a robot
in a period are encoded in QRPE model, quantum opera-
tions performing on QRPE to achieve changing dimen-
sional emotion (CDE), dimension swapping (DS), and
time reversal (TR) are designed in this section.

3.1. CDE Operation

The CDE operations including CDEp, CDE4, and
CDE}p are applied on the three dimensions (P, A, and D),
respectively. Therefore, the emotionnal information will
be changed in only one dimension or multi-dimensions
by changing the angle information with control additions
(i.e., dimensions). The operator can be defined as

211
CDEx =1°® Y |0){(t|+ETx ® [k)(k],
t=0,t#k

. (16)

where the operator ETy is realized by using the Uy =
C?Ry(0) gate as shown in Figure 7, which can be mathe-
matically described as

ETx =Ux®I1°" X ={PA,D}. . . .

d]
4“—1
(a) (b) (c)

. (A7)

Fig. 7. Circuit to implement the Ux operation.

Applying the CDEYx operator on the QRPE in Equation
(1) will yield

CDEx |RZQRPE>

1 2"—1

1 :
= CDEX(%W t;,) |Epap) ® 1))

1 1 2"—1 2n—1
=— ( |Epap) @ [t) +ETx Y. |Epap) @ |k))
\/§ \/Zn t:OZ,t’;ék I:ZO

1 1 2" 1 2" -1

_ t ®n k
~ AV (t:§#k|EPAD>®‘t>+(UX®I );} |Epap) @ [k))

(18)

1 1 2" 1 2" 1
= —= 7l Epap) @ |0)+ Y |Efap) @ k).
NERGAR A L
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The rotation angle is controlled by the emotional dimen-
sion as shown in Equation (19). The circuit of controlled-
rotation gates for d; and dy is shown in Figure 7.

P 6,—06 0
|Epsp) =cos( )|001>+cos—\010)+cos—|011>

- 0
+sin(6p 9)|101> sm—|110> sm—|111>
6, —06
|E?AD)—cos—|001>+ cos(-4 )\010>+cos—|011>
t t (19)
GA—Q ol
+sm—|101> sin( )|110>+sm—|111>7
0[
|ERp) —cos—|001> +cos —\010) + cos(—2 )|011>
9 -0
+§1n—|101>+sm—|110>+sm( )|111).

It should be noted that the emotion |E}, ;) in Equation
(18) at time |k) has all of its emotion coming from the
original emotion |Epsp) by shifting the angle 6 on the P,
A, or D dimension.

e -

Emotion d;

dy

]

Time f;
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|
T
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Fig. 8. Circuit to implement the CDEp operation.

Figure 8(a) is the circuit diagram of CDEp. By con-
trolling conditions d; and dy, the CDE operation changes
the value of dimension D. Figure 8(b) shows the emotion
transforming from Q, to O, which is realized by CDEp.

3.2. DS Operation

The DS operations is DSy (Y = {PA,PD,AD}). These
operations exchange emotional dimension values between
P and A; P and D; A and D dimensions, respectively,
where DSy =1 ® Uy ® I®" is used to act on d; and dj.
The DSy applied on |Rgrpr) can be described as

DSy (|RgreE)) = (1@ Uy @I°")|RoreE)
1 1 21

RERY

= |RQRPE>

|EY ) @), . (20)

where |E},jj4 p) is the new emotional state after the DSy op-
eration, the transformation process can be mathematically
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expressed as

65
ER) —cos—|001> +cos 4010) +cos—|011)

+sm—|101)+sm—|110)+sm—|111>

6,
EbDs) 7005—\001> +cos —|010> +cos—|011>

2D
+sm—|101>+s1n—|110>+sm—|111>7
1

0} 0,
|Ep) =cos *|001> +cos f|010> +cos —|01 1)

+s1n—|101)+s1n—|110>+sm—|111>.

&
K
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Fig. 9. Circuit to implement the Uy operation.
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Fig. 10. Circuit to implement the DSp4 operation.

Quantum state [Rf)zpp;) is obtained by performing the
DSy operation on the original state |Rgrpg). Specifically,
the quantum circuit of Uy (Upa,Upp,Uap) are shown in
Figure 9. Figure 10(a) is the circuit diagram of DSp4.
By swapping d; and dp, the DS operation exchanges the
values of the two dimensions. Figure 10(b) shows the
change of emotions from Q. to Q..

3.3. TR Operation

In order to realize the human-computer interaction, re-
turning to the last emotion is required in the previous lay-
er, that is, the emotion of the last moment. Thus, the TR
operator is designed to realize this operation. The time
label is the unique identifier of the changed emotions. In
order to change the output emotional sequence back to the
previous moment, the time label should be changed by the
TR operator. The notation ¢ is the time information of the
QRPE model, s is the difference between ¢ and (r + ).
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The operator that acts on the | ORPE) can be expressed as

211

Sy X Vo) S TR
_L 1 2nil|Etis>®‘li d2">
= AV Lz PAD s mo .
For the same situation, the emotion expression of the
robot can directly extract the generated emotions. The
operation can be applied flexibly in the face of some com-
mon situations.

As mentioned above, by combining multiple emotion-
al states of the robot into a unit, the different emotional
states are cut and merged. Therefore, the function of the
TR operation can be used to realize the combination and
expression of the robot’s emotional changes. In this case,
the emotional state of each emotional dimension will be
replaced.

TR|RorpPE) =

(22)

4. Conclusions

A quantum robot’s emotions representation based on
PAD model (QRPE) is presented in this study. Specifi-
cally, the process of QRPE preparation and transforma-
tion; generation of robot’s emotions in QRPE model; e-
motions retrieval based on measurement; and a simple
example to show the emotional state in a time period are
discussed. Based on these, some operations on robot’s e-
motional information and corresponding examples are de-
signed, which provide a certain foundation for realizing
the processing of quantum robot’s emotions.

The fusion of different technology and robotics are
striving to come up with new advancements, which will
enhance civilization and ultimately improve the quality
of life. In the future work, this study may be able to
promote emotion cognitive by employing quantum algo-
rithms, such as quantum machine learning [16] and re-
inforcement learning [17]. To accommodate the advance-
ment of the companion robot, more comprehensive QRPE
models can be built to describe more types of robot’s emo-
tions to improve the service and communication ability of
the companion robot.
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