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Quantum affective processes
for multidimensional
decision-making
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In modeling the human affective system and applying lessons learned to human-robot interaction,
the challenge is to handle ambiguous emotional states of an agency (whether human or artificial),
probabilistic decisions, and freedom of choice in affective and behavioral patterns. Moreover,
many cognitive processes seem to run in parallel whereas seriality is the standard in conventional
computation. Representation of contextual aspects of behavior and processes and of self-directed
neuroplasticity are still wanted and so we attempt a quantum-computational construction of robot
affect, which theoretically should be able to account for indefinite and ambiguous states as well as
parallelism. Our Quantum Coppélia (Q-Coppélia) is a translation into quantum logics of the fuzzy-
based Silicon Coppélia system, which simulates the progression of a robot’s attitude towards its user.
We show the entire circuitry of the Q-Coppélia framework, aiming at contemporary descriptions of
(neuro)psychological processes. Arguably, our work provides a system for simulating and handling
affective interactions among various agencies from an understanding of the relations between
quantum algorithms and the fundamental nature of psychology.

To design empathic androids that can handle the emotional ambiguity of their users and can simulate mixed
feelings themselves, Hoorn et al. developed a fuzzy logic approach to robot affect'. Such a robot system should
be able to process the affective impulses from its surroundings, in most cases, human affect. To gain a more
precise theoretical understanding, we let the robot try to mimic the affective processing system of a human in
a fuzzy manner. However, as fuzziness facilitates the simulation of certain affective processes and states, it also
has its limitations, which are to be explained later. To overcome the limitations of fuzzy logics and to open up
psychological processing to quantum computing, Hoorn et al. developed a quantum understanding of human
information processing in terms of mixes of reflective and affective operations?, expressed as Bloch vectors?, in
a sense that information is conceived of as oscillations of electrons that can be superposed, resulting into “mixed
states” of reflection and affect, which are described by the probability distributions of the multiple pure states
that the oscillations can be in (cf. Raghuvanshi & Perkowski?, Yan et al.®). The essence of such understand-
ing originates from the basic idea of the quantum that a quantity that is seemingly allowed in one state only
(e.g., position, momentum, and energy) may form a single state that may be observed in either capacity with a
certain probability.

Why would we want to make the “quantum turn” and not stick to conventional computing when simulating
human affect? Since the mid-1990s, a body of literature is building up, proposing that quantum mechanisms are
active in human information processing®’. In their review, Schwartz et al. observed that modern physics takes
into account psychological decisions in the explanation of causal physical relationships®. Reversely, they observed
that neuroscientists and psychologists increasingly (should) rely on quantum physics to describe neural processes
that are determined by certain structural aspects of the ion channels that are operative in the synapses (the human
information “switchboards”). In their seminal work, Hameroff et al. suggested that coherent quantum processes
take place in the “microtubules” of brain neurons, controlling the activity of synapses and membranes, underlying
occurrences of conscious awareness and decision-making’. Schwartz et al. assert that “.. contemporary physical
theory must in principle be used when analyzing human brain dynamics™®.

With its preoccupation with studying phenomena as discrete units, classic science struggles with the con-
textual aspects of an entity’s behavior and processes (whether in physics or psychology). Psychology may find it
difficult to include contextual aspects into its classical probabilistic models, which may be resolved by applying
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quantum probability theory to handle the dynamics of contextual impact on behaviors”!°. In particular, the quan-
tum paradigm facilitates considerations of counterfactual reasoning: “what if the truth should be understood in
an alternative way.” A new state of thought, comprising two (or more) perspectives coincides with the quantum
realm. Classic probability estimates struggle with probability fallacies such as conjunction and disjunction, as
well as irrational behaviors, and order effects''~**. By contrast, quantum probability can resolve such paradoxes.

Schwartz et al. criticize contemporary brain science for assuming that measurable physiological data are the
final explanation of psychological functions®. Apart from the conundrum of “measurement” in quantum physics,
these authors point out that contemporary neuropsychology cannot explain what happens during experimenta-
tion; how people may “willfully induce brain changes” or employ “self-directed neuroplasticity;” for instance,
through training, cognitive re-attribution, or conditioned attentional focus shifts (which may not be intended
by the very experiment). Current neuropsychology should incorporate the mathematics of quantum physics to
account for human observational bias in the measurement of physical properties of the human brain®. The key
element added to the dynamics by the quantum formalism is the knowable choices made by human agencies.
The classical approach, in contrast, eliminates the causal efficacy of human’s conscious efforts. According to
quantum theory, if one attempts to observe a single particle such as an electron traversing a neuron, only one
of all the parallel states will be returned (e.g., with electroencephalograms or EEGs). This is well known from
Young’s double-slit experiment of electron diffraction. One view on such an observation problem is the prop-
erty of quantum entanglement. If we take the observer and the observed system as a quantum system, and the
observer performs a measurement on the system, the observer presents itself in a particular state by measuring
itself (in the basis of the observer), and then a measurement is performed on the observed system (in its basis)
given the state of the observer. In other words, the observer and the observed system are entangled, in a sense
that the state of the observed system depends on and is relative to the state of the observer.

If we should believe the neurologists and psychologists, then the firing frequencies of electrons carry informa-
tion around the human brain, over a trajectory, say the ion shafts in the nervous system, which allow neurons to
generate action potentials. Such processes are susceptible to quantum dynamics too, including the superposition
of an electron’s wave function over different locations in the brain - perhaps even other body parts, or perhaps
other people? If so, will superposed electrons explain the dynamics of human information processing, in par-
ticular of affect and reflection operating on the same piece of information in parallel?

We will attempt the modeling of the ambiguity or “polyvalence” of human emotions, such that a robot could
simulate them in a human-like fashion. Raghuvanshi et al. introduced the “quantum sphere of emotions” in the
Bloch sphere derived from Plutchik’s wheel*. The active-passive dimension of human behavior and the posi-
tive-negative emotions form the xy-plane at a value of z, denoting emotional intensity. In Raghuvanshi’s view,
different emotions correspond to different regions on the Bloch-sphere surface as indicated by the phase of the
quantum state, which allows for an ensemble of emotions rather than just one. Yan et al. represented human emo-
tions using the Bloch sphere derived from the pleasure-arousal (PA) plane in which emotions are associated with
different regions®, similar to the two-dimensional circle representation of activation (arousal) and valence?®-22.
With the z-axis representing emotion intensity, a point on the Bloch sphere defined by a qubit representing the
length of the Bloch vector depicts the emotional ambiguity. Represented like this, the emotion “surprise” may
have different levels of liveliness and may have pleasurable as well as unpleasable aspects concurrently. Yan et al.
propose a number of variants. Their earlier work proposed that the PA plane is the xy-plane enclosed by the
equator”. Later, discretization of the PA plane using a qubyte was proposed®. In recent work, the angular position
is modeled as the polar angle of the qubit state*, and the information of emotion intensity is included comprising
of 2" levels, using n qubits incorporated with the Plutchik wheel®. Lately, a 3-qubit representation was proposed
by Yan et al. based on the pleasure-arousal-dominance (PAD) model, each denoting the pleasure, arousal, and
dominance dimension?®. Apart from emotion representation, these authors also proposed the correspondence
between human behavior and quantum modeling?, algorithms for quantum emotions in a time domain®?**>26,
and in a multi-robot domain®!. Despite the various representations and paradigms of quantum emotions, an
underlying contextualized process of affect for those quantum emotions is still missing.

Earlier, we worked on the affective system coined Silicon Coppélia’. Silicon Coppélia is equipped with fuzzy
logic with a complete and elaborated implementation of interpreting observed features, comparing those with
goals, and evaluating the decision to an action based on the use intentions and level of engagement’. Emotion-
regulation strategies are present inside the Silicon Coppélia system to resemble cognitive control over sometimes
too intense affective responses. In Silicon Coppélia, affective and cognitive processes balance each other, for
instance, when showing empathy (taking a cognitive perspective and adding positive affect). The concurrent
affective and reflective processes try to mimic the neurological dynamics inside the human brain. On a neurologi-
cal level, information is forwarded by firing frequencies of electrons. The thalamus works as a semi-transparent
mirror: Information runs directly to the amygdala; psychologists would term this “affective processing”; and
concurrently that same information splits off to the neocortex and only then enters the amygdala, which psy-
chologists would regard as “reflective processing”> . It follows that the information entering the amygdala is
present in more than one state all at the same time. Information would directly enter the amygdala to detect
friend or foe and the detour through the neocortex would add to the feeling of being involved with the agency
or feeling friendship for it. In sum, the Silicon Coppélia system possesses both psychological and neurological
compatibility for quantum processes, which is promising for transitioning it to a system for quantum-informa-
tion processing and computing, Quantum Coppélia for short. Previously, we cited the quantum-consciousness
literature” because on the affective front, there are few papers that delve into affective processes*>**?. Looking
into quantum-consciousness seems the next best thing, particularly to find a biological substrate for assumed
quantum phenomena in the brain’. By that, however, we do not intend to equate psychological affect with “emo-
tions” or “feelings,” nor do we mean that affect is necessarily conscious: Some affective processes that produce
emotions happen on reflex (i.e., fear); they are evolutionary hard-coded and may happen unconsciously*.
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Figure 1. Dependencies in Silicon Coppélia®’. Curved arrows indicate interaction effects. IDT involvement-
distance trade-off, UI use intentions.

Quantum Coppélia (Q-Coppélia) attempts to provide a conceptual framework of an affective system for
quantum computation, which is sufficiently specific for processing real observations, based on the Silicon Cop-
pélia model'. In Section “Theory” of this article, selected quantum properties are highlighted as the foundation
of Q-Coppélia, followed by discussions of certain building blocks of the quantum circuits. Then, with a brief
review of the Silicon Coppélia system in Section S1, the construction of Q-Coppélia is provided in Section “The
Quantum Coppélia model”, component by component, each corresponding to the original Silicon Coppélia sys-
tem. In Section “Discussion”, we compare Q-Coppélia with Silicon Coppélia in various aspects: Q-Coppélia can
differentiate concurrently occurring affective states and the subsequent decision to execute a certain behavior.
That decision usually is observed as the result of one type of affect alone; although such a decision does not neces-
sarily reflect all the affective states that people actually have in mind. The quantum nature of Q-Coppélia allows
for probabilistic decisions that are not present in Silicon Coppélia, representing the indeterminism of human
behavior. It also naturally embeds the capability of parallel processing, in line with parallel distributed neural
processes. Q-Coppélia generalizes further the representation of ambiguity and provides a conceptually distinct
understanding of a scale of affect as states of linear independence. Finally, a comparison of Boolean convention
in Silicon Coppélia and Q-Coppélia is noted, revealing a possible arbitrary choice of affective and behavioral
patterns. In demonstrating the quantum transition of a classical affective processing system, our work reveals
a contextual understanding of the relations between the quantum algorithms and the fundamental nature of
psychology, facilitating further explorations of contextual quantum-affective systems.

Theory

In earlier work on affective processing, Hoorn et al. discerned a feature-encoding phase, a comparison phase, and
a response phase, using fuzzy logic to represent a robot’s response (Fig. 1)*. In Fig. 1, Silicon Coppélia encodes
the observed features of the target agency, and appraises them in various domains (e.g., Ethics) for comparison
with the goals and concerns of the robot, determining Relevance and Valence. The response takes into account
intentions to work with the target agency and the level of engagement with the target (i.e., Involvement and
Distance). Silicon Coppélia offers a full mathematical account, implemented in Ptolomy’!. In the remainder
of this paper, a brief review of the model is given in Section S1, together with an attempt to better systematize
the use of mathematical language for deployment in the quantum-computing algorithms, presented thereafter.

Circuit components for quantum logic.  Dimension scales of state variables and initialization. The di-
mensions and variables in the Silicon Coppélia system may come as unidimensional bipolar scales and bidimen-
sional unipolar scales. A unipolar scale (e.g., unidimensional, Fig. 2a) defines an attribute of the extent of a qual-
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Figure 2. Representation of different scales. The two appraisal labels of Ethics, good and bad, are used as an
example. Unidimensional unipolar scales can be found in the weight parameters. Vectors not reaching the
surface of the Bloch sphere indicate mixed states.

ity, such as how good, bad, or happy. A unidimensional bipolar scale (Fig. 2b) consists of a single psychometric
scale of which the ends are usually interpreted as near-opposite quantities, such as happy and sad, good and evil,
etc. It is usually quantified with a range of positive and negative numbers, e.g.,[—1, 1]. A bidimensional unipolar
scale (Fig. 2¢), on the other hand, consists of two scales that are usually interpreted as a complement of each oth-
er. The ends of the two scales indicate “with it” and “without it” It is usually quantified with a set of ordered pair
with non-negative numbers, e.g., { (x,y)| x,y € [0,1]}. Complement scales are linearly independent, i.e., one
scale cannot be expressed equivalently as the other by multiplying it by a constant. In practice, these scales are of-
ten treated as orthogonal, between which there is no contextual intersection. Therefore, bidimensional unipolar
scales are a generalization of unidimensional bipolar scales in the sense that bidimensional unipolar scales treat
the quantities as separate dimensions and allow the coexistence of the complement pair. The unidimensional
bipolar scale attributes either good or bad, beautiful or ugly, to a feature, whereas the bidimensional unipolar
scale allows it to contain both simultaneously (something good in the bad).

In Q-Coppélia, a psychometric scale is represented by a quantum state denoted by a ket (| - -)), as shown in
Fig. 2d. The scale is a two-state system, consisting of a basis of two vectors. A choice of a two-state system could
mimic human behavior that results from the decision for action, representing one of the multiple emotions
concurrent in the mind*, i.e., overt behavior shows a level of “certainty” about one’s vague or ambiguous feelings
that covertly are actually present. In choosing|0) and |1) as the computational basis, these kets form a complete
set of orthogonal basis in the Hilbert space, i.e., any single ket can be represented by some linear combination of
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the basis vectors. When |0) and |1) form a scale, |1) is defined as “full of something” (full scale) and |0) as “absence
of something” If one interprets physically that different scales are governed by different parts of the brain, |1)
indicates the presence of an action potential and that a certain part of the brain is activated (being certain of the
appraisal once measured so). A unidimensional scale is modeled as one qubit and a bidimensional unipolar scale
is modeled as two qubits, each of them denoting one scale of the complement pair, e.g., good and bad. Whereas a
scale is normally represented by a range of scalar, here it is represented by a linear combination of the basis vec-
tors and visualized in a Bloch sphere (Fig. 2¢). Therefore, different kets are (mathematically) regarded as distinct
states of no alikeness (since (0|1) = (1]|0) = 0, states not linearly dependent cannot be compared as “more” or
“less”). The advantage of having a complete set of states using an orthonormal basis is that it allows the unique
description of all states of interest. Likewise, parallel possibilities of |0) and |1) do not interfere with each other.
The change in the scale is denoted as a transformation of the ket from one to another, instead of the classical way
of algebraic addition or subtraction. In other words, the scales do not possess properties of reinforcement and
cancellation (e.g., “very happy” and “no feeling of happiness” are two distinct states; they cannot be regarded
as “fairly happy on average”). Because every state is represented by a ket, indefinite states (neither |0) nor |1) but
a superposition of them) and statistical mixtures of states could be denoted by a qubit, and all states may be
processed in one computation, known as quantum parallelism. This approach would simulate simultaneous
processing of human affect.

In general, a pure state seen as an indefinite state formed by the superposition of the basis vectors is inter-

preted as an intermediate scale. For example, a quantum state 12711 of good as part of the complementary

good/bad pair on a bidimensional unipolar scale is a vague state both “with good” and “without good” with equal
probabilities. With a similar construction for bad, a bidimensional unipolar scale is formed. For both scales, a
measurement of the qubit returns either [0) or|1).

A quantum state contains both information of probability amplitude and phase. A pure state may be written as

[v) :cos%IO)—i—ei‘p singll) (1)

where 6 and ¢ represent the polar angle and the azimuthal angle of the Bloch sphere, respectively. The pure state
|) is a point on the Bloch sphere surface. Such a general state may be initialized from |0) by
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where P and R, are the phase gate and R, gate, respectively. In other words, an arbitrary pure state may be ini-
tialized by applying R, (6) and P(¢) sequentially to |0). Initialization is performed when specifying parameters
and any predefined states.

Logical and register operations and register-triggered logics. 'The affective process described by Silicon Coppélia
involves numerous fuzzy NOT, AND and OR operations, which correspond to the X gate, generalized Toffoli AND
gate, and the generalized Toffoli OR gate, respectively (Fig. 3a—c). When composite logic is involved, ancilla
qubits are used to store the intermediate results. For processes involving generalized controlled-NOT operations
only, uncomputation is performed after the logic evaluation so that the ancilla qubits can be recycled. Uncompu-
tation repeats the operations that entangled the ancilla qubits but in a reverse sequence except for the operations
that produce the final output.

Quantum registers (qubytes) may also be involved in the operations of quantum computing. One commonly
used qubyte operation is addition (Fig. 3d). Quantum algorithms may sometimes be conditional to the value of
the qubytes. The conditional expressions are accomplished by setting the qubyte as the control register, where
the value for triggering the operation is labeled with the |1)-conditioned control (e), and |0)-conditioned control
(o) for the others (Fig. 3e).

Superposition and mixed states manipulations. Whereas both superposition and mixed states denote some
states not exactly|0) or |1), they are different in nature. A pure state, being a representation of vagueness, denotes
one’s single indefinite affective state. A pure affective state contains no uncertainty for the affect of the robot
(but only the decision upon measurement depending on the basis of the measurement). On the other hand, a
mixed state reveals that one’s affective state is ambiguous, i.e., one may be in a pure state of (certain) [ ) or|y2),
but that cannot be known until an observation is made or a measurement is done. Suppose that one’s evaluated
positive valence | V(k)> towards a certain feature is not extremely strong. In modeling positive valence as a two-

state system where | V(k)> = ]0) and |1), which represent absolutely no and absolutely strong positive valence,
respectively, the state of “I feel some positive valence” would be expressed in a quantum superposition of |0) and
[1), i.e., as vagueness. Upon decision-making (measurement), the state is forced to collapse to either strong or no
positive valence. On the other hand, the agency may perceive “mixed feelings” of, for example, extremely strong
positive valence as well as “nothing” due to, for instance, concurrent distinct perspectives. This is ambiguity.
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represent a |0)-triggered control (e), a|1)-triggered control (o) or nothing, depending on the details of the

condition.

Then the positive valence evaluation produces a mixed state. Unlike superposition where the state of strong or
no positive valence collapses from the indefinite state upon measurement, the two extremes in the mixed state
exist before the decision-making process. The decision-making process only picks one of the two extremes as a
probabilistic selection of perspectives followed by measurement of the chosen perspective, if applicable, instead
of merely collapsing a vague state of superposition. As a remark of generalization, a mixed state may be com-

posed of different pure states of superposition.
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In terms of quantum computation, superposition is established by rotation of the state about the x- or y-axis
in the Bloch sphere, or by the Hadamard gate. A mixed state is made by the entanglement of states typically using
controlled operations (e.g., CNOT). Therefore, if the algorithm aims at producing a single state as a whole given
certain conditions, a rotation gate (superposition) should be used. On the other hand, if the algorithm attempts
to produce ambiguity, saying that multiple possibilities of pure states are possible, a controlled operation (mixed
state) should be used.

A state that is partially affected by a factor may be characterized by a weight factor. For an endomorphic result-
ant state possessing the same purity as the original state, the operation can be accomplished with a rotation of an
angle of arr (Fig. 3f), called the rotation formalism here. The resultant state would be one of certain superposition.
The angle of rotation equals 7 if the factor has absolute dominance, i.e., @ = 1. In other words, « describes the
degree of superposition or the degree of vagueness. On the other hand, a mixed state can be generated from a
weight factor by connecting the target qubit to a control qubit|«) which represents the weight using the CNOT
gate (Fig. 3g), termed the entanglement formalism. Zero weight is given by a control qubit that equals |0), and
equals |1) for full dominance. The mixed or superposed control qubit would retain the target state with its |0)
component and toggles the target qubit state with its |1) component, according to the probability amplitude of
the two components. This results in a mixed state of the target qubit. Effectively, under a controlled operation,
the target qubit breaks down into its constitute bases of the gate and undergoes gate operations depending on
the state components. Therefore, mixed states do not have a well-defined basis and are subject to the basis of
the measurement, which stands in contrast to a pure state, which can be described as “it is a definitive state in
a particular basis”.

In both approaches, additional conditions may also be included in the algorithm as control qubits. In general,
a resultant state may be generated conditionally from multiple factors, each contributing with a particular weight.
Suppose that a state|v) initially set as |0) is generated by N conditions from # factors|¢;) (i = 1,2, - - - , n), where
each condition carries a weight ; (j = 1,2, --- , N) such that ZJN aj = 1. Additionally, suppose that the state
is|1) if all conditions are met. Then each condition may be represented by a set of control qubits at the relevant
wires of factor |¢;). For the entanglement formalism, the implementation is denoted as a series of the generalized
Toffoli gates, each involving a set of qubits of the relevant factors |;) (Fig. 3i). For the rotation formalism, the
operation is modeled as successive conditional rotations of the state (Fig. 3h). The controlled rotation is analogous
to the rule strength in fuzzy logic in the sense that the state of the control qubit determines the expectation of the
measurement outcome, corresponding to the output value of fuzzy logic. The resultant state may be written as:

[¥) = C-Ry(anm, {9lN) -+ C-Ry(eam, {¢ph) C-Ry (17, {¢h) 0) (3)

where C-R, (9j, {¢}j) is the controlled R, rotation for the jth condition subject to a set of factors {¢}; containing
respective ¢; (one condition can be made up of multiple factors). Due to the use of the control qubits, the purity
of the state would be changed, leading generally to a mixed state. Nonetheless, as discussed in Section “Vagueness
and ambiguity’, the purity of such a state is generally higher than the mixed state counterpart.

Decision-making process from individual qubit (affective) states. According to Section S1.3.3, the decision-
making process involves determination of the index that gives the greatest value (e.g., feature k for the expected

satisfaction S® [Eq. (S19)], and choice of action itkmax) for the expected satisfaction for the action [Eq. (S22)].
Given that every feature has its own qubit of expected satisfaction, a comparison has to be done to find the
qubit that gives the greatest value. The output is a qubyte that stores the value of feature k possessing the greatest
expected satisfaction. However, there are two complications. For one, the input is separate (uncorrelated), unor-
dered qubits (without grouping them into a register) of satisfaction values that do not indicate (no information
of) the value of k. Therefore, the system cannot match the satisfaction values to the feature, which is the output of
the comparison. For the other, when quantum logic is employed, superposed or mixed states introduce various
possibilities of which the expected satisfaction is the greatest, each associated with a probability. Similar situa-
tions happen for the determination of the resulting action tendencies. Therefore, a representation of quantum
integers is needed, i.e., qubytes that can store integers in a probabilistic manner, denoting the feature k of the
greatest satisfaction value.

The maximum search algorithm consists of (1) comparing the values (finding the maximum) and storing
the results in ancilla qubits and (2) converting the comparison results to a qubyte (finding the argument). Both
could be substituted by more advanced constructions. Here, Fig. 4 shows an example circuit of finding which
out of the four qubits gives the maximum value. In a two-state system, defining |1) is greater than |0), Pj = 12
comparisons of A > B are made, and every comparison result is stored in an ancilla qubit (so 12 ancilla qubits
are needed). During coding, C5 = 6 pairs of qubits are chosen. For every pair, the two qubits are assigned to
be A and B, which are then fed into the at-most gate (§A < B) and the at-least gate (A > B) targeted to the
ancilla qubits. A typical quantum algorithm for the comparator is shown in Fig. 3j. The ancilla qubit is toggled if
the boolean returns TRUE. Therefore, the ancilla qubits are in general mixed states and store whether one qubit
is greater than the other. Mixed states arise because of the vagueness or ambiguity of the states. For example, for
two states |Y1) = ap|0)1 + «1|1);and |y2) = Bol0)2 + B1]1)2, the comparison involves all combinations of |#);
and|n'); (n,n’ = 0, 1) associated with a probability of | 8,/ |2. The comparison results are converted to a qubyte
that allows entanglement. Every qubit of the expected satisfaction corresponds to a qubyte value. The value of the
qubyte is the value of the feature of the greatest satisfaction. The qubyte is first set into superposition. Then for
each qubyte value, a phase flip is carried out if the corresponding qubit of satisfaction is the maximum, i.e., the
conjunction of 3 Boolean expressions that the one of interest is greater than all the other three. Then the phase
factor represents whether the feature gives the greatest satisfaction. After that, a mirror operation is performed
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to turn the phase information into amplitude information. The amplitude represents the relative phase contrast
between the qubyte values as if normalizing the probabilities of occurrence. Meanwhile, the ancilla qubits are
uncomputed for later use. Finally, the entire qubyte is measured to obtain a classical byte whose value depicts
the feature of the greatest expected satisfaction.

It should be noted that the above process is carried out in a parallel and probabilistic manner. In general, a
statistical mixture of states (mixed states of satisfaction) is processed. For each pure state involved, the qubit that
gives the greatest satisfaction is different, carrying a certain probability. Therefore, during the comparison, there
are phase flips for various qubits with the associated probabilities. The operation works naturally in parallel. In
other words, various features, instead of only one conditionally, would possess the maximum satisfaction with
their respective probabilities. The information stored in the phase factor represents whether the feature bears
the maximum satisfaction (flipped if it does, unflipped if not). Under the measurement, the system “chooses”
the feature of the maximum satisfaction according to the probability distribution.

The Quantum Coppélia model

In this section, the construction of Q-Coppélia is revealed component by component, each corresponding to a
particular segment of the Silicon Coppélia system (see Section S1). In each section, the corresponding portion
of the Silicon Coppélia system is indicated for tracking. Tables S1-S5 list the quantum transition of the vari-
ables. Variables of unidimensional bipolar and bidimensional unipolar scales are represented by a pair of qubits
as two-state systems of complementary properties. The construction of Q-Coppélia uses the building blocks
mentioned in Section “Theory”. All ancilla qubits, unless specified, are initially|0). Similar to Silicon Coppélia,
the framework of Q-Coppélia follows modular programming, and thus each part could be replaced by a more
sophisticated algorithm without disturbing the overall framework and flow of information.

Encodingfeatures. Thealgorithms discussed in this section refer to the processes in Section S1.1. The qubits
involved in this section are listed in Table S1. Every feature is interpreted with some weight indicating its domi-
nance in the agency’s interpretation. The weight for each feature is assigned to a qubit | w(k)> = w(()k) |0) + wik) [1).
In addition, since parallel perception of both sides of an appraisal variable is possible (e.g., someone’s eyes may
be perceived concurrently as beautiful and somewhat unattractive), the appraisal variables are treated as bidi-
mensional unipolar scales, having their own qubits of pre-defined appraisal weights |d(k)> = d(k) |0) + d(k) 1)
(I € ), and perceived weight ‘ p; ) , which is initialized to be |0). Then, with ‘w(k) and |dl( ) > initialized as the
input parameters using Eq. (2) or fed from other outputs, a quantum formulation for Eq. (S1) is modeled using
a Toffoli gate such that

’P(k)>‘d(k)>‘w(k)> - ’0 xor (d® anp W(k))>’dl(k)>‘w(k)>

[10000000] [dw] [dw]
01000000 |dw diywi®
00100000 d{’” e d(“ (")
00000001 |dYw 5’” | o (4)
00001000 0 0
00000100 0 0
00000010 0 0
looo10000] | o | |dPw"]

The density matrix | p(k) pl(k) ‘ as the partial trace of the density matrix corresponding to the state in Eq. (4),

together with the normahzation condition Tr (|1//) (1//|) =1,is

P = () o 0 4 )
[+ [P o
0 ‘dl(f)W§k)‘2 ®

SR k). (k
=<1_ P wi®| >|o><0|+ w1y

AP () ()P

€ [% 1}, characterizing ambiguity. In the Bloch sphere repre-
sentation [Eq. (1)], the maximum amblgulty occurs with a purity of 3/4 when sin (%9{(}1{)) cos(%@fvﬁ)) = %, where

with a purity 1 —

9{? and Glgf,) are the polar angles for |dl(k)> and !w(k)>, respectively. For an observable A = 8 1

Aln) = n|n), the corresponding value of pl( can be estimated by ’d(k) (k) 2, consistent with Eq. (S1).
Figure 5 shows the entire feature-encoding process. Table S1 summarlzes the qubits involved in the
calculation.

0}, which gives
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Figure 5. Quantum algorithm for the feature encoding process, corresponding to Eq. (S1).

Relevance. According to Section S1.2.1, relevance evaluation involves the comparison between encoded fea-
tures and goals or concerns of the system (e.g., to help the user, to find the charging station). Here, the algorithm
for one feature k is discussed as an illustration. The qubits involved in this section are listed in Table S2. This

process involves a series of beliefs as a bidimensional unipolar scale of an action for feature k (i%©)) that facilitates

or inhibits goal j, denoted as ’bfﬁ» and }bf’f;>, respectively. Here, 4 actions are shown to mimic the 4 general
action tendencies as discussed in Section S1.3.3. Goal j may be desired or undesired, represented by ’ aj+> and ’ a;)
as a bidimensional unipolar scale. All the abovementioned kets are pre-initialized single qubits representing
two-state systems. Every action may affect goal j, where the affect operator is the disjunction of facilitates and

Y

inhibits. So in Egs. (S2) and (S5), for a particular i (®)in statement ¢, the qubit “any i ®) affects j

A;k) )asanancilla
qubit initialized to be |0) is the output of the OrR operation connected to controls |bl(f;> and ’bl(lf» for all i©
(Fig. 6). Likewise, for statement ¢, the ancilla qubit for “goal j is important”

I;) is the disjunction of desired and
undesired, given by the output of the or operation on ’af> and |aj_> (Fig. 6). Then, the agree qubit | gj(k)> and the
disagree qubit ‘ g;(k)> representing statements ¢3 and §3T , respectively, are connected in conjunction with }A;k) >

and |I]> via the AND/OR operation and produce the ancilla outputs of relevance and irrelevance from goal com-

parison, R;k) ) and ’RJT (k)> as bimensional unipolar scales (Fig. 6). The algorithm loops through all goals j to

produce their respective |Rj(k) > and |R])r (k) >
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Figure 6. Algorithm for relevance generation. {1, {2, {3 and ¢4 refer to Egs. (S2)-(S7).

The determination of relevance from encoded features, i.e., statement {4 in Eqs. (S2) and (S5), is simply an or
operation on the perceived weights of all appraisal variables { pl(k) ), producing the ancilla qubit |Rl(3k) ) as a state of
a unipolar scale. It is assumed that the negation of it is the irrelevance counterpart. The disjunction of the two
kinds of relevance states (for all j) gives the final relevance state |R(k)>, and the disjunction of the two kinds of
irrelevance states (for all j), with one of them as the negated control for ’Rg‘) )» gives the final irrelevance state
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!RW‘)>. After all operations, uncomputation is performed on all ancilla qubits (Fig. 6). Table S2 summarizes the

qubits involved in the calculation.

Valence. The valence evaluation is based on Eq. (S8) where the kets involved are summarized in Table S2.
Positive and negative valences are calculated separately Whether Eq. (S8) gives positive or negatlve valence

depends on the qubits chosen in statements ¢} (| bk > altogether no. of actions x2 qubits), ¢, (|a (! >) and ¢4 In gl

/(k)>

an agree qubit } g and a disagree qubit | Ié T(k)> represent the bidimensional unipolar agreement scale for one

combination of qubits chosen in ¢{ to ¢;. The kets of agree are specified as | g (k) (e, +7,i%, ﬂ:aj)>, which is

associated to the combination } p(k) &) > b(k) and |a (Fig. 7), so are the kets of disagree. Therefore, with 4

possible actions for feature k, there are 64 agree qublts and 64 disagree qubits per goal per feature on the agree-
ment of (§{ A5 A 5 A gy) for the respective combinations of qubits. One ancilla qubit per combination is
required to store the intermediate result of Eq. (S8), which is the output of the generalized Toffoli AND gate con-
nected to the respective controls of qubits for ¢; to ;. The operation of Eq. (S8) loops through all goals j. The
disjunction of the ancilla qubits (for all goals j) produces the final valence [Eq. (S9)], followed by the uncomputa-
v )) separately, 64 ancilla

tion of the ancilla qubits. Calculating positive and negative valence (| Vik)>
qubits per goal are required in this scenario of the process.

Whether the collection of selected qubits generates an output for positive or negative valence depends on
qubits involved in £3, £, and ¢Z. According to Eq. (S8), a rule of positive valence is generated from a collection of
both indicative (+) or both counter-indicative (=) qubits for £} and ¢, together with the agree qubit in ¢Z, or that
only one of the qubits in ¢} and ¢, is indicative, combined with a disagree qubit, and vice versa. Figure 7 shows
part of the quantum circuit as an illustration.

Use intentions. According to Section S1.3.1, the utility of an action as the intermediate variable is calcu-

lated first. The qubits involved in this section are listed in Table S3. The expected utility u-/ ®) defined in Eq. (S10)

’,E l qublt Positive and negative values of u; ( ) are

associated with |u’,§kl> and | u’é@) respectively. The multiplication in Eq. (S10) is interpreted as the Toffoh gate.
Then, ’,-; j_> is toggled with the conjunction 0f|b%> and |af> or that 0f|b(k)> and |a )» and |u/l;ki> with the
conjunction of |b; b®) > and }aj )or|b; b®) > and ]a )» as shown in Fig. 8. The two toggling conditions are fed into two
ancilla qubits, usmg the Toffoli gates, which are then connected to the expected utility qubits using the or

operation, followed by uncomputation. The above operations are performed on all actions i¥) per goal for a
particular feature k.

. T . (k)
is modeled as an indicative |u ]( and a counter-indicative ’u

For each (counter-)indicative expected utility, the mean expected utility over goals | W * )> may be calculated

with a weight ()(k)( ! EIQ ) [Eq. (S11)]. Although there is no simple quantum circuit that can mimic exactly Eq.
(S11), by interpreting the mean as an entity composed of different factors, the mean value can be modeled as a

superposition of the states of these factors, each of which could rotate |u (k)> in the Bloch-sphere at some angle.
Assuming Z O(k)( /ﬁk)) = 1, i.e., a maximum possible rotation of 7, Eq. (S11) can be translated into a series

of Ry rotations with an angle of O(k)( /Ijk) )7, depending on the goal j for every | W * )> Such formalism resembles

Eq. (S11) satlsfactorlly (Fig. S1). The indicative and counter-indicative utilities in Eq (S12) are then modeled as

/()

a pair of qubits ( !u’( )>) given as the output of the or operations with the control qubits of | ) corresponding

to all of the respective i (Fig. 8).

Finally, use intentions [Eq. (S13)] as a composition of different components as depicted in the weight matrix
By in Eq. (S14) may be modeled as a series of R rotations, 51m11ar to the mean expected utility. Since r(k) e RO,
the indicative and counter-indicative qubits of use intentions | ui > are respectively composed of 10 conditional
Ry rotations, under the angles of the product of the corresponding coefficient (Byi),,,, and 7 (Fig. 9).

Involvement-distance trade-off. According to Eqgs. (S15) and (S16), involvement and distance, collec-
tively referred to as engagement, comprise various factors superposing together to give a collective (superposed)

state, similar to use intentions. To calculate the involvement |Emv> and distance |E((1]fs)t> qubits as denoted in

Table $4, a similar quantum algorithm is implemented of conditional R, rotations of angles determined by the

weight matrix elements (Fig. 10). The involvement-distance trade-off qublt |E’1Eh)> according to Eq. (S17), may

be modeled by introducing the compensation factor qubit for involvement and distance | Bqy)- |E : £)> undergoes
two R, rotations due to the latter term of an angle of maximum of 77 /2 weighted by 1 — B;q;, which can be con-
structed by the /Y gate connected to |Big;) as the |0)-triggered control and |E<k) )or |ng)t> as the |1)-triggered

nv

control. The former term is achieved by a | B;4)-conditioned or operation with }Eﬁf& and ’Eg:s)t as the controls

(Fig. 10). The ancilla qubit is uncomputed after use. The square root gate characterizes the division of 2. As
revealed in Eq. (S17), the two terms represent different operations for compensation'. In the quantum circuit, the
OR operation and the rotation indicate the two operations. The mix of the schemes (trade-off) is accomplished
by employing the entanglement formalism using the qubit|B;g;). In terms of mathematics, let 6;, 3 and 65 denote
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Figure 7. Extract of quantum algorithm for the valence evaluation process. The blue (-, -, -) annotation
represents in sequence the indicative (+) or counter-indicative (—) variables for belief (facilitate/inhibit),

ambition (desired/undesired) and agreement (agree/disagree). All 4 combinations involving ’ p(gkb and | p(]I_i)i> for

(+, +, +) are depicted as an example. For other (-, -, -) combinations, only the combination with | pgﬁ) and | pg_f)+>

is shown for conciseness. This figure corresponds to Egs. (S8) and (S9).

Scientific Reports|  (2022) 12:20468 | https://doi.org/10.1038/s41598-022-22855-0 nature portfolio



www.nature.com/scientificreports/

=
< : :
= : g
S
S
*
*
€
-
<
()
(=
o
I
,,,,,,, Lo )
—
L]
=
)
Z
2 g
=
S =
o
e}
)
r=
~
Kl
S
,,,,,,, P S PR I | —
*
*
&
J
- R
: 1
< 1
Iy |
("9 1
+~ 1
< 1
2 ]
2
= |
&
)
St [
S [ . |
i I
= | 0
= 0 .
= i I
< 1 |
- ! |
> ' : ~
|
= ' : 2
g ! { wn
gi \ L I [ U R I =
2 } &
O 53]
=]
8 &
= +
S ~
g
+
o
° A
2 O
o =
[
& L
~
+
\ +
o~ o~ —~ ~ ~ ~ ~ ~ ~
s T o +§-N \@ﬁ =] o <2 S =2 =X ==l =Rl
B 3@; ;‘:D-; Il Il e = Il Il Il Il Il Il
o~ O O o~ o~ o~
gtel 2% BrEl 3ral 24 E
EIE] s S s s S

Figure 8. Extract of quantum algorithm for the utility evaluation process. UC: uncomputation. For simplicity,

G)(k)(u’i;k)) = @Ejk). The annotation uv = ++, ——, +—, —+ represents the combination of | bt(lfj)> and | a}’ >

Eq. (S12)

Scientific Reports|  (2022) 12:20468 | https://doi.org/10.1038/s41598-022-22855-0 nature portfolio



www.nature.com/scientificreports/

u i
’LL/7
g
k
#

T T T T T

4{ Ry((Bui)a,Qﬂ) H Ry((BUi)zQW) H Ry((BUi)s,Qﬂ) H Ry((BUi)g,QW) HRy((Bui)lo,Qw)

Figure 9. Extract of quantum algorithm for the evaluation process of use intentions, corresponding to Egs.
(S13) and (S14).

4 Ry((B“i)ﬁ,ﬁT) H R?/(<Bui)7,17T) H Ry((B“i)s,lﬂ) H Ry((B‘li>9,17T) HRy«Bm)m,lﬂ)%
%

the polar angles of the states |El(:‘), ® ) and |Bi4¢) in the Bloch-sphere representation as in Eq. (1). Then the
probability of ’E’ (k) = |1) under measurement is
0 2] 6; 0, 6; 1 0 0, 6
‘< ,éikt) ‘ 1>‘ = sin2 2 (sm + sin? El — sin® ?d sin’ El) + - 2 cos’ ; (sm 2d + sin? El) (6)

where the first term corresponds to the or operation and the second to the successive R, rotations. This is analo-
gous to Eq. (S17), justifying the circuit design.

Satisfaction. Satisfaction evaluation starts with calculating the expected satisfaction [Eq. (518)], which is
the |S(k)> qubit in the quantum algorithm (Table S5). Considering the satisfaction value as a combined state of
the involvement-distance trade-off and use intentions, it is modeled as three successive Ry rotations conditional

to|uP),

(Fig. 11b). Then, the maximum of |S®)) for different k is found using the maximum search algorithm in Sec-
tion “Circuit components for quantum logic”. After the measurement, a definite integer is stored in a classical
register, denoting the value of kmax [Eq. (S19)]. The value of kmax corresponds to the feature that is observed
(selected) for the greatest satisfaction and allows for the observed action (see Section S1.3.3). The register then

(k) > and ]E/ ) > with angles of their respective weights (o, and o};/2) of 7. This operates on all k

is connected to the evaluation block for the expected satisfaction for action i® (|S (k) >) for each k as the control.
The control corresponds to the value of k (see Fig. 3e). The evaluation block for satisfaction value for action ik

is the weighted sum of E(kma") E(k“‘“"), and u/,(km“") (Egs. (S20) and (S21)]. For ease of comparison, S< ) e [—1,1]

inv dist
is regarded as a unidimensional unipolar scale as if we transform the range to [0, 1]. Then ]Si(k)> ‘OHH is the

neutral point of the scale as the initial state, given by the Hadamard gates (Fig. 11a). It is followed by successwe
(k)> (k) > /(k)> /(k)>

mv

Ry rotations with the factors of qubits }E and { 4/, ) as the controls and the angles of the respec-

tive fractions of 77 /2. Since i/ i(kma") € [—1, 1]indicating that /’; (kmax) ¢ ould contribute negatively to Si(k), ‘ iz’lg? )and

!u’ ® ) would be controls for positive and negative angles of R, rotations, respectively. Note that the algorithm

is present on the qubits for every k, but due to the classical nature of the kmax register, only the evaluation block

associated with kmax runs eventually. Then, retaining the k register as the control, the |ka) ) qubits for all i® are
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Figure 10. Extract of quantum algorithm for the involvement-distance trade-off.
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action tendencies are shown here as an example. See Section S1.3.3 for more information.

Figure 11. Extract quantum algorithm for satisfaction evaluation and decision-making (choice of action).
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Figure 11. (continued)
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fed to the maximum search algorithm for each k to find imax, similar to the case for determining kmax [Eq. (S22)].
Measurement is performed on the resultant register for imax to get a particular imay value. Again, only the block
associated with kmax would be implemented in practice. Since every k has an evaluation block containing an imax
register, another register is needed to store the final output of imax among all k. This register adds up the value
of the imax calculated in all k. Because only one of the evaluation blocks among different k runs, the value of imax
is 0 for all k except the one of kp,yx. Therefore, the resultant value of the register equals imax Of kmax. Since imax
and kmax are found, the action for the dominant feature is determined. The affective decision-making process is
complete.

Discussion

Section “The Quantum Coppélia model” shows that Q-Coppélia is an elaborate system and reveals that there
will be technical difficulties in doing the actual simulations, albeit for the extensive number of qubits needed for
its implementation. However, as a theoretical exercise, it is important to know how much quantum-computing
power would be needed. Moreover, theoretically, we want to see what our quantum logics can do more or differ-
ent from fuzzy approaches. Therefore, in this section, a conceptual comparison is made between the fuzzy-based
Silicon Coppélia system and the quantum-based Q-Coppélia system.

Vagueness and ambiguity. Silicon Coppélia employs fuzzy logic to model the vagueness of the agency’s
affective state. Fuzzy logic fuzzifies the ordinary 0 and 1 using membership functions bearing a continuous
value [0, 1]. Instead of a discrete interpretation of True or False, e.g., He is/is not good, fuzzy logic interprets
this as having a certain degree of good. This means that the verdict is neither exactly good nor entirely NoT good,
but perhaps “somewhat” good. This “somewhat” differentiates a fuzzy set from a crisp set, but note that this
“somewhat” is not typically interpreted as a “mix” of both yes and no, but as being “uncertain” of whether it is yes
or no. The extent to which a feature belongs to a particular set depends on the value of the membership function,
i.e,, it is the value itself that determines the state. In Silicon Coppélia, the decision is made by converting these
membership functions into indicators such as use intentions, involvement, distance, and eventually satisfaction,
followed by comparing the satisfaction values that are associated with different features and action tendencies.
Q-Coppélia has a slightly different interpretation of vagueness. The appraisal variables are modeled as two-
state systems of states |0) and 1) (corresponding to, for example, not good and good, respectively) for which
superposition is allowed. A pure state as a composite of the two states is constructed from their linear combination,
with their amplitudes indicating the probabilities, as shown in the Bloch sphere (Fig. 2e). The vagueness comes
from the inexactness of the state with respect to the basis of measurement (computational basis) until a measure-
ment (observation) is performed. More importantly, the kets|0) and |1) are orthonormal. Therefore, the quantum
two-state representation of vagueness is indicated by a vector of unit length in the Hilbert space composed of
two basis vectors as the outcome. It is qualitatively different from the physical significance of the ends of a fuzzy
scale, which indicate only the extremes of membership of complementary contexts, i.e., A and NOT A. Whereas
the value of the membership function in fuzzy logic defines the degree to which a state is in a particular set
(fuzziness), deterministically using a continuous linear scale, quantum logic distinguishes the state itself and the
state after a measurement where the numbers (probability amplitudes) indicate the probabilities of getting the
possible outcome. Such measurement is regarded as a process of decision-making. The measurement returns
either state in the computational basis (|0) or |1)) based on the probability distribution. In other words, the ket
denotes vagueness by indicating the probability of having the state either|0) or |1) instead of the degree to which

01
tion “Encoding features’, then the expected value would be the same as the value of the membership function.
In particular, the state that can be observed is a probabilistic outcome of either “extreme’, and the ensemble under
repeated measurements converges to the value of the membership function. Fig. 12 illustrates the comparison of
vagueness in terms of fuzzy-set-based and qubit-based scales.

Whereas vagueness is represented by fuzzified quantities, ambiguity is indicated by the so-called multi-valued
quantities. In Silicon Coppélia, bidimensional unipolar scales are employed so that an appraisal variable, such
as aesthetics in Section 12.4%, can possess multiple values (in the set of “beautiful” and in the set of “ugly”).
Ambiguity is accomplished by setting both poles at non-zero for evaluation. In Q-Coppélia, ambiguity is not
only revealed through the use of bidimensional unipolar scales but also naturally, as the quantum properties of
mixed states. As a statistical mixture of pure states, if a pure state of the qubit of beautiful denotes a particular
perspective towards aesthetics, then a mixed state is a collection of different perspectives (e.g., so ugly that it
becomes beautiful again). In this sense, ambiguity manifests as it is uncertain which perspective the agency
holds. We consider the capability of having multiple perspectives for even one of the bidimensional unipolar
scales to be an extension of the Silicon Coppélia approach. It should be noted that, although both bidimensional
unipolar scales and mixed states facilitate an ambiguous state, the use of bidimensional unipolar scales allows for
a different account of evaluation because distinct weight factors may be assigned to individual scales (e.g., Egs.
(S14) and (S16)). Indeed, humans may treat positive and negative aspects of an appraisal differently, and thus,
our quantum representation can satisfy such general psychological considerations.

Section “Circuit components for quantum logic” introduced the rotation formalism and the entanglement
formalism for generating a purity-preserved state of vagueness and a mixed state of ambiguity, respectively.
Operations of the two formalisms may be subject to extrinsic conditions, which are imposed through additional
control qubits. The use of controlled operations leads to mixed states, in the vein of the entanglement formalism.
Nonetheless, it should be noted that the resulting states of the two controlled formalisms possess distinct char-
acteristics as the degree of mixing of the rotation formalism is generally less than the entanglement formalism,

. . . ~ 00 . .
a state belongs to the set. If the measurement is associated with the observable A = } as discussed in Sec-
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Figure 12. Comparison of vagueness in terms of fuzzy-set-based and qubit-based scales. The text color denotes
the type of description for ease of comparison. The concepts associated with the blue and orange texts only
appear in quantum logic, and thus are absent in the fuzzy-set-based scale.

implying a psychological state of less ambiguity. To illustrate this, we first recall the density matrices of the states
generated from the rotation formalism and the entanglement formalism without additional controls. Assuming
a weight o, the density matrix under the rotation formalism is

pr, = Ry(a)0)(0] Ry (am)’

_ |cosEE —sin T (1 [1 O] cos ET sin &F
T [sin % cos % | |0 —sin &F cos &F (7)
_ %(1 +cosam) — %sinom

%sin(xn %(1 — cosar)

i.e., the quantum state is|y/) = cos %" |0) + sin %F|1), which is a pure state (Tr (ﬁlz{y) = 1). In contrast, the density
matrix under the entanglemet formalism with |o) = cos % |0) + sin %1} is

Acnot = [CNOT(|0) ® )| [CNOT(|0) ® |Ol>)}T
= [10) @ cos —|o> +X[0) ® sin —|1 [10) @ cos —|0) +X|0) ® sin —|1)]

s—|0)®|0)—|—sm7|1 ®|1} cos—|0)®|0)+sm—|l)®|l)] )

f(l—i—cosom) 00 Lsinan
2 2

. 0 00 0

- 0 00 0

%sinom 00 %(l—cosom)

where the partial trace gives the density matrix of the target qubit as

%(1 + cosam) 0
0 %(1 — cosaTr)

>

)

witha purity of y = Tr(p7) = % (14 cos? &), indicating a mixed state, of which the ambiguity depends on |a).
Such a state comprises of |0) (0] and |1) (1| only, and is different from that in Eq. (7) in a sense that the absence of
the off-diagonal elements in Eq. (9) indicates a state of either |0) or |1) as a statistical mixture without interference.
The case with an additional control qubit is similar. Figure S2 shows the results of the purity of the target state
under a controlled rotation formalism and a controlled entanglement formalism with one extrinsic condition
(control qubit). The blue region represents a fully mixed state (y = 0.5). For the rotation formalism (Fig. S2a), a
pure state can be retained except when the control qubit possesses either a state around the equator in the Bloch
sphere or a fully mixed state with an angle of rotation approaching 7, resembling a Bell state. For other angles
of rotation, the component undergoing the R, rotation results in a state that does not align with [1) in the Bloch
sphere, reducing its mixed property. In contrast, the symmetric circuit structure of the weight and condition
qubits (as the control qubits) for the entanglement formalism (Fig. S2b) gives a mixed state when either of them
possesses either a state around the equator in the Bloch sphere or a fully mixed state with an angle of rotation
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approaching 7, or more generally, (7 — 69)% 4 (1 — 61)? = (%)2 That way, a larger blue area results for the
entanglement formalism, i.e., the entanglement formalism leads to more mixed states in general.

Information feedback and parallel processing. In Silicon Coppélia, the whole appraisal process is
essentially a mapping of values, i.e., the equations in Section S1 take up some variables as the input (domain of
the function) and return some other variables as the output (range of the function). The values of the input varia-
bles remain unchanged after the process. In Q-Coppélia, however, the so-called input variables may change after
a process. This is usually through quantum entanglement using controlled operations. The control qubits are
often treated as a condition to trigger the target, and therefore regarded as the active input of a process. Interest-
ingly, a controlled R, operation as depicted in Eq. (3) could alter the state of the control qubit after the rotation.

Suppose a control qubit with the state |yo) = cos %" |0) + sin %0 |1) is connected to a target qubit initially in

[1) = |0) via an Ry gate with an angle of rotation ;. After the operation, the density matrix of the control qubit
becomes

2 6 1 01
/ "o cos” 3 5 €0s - sin G
[¥0) (vl {% cos %‘ sin 6y sin? %" (10)
which is different from the initial state
260 1 .
cos” 22 5 sinfy
_ 2 2
= . . . 11
WO><]’[/0| E sinfy sin? %0} (1)

in the sense that 0; is now involved. Whereas the probability distribution of obtaining|0) and |1) remains unchanged
because the diagonal elements are the same, the purity of the control qubit becomes1 — % sin  sin? %‘ after
the rotation, i.e., the control qubit becomes a mixed state. The purity decreases with 0;, implying that the state
of the control becomes more ambiguous with a larger ;. To understand its physical significance, that of a rota-
tion should be explained first. A rotation can be interpreted as switching one perspective (belief) to another. If
the state is switched (rotated) from one end (e.g.,|0)) to the other end (e.g., |1)), the original belief is replaced
by an opposite one, similar to negation in fuzzy logics®. In other words, the evidence of transforming the belief
is strong. Because an indefinite state may be represented by superposition, which is a rotation within the Bloch
sphere, a rotation of some angle may be understood as a replacement of belief by another rotation of weaker
evidence. Given 0 = a, o as the weight factor may indicate the strength of the evidence for the transformation.

The generation of the mixed state of the control qubit after the rotation implies that the perspective of the
target can influence that which the control qubit possesses. A belief transformation not only alters the perspective
of the target but also affects all states entangled in it. It is analogous to a feedback loop (e.g., in a feedback ampli-
fier) where the information of the output is correlated to the input without causal effects. When the target belief
is transformed due to the “control” belief, the original control belief is also affected by the transformed belief in
a way that an additional perspective is involved due to entanglement, resulting in ambiguity. The stronger the
evidence for the belief transformation, the greater the value of 6; and the stronger the perspective contributing
to the control belief, resulting in greater ambiguity (a more mixed state). The entanglement property facilitates
parallel processing of cognitive functions, carrying out many operations concurrently. It is qualitatively different
from mere serial processing, where only one operation can be executed at a time**. Silicon Coppélia is mostly
executed as a serial process (except that the expected satisfaction evaluation for different features may be option-
ally processed in parallel)’!. Quantum entanglement naturally processes correlations between different variables
in one operation, resembling parallel processing. The “feedback” does not require classical, possibly computa-
tionally intensive algorithms such as recurrence relations, iteration for convergence, or explicitly resolving the
general relation under equilibrium (optimization), which is merit for high-performance and efficient affective
computation. The connectionist networks and embodied approaches as collective intelligences emphasize the
need for distributed parallel processing to mimic the capacity for contextual responses of cognitive processing in
the brain®. A distributed network resembles information processing as patterns of activation in a neural network
across various layers. This coincides with the nature of quantum processes in two aspects: (1) information is
regarded as patterns of qubits processed by different parts of the brain, which allows parallel processes®; (2) the
network functionality associated to the brain activity is interpreted as the collective evaluation of the qubits,
layer by layer. Similar to the avalanche behavior in the neural network®, the qubits representing the features
stimulate a vast number of qubits, denoting the affect and cognition of the agency. Such efficient and rapid affec-
tive processing can be manifested in quantum computation®’.

Indeterminism in decision-making. The ultimate goal for the Coppélia systems is to make an affect-
laden decision based on the observed features and goal states it wants to achieve or avoid. In Silicon Coppélia,
where fuzzy sets are employed, decision-making is done by defuzzification through the satisfaction comparison,
i.e,, selecting the feature with the maximum expected satisfaction [Eq. (519)] and selecting the action with the
maximum expected satisfaction upon that action (kmax) [Eq. (S22)]. Throughout all equations involved in the
Silicon Coppélia system (discussed in Section S1), there is no random process. Therefore, given the same fea-
tures and parameters involved in the evaluation, Silicon Coppélia returns identical decisions. In other words,
the processes in Silicon Coppélia are “deterministic” However, it has been suggested that human behavior has
a certain degree of indeterminism*, i.e., a mix of determinism and indeterminism. Apart from the evidence
of quantum processes in physical and information systems of human beings as discussed in Section “Introduc-
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tion”, more literature suggests the probabilistic nature of human behavior'>***42_ Such “quantum-like” proba-
bilistic features in decision-making may be found in Q-Coppélia. The probabilistic outcome comes from the
measurement of a quantum state in the quantum circuit (in Fig. 11b). As discussed in Section “Vagueness and
ambiguity”, in modeling the appraisal kets as two-state systems, the comparison of two qubits involves only 0
and 1. Then, the defuzzification in Silicon Coppélia is translated into a maximum search algorithm as described
in Section “Circuit components for quantum logic”, evaluating the probability of each combination, and finally
returning an outcome based on the probability distribution via measurement. Therefore, even though the same
criteria are applied to Q-Coppélia, the nature of the outcome is entirely different, which is the merit of a quantum
algorithm. If similar probabilistic outcomes are to be achieved in conventional algorithms, pseudo-randomness
is introduced, where the degree of true randomness as in the physical process may come to on€’s attention**.
Quantum logic, however, can naturally simulate such what we believe is realistic behavior.

We represented qubits by Bloch spheres, showing superposition of multiple possibilities represented by algo-
rithms like the solutions in the Schrédinger’s equation. As an approach to decision-making, we had superposed
options reduce, or “probabilistically collapse” to definite states as the solution, reflecting randomness observed
in decoherence, which is implied in measurement and in proposals for observer effects, causing reduction or
collapse. Although in simulations, the Schrédinger’s equation may describe the superposition phase prior to
collapse, the mathematics itself certainly does not imply affect, consciousness, or other qualia. Mathematics is a
descriptive language. The empirical world we tried to use it for in this paper is still under scrutiny: We suspect that
superposition (and collapse) of electrons in the brain—if occurring at all—behaves according to the Schrédinger’s
equation (after all, electrons are electrons), carrying information to multiple parts of the brain concurrently. The
superposed information distribution and decision-collapse are not a feature of Schrodinger’s mathematics but
a conclusion drawn from our assumption about the physics of the brain, which awaits empirical validation still.

We used quantum probability to estimate collapse but, for instance, the mechanism called “objective reduc-
tion” or OR mechanism assumes so-called “non-computability,” positing that the choices in OR are selected
neither randomly, probabilistically, nor algorithmically’. Yet, arguing from Godel’s theorem, OR as related to
quantum gravity would be essential to consciousness’. Whereas quantum probability can be simulated, the OR
mechanism cannot. Although in the current paper, we did not model “consciousness,” we do have concerns about
the OR mechanism escaping verification and validation. If the assumption cannot be simulated, the theory cannot
be logically verified while—thus far—not carrying any empirical validation either. Purely pragmatically, then,
we wished to model robot behavior that closes in on human conduct and that may be useful even if it turns out
that humans do not operate in the way our model assumed.

Vexed question, of course, is where in the brain we may find those assumed quantum effects. We suggested
that ion channels in axons may be a candidate but honestly, superposed electrons in microtubules perhaps may
be more likely”. Current science does not know exactly where in the brain quantum processes take place—if at all.

In and by itself, quantum computing is somewhat futuristic. Physically, it may be possible to manipulate
two or three actual qubits whereas our model assumes multiples thereof. As far as we are concerned, something
like a conscious robot is a dream still, maybe not even one we want to pursue. Yet, what if the OR mechanism is
functional as described in the work of Hameroff et al.”, would that enable us to engineer the same mechanism?
Could microtubules be seen as small quantum computers, collapsing information by OR to produce “conscious-
ness,” and make conscious decisions? Such quantum computers or “artificial microtubules” may take the form
of fullerene nanotubes, graphene, or similar substances, which conceivably may support quantum computing
with collapse by OR.

A comparison of AND and OR between fuzzy and quantum logics.  The Zadeh dyadic operators are
a common convention in fuzzy logics. The min and max functions are used to represent the AND and OR opera-
tions. In contrast, the use of Toffoli gates in quantum logic implies a different convention of evaluation. To show
this, we first assume that the equivalence of some quantity A in fuzzy and quantum logics is characterized by the
equality of the value of the membership function and the probability of |1), i.e., sin? %A with a pure state A. Sup-
pose that A AND B is evaluated. Whereas the output of A AND B in fuzzy logics is given by min (sin> %, sin? %),
it is sin’ %A sin? %B for quantum logics. Figure S3a and b show the mapping of the AND operators using the
two types of logics. The fuzzy AND shows a rectangular distribution; a ring-like distribution is visible in quan-
tum logic. The rectangular pattern in the fuzzy AND is attributed to its definition using the minimum function,
namely, min(a, B) = p implies A = p or B = p. Similarly, the ring-like distribution originates from the mul-
tiplication operation, which gives a reciprocal relation between A and B for the contours, i.e., AB = p implies
A = p/B. The same shapes of distributions can be found in the or operations for similar reasons (Fig. S3c,d).
The result of this exercise is that the value of the membership function of A AND B in terms of fuzzy logics is
greater than the expectation of the same logical expression in quantum logics. On the contrary, the value of the
membership function of A or B in terms of fuzzy logics is less than the expectation of the same logical expression
in quantum logics, because 1 — cos® %A cos? %B > 1 — cos® % = sin® % (i = A, B). Put differently, the conjunc-
tion rule in quantum logics is stricter than that in fuzzy logics, whereas the disjunction rule in quantum logics
is looser than that in fuzzy logics under such convention. As an example, the expectation under evaluation of
Eq. (S8) in quantum logic would be generally lower than that in fuzzy logic. The opposite applies to Eq. (S9).
Note that the apparent difference between fuzzy and quantum logics originates primarily from the choice
of the convention for the logical operator. In principle, one can also use the min and max comparator as shown
in Fig. 3j, instead of the conventional AND and OR gates in quantum logic. Engineering the rule strength, then,
can be done by choosing suitable logical operators. Upon the same perception of the features, goals, and so on,
as revealed in observations such as questionnaires, individuals could exhibit various degrees of appraisal of, for
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instance, relevance and valence. Such variations could be accomplished by tuning the rule strength through the
engineering of the logical operators.

The use of logical operators as the building blocks of the model can be further rationalized when interpreting
the decision-making process of the Coppélia system as a game aiming at a unanimous choice by conceptualizing
the system’s goals as “players”, the features or the choice of actions as strategies, and expected satisfaction values
as the payoff. Recently, quantum strategies have been proposed as a stochastic solution of a game that allows
enhanced capabilities of judgment for better utility**-*". Modeling usually begins with a “bottom-up” formulation
of unitary operations that abide by mathematical rules as the strategies of choice*. Given a set of preset payoffs
for each state of choice and an initial state, the unitary operations are parametrized and optimized for a maxi-
mum expected payoff. Such methodology has been employed in classic games such as Prisoner’s dilemma*¥,
snowdrift*, stag-hunt**’, and Kolkata Paise Restaurant*-*®>!. To compare, the Coppélia system reveals complex
affective and cognitive processes during decision-making. It also involves the selection of the dominant feature
as an intermediate before choosing the most satisfying action (strategy). These suggest a distinct picture from
the typical game study using the bottom-up formulation, leading to a complicated and elaborated construction
of the matrices for the strategies. This work resolves the hurdle using a “top-down” approach, starting from the
empirically corroborated, psychological-functional side of affective processing, where the building blocks are
represented by a set of quantum logics. The quantum gates involved are mostly unitary operations, representing
cognitive judgment and perspective interpretation of the information. Mathematically, the construction is similar
in nature to the classical formulation—the unitary operations can combine to form huge “master matrices” as
strategies. In other words, the algorithm in the manuscript offers an alternative way of modeling quantum strate-
gies by breaking down the factors of affective consideration into logical statements that can be easily translated.
The Coppélia system focuses on how a decision arises from satisfaction values, which involve physical processes
of psychological appraisals of valence, relevance, use intentions, and an involvement-distance trade-off, i.e., how
the payoff values are established. Centering on the cognitive aspects of the agency, such a top-down approach
may simulate better humanoid responses in a robot. Such insight opens up an effective route to novel affective
robot design by manipulating particular logical blocks instead of directly redesigning the matrices.

Conclusions and outlook

In search of an appropriate model for contextual affective processing, we worked from the classically modeled
Silicon Coppélia system and extended it into a Quantum Coppélia (Q-Coppélia) system'. Q-Coppélia adopts
quantum algorithms rather than fuzzy logics to improve the simulation of brain processes, including the pos-
sibly physical quantum-brain processes. We tried to model counterfactual reasoning for handling the dynamics
of contextual impact on behaviors, the causal efficacy of human’s conscious efforts, and so on. We demonstrated
how Q-Coppélia can be established from building blocks of quantum circuits and how the algorithms of fuzzy
logic can be translated into their quantum counterpart. We found several conceptual advantages of Q-Coppélia.
The two-state paradigm together with superposition and mixed states distinguishes an affective state that under-
goes an observation from one that does not. Whereas a mix of perspectives may be present in mind, the agency
often manifests only one of them during actual decision-making, which we regard as the result of a quantum
measurement. This offers a probabilistic rather than a classical deterministic approach for simulating human
behavior. The representation of ambiguity is extended not only in the sense that bidimensional unipolar scales
are adapted where one may experience positive and negative affect concurrently, as Silicon Coppélia would have
it, but also one may have multiple perspectives on one aspect of a dimension of affect, accomplished by the use
of mixed states. Rotations of a quantum state in the Bloch sphere are regarded as the transformation of affective
states. Quantum entanglement that uses controlled rotations, for instance, effectively allows for mutual inter-
actions among the factors that mediate an output. This facilitates parallel distributed processing in the brain,
explaining why affective processing is so fast. Quantum circuits manifest a mix of serial and parallel processes
where parallel processing exists in interacting (entangled) and non-interacting networks, and serial processing
exists in layered networks of sequential processes. Finally, we remark that there are various Boolean conventions
that describe the strength of conditionality in the logical functions. The choice of the convention is intrinsic to
the system, not depending on the incoming stimuli. This not only leaves greater freedom in designing robotic
systems with various affective and cognitive patterns but also sheds light on representations for various degrees
of correlation among different factors that are involved in affective processing. Our work not only demonstrates
how a potential candidate of classical affective processing systems may be translated into quantum computing
but also reveals a contextual understanding of the relations between quantum algorithms and the fundamental
nature of human psychology. The top-down, cognitive aspects-centered modeling approach based on quantum
logics provides a conventional paradigm of complex cognitive process formulation, better humanoid responses
simulation in a robot, and rational design of affective decision-making in a robot.

A humanoid robot is expected to possess learning capability from its surroundings. In the current manuscript,
we did not focus much on the epistemic side of the Q-Coppélia system, but Q-Coppélia does have a module
that determines how it perceives the world, what it holds for true or not, and what ontology offers “actionable
information” (Fig. 1). The theory that the module relies on is Epistemics of the Virtual’>>, and the related code
is called EpiVir. In the Coppélia system, the machine-learning process is embedded in an encoding process that
assesses features in terms of, for instance, ethical qualities as well as epistemics (or “measure of realism”) (Fig. 1).
The Epistemics module contains a belief system as the robot’s understanding of the world, the information it
uses to undertake action. Sensory inputs go through the ontological classification process composed of a series
of logics for determining the ontology, with reference to the belief system. If unexpected or uncertain inputs
seem “unrealistic,” a precise and detailed epistemic appraisal is executed, and results are checked for acceptability
at various levels of tolerance, allowing for a “learning process” to accept new or modify existing concepts®. A
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learning process like this should be dealing with ambiguity, vagueness, and uncertainty, and quantum logic may
be a promising candidate to do so. Centering on the cognitive aspects of the agency, such a top-down approach
may simulate better humanoid responses in a robot, which we consider as our future work. Let us embark on
further explorations of contextual quantum-decision systems.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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