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Recent years were characterized by the real explosion of interest to applications
of quantum measurement theory and other parts of quantum formalism outside
of physics, especially in psychology, decision making, economics, finances, and
social science (as well as in genetics and molecular biology), see, e.g., monographs
(Khrennikov 2004, 2010; Busemeyer and Bruza 2012; Haven 2013; Asano et al.
2015; Bagarello 2019; Schade 2019). Quantum-like models reflect those specialties
of cognitive information processing which match well with the quantum formalism.
We emphasize that the strategy of quantum-like modeling does not assume that the
whole body of quantum theory should be explored. The quantum-like representation
of mental states and (self-)observations is operational. It does not provide the com-
plete picture of cognitive processes including functioning of neuronal networks in
the brain. In principle, one can search for finer models, so to say prequantum mod-
els, and couple such models with the quantum operational description.

The main distinguishing feature of quantum-like modeling is exploring quantum
probability theory, the calculus of complex probability amplitudes. As was shown
by the author (Khrennikov 2004, 2010), one of the consequences of this calculus
is modification of the formula of total probability. The classical formula, for two
observables A and B (represented by random variables on the Kolmogorov probabil-
ity) space has the form:

P(B =y)= ) P(A=xP(B=y|A=x).

Its quantum analog is characterized by the appearance of the additional term, a
kind of the interference term. In the case of dichotomous observables, this formula
has the form:
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PB=y)=P(A=-1PB=y|[A=-1)+PA=+1)PB =y|A=+1)
+2cos04/[P(A = —1)P(B = y|A = —1)P(A = +1)P(B = y|A = +1)]

If cos@ >0, we get constructive interference of events, if cosd <0, we get destruc-
tive interference of events, if cos@ =0, then the classical formula is applicable. From
this viewpoint, the use of the quantum probability calculus is just accounting of
deviations from classical probability theory. (In some sense, there is nothing mysti-
cal in the possibility of such perturbations). Since the “angle parameter’’ varies con-
tinuously, quantum probability is smoothly connected with Kolmogorov probability.
We remark that generally this angle parameter has the purely probabilistic meaning
and it has no relation to space geometry (although in physics, such relation can be
established).

The classical probabilistic derivation of the formula of total probability is based
on the existence of the probability measure that is additive and the use of the Bayes
formula for probability update. In quantum theory, both assumptions are violated.
There exist incompatible observables, they cannot be jointly determined and their
joint probability distribution (JPD) does not exist. The textbook examples of such
observables are position and momentum observables. The existence of incompatible
observables is connected with the Heisenberg uncertainty principle and it is formal-
ized in the form of the Bohr complementarity principle.

In particular, the Bayes formula is based on the operation of conjunction of
events, so it preassumes the existence of JPD. To accommodate the update of prob-
ability and probability inference to observables without JPD, quantum formalism
modifies the definition of conditional probability. It is based on quantum state trans-
formation as back-action of measurement. One can consider the quantum probabil-
ity calculus as non-Bayesian inference theory. For compatible observables (given by
commuting Hermitian operators), quantum and classical probability inferences coin-
cide. Thus by applying the quantum calculus outside of physics, one has to search
for incompatible observables and then to represent these observables by non-com-
muting operators. The latter (construction of operator representation) is the separate
(and complex) problem. Classically events are represented by Boolean algebra; in
the quantum framework, events are represented by partial Boolean algebra, a col-
lection of consistently coupled Boolean algebras.

From the logic viewpoint, quantum-like decision-making is based on nonclassical
(non-Boolean) logic. Therefore, it is not surprising that such decision making can
lead to violation of the basic postulates of normative decision theory, e.g., the Sav-
age Sure Thing Principle. The latter is typically used as the axiom of rationality of
agents. Another striking deviation is violation of Aumann’s theorem. We recall that
Aumann demonstrated that rational agents with common knowledge of each other’s
beliefs cannot agree to disagree [see (Khrennikov and Basieva 2014)]. Quantum
agents, i.e., people using quantum logic (instead of Boolean logic) and, hence, quan-
tum update of probability (instead of Bayesian update) can agree to disagree, even
with common knowledge of each other’s beliefs.

Quantum agents are irrational (from the viewpoint of classical rationality). How-
ever, their behavior is adapted to the surrounding environment (both physical and
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mental). Therefore, may be human’s rationality has to be identified with quantum
(non-Boolean) rationality.

In quantum-like modeling, a decision maker (an individual or a social system)
can be considered as an open quantum information system, decisions are modelled
as stationary states of the master equation describing interactions (including purely
informational) between a system and its environment—decision making as decoher-
ence. The decision theory based on open quantum systems belongs to the class of
nonrational decision theories. We can treat quantum rationality as a sort of ecologi-
cal rationality. The environment that is mathematically described in terms of quan-
tum information theory does part of the work for the heuristic. Heuristics is adapted
to the environment and the processes of adaptation is modelled as quantum differen-
tiation (Asano et al. 2017).

Finally, we make a few remarks about interpretation of the quantum formalism,
in physics and outside, e.g., in cognitive science, decision making, psychology. The
present situation in quantum physics is characterized by huge diversity of interpreta-
tions. The recent quantum information revolution generated a bunch of new interpre-
tations, so called information interpretations: the Zeiliner—Brukner interpretation,
QBism (Fuchs and Schack), the Vixjo interpretation (Khrennikov), reality without
realism (Plotnitsky). By the Véxjo interpretation, the quantum theory is one special
version of the contextual probabilistic theory for measurements. It is close to the
Bohr’s interpretation (instead the notion “context’’, Bohr used the notion “experi-
mental conditions’”). In contrast to the Bohr interpretation, by the Vixjo interpreta-
tion one can in principle go beyond the complementarity principle and construct
subquantum models providing the causal presentation of natural phenomena. This
interpretation is very convenient for applications outside of physics. It leads to the
following.

Quantum-like paradigm (Khrennikov 1999):

The mathematical formalism of quantum information and probability theories
can be used to model behavior not only of genuine quantum physical systems, but
all context-sensitive systems, e.g., humans. Contextual information processing can-
not be based on complete resolution of ambiguity. Therefore such systems process
ambiguities, process superpositions of alternatives.
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