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Abstract: Price, cost, and income (PCI) methods are traditionally used to approximate the value state
of an economic commodity such as a property. Based on the estimates of these methods, we explore
how quantum theory represents the fundamental process of value valuation in practice. We propose
that the mathematical formalism of quantum theory is a promising view and measure of economic
value. To ground our exploration, we first map traditional PCI estimates onto three-dimensional
spherical coordinates, which were then transformed into two-dimensional quantum states using the
Bloch sphere. This step enabled the computation of eigenvalues and eigenvectors of the Hamiltonian
matrix, from which the value state measures were derived. The results exhibit practical applications as
well as fundamental insights into potential connections between economic and quantum value states.

Keywords: value; valuation; information; expectation; quantum value

1. Introduction

Classical economics has used linear and statistical models to algorithmically approx-
imate value, yet has borrowed methodologies from theoretical mathematics and, as we
emphasize in this work, physics. Classical economics acknowledges that the subjective
factors of value complicate the valuation process by algorithmic methods. In light of this,
the tangible aspects of commodity value, as represented by price, cost, and income (PCI),
do not sufficiently encapsulate the subjective factors which agents use while transacting on
the free market. As such, we propose that the valuation process of a commodity is like that
of information in quantum matter. This is like an observer—object relationship, where inter-
action from an observer’s measurement process influences the state of a quantum object.
To clarify this relationship, we must first define value, which means some agreed-upon
amplitude of importance among multiple agents. We argue that the components of value,
represented by known quantities like PCI (which we call information), and probabilistic
and subjective criteria (also called expectation), are inversely related to each other.

The information on a commodity’s objective properties contained in PCI quantities
does not fully express the expectations of the evaluator. In this sense, expectations are
an evaluator’s subjective valuation of a commodity or event before the moment for final
valuation. Expectation is an unknown quantity and can only be realized upon negotiation,
notably between buyers and sellers. When PCI fully represents a commodity’s value,
expectations, or unknown value, are zero, and the information fully represents the value.
In this work, we will frequently revisit the idea that this valuation process is similar to how
a quantum object’s multiple wave functions collapse into a single state with measurement
upon observation. This leads us to the physics debate of whether the theoretical information
in particle properties represents a concrete reality, as is the case in subjective and objective
measures of value. This question is of central importance in the physical world and thus
directly pertinent to our discussion of subjective value.

The debate over whether matter is a wave or a particle continues to stir discussions
about whether the quantum state is indicative of an actual physical reality (ontic) or merely
reflects our knowledge (epistemic) of that reality [1,2]. The dominant position in physics
is that of the ontic reality, yet despite this prevailing view, the key mathematical object of
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the wave function [3,4] does not always directly represent the underlying ontic reality [1].
The reality of a quantum state can be determined based on whether its probability distri-
butions overlap. More specifically, when these distributions are mutually exclusive, the
quantum state is considered ontologically real; if they intersect, the state veers towards
an epistemic or theoretical nature, signifying a quantum state with a less definitive real-
ity [5]. To determine the quantum state of a particle’s property, like momentum or position,
experiments or calculations can be performed. Quantum states can either be known or
unknown, yet particles can also exist in mixed states [6]. Floridi [7] asserted that ontic
and epistemic perspectives are reconcilable, an idea that has been garnering incremen-
tal acknowledgment and support [8,9]. In this paper, we apply theoretical constructs in
quantum physics to the nature of value valuation in commodities markets, specifically real
estate. The binary/mixed states of valuation can be modelled by the discourse in quantum
physics. We bridge the gap between theoretical and practical constructs by calculating
ontic observable (information) and epistemic subjective observer information. We argue
that like the quantum particle, this negotiation between subjective value assessments and
objective criteria intersects into a known value state, collapsing into full information. This
is the point at which value is transacted and agreed upon momentarily among multiple
actors in the free market.

While classical economics acknowledges the probabilistic nature of value, the field
has traditionally relied on algorithmic or statistical models to handle subjectivity. Classic
decision theory posits that rational economic agents optimize for the utility function,
which can be represented as an optimal selection probability distribution [10-13]. This
idea can be modelled using a Bayesian probability, suggesting that optimal selection is a
function of increasing knowledge [14-16]. However, Quantum Probability Theory (QPT)
suggests a novel and seemingly more fitting framework for elucidating the processes
of information processing and the probabilistic decisions that humans make regarding
desired events [17-21]. QPT predicts probabilities for different experimental outcomes
and accounts for the existence of subjective variables, such as the observer’s measurement
process [22,23]. It is posited that each quantum entity persists in a wave-like state of
multiple potential unknown quantum states, hence the term “superposition” until the
particle is observed [24]. At the instant of measurement, the state assumes one of these
many potential states. This phenomenon is not restricted to theoretical particles and is
said to occur even in mental processes [25,26], yet this point remains contentious [27].
Nonetheless, the wavefunction collapse theory, notably through the lens of the Copenhagen
or von Neumann-Wigner interpretation, alludes to observation or even consciousness as a
critical factor in the collapse during measurement [28], and we and Penrose [29] propose
that they occur simultaneously.

Gibbs’ [30] entropy, which bridged classical and quantum statistical mechanics, in-
spired von Neumann [25] to formalize quantum entropy [31]. Following early [32-36]
and more contemporary [37-42] contributions, this work posits that quantum theory is
a more promising avenue for comprehending value and a more appropriate framework
for its measurement than traditional systems of value valuation. Scientists have applied
entropy and quantum theory to reveal how people make decisions in terms of subjective
expectation and information [43—45]. Quantum Decision Theory (QDT) seems to indicate
that neural processes are strikingly well-modelled using the rational decision probability
theory [46,47]. In simpler terms, QDT suggests that the way our brains make decisions
can be effectively described using the same probability theories that are considered in
quantum mechanics. Therefore, QDT can model and measure the average effect of sub-
jectivity on people’s decisions [48]. Accordingly, Yukalov and Sornette [49] demonstrate
that behavioural probabilities share many common features with quantum probabilities,
suggesting that QDT applies to the description of decision making. Subjective preferences
vary as a function of the Hamiltonian matrix [42], which Abel [50] has used to represent
value. Abel [50], states that “Value drives an individual to consider different choices if it
is not the evaluation of their relative value for each choice?” Additionally, Baaquie [51],
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Zhang and Huang [52], and Athalye and Haven [53] provide new perspectives on quantum
formalism, which Ozdilek [54] further explains by suggesting their relationship to the
quantum state.

In this study, we explore the integration of quantum theory and measurement prin-
ciples with traditional economic valuation methods. We initially explain how the value
of a commodity, like a house, can be assessed using three primary approaches of PCL
Traditionally, while single-method assessments have often met practical needs for invest-
ment or taxation, we propose that the simultaneous application of PCI provides a more
comprehensive valuation, encompassing various contexts. The multi-variable decisions
related to housing value make PCI a suitable starting point for our analysis as compared to
simpler commodities. Despite their widespread application, traditional three-system valua-
tion methods merely provide approximate values, and there is significant variation when
comparing results across these methods. As a secondary aim, we applied the quantum
approach to that practical issue, delineating the methodologies and potential limitations.
Our primary aim is to express the fundamentals of the valuation in terms of quantum phe-
nomena. Drawing from Heisenberg’s Uncertainty Principle [55], a fundamental concept of
quantum mechanics, we suggest that value is inherently subjective and non-deterministic.

This work delves specifically into the role of value and measurement in quantum
theory, extending beyond classical economic value measures. In the sections that follow, we
aim to explore whether quantum mathematical formalism fundamentally represents value
estimation in general. We rely on the use of practical examples to relate these seemingly
distant fields. Our approach begins where classical evaluation ends. By first considering
the PCI estimates, we ground the assessment firmly in the realm of classical economics.
We then compare these measurements of value to those generated via quantum methods,
resulting in an adjusted value state for a property. We use historical PCI data as a basis for
initial comparison among similar properties. Then, we represent these in three-dimensional
spherical coordinates which are in turn converted into a two-dimensional quantum state
using the Bloch sphere. We next extract eigenvalues and eigenvectors from these data,
applying the entropy of Hamiltonian energy, in a similar way to von Neumann's original
quantum entropy [25], to generate new value state estimates. The results align well with
expectations set by classical methods and demonstrate practical consistency.

2. Classic Value Valuation

Economics and real estate appraisal are mainly concerned with value measure [56-58].
In North America, property valuation has been well-organized and improving for more
than a century, benefiting from the works of classical economists [59-64] and contemporary
authors [65-67]. Reliable estimates of property value are essential for a wide range of
agents, including property owners and managers, investors, providers of public goods and
services, constructors, buyers, sellers, and institutions [68-70].

Experts in evaluation often use much simpler methods than either economists or
physicists would use for market value estimation or state determination, respectively.
Valuation methods and theories have set the standard for current practices, refined over
centuries of debate [71]. Despite this deep interest, the nature of value is still unclear. As
Robinson ([72], p. 26) concisely noticed: “Like all metaphysical concepts, when you try
to pin [value] down it turns out to be just a word”. A survey of the literature reflects this
sentiment: there are many definitions of value, especially when considered together with
practical notions of price, cost, and income. Furthermore, PCI components are confused
among themselves as well as with the value itself [71].

To begin with a traditional perspective, classical economics distinguishes between
subjective use value and objective exchange value [73]. Following the Industrial Revolution,
mainstream economics advocated for exchange value, given its objective and practical
basis. Exchange value could be more easily understood in terms of PCI observables. Thus,
this view suggests that scarcity and subjective utility are the main drivers of value [74].
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We espouse the view that the complex nature of value is a result of its intangibility, more
comprehensively understood as a dynamic and probabilistic “state” [67].

We suggest that this model best represents what happens when humans judge an
object’s value. This value is determined based on prior expectations, or experiences, which
are then updated as more information about the object is acquired. Thus, an aspect of
value is represented by this inherent future uncertainty, raising “expectations”. Expectation
exists if only an outcome is uncertain or probable [75]. The fulfillment of expectation is
with the disclosure of novel information that corresponds to it, which in turn updates
value dynamics. In this framework, the more uncertain an outcome is, the greater its
attractive power and, consequently, its perceived value. Conversely, when an outcome
is certain, expectation ceases to exist, leaving only the available information to define
value, as depicted in Figure 1a. The logistic growth of theoretical information reflects the
fact that an event has a limited amount of available information. The maximum value is
entirely composed of undisclosed information, called expectation, and entirely consumed
expectation, called information. As more information is acquired on the object’s value state,
the expectation of value for that object or event decreases. Information gathered builds
new expectations for other events or objects. This perpetuates the value valuation cycle.
The dotted lines around the theoretically decreasing/increasing smooth curves consider
that there are variations in expectation/information per individual, which can arise due to
memory imperfection, information losses, or other adjustments. It is critical to note that the
value of a commodity, represented by the horizontal dotted line, remains constant. This is
analogous to the principle of conservation of energy, where the total energy of the system
remains constant.

Value state components PCl representations
Value Price
. Observed
i rices >
Information, ;f;n./___ \? p SCA M
[ A ‘ $362,000 @

Adjusted
prices

ICA
$358,000

» Income

(a)

Time CSA
Cost = ¢341,000

(b)

Figure 1. (a) Value state components, (b) PCI representations.

The conception of value put forth in this manuscript is, as previously mentioned,
reminiscent of the universal law of Conservation of Energy. In a similar way that the
movement and quantity of matter set the limit for the total energy of an object, so too
does value define the total energy limit of a commodity. In this case, potential energy
is represented as unknown information (also called expectation), while kinetic energy
is represented as a final decision (simply called information). In this sense, value is
determined at the moment of transaction, whereupon the buyer’s and seller’s expectation,
or range of potential values, collapse into a singular, decided-upon value. In this context,
PCI are three different types of competing economic information, which comprise the
total, constant value state of the commodity in question. For instance, the price is a latent
expression of value because it is determined by economic agents which each originally



Quantum Rep. 2024, 6

78

had a personal use value. Each negotiated price is a subjective statement of value to the
user, all of which are incorporated within a market of similar commodities [76]. Supply
and demand side agents follow a complex pattern of seeking, comparing, and evaluating
the information on the subject commodity, with several offers leading to a final “expressed
price”. Cost is also an economic expression of value that takes place at the moment of
commodity production. Additionally, the concept of income is also a distinct expression of
value, reflecting a commodity’s net rewards, projected into the future.

The Appraisal Institute [76] identifies three key approaches to valuing a property in
real estate [77,78], each of which emphasizes different aspects of the PCI. These methods
include the Sales Comparison Approach (SCA), the Cost Summation Approach (CSA),
and the Income Capitalization Approach (ICA). The SCA evaluates a subject property’s
market value state by its comparison to those that are similar, which are called comparables,
using their realized prices as benchmarks. The CSA, on the other hand, bases value on
the current cost of replacing or reproducing the same subject property, reflecting present
economic conditions. Finally, the ICA assesses value by projecting future income streams
and expenses over the subject property’s economic lifespan.

The three-dimensional xyz coordinates in Figure 1b illustrate the results of the appli-
cation of triadic approaches and their corresponding PCI observables. After a series of
computations and adjustments, this process generates three market estimations of value for
the same subject property. The SCA supposes a market price of USD 362,000, based on the
identification of four comparable properties. Given that these comparables have different
structural, spatial, financial, and temporal attributes, adjustment processes were performed
on their prices in the intermediary steps to make them similar to the subject property.
This process is emphasized in the boxed region. Note that the sizes of the circles scale in
proportion to observed prices used in the SCA. The same process is followed by CSA and
ICA evaluation, although for simplicity, these are not illustrated in Figure 1b. Market prices
were calculated to be USD 358,000 and USD 341,000 for the ICA and CSA, respectively.

During the last step of the real estate evaluation process, the most probable value is
decided upon by considering the three PCI values collectively. The process of classical
evaluation usually ends at this step, and one of the results is selected. For example, if the
estimated market price of USD 362,000 is chosen based on the SCA, then the approach must
be justified in its use compared to the two unused alternate alternatives. In this instance, a
common justification for the SCA would be simply to cite comparable property values that
command a similarly high price [79,80]. Despite this justification, the same property could
be evaluated with either the CSA or the ICA, or a combination of both [81,82]. Importantly,
the more of these valuation results are considered, the more accurate the value of the
commodity. While this recommendation is rational, there are no practical standards for
this in the literature. If the triadic estimates systematically converge to the same value, any
one of the approaches could be considered reliable. However, this is rarely the case, and
differences in triadic value estimates for a single property are often significant.

Recognizing the limitations of traditional methods, we can apply quantum methods
to PCI estimates to converge on a more appropriate value state. The PCI point of conver-
gence in a three-dimensional representation is identified as a state coordinate point M in
Figure 1b. It is important to note that this intersection, a unique PCI estimate, may not
yet be reliable. Each approach’s potential inaccuracies could shift the ‘M’ coordinate to
a different probabilistic value state. By representing multiple such ‘M’ coordinates for
identical or very similar properties, we create a spectrum or a space of potential value states.
Within this space, quantum theory aids in identifying the most probable value, offering a
more comprehensive and accurate valuation.

3. Quantum Value Valuation

Before presenting the basic equations in this section, we need to first specify normal-
ization and transformation intermediary steps. The initial empirical data we use are not
related to the physical properties of matter, but rather to a value state attached to a physical
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PCI spherical coordinates

commodity with its constituent PCI information. The first operation consists of computing
PCI's probabilities, assuming they show a Gaussian behaviour [83-85].

We can then represent these probabilities by their following xyz spherical coordinates
as follows.

x = price = p(SinfCos¢)
y = cost = p(SinBSind) (1)
z = income = p(Cosb)

The value conceived by the brain (is this the best word to use, can we say human,
or negotiator) is theoretical and is nearly impossible to directly measure or identify using
physical systems, which was the basis of converting these real PCI data into quantum data.
Consistent with this idea, as depicted in Figure 2, we used the Bloch sphere to convert the
observed PCI spherical coordinates in a quantum 2D basis [86,87]:

_ 0 .0 o
[b) —Cos§|0)+51n§e |1> ()
with, & = [Cos? | et B = [Sin$e'?|.
’ 2 2

Quantum 2D basis of PCI

W)

» |0)
a= [Cos g]

-Z=|1)
(a) (b)

Figure 2. (a) PCI spherical coordinates, (b) Quantum 2D basis of PCL

The intrinsically subjective value, approximately represented by its PCI observables,
no longer persists as a simple real function but is represented by a Hermitian operator
acting within a Hilbert space. The measurement associated with this physical quantity
corresponds to one of the real eigenvalues of this operator. It is crucial to note that in the
non-deterministic domain of quantum mechanics, the state of the system only makes it
possible to reproducibly predict the respective probabilities of the various possible results
following the reduction of the wave function during measurement [88]. This fundamental
principle states that certain quantum properties are intrinsically exclusive, thus establishing
a deep connection between the uncertainty inherent in these systems and the nature of the
information available [89].

Following the transformation, the quantum state |[\p) responds to its universal repre-
sentation of a q-bit [90]:

W) = «|0) +B[1) ©)
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with & and B €C and |0c|2 + |,3|2 = 1 representing the sum of the probability of each com-
ponent, where ) is a g-bit quantum state. The g-bit is a superposition of «|0) and B|1).

If | + |B[* # 1, we need to use |a/|* = [a[*/ (|a|* +|B[*) and |/ = |B]*/ (|af” + |B*)
such that the sum of probabilities is lar|2+ |Br)* = 1.

Following computations of « and 3, we proceed to the identification of the Hamiltonian
matrix in order to compute Eigenvalues E and E_ [50]. Once in the quantum framework,

one can assume that the Hamiltonian matrix F embeds all of the system’s energy E,
resulting in the following domain which encapsulates the value state:

E=FE,+E_ (4)

At this step, we apply the Schrédinger [34] equation, which makes use of the Hamilto-
nian operator [91]:

_d A
i |S) = H8) (5)

where ih% is the quantum operator, | S) is the basic eigenvector of the system, and H is the
Hamiltonian matrix. In the following section, we replaced [\) in Equation (5) with |S) for
simplicity and uniformization of notations.

We must also consider the following equation from Louis De Broglie, which is the
general solution of Schrédinger’s equation:

—iEnt
| S> = Enzlrz Cn | S> n€ (6)

with |S) ,, representing eigenvectors and E, representing eigenvalues in the Hamiltonian matrix.
To demonstrate the effectiveness of our methodology, we used an example of a Hermi-
tian Hamiltonian matrix, which is expressed in the following form:

o h g
H_[g h} 7

The determination of the energy of the Hamiltonian matrix is based on the
following formula:
H[S),, = Eu[S), (8)

The computation of Eigenvalues gives
Ei=h+gandE_=h—g )

The Eigenvectors are defined by

'S>+=Hﬂ and|S>_=ém (10)

According to Louis de Broglie’s formula and Formulas (9) and (10), we deduce
the following:

—iE_t

! h|S>_] a1

V2

From Formula (11), by replacing |S) , and |S) _ with their value, we obtain

m - \166 [ ¢1§ Gﬂ + \156 - [2 (flﬂ (12)

—iE t
|S) = [e ;+\S>++e
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By identifying @ and 3, we can deduce their relationship with the energies E; and E_:

1 —iEt —iE_t
o e +e h
M 2 L“ﬁ*’ _ e"it] 19
where,
1| —iEqt —iE_t
0(22|:€ - 4e w }and, (14)
1[ -ie —iE_
‘B:|:e h+t—e ht] (15)
2
The solution of Equations (14) and (15) is
—iELt
x+B=eh (16)
—iE
withIn(a + ) = In (e = > , and the module of the two terms gives
Eit
In(a + ) = TJF (17)

The Planck constant is related to the quantization of light and matter, which is a
subatomic-scale constant [92]. To make them visible, we operate a change of scale by
replacing i = 1.054571817... x 1073* with i = 1.054, as well as considering t = 1, and
then the Formula (17) becomes

E,
1051 = In(a + B) (18)

We deduced that E; = 1.054[In(a + )] and E_ = 1.054[In(a — B)].

The sum of the entropies of these eigenvalues, extracted from the Hamiltonian matrix
A, determines the entropy value which adequately approximates the value state. While
entropy in general indicates the direction of value [93], von Neumann’s [25] quantum
entropy offers a single value state by minimizing uncertainty. Moreover, the value state in
which we are interested can be estimated using the mathematical formalism of a quantum
state, which accounts for inherent subjectivity in unknown value states. The application of
von Neumann [25] entropy to the eigenvalues E and E_ is the following (there are several
properties of von Neumann'’s entropy that can be found in Facchi et al., [94]):

Syn = —E,InE; —E_InE_ (19)

von Neumann entropy is directly defined by the density matrix. The entropy in Equation (19)
uses eigenvalues of the Hamiltonian matrix of energy, which can be considered, by analogy,
parallel to that of von Neumann in the density matrix. In quantum mechanics, the Hamil-
tonian operator represents the system’s total energy. This concept aligns with classical
mechanics, where the Hamiltonian is the sum of operators corresponding to the kinetic and
potential energies of a system. Its energy spectrum, or its set of energy eigenvalues, reflects
the possible total energy outcome measurements.
Following the elaboration of these formulas, we present the results in Section 4.

4. Quantum Value Results

To demonstrate the reliability and utility of a quantum measure of value state, we
initially considered a unique historical database from Shiller [95], which was used in the
book Irrational Exuberance. Freely available online, these data encapsulate the average
US housing price and cost indices and capitalization rates. All three indices are inflation-
corrected, further modified, and regularly updated. We viewed these indices and rates
as suitable proxies for PCI, requiring only minor adjustments, and used the PCI market
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value estimations of a typical house in 2018 for the same US market as a benchmark. With
this reference point in mind, we re-adjusted Shiller’s data, processing the PCI evaluations
of the same house 148 times. We then applied three types of yearly constants in a final
adjustment to adjust PCI values spanning from 1870 to 2018. Accordingly, Shiller’s average
price index is multiplied by a constant amount of USD 3068, resulting in an SCA of USD
362,000 in 2018. In the case of the CSA, the constant was USD 3852 resulting in an estimate
of USD 341,000 for the same year. In the ICA, a yearly net operating income of USD 8939
was divided by the varying capitalization rates from Shiller’s data, which resulted in the
estimate of USD 358,000 for 2018, as shown in Table 1.

Table 1. Main steps of quantum value state computations.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Price Cost Income Pnorm Cnorm Inorm @ B <) P E4 E_ Seq Se_ SyN dPCI
1 234,509 202,654 199,670 0.525 0.836 0.926 1242 0.538 0.883 0.476 0.608 0.370 0.303 0.368 0.670 47,207
2 240,700 202,940 195,996 0.579 0.838 0.909 1.246 0.558 0.893 0471 0.622 0.394 0.295 0.367 0.662 58,518
3 230,328 202,179 197,442 0.490 0.833 0916 1.223 0.526 0.868 0.482 0.589 0.380 0.312 0.368 0.679 43,289
4 241,611 201,513 204,618 0.587 0.828 0.946 1.272 0.553 0.905 0.467 0.634 0.348 0.289 0.367 0.656 54,556
5 243,420 200,942 215,313 0.603 0.824 0.979 1.301 0.555 0.915 0.458 0.652 0.309 0.279 0.363 0.642 50,936
6 219,572 200,751 219,664 0.402 0.823 0.988 1.254 0.492 0.853 0.475 0.587 0.286 0.313 0.358 0.671 18,821
7 222,662 199,515 222,759 0.427 0.813 0.993 1.260 0.493 0.854 0.473 0.592 0.281 0.311 0.357 0.667 23,147
8 251,408 198,183 226,217 0.672 0.804 0.997 1.329 0.570 0.936 0.446 0.676 0.290 0.265 0.359 0.624 58,885
9 282,051 199,705 232,263 0.904 0.815 1.000 1424 0.673 1.079 0.410 0.780 0.302 0.193 0.362 0.555 96,227
10 320,414 199,515 243,265 0.995 0.813 0.992 1.457 0.716 1.147 0.399 0.818 0.315 0.164 0.364 0.528 143,417
12 362,000 341,000 358,000 1.000 1.000 1.000 1.538 0.796 1.301 0.377 0.894 0.315 0.101 0.364 0.464 21,378
Before delving into the quantum measurement of value states, it is worth highlighting
that the prepared data on PCI in Figure 3a do not give noticeable clues about where the
value state could be. On the contrary, we observe that PCI estimates vary significantly,
converging only on rare occasions. This is particularly true for SCA and CSA, while ICA
often has a negative correlation with the others. It should be noted that had we proceeded
with evaluations for each case, global trends would not differ from what can be seen in
Figure 3a. Visualizing these data using GeoGebra [96] indicates that there is a dispersion of
PCI estimates. We see that the data display an interesting dispersion, reminiscent of the
Lorenz [97] butterfly effect in Figure 3b. To confirm this observation, more points would
need to be analyzed in the future.
Histor i i i Butterfly effect of PC estimat Income
istorical evolution of PCl in the United States uttertly etfect o estimates
600,000 —Price .
550,000 ---Cost
500,000 «+«« Income
450.000 —Population (000')
400,000 ¢
350,000
300,000 .
250,000 -,y S
200,000 4 L ',\ M o’
150,000 v v\/’\/\,'
100,000 Price 2 o
0
50,000 T .
O T O N OWOT ONOWOSTONWOOSTOWNIWOOSTOONWOOT OONOOT
DD O O - - NANOOO T TOOWOONNNODOBDNNDDNDO O = = «
O DOV DODHDDDDDDDDDNDDNDDDDNDDDDDDNDDDDDNDONNDNOO OO0 O
rrrrrrrrrrrrrrrrrrrrrrrrrrrr NN
Cost
(@) (b)

Figure 3. (a) Historical evolution of PCI in the United States; (b) Butterfly effect of PCI estimates.

Figure 3a,b raise questions as to why there are differences in the estimated market val-
ues after all the adjustments have been made. Are the 148 repeats, including corrections of
temporal variation, sufficient to account for this variation? Should not the PCI observables
and the concurrent estimations of the triadic methods sufficiently allow accurate valuations
of the same property? Is a simple or a weighted average, or any other robust statistical
method, sufficient to acquire accurate valuation? The short answer to these questions is
that PCI components fundamentally lack the informational resolution needed to determine
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(@)

true market value. This is an example of the fundamental limitation of the classical triadic
evaluation methods. Most importantly, the classical interpretation is limited by the accuracy
of the data coming from the market, knowing that each PCl is originally an average of
thousands of transactions in the US housing market. Although individuals’ subjective
use values are expressed in rational PCI exchange values, there is still uncertainty in the
value state.

To address these challenges and provide potential solutions, we applied quantum
measurement formalism to the same dataset. Each line in the dataset is an observable of
triadic estimates, normalized and transformed through several steps to eventually represent
a quantum state in two dimensions. It should be noted that each line of 148 cases in the
dataset leads to the estimation of a quantum value state. Initially, it is unclear which of
these cases reflects the most accurate quantum value state.

Corresponding Gaussian probabilities are computed and normalized using their max-
imums to generate cartesian xyz coordinates. As we explained above, these coordinates
go into a Bloch transformation. After this, « and p states are computed with their corre-
sponding 6 angles and p in columns 7 to 10. The correspondence of observed xyz vectors is
a quantum state in two dimensions. For each PCI, we found a quantum state of value for a
total of 148 estimates of the same property. In the next step of computations, « and j are
used in the Hamiltonian matrix that generated eigenvalues (columns 11 and 12). Hamil-
tonian matrix embeds the total energies of PCI as expressions of value state. This matrix
generates kinetic E and potential E_ energies of that system based on PCI observables.
The computation of these Eigenvalues or energies is necessary for the application of von
Neumann'’s quantum entropies, which extracts the total quantum information held in E_
and E_.

Von Neumann’s quantum entropy Syn computations, based on these Eigenvalues,
lead to Se and Se_ quantum entropies in columns 13 to 15. Von Neumann's Se extracts
the information in kinetic energy, although Se_ has extracted information in potential
energy. The computation of this quantum information determines the direction of the value
state. In Figure 4a, we represent the 3D information from the GeoGebra, where coordinates
X, y, and z are represented by Se, Se_ y, and Sy, respectively. Interestingly, the resulting
geometric figure resembles an attractor system, in which a quantum object in the form of a
“fly”, with its characteristic head and tail, seems to indicate a basin of potential values (for
the explanations of value and attractor points, see Ozdilek [98]).

as an attractor point Basin of potential value states
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Figure 4. (a) Value state as an attroctor point, (b) Basin of potential value states.
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The projection on a horizontal plane with 6 and Sey in Figure 4b provides a sim-
ilar scheme, with A and B attractor points representing the head and tail. Here, we
observe a clear linear trend spanning from attractor points A (Se; = 0.101;0 = 1.301) to B
(Se+ = 0.368; 6 = 0.738). Because we consider this to be the basin of potential value states,
every point along that linear basin can be a solution with a higher probability of true value
compared to surrounding “outliners”. Sampling points along the linear basin filter other
distant points, further narrowing the basin, in which states are predictable with higher
probabilities. Doing so reduces the number of viable values, leaving point A as the sole
attractor in the system.

In addition to geometrical and attractor point basis, we can also locate value state
[}) considering the relationship between E and E_ in the function of an increasing angle

0 (computed as arctang‘;—;) shown in Figure 5. The |{) (as equivalent of value) points

in the direction of a (mental) value state or comes closer to it as the one, among other
potential states, holding the maximum information extracted from E; and E_ using the
application of von Neumann’s quantum entropies Se. and Se_. According to the principle
of conservation of energy, encompassed by dynamically varying kinetic E+ and potential
E- energies, the kinetic energy is inversely proportional to potential energy, maintaining
a total energy constant. The information extracted by Se,. from E comes to a saturation
point in D, while the available information or the residual expectation is extractable by Se_
from E_, and stops at point K. Increases in kinetic energy are stabilized when potential
energy is almost empty. Points D and K have the same perpendicular values for 6 = 1.301
and p = 0.377. D and K point out « and  which determine |\) by their superposition. If
we measure [) state, there is collapse either on « or B. At point K, the potential value
decreases to zero, at which point kinetic energy reaches its maximum value and the value
state is constant. The data were organized by increasing the values of Teta, resulting in a
sequence that was not chronologically ordered. Our primary objective was to identify the
maximum of the Kinetic energy (E+ and Se; ) and the minimum of the potential energy
(E— and Se_). We achieved this objective by locating the Teta value that corresponded to
the total energy, which corresponded to the total value.

1400 G s
E+
1.200
E- ----_-
1.000

0.800 «ypmpiome,

0.600

0.400 1y

R Y

L Y WPl P

N

0.200

0.000

Nh DA S I PN S I T G R
G @hm“ GG D2 SIS r1,°Q @(\"m“ )

DA B MND N A B DAL DD O DASD DN DA NS DDA DS
o N A o J P PO &S PSRN
AR MR AR A SRS R M C IR QI SR SR O R \@q,“ ) CHCHCHC G

PP
Figure 5. Evolution of entropies.

We can consider a comparative approach from an expert perspective to determine
if quantum formalism accurately identifies values. An expert analyzing 148 value states
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would recognize that a classical valuation falls near the value predicted by the entropy
of the Hamiltonian energy. Although this approach falls outside of related computations,
by employing a total distance between PCI estimates, we indicate a well-crafted case for
standard valuation. What it indicates is that the property’s value state estimations should
converge for 148 cases, considering that all three different approaches use the same property.
If the method performs well according to the theoretical assumption, the resulting distance
decreases. Accordingly, the estimation in the last column of Table 1 is the most reliable with
a total divergence of USD 21,378, matching the quantum approach.

It should also be noted that there is an even lower dPCI distance for the sixth case,
USD 18,821, represented by point C in Figure 4b (Se; = 0.313;0 = 0.853). There are three
potential issues when considering aligning value states on point C. First, compared to
point A, which visually seems to be a point of attraction towards which other value states
might converge, point C diverges considerably from the trend curve of Figure 5, landing
in the collapsing region after point D. Even though this dPCI is the lowest, an expert
would consider this a poor estimate (as estimated PCI values are around USD 220,000,
very far from what experience would suggest). We assume that the result in point A
represents a reliable pointwise estimate, as indicated by visually attractive points and
energy conservation measurements.

5. Discussion

The quantum probability theory, decision theory, and mathematical formalism of
von Neumann’s quantum entropy inspired this work’s exploration of the basis of value
valuation. By using practical examples from economics, specifically real estate valuation,
we were able to integrate these theories into practical measures. The methodology of
applying the Bloch transformation to historical PCI data, and then employing quantum
entropy to the eigenvalues derived from a Hamiltonian matrix, resulted in a space of
probable quantum states of value. In this space, a limited number of values constituted a
basin of attraction, one of which emerged as a solution to quantum entropy.

The results presented in this study are consistent with those who find that quantum
theory can accurately represent uncertainties within their fields. This has resulted in various
theories which implicate quantum phenomena in psychological fields, such as the strange
attractors theory [99], the visual/geometric orientations theory of value dynamics [100], and
the integral features of the brain theory of value computation [101]. Our results are bounded
by fundamentals such as the conservation of energy [102], and the related conservation
of value [103]. Furthermore, expert opinion [67] contributes to our methodology. These
natural laws impart a geometric structure to the dataset, fundamentally relying on the
data-driven approximations of quantum mechanical processes [104].

The results are particularly relevant to the classical system of valuation, which often
struggles to determine a final value when two or three PCI opinions are used in its ap-
proximation. In those instances when multiple valuation methods are used, the traditional
approach is incapable of providing a final estimate. These estimates are often reconciled
using a weighted or unweighted average, where weights are subjectively formulated. The
most common option, however, is to consider a value estimate using only a single method.
The chosen method is then justified based on some criteria, which may or may not yield
the best approximation to market value, as the available method is often just limited by the
quality of the data or circumstance that happens to be available. By contrast, we demon-
strate that the quantum entropy approach provides a quasi-pointwise estimate, without
using averages, allowing for more accurate value determination.

The primary goal of this manuscript was to explore the conceptual and practical
connections between economic and quantum value valuation. We then showcased its
applicability using relevant examples and applied the theoretical frameworks to practical
decision making. It is interesting to note that the inherent subjectivity of valuation, which
involves the mechanisms of expectational decisions and informational evaluations, is well-
suited to quantum valuation. The classic systems of evaluation, which rely on partially
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extracting information from PCI observables, fall short of determining the true value state.
By contrast, quantum measurement, through the transformation of these PCI observables,
has the potential to extract more precise information from PCI, which we show results
in a nearly exact value estimation. Our interest in these results will encourage further
exploration into whether value itself is inherently quantum. This exploration revealed
that the formalism of quantum theory offers both conceptual and practical foundations for
describing the subjective experience in the value valuation system.

6. Conclusions

The classic economic systems of evaluation based on PCI methods focus on practical
needs, which rely on PCI estimates. Recent efforts in this field have been aimed at improv-
ing the technical aspects of measuring components, ignoring the foundational meanings of
value valuation systems. This trend has led to a modelling culture that almost prescribes
market behaviour within these models, neglecting the genuine impact of individual subjec-
tive decisions. Physics, by contrast, focuses on understanding the fundamental properties
of matter, relying on rigorous methodology. Both fields, we believe, grapple with the inter-
play of subjective expectation and information, components compatible with the concept
of value state.

Scientific progress is made possible when its practitioners prioritize experimentation,
and by extension, are willing to incur risk. By contrast, current economics may have
reached the limits of its models, relying on self-referential data. This risk aversion, while it
may have been beneficial in the short term, has caused long-term confusion by reducing
the accuracy of these models, as exemplified by the outdated concepts and methods of
valuation. By mimicking methodologies used in physics, where issues are met with the
direct measurement of reality, we can answer seemingly “strange” behaviours of value by
considering the characteristics of quantum matter.

A concluding remark can be made on the role that risk plays in commodity value
and the decision-making process by economic agents. Economic agents have an inherently
conservative risk profile or low tolerance for loss. While we acknowledge everyone’s risk
profile is different, we assume that all agents match the appropriate level of risk on either
side, buyer, or seller at the moment of transaction. Therefore, for our purposes, we assume
that conservative valuation or risky valuation from the observer, before the transaction, will
favor the observer as if they were a rational participant in the market. Our method can be
refined for better performance and updated with the subjective risk appetite of the evaluator.
In our examples, we used historical data on the PCI expressions of the market, which were
the average expressions of buyers” and sellers’ risk profiles. Each participant’s risk appetite
was based on their level of knowledge or experience (information), impulsivity, culture,
gender, etc. While we acknowledge it is difficult to assess subjective risk, by improving our
assessment of risk appetites, as guided by QDT, we are motivated to continue to refine our
method’s performance.

Finally, this work is an exploration of how value is fundamentally understood, as well
as a call for a broader revaluation of how practitioners understand and measure value in
economics. We re-conceptualize how value is assessed by invoking mechanisms used in
human judgement, which have been honed over evolutionary history and therefore have
a basis in nature. Accordingly, we consider that the value valuation continuum is more
than a theoretical construct; it is a practical framework that has the potential to question
our approach to economic valuation, offering insights that are as relevant to the academic
as they are to the practitioner. While we concede that our primary objective in this work
was primarily theoretical, we propose that valuation decisions can be considered in an
alternative way if we factor quantum physics theory into traditional systems. The results of
the method we developed can be used in practice by experts who aim to predict economics
after they have compared them to the traditional triadic methods of valuation. The method
we proposed can also be used by cities that must calculate the accurate property values,
notably for taxation purposes. The quantum value state is not only accurate in the short
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term but it also considers the long-term evolution of the whole market based on historical
data trends. By bridging the gap between quantum physics and economics, we pave
the way for more innovative, accurate, and meaningful approaches to understanding the
essence of value and its measure in our ever-evolving economic landscape.
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