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It is through direct or indirect perception
of physical phenomena that human beings ac-
cess the world around them. The regularities
and patterns that emerge from observation call
for a systematic description, which in turn re-
quires the introduction of concepts sufficiently
abstract to be embedded within a consistent
theoretical framework. While the reality of per-
cepts can readily be affirmed on an empirical ba-
sis, the reality of concepts poses an ontological
problem that dates back to the origins of philos-
ophy.
The view that refrains from attributing any re-

ality to scientific concepts and their relations
is known in contemporary philosophy as instru-
mentalism. According to this view, scientific the-
ories function as predictive instruments rather
than as descriptions of reality. In contrast, real-
ism (short for scientific realism) holds that sci-
entific concepts such asmass, force, and charge,
together with the relations they enter into, cor-
respond to reality or at least provide a close ap-
proximation of it.
Instrumentalism, due to its agnostic charac-

ter, remains a safe position as long as ques-
tions about the ontological status of scientific
concepts are set aside. Realism, on the other
hand, faces significant challenges, particularly
in light of developments inmodern physics such
as quantum mechanics, the branch of physics
concerned with the subatomic world, and cos-
mology, which studies the nature and develop-
ment of the universe macroscopically.
The aim of this essay is to address the limita-

tions that realism faces and to defend an alter-
native perspective, known as structural realism
(short for structural scientific realism). Struc-
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tural realism, a term coined by John Worrall, 1
holds that reality manifests itself through the
mathematical relations among scientific con-
cepts. An early formulation of this view appears
in the writings of Henri Poincaré, who argued
that:2

“Science [...] is a system of relations. [...]
it is in the relations alone that

objectivity must be sought; it would be
vain to seek it in beings considered as

isolated from one another.”

To the question of whether science reveals the
true nature of things, Poincaré answered:2

“Not only science cannot teach us the
nature of things; but nothing is capable

of teaching it to us.”

This essay focuses on this version of structural
realism, according to which there is a barrier to
accessing reality beyond its structure, whereas
another version claims that reality itself is noth-
ing but structure.

k

A concept that plays a central role in quantum
mechanics is complementarity. In its broader
sense, complementarity refers to a trade-off in
the compatibility between two measured prop-
erties, which, in its most pronounced form, re-
sults in their mutual exclusivity. Complemen-
tarity is clearly demonstrated in photography:
adjusting the aperture of a camera lens, while
keeping all other settings constant, creates a
trade-off between brightness and depth of field
(illustrated in Figure 1). A smaller aperture al-
lows less light to reach the sensor, resulting in
a darker image but with greater depth of field,
meaning that objects at varying distances re-
main in focus. Conversely, a wider aperture lets
in more light, producing a brighter image but re-
ducing the depth of field, so only a narrow range
remains sharp while the rest becomes blurred.
It should be emphasized that complementar-
ity is not a consequence of imperfect measure-
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Figure 1: Three photos of the same composition taken with
different aperture settings, while all other parameters re-
main constant (focal length: 50mm, exposure time: 1/100s,
ISO: 100).

ments, but a fundamental constraint rooted in
the structure of the system.
Complementarity in photography does not

raise any metaphysical concerns, as it does not
apply to individual pixels but to the image they
collectively form. The situation becomes con-
ceptually troubling, however, when complemen-
tarity arises in the context of properties at-
tributed to single physical entities. This is pre-
cisely the case with photons, the fundamental
constituents of light.
The ability of a photon to pass through a spe-

cific type of filter, called a polarizer, is associ-
ated with a property called polarization. A po-
larizer can be oriented in any direction. For in-
stance, if a polarizer is oriented vertically (↕) and
a photon passes through it, the photon is said
to be vertically polarized, and analogously for
any other orientation. When a photon is known
to be polarized in a certain orientation, such as
vertically, and is then sent through a polarizer
oriented orthogonally, i.e., horizontally (↔), the
photon is blocked (as illustrated in the left panel
of Figure 2).a Interestingly, if a vertically polar-
ized photon is sent through a polarizer tilted at
45 degrees ( ↔) (as illustrated in the right panel
of Figure 2), it passes through with 50% prob-
ability, and if the same photon is subsequently
sent through a vertical polarizer, it again passes
through with 50% probability. This behavior in-
dicates that the property associated with the bi-
nary distinction between vertical and horizontal
outcomes (↕ or↔) is complementary to the one
associatedwith the diagonal outcomes ( ↔ or ↔),
meaning that precise knowledge of one entails
maximum uncertainty about the other. This sug-

aThis principle has practical applications, such as in sun-
glasses, where vertically polarized lenses reduce glare by
blocking reflected light that is horizontally polarized.

polarizers with 
orthogonal orientations
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Figure 2: Two polarizers placed with orthogonal (left) and
complementary (right) orientations along a photon’s path.

gests that the polarizer does not passively re-
veal a pre-existing polarization, but, counterin-
tuitively, that the outcome depends on the ori-
entation of the polarizer as well.
The existence of complementary properties

within a single fundamental particle, such as a
photon, challenges traditional realism, which as-
sumes that fundamental entities possess defi-
nite and intrinsic properties. If two properties
of an entity cannot be independently measured
with certainty, can both truly correspond to
real properties? In 1935, a seminal paper by Al-
bert Einstein, Boris Podolsky, and Nathan Rosen,
hereafter referred to as EPR, explored this issue
in depth, proposing the following sufficient cri-
terion for a property (or quantity, as they refer
to it) to be considered an element of reality:3

“If, without in any way disturbing a
system, we can predict with certainty
the value of a physical quantity, then
there exists an element of physical

reality corresponding to this physical
quantity.”

This criterion raises doubts about whether
both complementary properties can be ele-
ments of reality, although the situation becomes
more nuanced once entanglement is taken into
account. Entanglement between two (or more)
particles is the phenomenon in which mea-
surement outcomes are found to be correlated
across different choices of measurement pa-
rameters that correspond to complementary
properties (see Figure 3 for a schematic rep-
resentation). For example, the polarizations of
two entangled photons can be perfectly corre-
lated when both photons are measured in the
vertical orientation, meaning that either both
pass through the vertical polarizer or both are
blocked, but they are also perfectly correlated
when they are measured in a complementary
orientation, such as at 45 degrees. This behavior
would not occur with two photons that were ex-

Page 2 of 5

https://resorttoreason.com


ESSAY RESORT TO REASON SEPTEMBER 2025

correlated

correlated

outcome
<latexit sha1_base64="JuhKnGp3KXI0qArFMaNXMTY9V5Y=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0EPS9frniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzUKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7G8y4AqZERNLKFPc3krYiCrKjE2nZEPwll9eJa2Lqler1u4vK/WbPI4inMApnIMHV1CHO2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gDtr42V</latexit>

b1

outcome
<latexit sha1_base64="FqZh6EfN+QndGza0BGXbuDK+f7I=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkmR6rHoxWNF+wFtKJvtpl262YTdiVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJFIYdN1vZ219Y3Nru7BT3N3bPzgsHR23TJxqxpsslrHuBNRwKRRvokDJO4nmNAokbwfj25nffuLaiFg94iThfkSHSoSCUbTSQ9Cv9ktlt+LOQVaJl5My5Gj0S1+9QczSiCtkkhrT9dwE/YxqFEzyabGXGp5QNqZD3rVU0YgbP5ufOiXnVhmQMNa2FJK5+nsio5ExkyiwnRHFkVn2ZuJ/XjfF8NrPhEpS5IotFoWpJBiT2d9kIDRnKCeWUKaFvZWwEdWUoU2naEPwll9eJa1qxatVaveX5fpNHkcBTuEMLsCDK6jDHTSgCQyG8Ayv8OZI58V5dz4WrWtOPnMCf+B8/gDvM42W</latexit>

b2

System A

measurement 
parameter choice

complementary

property 2

outcome <latexit sha1_base64="ph0RdONjF7yUvF7rn2JPqUGlK+0=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkmR6rHoxWNF+wFtKJPtpl262YTdjVBCf4IXD4p49Rd589+4bXPQ1gcDj/dmmJkXJIJr47rfztr6xubWdmGnuLu3f3BYOjpu6ThVlDVpLGLVCVAzwSVrGm4E6ySKYRQI1g7GtzO//cSU5rF8NJOE+REOJQ85RWOlB+xX+6WyW3HnIKvEy0kZcjT6pa/eIKZpxKShArXuem5i/AyV4VSwabGXapYgHeOQdS2VGDHtZ/NTp+TcKgMSxsqWNGSu/p7IMNJ6EgW2M0Iz0sveTPzP66YmvPYzLpPUMEkXi8JUEBOT2d9kwBWjRkwsQaq4vZXQESqkxqZTtCF4yy+vkla14tUqtfvLcv0mj6MAp3AGF+DBFdThDhrQBApDeIZXeHOE8+K8Ox+L1jUnnzmBP3A+fwDtrY2V</latexit>a2
act of 

measurement

outcome <latexit sha1_base64="y9mOMq68f7V/WX0aQhoxS2xCG/o=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0QPtev1xxq+4cZJV4OalAjka//NUbxCyNUBomqNZdz02Mn1FlOBM4LfVSjQllYzrErqWSRqj9bH7qlJxZZUDCWNmShszV3xMZjbSeRIHtjKgZ6WVvJv7ndVMTXvsZl0lqULLFojAVxMRk9jcZcIXMiIkllClubyVsRBVlxqZTsiF4yy+vktZF1atVa/eXlfpNHkcRTuAUzsGDK6jDHTSgCQyG8Ayv8OYI58V5dz4WrQUnnzmGP3A+fwDsKY2U</latexit>a1

property 1

act of 
measurement

System B

measurement 
parameter choice

complementary

property 2

act of 
measurement

property 1

act of 
measurement

Figure 3: Schematic of two systems, A and B, each containing a particle. For each particle, a measurement parameter is selected
that corresponds to one of two available complementary properties. For entangled particles, correlations exist between the
outcomes.

plicitly prepared to be vertically polarized, since
in that case they would produce correlations
only in the vertical orientation, while measure-
ments in the complementary orientationswould
yield completely random results.
By considering this non-trivial correlation,

EPR argued that the outcome of a measure-
ment on a distant particle could be predicted
with certainty, andwithout disturbance, bymea-
suring the corresponding property of its en-
tangled counterpart. Then, relying on counter-
factual reasoning, the assumption that the out-
comes of mutually incompatible measurements
can be meaningfully considered, they argued
that both properties could in principle be de-
termined without any uncertainty relation aris-
ing between them, thereby contradicting their
complementary nature. This led them to con-
clude that quantum mechanics must be an in-
complete theory, a conclusion that initiated a
long-standing debate that continues to this day.
In 1964, John Bell took EPR’s objections seri-

ously and suggested the following setup.4 Two
particles are spatially separated, and for each,
an experimental parameter is freely chosen to
determine which of two complementary prop-
erties will be measured (as illustrated in Fig-
ure 3). The procedure is repeated with different
choices of measurement parameters, each time
measuring identically prepared pairs of parti-
cles. It should be noted that particles are de-
scribed as identically prepared rather than iden-
tical, since there is no way of verifying in ad-
vance that they are exactly the same. Seeking
to test the completeness of quantummechanics,
Bell considered the possibility that the system
under investigation possesses additional prop-
erties, called hidden variables, whose existence
would supply themissing information needed to
render the theory complete. Relying on coun-
terfactual reasoning, Bell derived the maximum
value of an expression involving all four possi-
ble correlations for two measurement parame-
ters on each side. The purpose of Bell’s deriva-

tion was to construct a testable criterion that
was theoretically expected to be violated by en-
tangled pairs of particles. This expectation was
experimentally confirmed in the 1980s and led
to the 2022 Nobel Prize in Physics for the scien-
tists involved. Given this violation, at least one
of the assumptions used in the derivation must
be incorrect.b
The first assumption Bell used in his deriva-

tion, called outcome independence, is that the
measurement outcomes are independent of
each other when hidden variables are also taken
into account. This means that the hidden vari-
ables of the system provide the missing infor-
mation to fully describe each particle separately.
The second assumption, called parameter inde-
pendence, is that the outcome for one parti-
cle is independent of the measurement param-
eter chosen for the other. This reflects the idea
that, given enough spatial separation, the choice
of measurement parameter on one particle has
no influence on the other particle. The third
assumption, calledmeasurement independence,
is that the system’s hidden variables are inde-
pendent of the selected measurement parame-
ters. This implies that prior to themeasurement,
hidden variables correspond to properties in-
herent to the system of particles.
For those who reject counterfactual reason-

ing, Bell’s criterion poses no challenge (nor does
the EPR argument), as quantum mechanics can
then be regarded as a complete but strictly sta-
tistical theory. That view is adequate for both
instrumentalists and structural realists. Tradi-
tional realists, however, cannot avoid counter-
factual reasoning in this context, since, from
their perspective, the physical properties a pri-
ori possess definite values, even when the mea-
surements that reveal them are in practice mu-
tually exclusive.

bAn unexpected connection is that Bell’s criterion had al-
ready been considered as part of a broader set of criteria for-
mulated over a century earlier by the logician George Boole,
which he called conditions of possible experience. 5
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The denial of outcome independence sug-
gests that entangled particles cannot be fully
described in isolation from one another. Con-
sequently, the measurement outcome of a par-
ticle that is part of an entangled pair may be
random when considered in isolation, but it is
correlated with the measurement outcome of
its counterpart. The possibility that entangled
systems cannot be fully described in terms of
properties attributed to individual particles is
compatible with instrumentalism and structural
realism, but not with traditional realism. Tra-
ditional realists are therefore compelled to ac-
count for the randomness observed in measure-
ments when entangled particles are considered
individually.c One interpretation suggests that
certain measurements are inherently random.
Another proposes that multiple universes exist
to realize all possible measurement outcomes.
Both views are unsatisfactory, as they fill ex-
planatory gaps with ad hoc metaphysical asser-
tions.
Rejecting parameter independence implies a

dependence between the outcome for one par-
ticle and the measurement parameter selected
for the other, which is not limited by spatial
separation.d A representative theory that adopts
this perspective is the pilot-wave theory, in
which the hidden variables are the particles’ ac-
tual positions, "guided" by a pilot-wave that acts
globally in the sense that what happens to one
particle in general depends onwhat is measured
on the other. This perspective is fully compati-
ble with traditional realism. Likewise, it is com-
patible with instrumentalism and structural re-
alism, since themathematical framework can be
accepted devoid of ontological commitments at
the level of individual properties.
Finally, rejecting measurement independence

allows the hidden variables to depend on the se-
lected measurement parameters. It is important
to note that this dependence need not be causal
in nature, since that would give rise to paradox-
ical scenarios such as retro-causality. The rejec-
tion of this assumption is compatible with both
instrumentalism and structural realism, but is
incompatible with traditional realism, which is
committed to the existence of inherent proper-
ties, thereby implying properties that do not de-
pend on the act of measurement.
Based on the above discussion, if any onto-
cThe measurement randomness observed in particles

that are not part of an entangled pair can also be attributed
to the unavoidable entanglement they form with the mea-
suring apparatus.

dSuch dependence does not allow faster-than-light com-
munication.

logical claim about reality is to be made, struc-
tural realism appears to be the most reasonable
view. Traditional realism requires adopting sub-
stantial theory-level modifications, as in pilot-
wave theory, and treating them as the new real
framework. This viewpoint can be challenged
by a philosophical argument known as pes-
simistic induction, which notes that many past
theories once regarded as true were eventually
abandoned or subsumed by more comprehen-
sive theoretical frameworks, suggesting that the
same fatemay await current theories. Structural
realism, in contrast, maintains that although the
specific concepts employed by successive the-
ories may change, the relational structure they
describe tends to be preserved.

k

The appeal of structural realism can also be
found in cosmology, although, in the absence
of a result analogous to Bell’s criterion, the dis-
cussion is conducted at a higher level. Through-
out history, cosmological models have reflected
not only our evolving understanding of the uni-
verse but also deep philosophical assumptions
about humanity’s place within it. The geocen-
tric model placed the Earth, and by extension
humanity, at the center of the universe. A ma-
jor shift in this anthropocentric worldview came
with the adoption of the heliocentric model,
which demoted the Earth from its special posi-
tion, placing it among the other planets that or-
bit the Sun.
The anthropocentric worldview, however,

was too deeply rooted to disappear from scien-
tific thought, and it resurfaced in modern cos-
mology as the fine-tuning problem. Fine-tuning
is based on the premise that the emergence of
life depends on several conditions, including the
existence of long-lived stars and habitable plan-
ets. Such conditions appear to be possible only
when certain physical parameters, such as the
strengths of the fundamental forces, lie within
a narrow range of values. Thus, the existence of
life on Earth has ledmany to contemplate the ap-
parent coincidence that the universe possesses
precisely those conditions required for life to
arise.
Several explanations have been offered to re-

solve the fine-tuning problem. One proposes
the existence of multiple universes, each with
its own set of fundamental parameters, so that
observers inevitably inhabit a universe that
supports their existence. Another appeals to
chance, suggesting that the universe simply hap-
pens to possess the right conditions for life. A
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third invokes an external designer who "tuned"
Nature’s physical parameters to values suitable
for life. All these explanations rely on traditional
realism since they presuppose that fundamen-
tal parameters are independently existing con-
cepts. From the perspective of structural real-
ism, however, fine-tuning is a pseudo-problem,
since the specific values of the fundamental pa-
rameters need not be regarded as independent
features to which values are ascribed by de-
sign, by chance, or by any other mechanism, but
rather as quantitative expressions of an under-
lying structure. In other words, once certain en-
tities are conceptualized and then mathemati-
cally abstracted, the internal coherence of Na-
ture is projected onto them.

k

In the development of any theoretical frame-
work, concepts are introduced axiomatically
and serve as reference points through which
relations emerge, revealing the structure of re-
ality. If anything lies beneath this structure, it

may be, as Baruch Spinoza envisioned, a single
substance with innumerable attributes, an indi-
visible whole, unified and expressed through all
that is to be observed.
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