Pre prints.org

Article Not peer-reviewed version

The Quantum Measurement Problem
and Two Famous Questions

Guang-Liang_Li :
Posted Date: 25 August 2025
doi: 10.20944/preprints202508.0765v2

Keywords: Einstein-Bohr debate; quantum measurement problem; point-set topology

Preprints.org is a free multidisciplinary platform providing preprint service
that is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0
license, which permit the free download, distribution, and reuse, provided that the author
and preprint are cited in any reuse.



https://sciprofiles.com/profile/4240620

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 August 2025 d0i:10.20944/preprints202508.0765.v2

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article
The Quantum Measurement Problem and Two
Famous Questions

Guang-Liang Li

Independent Researcher, Hong Kong, China; glli@eee hku.hk

Abstract: By revisiting two famous questions concerning the Copenhagen interpretation of quan-
tum mechanics, this article presents a concise analysis of the quantum measurement problems with
measuring both microscopic and macroscopic objects. The method used here is mainly based on the
concept “isolated point” in “point-set topology”. The findings reported are as follows. (a) Einstein’s
argument has been misunderstood; he was opposed to the so-called “inherently probabilistic nature”
attached by the Copenhagen interpretation to quantum mechanics rather than to the use of proba-
bility in quantum mechanics. (b) Probability used in Einstein’s ensemble interpretation is identical
to the quantum-mechanically calculated probability. (c) The wave-functions in Einstein’s ensemble
interpretation neither describe any single quantum object purportedly possessing mutually exclusive
properties simultaneously when nobody looks nor collapse abruptly when an observer performs a
measurement.

Keywords: Einstein-Bohr debate; quantum measurement problem; point-set topology

1. Introduction

This article revisits two famous questions concerning the Copenhagen interpretation of quantum
mechanics and presents a concise analysis of the quantum measurement problems with measuring
both microscopic and macroscopic objects [1-3]. The method used here is mainly based on the concept
“isolated point” in “point-set topology”. Only familiar with real numbers and with the usual distance
function defined on the set of real numbers is needed to understand the point-set topological analysis
of the measurement problem.

The measurement problem concerns the measurement of a quantum-mechanically described
single object, which can be a microscopic object or a macroscopic object. Unlike any microscopic object,
a macroscopic object can be measured repeatedly. Both kinks of objects are expressed by quantum
superpositions. The legitimacy of quantum-mechanical descriptions is the essence of the Einstein-Bohr
debate [4,5].

2. Two Famous Questions

In the Einstein-Bohr debate, two questions concerning the Copenhagen interpretation of quantum
mechanics are very famous. The questions are famous, because they bothered Einstein very much in
his debate with Bohr.

*  Question 1: Why are outcomes obtained by measuring a single quantum object inherently
probabilistic rather than deterministic?

*  Question 2: Can a single quantum object possess exclusive properties simultaneously when nobody
looks?

The Copenhagen interpretation does not provide any reasonable answer to Question 1. For a
single object described by a quantum superposition, the Copenhagen interpretation gives an affirmative
answer to Question 2. Einstein disagreed with the Copenhagen interpretation and argued against
quantum superpositions used to describe any object in the real world. Regrettably, Einstein’s argument
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has been misunderstood, mainly because the experimental results of testing Bell inequalities are
misinterpreted. Einstein was not opposed to the use of probability in quantum mechanics; he was
opposed to the so-called “inherently probabilistic nature” attached by the Copenhagen interpretation
to quantum mechanics. The present study concerns only Einstein’s argument in the Einstein-Bohr
debate. Bell inequalities and the corresponding experiments have been discussed intensively in the
existing literature (for example, see [6-13]) and will not be considered here.

Questions mentioned above not only disturbed Einstein; they also disturb some people nowadays.
For example, the answer to Question 1 given in the existing literature goes as follows [14]: “this is
simply the way the world is. Where is it written that the laws of nature have to be deterministic?”
Although this answer is standard and influential, it has not convinced everybody. Nevertheless,
because the calculations in quantum mechanics are indeed unbelievably successful, people who used
to worry the “inherently probabilistic nature of quantum mechanics” now just “shut up and calculate.”
They simply avoid considering any disturbing question and do not bother themselves anymore.
However, the disturbing questions deserve reasonable answers. As shown below, a reasonable answer
to Question 1 and a negative answer to Question 2 have been found.

3. Assumptions Underlying the Copenhagen Interpretation

The Copenhagen interpretation and its experimental verification rely on the following two
assumptions.

¢ Assumption 1: Time modeled by R, the set of real numbers (or its subsets) endowed with the
usual point-set topology, could be measured perfectly precisely.

e Assumption 2: To characterize randomness involved in measuring a single quantum object, an
observer needs to measure the object only once.

Assumption 1 is not practically meaningful as indicated by the point-set topological analysis (see
below). Assumption 2 violates a necessary condition needed to characterize the randomness. The
necessary condition is a banal fact: a large number of repetitions (i.e., runs) of an experiment must be
performed to characterize the randomness based on the measurement outcomes obtained in different
repetitions of the experiment. In one repetition, only one measurement outcome can be obtained,
which makes no sense statistically. The above assumptions make the Copenhagen interpretation and
its experimental verification questionable.

4. The Point-Set Topological Analysis of the Measurement Problem

Consider first the affirmative answer to Question 2 (see Section 2) given by the Copenhagen
interpretation.

4.1. The Measurement Problem with Measuring a Single Microscopic Object

When describing a single microscopic object in general, a quantum superposition, namely, a wave-
function, consists of orthonormal vectors spanning an n-dimensional Hilbert space. The orthogonality
of superposed vectors is associated with properties possessed by the object. Representing alternative
outcomes obtained by measuring the object, the properties are exclusive. There is no limit to the
number of superposed orthonormal vectors. For the purpose of the present study, it is sufficient to
consider a two-dimensional Hilbert space H.

The Copenhagen interpretation of quantum mechanics, which is defended by Bohr in the Einstein-
Bohr debate, may be summarized briefly as follows. Consider a wave-function ¥ consisting of
orthonormal vectors ¥; and ¢, spanning H.

Y =c1P1 + 22

where c; and c; are complex numbers. According to the Copenhagen interpretation, a single micro-
scopic object possesses exclusive properties represented by ¢ and iy, simultaneously when nobody

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202508.0765.v2
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 August 2025 d0i:10.20944/preprints202508.0765.v2

30f5

measures (or observes) it. For example, if the object is a particle, two of its different energy levels
are such mutually exclusive properties. Once an observer performs a measurement on the object,
1 collapses abruptly onto i or ¢, according to the measurement outcome. The outcomes obtained
by measurements are inherently probabilistic. The probability of finding the measurement outcome
represented by ; is |c;|?,i = 1,2.

Denote by E = {g,,n > 1} an ensemble of single microscopic objects. The objects are all
described by the wave-function ¢. In other words, E is a pure ensemble consisting of microscopic
objects characterized by the same pure state. Einstein’s argument can be better appreciated in this
simple, ideal situation. According to the answer given by the Copenhagen interpretation, each object in
E possesses exclusive properties represented by 11 and i, at any time before an observer measures the
object. However, this answer relies on Assumption 1 (see Section 3), which does not hold in practice.
Thus the affirmative answer and its experimental verification are not practically meaningful.

To justify the above claim, denote by H(y, T) and H(¢,, T) two propositions, where H(¢1, T)
means “i; represents the outcome obtained by measuring an element of E at time 7.” The meaning of
H(y», ) is similar. In H(¢, 7) and H(¢,, T), the time 7 is fixed. If time could be measured perfectly
precisely, H(y1, T) and H (i, T) would hold simultaneously in the corresponding experiment, which
requires T to be an isolated point of R. By definition, if T is an isolated point of R equipped with its
usual point-set topology, then there exists a number r > 0, such that the distance between T and any
other element of R is at least . As can be readily verified, T is not an isolated point of R. Actually, R
does not have any isolated point.

4.2. The Measurement Problem with Measuring a Macroscopic Object

The measurement problem with measuring a macroscopic object has an analogy in popular
science: Schrodinger’s cat in a box [1]. Consider a macroscopic object denoted by Q, which has two
macroscopically distinguishable states [2]. Let QT and Q™ represent the states. The macroscopic
object Q, with its states Q™ and Q~, is a popular analogy to the quantum-mechanical description
of Schrodinger’s cat. According to the affirmative answer given by the Copenhagen interpretation,
the cat is both alive and dead simultaneously if nobody lifts the lid of the box and looks inside. As
shown below, concerning the measurement problem with measuring this macroscopic object, the
answer given by the Copenhagen interpretation and the corresponding experimental verification are
not practically meaningful either.

A macroscopic object can be measured repeatedly. Thus, when measurements are performed
on Q, the measurements are all performed on the same object. Let H(Q™",7) and H(Q ™, T) be two
propositions. The proposition H(Q", ) states: “Q" is observed by measuring Q at time 7.” The
other proposition has a similar meaning. In H(Q™", 7) and H(Q~, 1), the time 7 is fixed in a “time
ensemble” needed to measure Q [2]. Analyzing the quantum measurement problem with measuring
this macroscopic object is exactly the same as the analysis presented in Subsection 4.1. If time could
be measured perfectly precisely, both H(Q™, ) and H(Q~, T) would hold simultaneously in the corre-
sponding experiment, which requires T to be an isolated point of R. However, R does not have any
isolated point as shown by the point-set topological analysis.

Therefore, for the measurement problems with measuring both microscopic and macroscopic
quantum objects, the affirmative answer to Question 2 given by the Copenhagen interpretation and
the experimental verifications are indeed not practically meaningful, simply because time cannot be
measured perfectly precisely in practice.

5. The Origin of Randomness

Now consider the standard answer to Question 1 (see Section 2) given in the literature [14].
This answer and its experimental verification rely on both Assumption 1 and Assumption 2 (see
Section 3). The answer given in [14] cannot be considered convincing, because it is actually not a
reasonable answer. The point-set topological analysis together with the necessary condition needed
to characterize randomness involved in measuring a single quantum object can provide a reasonable
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answer. According to the necessary condition, the randomness can only be characterized based on
the measurement outcomes obtained in different repetitions of the experiment in question. Needless
to say, any single quantum object can possess mutually exclusive properties; it just cannot have such
properties simultaneously. By no means can mutually exclusive properties of a single quantum object be
observed in only one repetition by measuring the object only once. Because time cannot be measured
perfectly precisely in practice, mutually exclusive properties of a single quantum object are actually
observed at different times in different repetitions of the corresponding experiment.

For a single microscopic object, its mutually exclusive properties correspond to different outcomes
obtained by measuring different objects of the same kind at different times in different repetitions. For
a macroscopic object, its mutually exclusive properties correspond to different outcomes obtained by
measuring the same object at different times in different repetitions. The origin of randomness involved
in measuring a quantum-mechanically described single quantum object is concealed by attaching
mutually exclusive properties to an imaginary object, which does not exist in the real world. Conse-
quently, the “inherently probabilistic nature” is attached by the Copenhagen interpretation to quantum
mechanics because of the incorrectly interpreted experimental results. The “inherently probabilistic
nature” attached to quantum mechanics can be detached by revealing the origin of the randomness,
which is helpful to understand why Einstein argued against using quantum superpositions to describe
any object in the real world.

6. Einstein’s Argument Grounded on Ensemble Interpretation

In the spirit of Einstein’s argument grounded on his ensemble interpretation of wave-functions [15],
single microscopic objects of the same kind are measured at different times in different repetitions of
the corresponding experiment; the objects form an ensemble described by the wave-function in ques-
tion. Each element of the ensemble possesses mutually exclusive properties; however, none of them
possesses such properties simultaneously. As can be readily seen, Einstein’s ensemble interpretation is
also applicable to macroscopic objects, and the wave-functions in Einstein’s ensemble interpretation
neither describe any single object purportedly possessing mutually exclusive properties simultaneously
when nobody looks nor collapse abruptly when an observer performs a measurement. Einstein was
not opposed to the use of probability in quantum mechanics; he was only opposed to the Copenhagen
interpretation of quantum mechanics. In Einstein’s ensemble interpretation, the use of probability is
still needed to characterize the randomness, and probability used in Einstein’s ensemble interpretation
is identical to the quantum-mechanically calculated probability.

7. Conclusions

Based on the point-set topological analysis together with the necessary condition needed to
characterize randomness involved in measuring a single quantum object, this article revisited two
famous questions concerning the Copenhagen interpretation of quantum mechanics and analyzed
the quantum measurement problems with measuring both microscopic and macroscopic objects. The
findings reported are as follows. (a) Einstein’s argument has been misunderstood; he was opposed to
the so-called “inherently probabilistic nature” attached by the Copenhagen interpretation to quantum
mechanics rather than to the use of probability in quantum mechanics. (b) Probability used in Einstein’s
ensemble interpretation is identical to the quantum-mechanically calculated probability. (c) The wave-
functions in Einstein’s ensemble interpretation neither describe any single quantum object purportedly
possessing mutually exclusive properties simultaneously when nobody looks nor collapse abruptly
when an observer performs a measurement.
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