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Abstract:

Heisenberg’s uncertainty principle (HUP) is a central
concept in quantum mechanics that reveals inherent
limitations in the measurement of microscopic particles
and profoundly affects the understanding of the physical
world. This paper reviews the physical significance
of HUP and its applications and research progress in
modern physics. The complexity of measurements in
qguantum systems is revealed by deriving the uncertainty
relation and analysing the wavefunction collapse and the
classicalisation of quantum states. This paper summarises
the current experimental verification of the principle of
measurement uncertainty in different quantum systems and
discusses the research progress in improving measurement
accuracy through quantum entanglement. Recent studies
have shown that controlling quantum entangled states can
effectively reduce measurement disturbances and thus
improve the measurement accuracy of quantum systems
without violating the principle of mismeasurement. Despite
the many advances made, there are still challenges to
further improve the measurement accuracy in complex
guantum systems. Future research will continue to explore
the potential for applications in this area.
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1. Introduction

perception that physical quantities of an object can
be measured simultaneously and accurately, pointing

Heisenberg’s uncertainty principle (HUP) is one of
the fundamental concepts integral to quantum me-
chanics, which reveals the inescapable limitations
in the measurement of the physical quantities of mi-
croscopic particles (e.g., electrons, photons, etc.) In
1927, Werner Heisenberg, a renowned German phys-
icist, first put forward this revolutionary theory [1].
The theory broke the traditional classical mechanics’

out that when measuring the position and momentum
of a particle, the two cannot reach infinite accuracy
at the same time. This important discovery not only
enriches and develops the theoretical system of quan-
tum mechanics but also brings a completely new way
of thinking to modern physics.

The basic idea of HUP can be summarised as fol-
lows: in a quantum system, any act of observation in-
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evitably has an effect on the system being observed, and
this effect makes the measurement of certain physical
quantities inherently uncertain [2]. For example, there is a
lower bound on the accuracy of the measurement between
position (x) and momentum (p), and it is not possible to
obtain measurements of both with infinite accuracy at the
same time. This uncertainty is described by the following

well-known mathematical expression: Ax-Ap>§. Includ-

ed among these, Axand Ap represent the uncertainty in

position and momentum measurements, etc., 7 is the ap-
proximate Planck’s constant [3].

This principle proposed by Heisenberg is not just a math-
ematical consequence of quantum mechanics; it has pro-
foundly changed the understanding of the nature of the
physical world and shaken the deterministic worldview
of classical physics [4]. The introduction of this idea
signalled the entry of physics into the uncertainty-based
quantum era.Recent research by Nye has shown that HUP
can enhance the understanding of measurement accuracy
and lead to advances in quantum metrology and algorithm
design [5].

2. Theoretical Foundation

2.1 Derivation of Uncertainty Relations

The mathematical expression of HUP is based on the fun-
damental framework of quantum mechanics [1]. The rela-

tionship between the position X and momentum opera-

tors p is described by the following pairwise relation [2]:
[X,p]=%Xp— PR =in 1)
This pairwise volatility shows that the position and mo-
mentum operators are not commutative, i.e., the result of
their product depends on the order of the operations. This
unpairing is the fundamental cause of the principle of in-
accuracy, showing that an accurate measurement of one
quantity necessarily affects the accuracy of the measure-
ment of the other quantity [1].
Based on this pairwise ease relation, combined with the
standard deviation formula for state vectors, the uncertain-
ty relation in quantum mechanics can be derived via
Schwartz’s inequality. Schwartz’s inequality shows that

for any quantum state |y/), there is:
A2\ /R2 ~a\)? 1. _ h
(A*)(8 >>(<AB>) Mesp=Z|(Rp=2 @
In this case, if it lets A2=% and B = p, it can derive the
form of the uncertainty relation:

s sy K
AX'Ap?EKX, p>| :E (3)

This demonstrates the unavoidable limitations of position
and momentum measurements in quantum mechanics, re-
flecting the inherent nature of quantum systems [3].

2.2 Phase Space

2.2.1 Position-momentum relationship

Phase space is an important tool for describing the motion
of particles in classical and quantum mechanics. In clas-
sical physics, the phase space trajectory of a particle can
accurately depict its motion. However, in quantum me-
chanics, HUP shows that the position and momentum of a
particle in phase space cannot be determined accurately at
the same time, and therefore the trajectory in phase space
can only be described as a probability distribution [4].

2.2.2 Wave function

At the heart of quantum mechanics is the wave function,
which provides a probabilistic interpretation of the states
of particles in a quantum system. In the positional repre-

sentation, the wave function (x) described the proba-

bility amplitude of a particle appearing at a given location.
In the momentum representation, on the other hand, the

wave function ¢(p) described the probability of a parti-

cle having a certain momentum [5]. By means of the Fou-
rier transform, the wavefunctions in position space and
momentum space can be converted to each other, which
further reveals the non-simultaneous accuracy of the mea-
surements between the two [6].

3. Physical Meaning

In quantum systems, when one tries to make an exact
measurement of a physical quantity of a particle, the mea-
surement process itself inevitably interferes with other
physical quantities of the system [2]. For example, precise
measurement of position increases the uncertainty of mo-
mentum and vice versa. This phenomenon is not due to
limitations of the measurement technique, but is a physi-
cal property inherent in quantum mechanics [3].

3.1 Wave Function Collapse in Measurements

Wave function collapse is an important concept in quan-
tum measurement. When a quantum system is in a super-
position state, the wave function ‘collapses’ to a specific
deterministic state through measurement, and this pro-
cess is closely related to the principle of inaccuracy [7].
According to the uncertainty principle, in the process of
measuring a physical quantity, the uncertainty of the un-



measured physical quantity will increase [8].

3.2 Classicalisation of Quantum States

The evolution of quantum states in measurements is one
of the key issues in the study of quantum mechanics.
According to the basic principles of quantum mechanics,
the evolution of quantum states follows the Schrédinger
equation. However, the interference effect caused by the
principle of inadmissibility during measurement compli-
cates the evolution of the system [9]. To achieve precise
manipulation in quantum systems, understanding and
utilising the principle of mismeasurement has become one
of the important directions in the development of quantum
technology [10].

The embodiment of the principle of immeasurability is
very different in classical and quantum systems. In the
case of electron orbits, for example, classical physics
and quantum mechanics have different interpretations of
the behaviour of electrons in orbits, where the electron
is viewed as a particle with a definite position and mo-
mentum, analogous to a planet revolving around the sun.
In the classical model of electron orbits, the position and
velocity of the electron at any moment in its orbit can be
known precisely. There is no limitation of the principle of
immeasurability here. In quantum mechanics, on the other
hand, the behaviour of the electron exhibits wave-particle
duality; the electron is not a particle moving in a fixed or-
bit, but rather a wave function describing the probability
distribution of its position and momentum. According to
HUP, the position and momentum of the electron cannot
be known precisely at the same time. Therefore, in the
electron orbital model, the electron’s orbit is actually a
probability cloud, which describes the probability of the
electron appearing at a certain position, rather than a defi-
nite path.

In the hydrogen atom model, the 1s orbit of the electron is
a spherically symmetric probability cloud. While the prob-
ability distribution of the electron in a given region can be
known, it is not possible to determine its exact position or
momentum accurately at the same time, which reflects the
core idea of HUP.

Zurek pointed out that although quantum systems are
essentially characterised by superposition states and quan-
tum interference, quantum states rapidly lose coherence
when the system interacts with its surroundings, a process
known as decoherence [10]. Decoherence is a key mech-
anism of classicalisation. At the macroscopic scale or in
systems strongly coupled to the external environment, the
decoherence process leads to a situation where the wave
function of the system no longer exhibits interfering ef-
fects and instead takes on a classical probability distribu-
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tion. This phenomenon explains why one does not observe
quantum effects in everyday life, even though all matter
is quantum in nature. The classical limit contributes to the
classicalisation of the system through environmental inter-
actions, allowing the system to transition from a quantum
superposition state to a classical-like state.

In the classical limit, quantum systems gradually follow
classical equations of motion, such as those of Newtonian
or Hamiltonian mechanics. Through the decoherence pro-
cess, the quantum state of the system rapidly collapses, the
coherence length of the quantum state is shortened, and
the quantum system becomes more localised, approaching
the trajectories of classical particles.

In addition, Zurek mentions the WKB approximation,
which is a way of dealing with the classical limit. When

the action of the system S(x) is much larger than Planck’s

constant, the wave function of the quantum system can be
approximated as:

y0 e @
This suggests that on macroscopic scales, the behaviour
of quantum systems gradually converges to classical be-
haviour.
In the classical limit section, Zurek emphasises the role of
the environment as a ‘selector’: the environment helps to
select, by means of a decoherence process, those states of
the system that are stable and immune to coherent pertur-
bations. These states are the deterministic behaviour one
observes in classical physics. The classical limit is not a
manifestation of the failure of quantum mechanics, but
rather a natural consequence of the gradual manifestation
of classical features in the inevitable interaction of quan-
tum systems with their environment.

4. Research Status

4.1 Current Research Results

In terms of experimental research, scientists have verified
the behaviour of the disallowance principle in differ-
ent quantum systems through a variety of experimental
means. For example, the Ultra-cold Atom Experiment
and the Quantum Weak Measurement Experiment have
enabled researchers to simulate and test the disallowance
relation in a laboratory environment [6]. By controlling
the quantum entangled states in the system, researchers
have found that they can mitigate the measurement distur-
bances brought about by the measurement disallowance
principle to a certain extent, thus improving the mea-
surement accuracy. This idea is supported by a study by
Bhattacharyya et al. who showed that in the presence of
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localised and uncorrelated decoherent noise, frequency
estimation using maximally entangled states rather than
product states restores quantum dominance, and that the
accuracy of the measurements can be further improved
by introducing interactions between system particles (e.g.
Ising interactions) [7]. It has also been found that there is
a dependence between the measurement accuracy and the
entanglement content of the initial state, pointing out that
the accuracy may be independent of the degree of entan-
glement in some cases, thus providing a new perspective
on quantum measurements [7]. In addition, many experi-
ments attempting to partially bypass the inaccuracy rela-
tion through quantum weak measurements have appeared
in recent years, and the results of these studies provide
new directions for quantum measurement and quantum
control techniques [8].

4.2 Development in the Field of Refinement

With the development of quantum mechanics, the appli-
cation scope of HUP has been broadened, especially in
guantum measurement theory and quantum information
science, and scholars have made significant progress in the
in-depth study of the principle [6]. In the field of quantum
information, the phenomenon of quantum entanglement
is closely related to the principle of inadmissibility, while
the manipulation of quantum bits in quantum computation
relies on a deep understanding of the principle. Otfried,
through an in-depth study of the compatibility and incom-
patibility of quantum measurements, combined with the
application of quantum entanglement, can significantly
improve the accuracy of the measurements of the quantum
system without violating the principle of inadmissibility
and push forward the development of quantum technology
development [9].

In addition, in the context of high-energy physics and rel-
ativistic quantum mechanics, the promotion of HUP has
become a hot research topic. Relativistic effects play an
important role in the behaviour of high-energy particles,
and the uncertainty relation thus needs to be corrected
and redefined under different physical conditions. Some
studies have even explored how the uncertainty principle
manifests itself in extreme gravitational fields (e.g. near
black holes) and how it can be applied in these complex
contexts [10]. This uncertainty can be modelled by in-
troducing classical noise. In specific experiments, the
quantum system will evolve deterministically after each
noise realisation, but after averaging over different noise
realisations, the system’s density matrix evolution may be
approximated as decoherent due to the quantum entangle-
ment environment.

4.3 Problems and Shortcomings of the Study

Despite the great progress in both theory and experi-
ment of the principle of inadmissibility of measurement,
there are still some urgent problems that need to be
solved. Firstly, how to better understand and control the
disturbance of the measured system by the measuring
instrument during the quantum measurement process is
still a difficult issue in the research. The traditional HUP
interpretation focuses on the trade-off between the mea-
surement accuracy and the perturbation induced by the
observation. However, Masanao Ozawa’s study shows
that the conventionally assumed lower bound on the
noise-disturbance product can be breached under certain
circumstances [9]. His model shows that the perturbation
can be reduced to a level close to the Heisenberg lower
bound when the interaction between the measured object
and the measurement device is dependent [9]. Secondly,
how to extend the application of the disallowance princi-
ple to more complex quantum systems (e.g., multiparti-
cle systems or high-dimensional quantum states) is also
one of the current challenges, and with the expansion of
quantum technology, controlling a large number of quan-
tum bits and dealing with the limitations imposed by the
disallowance principle has become a more challenging
task. It has been shown that nano-thermal radiation energy
sensors are capable of achieving high measurement fidel-
ity without significantly perturbing the quantum system,
which opens up the possibility of breaking through the
limitations of the disallowance principle in practical quan-
tum computing [10]. The solution of these problems not
only involves the improvement of the fundamental theory
but also has important implications for the practical appli-
cation of quantum technology.

5. Conclusion

The Heisenberg uncertainty relation has been around for
a long time and plays a crucial role in the development of
today’s society. This paper comprehensively reviews the
theoretical foundations of HUP and its important appli-
cations in quantum measurements. Through an in-depth
analysis of the uncertainty relation and the evolution of
quantum states, the physical properties inherent in the
permittivity principle in quantum systems are clarified.
It is shown that the interactions between quantum entan-
glement and control systems can be utilised to mitigate
disturbances in the measurement process to a certain ex-
tent, leading to more accurate measurements of quantum
systems.

The Heisenberg uncertainty relation remains to be con-
firmed and to be refined. Human beings are unable to



control the interference of measuring instruments on the
measured system at the present stage. The Heisenberg
uncertainty relation still faces many challenges in the
application of complex quantum systems. In the future,
the emergence of new technologies, such as nano-ther-
mal radiation energy sensors, is expected to promote the
breakthrough of the limitations of the uncertainty princi-
ple in practical quantum computation and provide more
possibilities for the development of quantum information
science. Therefore, strengthening the in-depth study of the
principle of inadmissibility will not only help to under-
stand the fundamental properties of quantum systems but
will also have a positive impact on the practical process of
quantum technology.
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