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Abstract: This paper focuses on the research
of the complexity boundary of adaptive
algorithms in dynamic environments. Firstly,
the characteristics of the dynamic
environment and the challenges it poses to the
algorithm are expounded, emphasizing the
significance of studying the complexity
boundary of adaptive algorithms. Then,
various factors influencing the complexity
boundary of adaptive algorithms were
analyzed, including environmental dynamics
and the characteristics of the algorithms
themselves. Subsequently, the theoretical
methods and ideas for determining the
complexity boundary of adaptive algorithms,
as well as the difficulties and challenges
currently faced by the research, were
discussed. Finally, the future research
directions are prospected, aiming to provide
theoretical references for further in-depth
exploration of the complexity boundaries of
adaptive algorithms in dynamic
environments.

Keywords: Dynamic Environment; Adaptive
Algorithm; Complexity Boundary

1. Introduction

1.1 Research Background and Significance
In today's era of rapid technological
development, the environments in which various
application scenarios are located exhibit a high
degree of dynamics. Take wireless
communication networks as an example.
Channel conditions will constantly change with
time, location and the number of users [1]. In the
field of robot navigation, the physical
environment in which the robot operates may
become complex and uncertain due to the
movement of obstacles, changes in lighting
conditions, etc. [2] Traditional static algorithms
often struggle to complete tasks efficiently when
confronted with these dynamic environments,
and may even experience a sharp decline in

performance.
Adaptive algorithms, as a type of algorithm
capable of automatically adjusting their own
parameters and behaviors in response to
environmental changes, possess stronger
adaptability and robustness, and have become an
effective means to deal with dynamic
environments [3]. However, the performance of
adaptive algorithms in dynamic environments is
not without limitations, and the complexity
boundary is a key issue. Studying the complexity
boundary of adaptive algorithms helps us deeply
understand the performance limits of algorithms
in different dynamic environments, providing a
theoretical basis for the design, optimization and
selection of algorithms, and thus enabling more
reasonable allocation of resources in practical
applications and improvement of the overall
performance and efficiency of the system [4].

1.2 Current Research Status at Home and
Abroad
Foreign countries have started earlier in the
research of adaptive algorithms and their
complexity boundaries, and have achieved rich
results. In terms of the types of adaptive
algorithms, adaptive algorithms based on
feedback control theory, such as PID controllers,
have been widely applied in the field of
industrial control by adjusting control
parameters through error signals [5]. Online
learning and federated learning technologies in
machine learning support models to
continuously update in data streams to adapt to
environmental changes, playing a significant
role in the fields of data analysis and prediction
[6].
In the research on the boundary of algorithm
complexity, foreign scholars have employed a
variety of theoretical methods for analysis. Some
studies utilize probability and statistical methods
to analyze the statistical characteristics of
dynamic environments, establish probability
models of environmental changes, and then
calculate the execution time and computational
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load of algorithms under different environmental
conditions [7]. There are also studies based on
information theory methods, which utilize the
concept of entropy to measure the uncertainty of
the environment, analyze the algorithm's ability
to acquire and process environmental
information, and determine the complexity
boundary of the algorithm [8].
Domestic scholars have also actively carried out
a large amount of work in the field of research
on the complexity boundary of adaptive
algorithms. In terms of adaptive algorithm
innovation, a variety of algorithms combined
with the actual scenarios in China have been
proposed. In the research of algorithm
complexity boundary theory, domestic scholars
attach great importance to combining theoretical
research with practical application. Some studies
have modeled the actual dynamic environment
and analyzed the complexity performance of
adaptive algorithms under this model, providing
practical guidance for the optimization of the
algorithms. Meanwhile, China is also actively
promoting interdisciplinary research, integrating
knowledge from multiple disciplines such as
control theory, computer science, and
mathematics to explore new methods for
determining the complexity boundaries of
adaptive algorithms.

2. Characteristics of Dynamic Environments
and Challenges to Algorithms

2.1 Characteristics of Dynamic Environment
The dynamic environment has two notable
characteristics: variability and uncertainty.
Variability is reflected in the fact that the
environmental state will constantly change over
time. Such changes may be periodic or
non-periodic. For instance, in the stock market,
stock prices are constantly fluctuating under the
influence of various factors, and their changing
patterns are difficult to predict accurately.
Uncertainty refers to the fact that changes in the
environment are often difficult to predict
precisely in advance, and there are various
unforeseeable factors. Take the scenario of
autonomous driving as an example. Unexpected
situations such as pedestrians and other vehicles'
illegal driving that suddenly appear on the road
will bring uncertainties to the autonomous
driving system.

2.2 Challenges of Dynamic Environment to

Algorithms
These characteristics of the dynamic
environment bring many challenges to the
design and operation of algorithms. First of all,
the algorithm needs to have the ability to quickly
perceive environmental changes so as to make
timely adjustments. If the algorithm fails to
detect changes in the environment in a timely
manner, it may continue to operate according to
the old parameters or strategies, resulting in
performance degradation or even errors.
Secondly, when algorithms adjust their own
parameters and behaviors, they need to weigh
the costs and benefits of the adjustments. Too
frequent adjustments may increase the
computational overhead and time cost of the
algorithm, while insufficient adjustments may
fail to effectively adapt to environmental
changes. Furthermore, the uncertainty in a
dynamic environment makes it difficult for
algorithms to establish precise models to predict
environmental changes, which further increases
the difficulty of algorithm design.

3. Factors Affecting the Complexity
Boundary of Adaptive Algorithms

3.1 Environmental Dynamics
The degree of environmental dynamics is one of
the important factors influencing the complexity
boundary of adaptive algorithms. The more
frequent and intense the environmental changes
are, the more adjustments the adaptive algorithm
needs to make, and its complexity also increases
accordingly. For instance, in a highly dynamic
wireless network environment, the channel
quality will change multiple times within a short
period of time. Adaptive modulation and coding
algorithms need to constantly adjust the
modulation mode and coding rate to adapt to the
changes in the channel. In this case, both the
computational load and the time complexity of
the algorithm will increase significantly. On the
contrary, in a relatively stable dynamic
environment, the adjustment frequency of the
algorithm is lower, and the complexity boundary
will also be relatively lower.

3.2 Characteristics of the Algorithm Itself
The type and structure of adaptive algorithms
also have a significant impact on their
complexity boundaries. Different types of
adaptive algorithms adopt different methods and
strategies when dealing with dynamic
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environments, and their complexities also vary.
For instance, adaptive algorithms based on
gradient descent typically require multiple
iterative computations to find the optimal
solution, and their time complexity is closely
related to the number of iterations. Heuristic
adaptive algorithms, on the other hand, may
quickly adjust parameters through some
empirical rules. Their calculation process is
relatively simple, but they may not guarantee the
finding of the global optimal solution. In
addition, the structural complexity of the
algorithm, such as the number of variables
included in the algorithm and the number of
conditional judgments, will also affect the
overall complexity of the algorithm.

3.3 Resource Limitations
In practical applications, the operation of
algorithms is often restricted by various
resources, such as computing resources and
storage resources. The limited nature of
computing resources will restrict the computing
power and speed of algorithms, thereby affecting
the complexity boundary of the algorithms. For
instance, in embedded systems, due to the
limitations of hardware performance, adaptive
algorithms need to adapt to environmental
changes with limited computing resources,
which requires the algorithms to have a
relatively low complexity. The limitation of
storage resources can also affect the
performance of algorithms. If an algorithm needs
to store a large amount of historical data for
adaptive adjustment but the storage resources are
insufficient, it will affect the adjustment effect
and complexity of the algorithm.

4. Theoretical Methods and Ideas for
Determining the Complexity Boundary of
Adaptive Algorithms

4.1 Methods Based on Probability and
Statistics
Probability and statistical methods provide an
effective way to determine the complexity
boundary of adaptive algorithms. By analyzing
the statistical characteristics of the dynamic
environment, a probability model of
environmental change can be established. For
instance, assuming that the changes in
environmental parameters follow a certain
probability distribution, the knowledge of
probability theory can be utilized to calculate the

execution time and computational load of the
algorithm under different environmental
conditions. Through statistical analysis of a large
amount of sample data, the average complexity
of the algorithm and the complexity boundary in
the worst case can be estimated. This method is
applicable to situations where environmental
changes have a certain regularity and statistics.

4.2 Methods Based on Information Theory
The relevant concepts and theories in
information theory can also be used to analyze
the complexity boundaries of adaptive
algorithms. Information theory mainly studies
issues such as the measurement, transmission
and processing of information, and the
adjustment process of adaptive algorithms in a
dynamic environment can be regarded as the
acquisition and processing of environmental
information. The adaptability of the algorithm to
environmental changes can be evaluated by
calculating the amount of information obtained
by the algorithm in different environments. For
instance, when using the concept of entropy to
measure the uncertainty of the environment, the
algorithm needs to obtain sufficient information
to reduce the uncertainty of the environment,
thereby achieving adaptability to the
environment. Information theory methods can
provide theoretical support for determining the
complexity boundary of algorithms from the
perspectives of information transmission and
processing.

4.3 Methods Based on Computational
Complexity Theory
Computational complexity theory is an
important theoretical system for studying the
computational complexity of algorithms.
Although traditional computational complexity
theories mainly target static algorithms, they can
be extended and improved to adapt to the
research on the complexity boundaries of
adaptive algorithms in dynamic environments.
For instance, a dynamic environment can be
regarded as an input sequence, and adaptive
algorithms perform calculations and adjustments
based on this input sequence. By analyzing the
computational steps and resource consumption
of the algorithm under different input sequences,
the boundaries of the algorithm's time
complexity and space complexity can be
determined. This method requires an innovative
application of the computational complexity
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theory in combination with the characteristics of
the dynamic environment.

5. Difficulties and Challenges Faced in the
Research

5.1 Difficulties in Environmental Modeling
The complexity and uncertainty of dynamic
environments make accurate modeling a major
challenge. To determine the complexity
boundary of the adaptive algorithm, it is
necessary to conduct a reasonable model of the
dynamic environment to describe the changing
patterns and characteristics of the environment.
However, in reality, dynamic environments are
often influenced by the interaction of multiple
factors and are difficult to accurately describe
with simple mathematical models. For instance,
in the natural environment, changes in
meteorological conditions are influenced by
various factors such as atmospheric circulation
and topography, making it extremely difficult to
establish precise meteorological models.
Inaccurate environmental models can lead to
deviations in the estimation of the algorithm
complexity boundary, affecting the reliability of
the research results.

5.2 The Complexity of Algorithm Complexity
Analysis
The structure and operation mechanism of
adaptive algorithms themselves are rather
complex, especially in dynamic environments,
where the algorithms need to be adjusted in real
time according to environmental changes. This
makes the analysis of algorithm complexity even
more difficult. Traditional algorithm complexity
analysis methods are often based on static inputs
and definite calculation steps, while the
calculation process of adaptive algorithms is
dynamically changing, and its complexity is
closely related to the real-time state of the
environment. How to accurately analyze the
complexity of adaptive algorithms under
different environmental conditions and how to
comprehensively consider the impact of the
algorithm's adjustment process on complexity is
one of the challenges currently faced in research.

5.3 Lack of a Unified Theoretical Framework
At present, a unified theoretical framework has
not yet been formed for the research on the
complexity boundary of adaptive algorithms in
dynamic environments. Different research

methods often start from different perspectives
and lack systematicness and integration. This
leads to the difficulty in effectively comparing
and comprehensively applying various methods
in actual research. Establishing a unified
theoretical framework and organically
integrating different research methods and ideas
is the key to promoting the development of
research in this field.

6. Prospects for Future Research Directions

6.1 Interdisciplinary Research
The research on the complexity boundary of
adaptive algorithms in dynamic environments
involves multiple disciplinary fields, such as
computer science, control theory, information
theory, probability theory and mathematical
statistics, etc. In the future, it is possible to
enhance the cross-integration among multiple
disciplines, draw on theories and methods from
different fields, and provide new ideas and
approaches for solving problems in this area. For
instance, by integrating the adaptive control
methods in control theory with the algorithm
design techniques in computer science, more
efficient and robust adaptive algorithms can be
developed. By using the information
measurement methods in information theory, the
algorithm's ability to acquire and process
environmental information can be evaluated
more accurately.

6.2 Verification and Application in Practical
Scenarios
Theoretical research ultimately needs to be
applied to practical scenarios to verify its
effectiveness and practicality. Future research
can place greater emphasis on the integration
with practical applications, choosing
representative dynamic environmental scenarios
such as intelligent transportation and the Internet
of Things to verify and optimize the proposed
complexity boundary theory of adaptive
algorithms. Through the application in practical
scenarios, problems and deficiencies existing in
theoretical research can be identified, further
promoting the development and improvement of
the theory.

6.3 Research on Intelligent and Automated
Methods
With the continuous development of artificial
intelligence technology, it is possible to explore
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the application of intelligent and automated
methods in the research of adaptive algorithm
complexity boundaries in dynamic environments.
For instance, machine learning algorithms are
utilized to model and predict dynamic
environments, thereby enhancing the accuracy of
environmental modeling. The complexity of
adaptive algorithms is analyzed and evaluated
through automated tools to enhance research
efficiency. The application of intelligent and
automated methods is expected to bring new
breakthroughs to research in this field.

7. Conclusion
Research on the complexity boundary of
adaptive algorithms in dynamic environments is
a challenging but very important issue. Through
the analysis of the characteristics of dynamic
environments, we recognize the challenges they
pose to algorithms and the significance of
studying the complexity boundaries of adaptive
algorithms. There are numerous factors
influencing the complexity boundary of adaptive
algorithms, including environmental dynamics,
the characteristics of the algorithm itself, and
resource constraints, etc. At present, there are
various theoretical methods for determining the
complexity boundary of adaptive algorithms, but
the research is confronted with challenges such
as difficult environmental modeling, complex
algorithm complexity analysis, and the lack of a
unified theoretical framework. Future research
can be carried out from aspects such as
multi-disciplinary intersection, verification and
application in practical scenarios, as well as the
study of intelligent and automated methods, to
promote the continuous development of this
field and provide more effective theoretical
support and technical means for addressing
various problems in dynamic environments.
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