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Abstract. This paper proposes a heuristic optimization algorithm based on the
mechanism of planetary ionospheric perturbations, namely the Ionospheric
Disturbance Optimization (IDO) algorithm. This algorithm simulates the
physical process of electron density perturbations in the planetary ionosphere,
introduces local perturbations and propagation mechanisms, and achieves an
organic combination of global and local search. The algorithm is modeled and
analyzed using plain text mathematical formulas, including core mechanisms
such as individual initialization, perturbation updates, propagation attenuation,
and fitness selection. This paper describes in detail the algorithm design
principles, mathematical model, iterative strategy, and pseudocode
implementation. The algorithm's heuristic properties and global convergence
capability are analyzed, and its potential application value in continuous
optimization problems is explored. This algorithm can be theoretically analyzed
without relying on complex experimental data and is suitable for solving
multidimensional continuous optimization problems.

Keywords: Planetary ionospheric disturbances, heuristic optimization,
mathematical modeling, disturbance propagation, global convergence.

I. Introduction

The planetary ionosphere is a charged layer in a planet's atmosphere, formed by high-
energy solar radiation and cosmic rays. Its electron density exhibits complex
variations with altitude, time, and space. Ionospheric disturbances primarily originate
from solar flares, coronal mass ejections (CMEs), atmospheric gravity waves, and the
interaction between the planetary magnetosphere and the solar wind. Disturbances
manifest as localized increases or decreases in electron density and can propagate
through space, affecting the entire ionospheric structure. Their randomness, locality,
and propagation provide a natural inspiration for heuristic optimization algorithms:
perturbations simulate random exploration in the search space, propagation
mechanisms simulate information transfer between individuals, and global
convergence corresponds to the search for the optimal solution to the optimization
problem.
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In recent years, heuristic optimization algorithms have been widely used in
continuous  optimization, combinatorial optimization, and multi-objective
optimization problems. Classical algorithms, such as genetic algorithms, particle
swarm optimization algorithms, and ant colony algorithms, achieve global search by
simulating natural evolution, swarm behavior, or physical phenomena. However,
when solving multimodal complex functions, traditional algorithms are prone to
falling into local optima and lack exploration capabilities [1-51]. The IDO algorithm
proposed in this paper simulates the physical processes of planetary ionospheric
disturbances, combining local perturbations with global guidance to enhance search
space coverage.

This paper focuses on:

Designing an optimization strategy using the physical mechanisms of planetary
ionospheric disturbances.

Constructing a plain-text mathematical formula to describe the algorithmic process,
including perturbation updates, propagation attenuation, and fitness selection.

Analyzing the algorithm's heuristic properties and global convergence capabilities, its
theoretical application value is explored.

II. The Physical Mechanism of Planetary lonospheric Disturbances

The core characteristics of planetary ionospheric disturbances include multi-source
perturbations, local electron density variations, and perturbation propagation. Taking
the Earth as an example, the ionosphere is divided into the D, E, F1, and F2 layers,
and their electron density, n_e, varies significantly with altitude, time, and the solar

activity index. The perturbation can be described by the following physical equation:

Electron density continuity equation:
on e/ot+V-(ne*v e)=P-L

where n_e is the electron density, v_e is the electron drift velocity, P is the generation
rate, and L is the loss rate.

Ion momentum equation:
mi*v i/ot+v i-Vw i)=qi*(E+v ixB)-Vpi-mi*v in*(v.i-v n)
where m_1i is the ion mass, q i is the ion charge, E and B are the electric and magnetic

fields, p_i is the ion pressure, v_in is the frequency of ion-neutral particle collisions,
and v_n is the neutral gas velocity.
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Perturbation Propagation Equation:
oMN2(0n_e)/ot"2 + o _pe™2 *dn_e - c_s"2 * VA2(dn_e) = S(t, x)

Where 6n_e is the electron density perturbation, ®_pe is the plasma frequency, ¢ s is
the speed of sound, and S(t, x) is the perturbation source term. The propagation of
perturbations in space follows an exponential decay law, and their local effects
diminish with increasing distance.

The above equation provides a theoretical basis for the IDO algorithm, mapping the
perturbation, propagation, and global equilibrium mechanisms into the individual

update and information transfer processes of the optimization algorithm.

III. Design of Planetary Ionospheric Perturbation Optimization Algorithm
3.1 Algorithm Framework

The IDO algorithm consists of the following steps:

Initialize candidate solutions: Randomly generate N individuals within the search
space.

Local Perturbation Update: Simulate local perturbation sources to introduce random
perturbations to increase exploration capabilities.

Perturbation Propagation: Simulates the transmission of disturbances between
individuals, gradually attenuating the influence of information between neighboring

individuals.

Fitness Evaluation and Selection: Calculates the objective function value for each
individual and retains the optimal solution.

Global Guided Update: Uses the current optimal solution to guide individuals toward
the global optimal region.

Iterative Convergence: Repeats the above steps until the iteration limit or convergence
condition is reached.

3.2 Mathematical Modeling
Initialize Candidate Solutions:

X "0 =X min + rand() * (X _max - X _min),i=1..N
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Where N is the number of individuals, X min and X max are the search space
boundaries, and rand() is a uniform random number in the range [0, 1].

Perturbation Update Formula:
X iMt+l} =X iMt+ o *randn() * D i+ B * (X best’t - X_i™t)

Where X i*t is the position of the i-th individual in the t-th generation, X best"t is
the current optimal solution, a is the perturbation intensity coefficient, B is the global
bootstrap coefficient, randn() is a standard normal distribution random number, and
D i is the local perturbation amplitude.

Local Perturbation Amplitude D _i:
D i=v*exp(-||X_i*t- X j*|| /o)

Where vy is the perturbation amplitude reference, X j*t is the position of the
neighboring individual, and ¢ is the perturbation propagation attenuation parameter.
This formula simulates the attenuation of perturbations in the ionosphere as they
propagate across space.

Fitness selection rule:

if f(XiN{t+1}) < X ir):
X Mt} =X Mt}
else:

X Mt} =X Nt

f(x) is the objective function (minimization problem).

Termination condition:

[f(X best{t+1}) - f(X_best't)| <e

where ¢ is the convergence threshold.

3.3 Pseudocode Implementation

Input: Objective function f(x), search space [X min, X max], number of individuals
N, maximum iterations T max

Output: Global optimal solution X_best, optimal fitness f best

1: Initialize X i"0, i=1..N

2: Calculate initial fitness f(X_i*0)
3: X best™0 = argmin(f(X_i"0))
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4:fort=1to T _max do

5:fori=1toN do

6: Select neighboring individuals X_jt

7: Calculate local perturbation D_i=1v * exp(-||X_i*t - X j*||/ o)

8: Update position X i*{t+1} =X i*t+a *randn() * D i+ p * (X best™t - X it)
9: Constraint bounds: X i*{t+1} € [X min, X max]

10: Calculate fitness f(X_iM{t+1})

11: If (X i {t+1}) < f(X 1M, retain X i {t+1}; otherwise, X i {t+1} =X it
12: end for

13: Update global optimal value X best"t

14: end for

15: return X _best, f(X_best)
IV. Algorithm Characteristics Analysis

Heuristic Exploration Capability

Local perturbations D i simulate random fluctuations in the local electron density of
the ionosphere, guiding individuals out of local optima and enabling multi-region
exploration.

Adaptive Propagation Mechanism

The exponential decay in the perturbation propagation formula simulates the strength
of information transfer between individuals, enabling the search process to balance
local utilization with global exploration.

Global Convergence Ability
The global guidance term B * (X best"t - X _i*t) ensures that individuals converge
toward the optimal solution, theoretically achieving global convergence.

Scalability and Adaptability

The algorithm framework is flexible and can be extended to multi-objective
optimization, constrained optimization, and dynamic environment optimization
problems.

V. Mathematical Formula Extension Analysis

To gain a deeper understanding of the algorithm's dynamic behavior, the perturbation
update formula can be linearized:

Perturbation Propagation Attenuation Term:

D i=y *exp(-|X_i* - X j™| /o) =y * (I - [X_i* - X_j*|| / o) (when ||X_i’t -
X_jM|| << o)
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This approximation can be used to analyze the impact of a local perturbation on
neighboring individuals.

Iterative Convergence Condition:

X Mt} - X iMt=a *randn() * D i+ * (X best’t - X i*t)

Taking the expected value EJ[ ] yields:

E[X_irt+1} - X iM] =P * (X _best’t - X i)

This indicates that the expectation of the random perturbation is zero, primarily
serving an exploratory purpose. The global guidance term ensures the direction of the
search.

Analysis of Global Optimal Solution Trend

Ift — oo and B > 0, the individual tends to X best. The perturbation term ensures that
the search space is fully explored before convergence, reducing the probability of
falling into a local optimum.

VI. Potential Applications and Discussion

The IDO algorithm is applicable to:

Continuous optimization problems: Minimization of functions in multidimensional
real space.

Multimodal optimization problems: Local perturbation mechanisms help escape local
optima.

Constrained optimization problems: These can be solved by combining penalty
functions or boundary constraints.

Dynamic optimization problems: Perturbation mechanisms simulate environmental
changes and can adapt to dynamic search spaces.

Compared to traditional particle swarm optimization algorithms or genetic algorithms,
the perturbation propagation mechanism introduced by IDO provides a unique search
strategy. Combining global guidance with local exploration, it theoretically improves
convergence speed and global search capability.

VII. Conclusion
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The Planetary lonospheric Perturbation Optimization (IDO) algorithm proposed in
this paper:

Learning from the multi-source perturbation and propagation characteristics of
planetary ionospheric perturbations, a heuristic search mechanism is designed.

The algorithm's initialization, perturbation update, propagation attenuation, fitness
selection, and iterative convergence are systematically modeled using plain text
mathematical formulas.

The algorithm's heuristic properties, adaptive propagation, global convergence
capability, and scalability are analyzed.

This algorithm provides a new heuristic solution method for continuous optimization
problems. It can theoretically handle multimodal and dynamic optimization problems,
providing new insights for the development of heuristic optimization algorithms.
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