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Abstract

Icing and galloping disasters threaten the safe operation of power transmission lines, and
effective response depends on multi-agent collaboration. To address the insufficient atten-
tion paid in existing studies to grassroots execution constraints, this paper constructs a
tripartite evolutionary game model involving local governments, power grid enterprise
O&M management, and grassroots O&M teams. The model integrates collaborative in-
vestment, agency costs, benefit sharing, and multi-layer reward-punishment mechanisms
into a unified framework. Replicator dynamics and numerical simulations are then used
to analyze the evolution of collaborative strategies; the parameters are non-dimensional
benchmark values rather than empirically calibrated estimates. The results show that the
system exhibits multi-stability and path dependence, with fully non-collaborative and
fully collaborative equilibria possibly remaining stable simultaneously. The combination
of strong government regulation and incentives with high-level enterprise collaborative
management is the key mechanism for overcoming the low-collaboration trap, and strict
accountability has higher marginal policy efficiency than equivalent subsidies. Reducing
grassroots execution costs and moderately increasing their share of disaster mitigation
benefits can accelerate collaborative convergence and expand the attraction basin of the
high-collaboration equilibrium. This study provides theoretical support and mechanism-
design implications for enhancing the resilience of collaborative emergency response for
power transmission lines under extreme weather conditions.

Keywords: icing-induced galloping disaster; transmission lines; multi-actor collaborative
emergency response; tripartite evolutionary game

1. Introduction

As critical arteries of modern power systems, transmission lines provide fundamental
support for socioeconomic activities through their safe and stable operation. However,
against the backdrop of global climate change, extreme winter weather events have be-
come increasingly frequent, and icing-induced galloping has emerged as one of the major
hazards threatening the safety of high-voltage transmission lines [1,2]. Such disasters not
only trigger large-scale power outages but also cause structural damage to power facilities,
including towers, conductors, and fittings, resulting in prolonged recovery periods and sub-

Systems 2026, 14, 742

https:/ /doi.org/10.3390/systems14070742


https://crossmark.crossref.org/dialog?doi=10.3390/systems14070742&domain=pdf&date_stamp=2026-07-08
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/systems
https://www.mdpi.com
https://orcid.org/0000-0002-5438-9256
https://doi.org/10.3390/systems14070742

Systems 2026, 14, 742

2 of 35

stantial socioeconomic losses. Therefore, developing an efficient and sustainable emergency
response system has become a major challenge shared by the global power industry.

In response to these challenges, substantial progress has been made in the technical
prevention and mitigation of icing hazards on transmission lines, mainly along three re-
search directions. The first focuses on icing formation mechanisms and meteorological
forecasting, including long-term icing risk prediction models and high-resolution monitor-
ing frameworks [3,4]. The second concerns sensing and digital monitoring technologies,
such as deep learning-based icing thickness prediction, digital twin-enabled dynamic
early warning platforms, and online detection systems based on multi-scale image recogni-
tion [5,6]. More broadly, the digitalization of critical infrastructure—through digital-twin
platforms, IoT-based sensing, and Al-assisted analytics—is increasingly recognized as a key
enabler of grid situational awareness, predictive maintenance, and resilience under extreme
operating conditions [7]. These developments provide the technological substrate on which
the multi-actor collaborative behaviors examined in the present study ultimately operate,
and they motivate treating coordination quality, rather than sensing capability alone, as the
binding constraint on emergency-response performance. The third involves engineering
prevention and mitigation measures, including de-icing devices, anti-galloping fittings,
and specialized protection schemes for key “three-crossing” corridors involving express-
ways and high-speed railways [8]. Meanwhile, some studies have extended conventional
reliability analysis to the systematic vulnerability assessment of power grid infrastructure
under compound meteorological hazards [9,10]. Recent international research has accord-
ingly emphasized the resilience of power infrastructure to extreme weather, including
the hardening of critical transmission lines against severe storms [11] and multi-stage
strategies that combine line hardening with mobile resources and repair-crew dispatch for
distribution-system restoration under ice storms [12]. Collectively, these advances have
substantially improved the power grid’s capacity for hazard anticipation and physical
defense against icing events.

However, the actual performance of emergency response depends not only on tech-
nical preparedness but, more importantly, on coordinated actions among multiple actors
across administrative levels and organizational boundaries. Specifically, local govern-
ments are responsible for establishing regulatory and fiscal frameworks; the operation and
maintenance management of power grid enterprises coordinates prior disaster-prevention
investments and cross-departmental response dispatch; and frontline maintenance teams
undertake substantive implementation tasks, including inspection, reinforcement, de-icing,
and on-site emergency repair. The efficiency of coordination among these three actors
directly determines the response speed and implementation quality of emergency resource
allocation in disaster scenarios. Accordingly, evolutionary game theory has increasingly
been introduced into studies of multi-actor emergency governance, with representative ap-
plications including government-enterprise collaboration in public health emergencies and
Natech compound risks involving natural-technological interactions [13,14]. Evolutionary
game theory has likewise been applied to multi-actor coordination in energy systems—for
example, to government-grid—user interaction in electricity-market demand-side man-
agement [15] and to tripartite co-evolution among generation enterprises, grid operators,
and regulators under dynamic incentive and penalty mechanisms [16]. In particular, a
growing body of work frames such multi-actor coordination as a principal-agent prob-
lem, in which higher-level regulators or managers must design incentive and supervisory
mechanisms to align the behavior of lower-level agents under information asymmetry and
attenuated oversight. Recent studies have analyzed government—enterprise and central—
local-enterprise interactions in emergency and safety governance using evolutionary-
game and reward—penalty mechanisms [17,18], consistently identifying opportunistic
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behavior and inadequate supervision as central obstacles to sustained collaboration. This
principal-agent perspective directly motivates the present study’s explicit modeling of the
intra-enterprise friction between O&M management and frontline teams, which the more
common government—enterprise binary framework leaves implicit.

Despite progress in both technical prevention and emergency coordination, three
major gaps remain in the existing literature. First, in terms of research focus, studies on
icing-induced galloping have mainly concentrated on technical issues such as monitor-
ing and early warning, de-icing efficiency, and infrastructure reinforcement. However,
the multi-actor behavioral interactions that determine whether technical measures can
be implemented in a timely manner have not been sufficiently characterized, and the
transmission mechanism between technical preparedness and organizational execution
remains unclear. Second, in terms of modeling granularity, most evolutionary game studies
on emergency coordination adopt a binary “government-enterprise” framework, in which
enterprises are often treated as unitary rational actors. This approach overlooks the reality
that frontline maintenance teams undertake final implementation tasks under conditions
of information asymmetry, weakened supervision, and relatively high opportunity costs.
Consequently, intra-enterprise principal-agent frictions constitute a systematic blind spot
in existing models, making it difficult to explain the governance dilemma in which policies
are formally in place but implementation fails in practice. Third, in terms of equilibrium
structure, some studies tend to discuss a unique stable strategy, whereas regional diver-
gence characterized by “similar policies but markedly different performance” is commonly
observed in practice. How low-coordination traps emerge, how path dependence affects
long-term performance, and whether mechanism optimization at the frontline level can
help the system cross critical thresholds require further clarification.

To address these gaps, this study develops a tripartite evolutionary game model for
collaborative emergency response of transmission lines under icing-induced galloping
disasters, explicitly incorporating frontline maintenance teams as independent strategic
actors. Within a unified framework, the model integrates disaster mitigation benefits,
collaborative investment costs, frontline agency costs, benefit-sharing weights, and multi-
level reward—punishment mechanisms. It further derives the tripartite replicator dynamic
equations and the local stability conditions based on the Jacobian matrix, and conducts
numerical simulations under three scenarios: low incentives, high incentives, and frontline
mechanism optimization. The practical importance of such coordination is illustrated by
the 2008 freezing-rain and snowstorm disaster in southern China, in which prolonged icing
inflicted heavy damage on transmission systems across Hunan, Guizhou, Hubei, Jiangxi,
and Guangxi, and the effectiveness of the response hinged on the interplay of governmental
command, enterprise resource allocation, and frontline repair and de-icing.

The marginal contributions of this study are threefold. First, at the theoretical level,
it reveals the possible coexistence of multiple stable states and path dependence in the
collaborative emergency response system for icing-induced galloping, thereby provid-
ing an evolutionary game explanation for low-coordination traps. Second, at the policy
level, it identifies the mechanism through which “strong regulation—strong incentives plus
high collaborative management” expands the basin of attraction of the high-coordination
equilibrium. Third, at the mechanism level, it quantifies the effects of reduced frontline
implementation costs and adjusted benefit-sharing weights on the speed of coordination
convergence and the basin of attraction of the high-coordination equilibrium, thereby
offering a reference for emergency mechanism design in regions frequently exposed to
extreme winter weather.

The remainder of this paper is organized as follows: Section 2 defines the research
problem and presents the behavioral assumptions of the tripartite evolutionary game.
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Section 3 constructs the payoff structure and derives the three-dimensional replicator
dynamic system. Section 4 analyzes the evolutionary equilibrium points and their local
stability conditions based on the Jacobian matrix. Section 5 conducts numerical simulations
under three policy scenarios, examines the structure of the basin of attraction of the high-
coordination equilibrium, and performs sensitivity analysis of key control parameters.
Section 6 summarizes the main conclusions and discusses policy implications, research
limitations, and future research directions.

2. Problem Description and Model Assumptions

2.1. Collaborative Emergency Response for Transmission Lines Under Icing-Induced
Galloping Disasters

Icing-induced galloping disasters are characterized by sudden onset, wide spatial
impact, and substantial difficulty in emergency response [19]. In terms of physical con-
sequences, icing and galloping impose considerable mechanical stress on transmission
conductors and fittings, leading to strand breakage, jumper faults, and galloping-induced
fatigue damage. In severe cases, they may cause line tripping, tower collapse, conductor
breakage, and large-scale power outages. In terms of response conditions, icing-induced
galloping is often accompanied by extreme weather conditions, such as low temperatures,
rain, snow, and road icing, which impede emergency repair and material transportation.
As a result, no single actor can efficiently cope with such disasters by relying solely on its
own resources.

Empirically, recent case studies of transmission-line trip faults and tower damage
under severe snow-and-ice conditions, together with regional icing-risk assessments for
high-voltage and ultra-high-voltage corridors, have documented both the scale of icing-
induced losses and the difficulty of post-event recovery [20]. These accounts complement
earlier reviews of the large-scale 2008 ice catastrophe across southern China [21] and
provide the empirical backdrop against which the qualitative mechanisms identified in this
study can be interpreted.

Against this background, emergency response for transmission lines under icing-
induced galloping disasters is no longer merely a technical issue for a single power grid
enterprise, but rather a multi-actor collaborative governance problem involving local
governments, the operation and maintenance management of power grid enterprises, and
frontline maintenance teams within enterprises. The overall effectiveness of collaborative
emergency response depends on coordination across three levels. First, local governments
must provide sufficient policy support and regulatory constraints. Second, the operation
and maintenance management of power grid enterprises must make forward-looking
investments in disaster prevention and establish effective internal incentive mechanisms.
Third, frontline maintenance teams must effectively carry out specific tasks, including
inspection, reinforcement, information reporting, and emergency response.

However, because the actors differ in their objective functions and constraints, several
typical problems are commonly observed in practice. At the governmental level, insufficient
regulation and incentives weaken power grid enterprises” motivation to maintain sustained
and high-level investment in disaster prevention and mitigation. At the enterprise level,
the operation and maintenance management is constrained by cost pressures, leading
to uneven attention to icing-induced galloping risks and inadequate implementation of
internal assessment systems. At the frontline level, under information asymmetry and
insufficient supervision, maintenance teams may engage in opportunistic behaviors, such
as perfunctory compliance and free-riding. The interaction of these factors makes it difficult
for the collaborative emergency response system for icing-induced galloping disasters to
achieve a stable and sustainable state of high-level coordination.
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Given this practical context, it is necessary to develop a theoretical model that char-
acterizes the interactive behaviors and dynamic evolution of local governments (G), the
operation and maintenance management of power grid enterprises (E), and frontline main-
tenance teams (B). Such a model can be used to analyze the evolutionary patterns and
stability conditions of multi-actor collaborative emergency response strategies under differ-
ent policy and management parameters, thereby providing a theoretical basis for improving
collaborative emergency response mechanisms.

2.2. Tripartite Actors and Decision-Making Behaviors

Based on the practical context of collaborative emergency response for transmission
lines under icing-induced galloping disasters, the relevant participants are abstracted into
the following three representative categories of actors.

(1) Local Governments and Emergency Management Departments

Local governments and their functional departments, including emergency manage-
ment, development and reform, and transportation authorities, act as regulators of public
safety and representatives of public interests. They influence the behavioral choices of
power grid enterprises in preventing and mitigating icing-induced galloping disasters by
formulating policies for power supply security and production safety, conducting safety
inspections and accident accountability procedures, and providing fiscal subsidies and tax
incentives. Their strategy set is defined in Equation (1).

S¢ = {strong regulation-strong incentives, weak regulation-weak incentives} (1)

Here, “strong regulation—strong incentives” means that the government intensifies
supervision, inspection, and accident accountability for power grid enterprises while pro-
viding relatively high levels of fiscal subsidies or policy support. By contrast, “weak
regulation—weak incentives” corresponds to lower regulatory intensity and limited incen-
tive measures.

(2) Operation and Maintenance Management of Power Grid Enterprises

The operation and maintenance management of power grid enterprises refers to the
departments and managerial personnel responsible for transmission line operation, main-
tenance, and emergency management, such as transmission inspection and maintenance
centers and operation and maintenance branches. This actor determines the overall level
of investment in the prevention and mitigation of icing-induced galloping disasters, in-
cluding the construction of monitoring and early warning systems, the deployment of
de-icing equipment, the reserve of emergency supplies, and the organization of joint drills.
It also designs internal assessment and incentive mechanisms to constrain and guide the
emergency response behaviors of frontline maintenance teams. Its strategy set is defined
in Equation (2).

St = {high collaborative management, low collaborative management} (2)

In Equation (2), “high collaborative management” refers to a relatively high level of
investment in monitoring and early warning, material and personnel preparedness, and
internal coordination, as well as the active guidance of frontline teams in collaborative
emergency response through performance assessment, rewards, and penalties. By contrast,
“low collaborative management” refers to maintaining only basic compliance-oriented
operation, maintenance, and emergency investments, with a relatively weak awareness
of coordination.

(3) Frontline Operation and Maintenance Teams of Power Grid Enterprises
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Frontline operation and maintenance teams refer to grassroots operation, maintenance,
and repair units responsible for routine transmission line inspections, hidden-hazard iden-
tification, ice removal, and emergency repair. They are the direct executors of collaborative
emergency response measures. The quality of their implementation directly affects the prob-
ability of accidents and the severity of losses caused by icing-induced galloping disasters.
Their strategy set is defined in Equation (3).

Sp = {conscientious implementation, perfunctory implementation} 3

Here, “conscientious implementation” refers to carrying out inspection, reinforcement,
information reporting, and emergency response in strict accordance with emergency plans
and on-site response cards. By contrast, “perfunctory implementation” refers to reducing
actual work input and exhibiting free-riding behavior in the absence of effective supervision
and incentives.

Within the evolutionary game framework, the three types of actors are each regarded
as populations composed of a large number of homogeneous individuals. Under the
assumption of bounded rationality, individuals adjust their strategy choices according to
their own payoff levels. The proportion of individuals adopting a given strategy changes
over time, thereby forming the dynamic evolutionary process of multi-actor collaborative
emergency response strategies.

2.3. Basic Model Assumptions

Based on the behavioral characteristics and interaction logic of the three actors de-
scribed above, the following basic assumptions are made for model construction.

Assumption 1 (Bounded Rationality and Population Evolution): Local governments,
the operation and maintenance management of power grid enterprises, and frontline
maintenance teams are all boundedly rational actors. They cannot determine the optimal
strategy under complete rationality in a single decision-making process; instead, they
learn and imitate by comparing the payoff performance of different strategies in actual
operations. Each type of actor is represented by a population composed of a large number
of individuals, who adjust their strategies through information exchange and experiential
imitation. This process gives rise to population behavior in which strategy proportions
evolve over time and can be characterized by replicator dynamic equations in evolutionary
game theory.

Assumption 2 (Binary Strategy Setting): To highlight the core conflict of the prob-
lem and simplify the analysis, the strategies of the three actors are abstracted into two
alternatives for each actor. Local governments choose either “strong regulation—strong
incentives” or “weak regulation-weak incentives”; the operation and maintenance manage-
ment of power grid enterprises chooses either “high collaborative management” or “low
collaborative management”; and frontline maintenance teams choose either “conscientious
implementation” or “perfunctory implementation.” The diverse policy instruments and
management measures observed in practice can be regarded as different combinational
mappings of these binary strategies. In practice, government regulation and incentives,
enterprise collaborative management, and frontline implementation are continuous or
multi-level rather than strictly binary. The binary setting is adopted as a tractable sim-
plification that retains the central behavioral tension of the problem—whether each actor
actively engages in collaborative response or not—while abstracting away intermediate
effort levels and the fine-grained intensity of regulation and incentives. Moreover, because
each actor is modeled as a population, the proportion adopting the active strategy varies
continuously between zero and one, so the aggregate level of engagement is represented as
a graded rather than an all-or-nothing quantity.
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Assumption 3 (Exogenously Given Disaster Probability): During the study period,
the probability of an icing-induced galloping disaster is given as p € (0, 1), which varies
with regional climatic conditions and transmission line characteristics. When making
strategy choices, the three actors base their decisions on expected payoffs, weighing the
probability-weighted payoffs under both disaster and non-disaster scenarios.

Assumption 4 (Coexistence of Disaster Mitigation Benefits and Coordination Costs):
The payoffs of the three actors consist of four components: direct economic losses and
indirect social losses caused by icing-induced galloping disasters; disaster mitigation
benefits and improved recovery speed resulting from high collaborative management and
conscientious implementation; transfer gains, such as government subsidies, rewards, and
internal performance incentives; and the human and material resource costs invested by
each actor in collaborative emergency response. A higher level of coordination reduces
disaster losses but also increases the costs of preventive and collaborative inputs.

Assumption 5 (Incentives and Penalties Embedded in the Payoff Function): Under
different regulation—incentive strategies, local governments impose differentiated fiscal
subsidies and accident penalties on power grid enterprises. Under different management
strategies, the operation and maintenance management of power grid enterprises imple-
ments differentiated assessment rewards and accountability measures for frontline teams.
Incentive and constraint mechanisms, including subsidies, rewards, and fines, influence
strategy choices by altering the actors’ net payoffs.

Assumption 6 (Incomplete Information with Gradual Learning): When making de-
cisions, the three actors cannot fully observe the specific strategy choices or true costs
and benefits of the other actors. Instead, they obtain limited information from historical
experience, external information, and local observations. Through long-term repeated inter-
actions, the actors gradually revise their perceptions of the environment and the behavior
of their counterparts based on observed payoff outcomes, and dynamically adjust their
own strategies accordingly.

Under these assumptions, an evolutionary game model among local governments,
the operation and maintenance management of power grid enterprises, and frontline
maintenance teams can be constructed. By analyzing the dynamic evolution of the strategy
proportions of the three actors under different parameter conditions, the model reveals the
evolutionary mechanism and stable coordination conditions of collaborative emergency
response for transmission lines under icing-induced galloping disasters.

2.4. The 2008 Southern China Freezing-Rain and Snowstorm Disaster

The 2008 freezing-rain and snowstorm disaster in southern China illustrates both
the severity of large-scale icing events and the collaborative nature of the response they
demand. From 10 January to early February 2008, the region experienced an unprecedented
low-temperature, rain, snow, and freezing event, dominated by freezing rain and notable
for its record-breaking intensity and exceptionally long duration, with Guizhou and Hunan
setting provincial records [22]. The event disrupted transportation, energy supply, power
transmission, communications, and daily life across thirteen to fourteen provinces.

Power-grid damage was severe and spatially uneven. Nationally, the event dis-
rupted on the order of 25,000 transmission lines of 10 kV and above and damaged
about 2000 substations; at the backbone level, roughly 4126 lines were damaged and
more than 1500 towers at 220 kV and above collapsed, with direct economic losses
exceeding US$16 billion, on the order of RMB 110 billion [3,21]. Damage concentrated
in Hunan, Guizhou, Jiangxi, and Hubei: in Jiangxi alone, icing destroyed 116 towers at
500 kV and 142 at 220 kV and affected about 7.5 million customers; maximum ice diameters
reached 40-60 mm in Hunan and up to about 300 mm in Guizhou, far above the 15-30 mm
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design standard; and in Chenzhou, Hunan, about 4.6 million residents lost power for
roughly twelve days [22].

Recovery relied on coordinated action across three levels. Local governments led emer-
gency command, public mobilization, and reconstruction; State Grid Corporation of China
and China Southern Power Grid organized restoration in their respective service areas; and
frontline maintenance teams carried out inspection, de-icing, and repair under harsh field
conditions. Locally managed and rural systems with weaker grid structure and thinner
material, technical, and personnel support tended to recover more slowly than systems
backed by the large grid companies. In the following years, the grid operators conducted
systematic anti-icing research, raised line design standards, and deployed icing monitoring
and early-warning systems, DC de-icing equipment, and drone-assisted inspection; that
comparable events recurred—for example, in 2018—indicates that such measures mitigate
rather than eliminate the hazard. Taken together, these features—heavy disaster losses, a
response spanning government, enterprise, and frontline levels, divergent outcomes across
regions with different organizational capacity, and the gradual strengthening of frontline
technical support—motivate the tripartite model developed in the following sections.

3. Construction of a Tripartite Evolutionary Game Model for Emergency
Response to Icing-Induced Galloping of Transmission Lines

3.1. Payoff Components and Parameter Settings

In the context of icing-induced galloping disasters, the net payoffs of local governments
G, the operation and maintenance management of power grid enterprises E, and frontline
maintenance teams B can be uniformly expressed as a combination of “disaster mitigation
benefits + incentive gains — costs and penalties.” This section defines three categories of
parameters in sequence: disaster losses and mitigation benefits, collaborative input costs,
and incentive and penalty mechanisms.

3.1.1. Disaster Losses and Mitigation Benefits of Icing-Induced Galloping

Let the probability of an icing-induced galloping disaster during the study period be
p € (0, 1). When all three actors adopt passive strategies, the comprehensive loss caused
by the disaster, including direct economic losses, indirect losses from power outages, and
accountability costs, is denoted by Ly. When one or more actors shift to collaborative
strategies, this loss is reduced through different mechanisms:

when the operation and maintenance management of power grid enterprises adopts
“high collaborative management,” losses are reduced by AL > 0 through monitor-
ing, early warning, and proactive investment; when local governments adopt “strong
regulation—strong incentives,” losses are reduced by ALg > 0 through policy coordination
and cross-departmental integration; and when frontline maintenance teams adopt “consci-
entious implementation,” losses are reduced by ALg > 0 through rigorous inspections and
rapid response.

Under the ideal scenario in which all three actors collaborate, the lower bound of
disaster loss is given in Equation (4).

Lyin = Lo — ALg — ALg — ALg > 0 (4)

The disaster mitigation benefits are allocated among the three actors according to
predefined proportions. Let the weighting coefficients of the power grid enterprise, local
government, and frontline maintenance teams in the allocation of mitigation benefits be 6,
8¢, and 05, respectively, which satisfy Equation (5).

O +60c+0g =1, 0, 05,05 € (0, 1) (5)
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These weights characterize the benefit-sharing structure of disaster mitigation out-
comes among the three actors and serve as key parameters for identifying frontline imple-
mentation incentives.

In practice, the shared disaster mitigation benefit is the avoided loss—the reduction
in the comprehensive disaster loss Ly, which comprises direct economic losses, indirect
losses from outages, and accountability costs—so it is a composite, monetary-equivalent
quantity rather than a single value stream, and 6, 6, and 63 denote the proportions of
this avoided loss attributed to the three actors. The concrete form of the benefit differs by
actor: for the power grid enterprise it is mainly operational and financial value, such as
avoided repair and restoration outlays, reduced outage penalties, and sustained supply
reliability; for the local government it is mainly social and reputational value, such as
maintained public safety and social stability and reduced accountability exposure; and for
the frontline teams it is mainly performance-based value, such as internal rewards and
recognition and reduced exposure to blame for implementation failures. Because these
components are aggregated into a single avoided-loss measure, the coefficients act as a
normalized composite-value split rather than a division of one specific monetary item.

3.1.2. Collaborative Input Costs and Management Costs

All three actors incur additional costs when adopting collaborative strategies: when the
operation and maintenance management of power grid enterprises adopts “high collabora-
tive management,” additional investments are required for early warning and monitoring
system construction, emergency material reserves, and joint drills, and the corresponding
cost is denoted by Cg > 0; when local governments implement “strong regulation-strong in-
centives,” additional expenditures are required for supervision and inspection, emergency
coordination, and fiscal subsidies, and the regulatory cost is denoted by Cg > 0; and when
frontline maintenance teams adopt “conscientious implementation,” additional workload
is required in terms of increased inspection frequency, de-icing operations, and training
drills, and the opportunity cost is denoted by Cp > 0.

When the three actors adopt passive strategies, the above additional costs can be
approximately regarded as zero or assumed to be embedded in baseline operational costs;
therefore, they are not explicitly included in the model.

3.1.3. Incentive and Penalty Mechanisms

Local governments and the operation and maintenance management of power grid
enterprises influence the net payoffs of other actors through incentive and penalty mech-
anisms, which are specified as follows: Under the “strong regulation—strong incentives”
strategy, local governments provide fiscal subsidies Rg > 0 to power grid enterprises that
choose high collaborative management. Conversely, enterprises whose low collabora-
tive management leads to ineffective disaster response or accidents are subject to fines or
accountability measures, with the penalty level denoted by Pr > 0. Under the “high collab-
orative management” strategy, the operation and maintenance management of power grid
enterprises grants performance rewards Rp > 0 to frontline teams that adopt conscientious
implementation. Conversely, teams whose perfunctory implementation results in ineffec-
tive emergency response are subject to economic penalties or deductions in performance
assessments, with the penalty level denoted by Pp > 0.

In the benchmark model, the above incentive and penalty instruments are assumed to
be fully coupled with the active strategies of the corresponding upper-level actors. That
is, government subsidies and enterprise accountability penalties become substantively
effective when the government adopts strong regulation-strong incentives, whereas internal
rewards and accountability pressure on frontline teams become substantively effective
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when enterprises adopt high collaborative management under government supervision.
When governments or enterprises choose passive strategies, the corresponding levels
of subsidies, rewards, and penalties are assumed to be substantially weakened and are
therefore approximated as zero.

This fully coupled setting is adopted as a benchmark specification rather than as a
claim that all real-world incentive instruments are completely absent under weak reg-
ulation or low collaborative management. In practice, incentive mechanisms may be
partially coupled. For instance, enterprises may still face baseline safety penalties un-
der routine supervision, frontline teams may receive baseline performance rewards or
deductions under ordinary assessment systems, and some government subsidies may be
conditional on verified disaster mitigation outcomes rather than solely on the enterprise’s
declared management strategy. Therefore, the fully coupled benchmark represents a limit-
ing case in which the active strategies of upper-level actors are required to activate strong
incentive—constraint pressure.

3.2. Complete Payoff Matrix and Strategy Combinations

This subsection specifies the net payoff of each actor under every pure-strategy combi-
nation (EZ-, Gj, Bk), with 7, j,k € {0,1}, giving the complete 2 x 2 x 2 payoff matrix of the
game; the expected payoffs and payoff differences that govern the replicator dynamics are
derived from it below.

Recall from Equation (6) that the net payoffs of the power grid enterprise O&M
management, the local government, and the frontline O&M teams under (E;, G;, B;) are
denoted Uifk, Uiﬁ(, and ui?k' where the subscript 1 denotes a collaborative strategy and 0 a
passive one. Under a given combination, the total disaster-loss reduction from collaborative
actions is

Mijk =iALg+jALg+kALp (6)

so the expected residual loss is p (LO — Ml-jk) , which remains non-negative by the feasibility
condition Ly, = Lo — ALg — ALg — ALg > 0 in Equation (4). The matrix is written in
normalized form with the fully passive combination (Ey, Go, By) as reference point; adding
any strategy-independent constant to all payoffs of a given actor leaves every payoff
difference, and hence the replicator equations, unchanged.

In this normalized form, each actor receives a mitigation benefit only when it par-
ticipates. The enterprise and the frontline teams internalize private shares ¢ and 6p of
the avoided loss, whereas the local government, as steward of public welfare, internalizes
the full societal avoided loss; consistent with Equation (5), 0 + 0g + 0 = 1, and the
complementary public share 6 does not enter the government’s payoff difference sepa-
rately because the government already values the total benefit. The enterprise bears the
input cost Cg, receives the subsidy Rg under strong regulation, incurs penalty P if it stays
passive under strong regulation, and funds the frontline reward Rp only when its own
high collaborative management, strong government regulation, and conscientious frontline
implementation coincide. The government bears the regulatory cost C; and pays Rg when
the enterprise collaborates. The frontline teams bear the execution cost Cg and receive
the incentive (Rp or Pp) only when high enterprise collaborative management and strong
government regulation are both present. The penalties Pr and Pp represent accountability,
performance, and reputational losses borne by the penalized actor rather than the fiscal
revenues of the punishing actor.

Accordingly, the normalized net payoff functions are

1

Ujf = i[pOe(ALE +jALG +kALp) — Ce+jRe — jkRp] — (1—1)j Pg (7)
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US = j[p(i ALg + ALg + kALg) — Cg — i R ®)

Ui?k:k[pﬂg(iALE +jALg+ALg) —Cp+ijRg] — (1 —k)ijPp )

Evaluating Equations (7)—(9) at the eight combinations yields the complete payoff
matrix in Table 1.

Table 1. Complete 2 x 2 x 2 payoff matrix of the tripartite evolutionary game.

Strategy Combination Ui’;k ui]Gk ugk
(Eo, Go, Bo) 0 0 0
(E],Go,Bo) pOE ALE *CE 0 0
(Eo, G1, Bo) —P pALg —Cg 0
(Eo,Go,Bl) 0 0 p93 AL37CB
(E1, G1, Bo) pOe(ALE +ALg) — Ce + Rg p(ALE +ALg) — Cg — Rg —Pg
(El,Go,Bl) pQE(ALE+ALB) —CE 0 pQB(ALE+ALB) _CB
(Eo,Gl,Bl) —Pr p(ALG + ALB) —Cg pGB (ALG + ALB) —Cp
(Eerl/Bl) p@E(ALE JrALG JrALB)*CEﬂ*RE*RB p(ALE JrALG +ALB)7CC,7RE p@B(ALE+ALc+ALB)7CB+RB

Table 1 gives each actor’s payoff under every combination. For example, under
(E1, Gy, By) the enterprise obtains pg (ALg + ALg + ALp), receives Rg, bears Cg, and funds
Rp; the government obtains the full benefit p(ALg + AL + ALg), bears Cg, and pays Rg;
and the frontline teams obtain pfg(ALg + ALg + ALp), receive Rg, and bear Cg. Under
(Eo, G1, Bp), by contrast, the enterprise incurs Pr, for staying passive under strong regulation,
while the government obtains only its own coordination benefit net of Cg.

The matrix also makes the transfer structure explicit. The frontline reward Rp
is funded by the enterprise and received by the frontline teams under the same
condition—i = j = k = 1—so it appears as —Rp in Uf; and +Rp in UJ, and balances
exactly. The penalty Pr is borne by an enterprise that chooses Ey under Gy, and Pp by
frontline teams that choose By when high enterprise collaborative management and strong
government regulation are both present; both are accountability or reputational losses
rather than transfers to the punishing actor.

For the local government in particular, the payoff represents public welfare rather
than an intrinsic regulatory utility: its benefit is the reduction in the comprehensive societal
disaster loss—avoided direct economic and indirect social losses—reflecting its role as
a representative of public interest. This benefit is net of the government’s fiscal outlays,
namely the subsidies Rg it provides to enterprises that adopt high collaborative manage-
ment, and of its administrative and regulatory cost C¢ for strong regulation, inspection,
and accountability. Penalties Pr imposed on enterprises act primarily as a regulatory
deterrent that shapes enterprise behavior rather than as a fiscal revenue source for the
government. The government’s payoff is therefore a composite of public-welfare, fiscal, and
regulatory components, with public welfare as the objective and the fiscal and regulatory
terms entering as costs.

3.3. Expected Payoffs and Replicator Dynamic Equations

Let x(t), y(t), and z(t) denote the proportions of enterprise O&M management, local
governments, and frontline O&M teams adopting Ej, G1, and By, respectively (the time
argument is omitted below). The expected payoff of each actor is obtained by weighting
the relevant payoffs in Table 1 by the strategy probabilities of the other two actors.

For the enterprise population, given y and z,

it (y,z) = yzUfyy +y(1—z) Ufjp + (1 —y)z Uy + (1 —y) (1 — 2) Uy (10)
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g (y,2) = yz Uiy +y(1 —2) Ugio + (1 = 1)z Uggy + (1= ) (1~ 2) Ugio (11)
and the population average payoff is
nt(xy,2) = 27 (v,2) + (1 - x) 7 (y, 2) (12)

Substituting the entries of Table 1, the net payoff difference between high and low
collaborative management is

At (y,z) = t{ (y,2) — 71g’ (v, 2) = pOE(ALE +y ALg +2 ALp) +y(Rg + Pr) — Cr — yzRp (13)
For the local government population, given x and z,
il (x,2) = xz Uy +x(1—2) Uffp + (1 = x)zUgjy + (1 —x)(1—2) Ugg,  (14)
g (x,2) = xz Uggy + x(1 — 2) Ugg + (1 — x)z Uggy + (1 — x) (1 — 2) Uggo (15)
The average payoff of the local government population is given in Equation (16).
nC(xy,z) =yl (x,z) + (1-y) 15 (x,2) (16)
For the frontline O&M team population, given x and y,
P (x,y) = xyUP +x(1 —y)Uby + (1 —x)yul, + (1 —-x)(1 —y)U§ (17)
1Yy Yt Y)“0 Y o1 Y)%o01
7t (%,y) = xy Ufjg + x(1 = y) Ufgo + (1 = 1)y Udo + (1 —x) (1 —y) Ugyy ~ (18)
The average payoff of the frontline maintenance team population is given in Equation (19).
AP (x,y) = 7l (x,y) = 716 (x,y) = pOp(x ALg +y AL + ALp) + xy(Rg + Pp) — Cg (19)

Equations (13) and (19) are obtained directly from the full payoff matrix in Table 1;
the subsequent replicator dynamics therefore rest on the explicit payoff construction of all
eight pure-strategy combinations rather than on assumed or implicit incremental payoffs.

By the replicator dynamic theory, the proportion adopting a higher-payoff strategy
increases over time. For the enterprise population,

X=x [nlE(y,z) — nE(x,y,z)} =x(1—x)Art(y,z) (20)

At x = 0 or x = 1, the evolutionary driving force naturally becomes zero. Simi-
larly, the evolutionary equations for the proportions y(t) and z(t) of collaborative strate-
gies in the local government and frontline maintenance team populations are given in
Equations (21) and (22), respectively.

=y -y)An(x,2) (21)
z=1z(1-2z)AnB(x,y) (22)
Combining these, the complete tripartite evolutionary game system is

x :x(l —x) [pQE(ALE +]/ALG+ZALB) +y(RE+PE) —Cg —yZRB}
y=y(1—y)[p(xALg +ALg +zALp) —xRg — Cg | (23)
z=z2(1-2) [pGB(xALE +yALg+ ALg) + xy(Rp + Pg) — CB]
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Equation (23) is the tripartite replicator dynamic system. The sign of each payoff
difference governs whether the corresponding collaborative strategy diffuses or declines:
A7tE > 0 spreads high collaborative management among enterprise O&M management,
AnG > 0 spreads strong regulation among local governments, and Arr® > 0 spreads
conscientious implementation among frontline O&M teams; negative payoff differences
drive the corresponding populations toward passive strategies.

4. Evolutionary Equilibrium and Stability Analysis

Based on the tripartite replicator dynamic system in Equation (23), this section analyzes
the equilibrium structure and local stability properties of the collaborative emergency
response system. Compared with a general statement based on evolutionary game theory,
the stability claims in this section are derived directly from the specific mathematical
structure of the proposed system. In particular, we distinguish between pure-strategy
vertex equilibria, boundary mixed equilibria, and interior mixed equilibria, and we clarify
the scope of the separatrix-based interpretation used in the numerical simulations.

4.1. Evolutionary Equilibrium Conditions

The evolutionary game equilibrium corresponds to the equilibrium point of dynamic
system (23), namely the state point (x*, y*, z¥) that satisfies Equation (24).

i=jy=2=0 (24)

Since the six boundary surfaces of [0, 1]® are invariant manifolds, the equilibrium
points of system (23) can be classified into three categories according to the dimensionality
of their interior components.

(1) Pure-Strategy Equilibria (Vertex Equilibrium Points)

When x*, y*, z* € {0, 1}, the state (x*, y*, z*) corresponds to a strategy combi-
nation in which all three actors adopt pure strategies. The system has 23 = 8 ver-
tex equilibrium points: E; = (0, 0, 0), where all three actors adopt passive strate-
gies; Eg = (1, 1, 1), where all three actors adopt collaborative strategies; and the re-
maining points E,—E7, which represent partially collaborative combinations, such as
(1,0,0),(0,1,0),(0,0,1),(1,1,0),(1,0,1),(0,1, 1).

(2) Boundary Mixed Equilibria (Edge/Face Equilibrium Points)

When one of the three actors is in an interior mixed state, for example 0 < x* < 1, while
the other actors adopt pure strategies, the corresponding zero-payoff-difference condition
in Equation (25) must be satisfied simultaneously.

ArE(y*,z%) =0, 0<x* <1 (25)

Corresponding expressions can also be derived for the cases of y* and z*. Such
equilibrium points characterize a local indifference state in which one actor is indifferent
between collaborative and passive strategies, given the pure-strategy choices of the other
actors. They are typically center-type or saddle-type equilibrium points and generally lack
asymptotic stability.

(3) Interior Mixed Equilibria

When 0 < x*, y*, z* < 1, the conditions in Equation (26) must be satisfied simultaneously.

ATE(y*,2%) = 0, ARC(x*,2") = 0, ArB(x*,y*) =0 (26)
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This type of equilibrium corresponds to a mixed state of “global indifference,” in which
all three actors are indifferent between collaborative and passive strategies. Its existence
and location are jointly determined by model parameters, such as disaster mitigation
benefits, coordination costs, subsidies, and penalty intensity. Because a simple analytical
solution is generally difficult to obtain, numerical methods are often required. According
to general evolutionary game theory, such interior equilibria are at most center-type or
saddle-type equilibria and do not constitute evolutionarily stable strategy (ESS).

4.2. Jacobian Matrix and Local Stability Criterion
4.2.1. General Form of the Jacobian Matrix

Let the right-hand-side vector field of system (23) be denoted by F(x, y, z) = F(1, 2, 3)T,
whose components are given in Equation (27).

Fi(x,y,z) = x(1—x)Ant (y,2)
B(x,y,2) =y(1-y)An®(x,2) (27)
E(x,y,2) = 2(1 - 2)An® (x, )

The Jacobian matrix of the system is given in Equation (28).

w2 E
F; F. F;
Jxyz)= % % o5 (28)
3k bk ok
ox ay 0z

Noting that A7tE depends only on y and z, A7r® depends only on x and z, and A7n?
depends only on x and y, the diagonal and off-diagonal elements of the Jacobian matrix
exhibit the separated structure shown in Equation (29).

oF, oF, AT (y, oF, AT (y,
=1~ 2x)AntE (y, 2), 371 =x(1- x)inay 2) B =x(1- x)inaz(y )

oF (1 . ATC (x,2) b _ ( AT (x Z), aapzz _ y( y) BAngz(x,z) (29)

ox y) ox 4 W )
s _ (1 ) Cw) O pq )28 "y , %5 = (1-22)A7P (x,y)

dx ox /9y —z

4.2.2. Stability of Mixed Equilibria and the Pure-Strategy Nature of Stable States

The Jacobian in Equation (29) gives the stability of any mixed equilibrium a particularly
transparent form. Whenever a population sits in an interior state—its share strictly between
0 and 1—the equilibrium condition requires the corresponding net payoff difference to van-
ish, so the diagonal Jacobian term for that direction, (1 — 2x) ArtE(y,z), (1 — 2y) ArC (x, z)
or (1 —2z) ArtB(x,y), is exactly zero. A population already resting at a pure state (share
0 or 1) contributes only along its own diagonal, because every off-diagonal term in its
row carries the factor x(1 — x), y(1 — y) or z(1 — z) and therefore disappears. Evaluated
at a mixed equilibrium, the Jacobian is consequently block-triangular, and the block that
governs the mixed directions has an identically zero diagonal.

The stability conclusion follows directly from this structure. A block with zero diagonal
has zero trace, so the eigenvalues governing the mixed directions sum to zero and cannot
all be negative; at a fully interior equilibrium the entire Jacobian has zero trace. Any
equilibrium with one or more interior coordinates is therefore at most a saddle or a center
and is never asymptotically stable. Asymptotic stability requires every population to settle
at a pure state, so the asymptotically stable equilibria coincide exactly with the pure-strategy
vertices whose eigenvalues are given by Equation (30) and classified in Table 2.

https://doi.org/10.3390/systems14070742


https://doi.org/10.3390/systems14070742

Systems 2026, 14, 742 15 of 35

Table 2. Eigenvalues and Stability Criteria of Pure-Strategy Equilibrium Points.

A Ao A3

Equilibrium Point (x-Direction) (y-Direction) (z-Direction) ESS Condition
(0,0,0) ATE(0, 0) AT (0, 0) A0, 0) All three are < 0
(1,0,0) —AnE(0, 0) ATC(1, 0) A7B(1, 0) All three are < 0
(0,1,0) ATE(1, 0) —AT©(0, 0) A0, 1) All three are < 0
(0,0,1) ATE(0, 1) ATC(0, 1) —A5(0, 0) All three are < 0
(1,1,0) —ATE(1, 0) —An°(1, 0) ATB(1, 1) All three are < 0
(1,0,1) —ATE(0, 1) ATC(1,1) —A8(1, 0) All three are < 0
(0,1,1) AnE(1, 1) —AT°(0, 1) —AT5(0,1) All three are < 0
1,1,1) —AnE(1, 1) —An©(1,1) —ArB(1,1) All three are < 0

4.2.3. Diagonalization Properties of Pure-Strategy Equilibrium Points

At any pure-strategy equilibrium point (x*, y*, z*) € {0, 1}3, since x*(1 — x*)
=y*(1 — y*) =z*(1 — z¥) =0, the Jacobian matrix in Equation (28) degenerates into a diagonal
matrix. Its diagonal elements are precisely the three eigenvalues, as shown in Equation (30).

A = (1—2x%)- ArE(y*, z¥)
Ay = (1—2y*)- ArtC(x*,z%) (30)
Az = (1—2z%)- ArB(x*,y¥)

Accordingly, the following local stability criteria can be obtained: (1) If all three
eigenvalues are negative, the pure-strategy equilibrium is asymptotically stable and thus
constitutes an evolutionarily stable strategy (ESS); (2) if all three eigenvalues are positive,
the equilibrium is an unstable source point; and (3) if the eigenvalues have mixed signs,
the equilibrium is a saddle point that attracts trajectories only on specific submanifolds and
does not constitute an ESS. Table 2 presents the eigenvalue sign conditions and ESS criteria
corresponding to the eight pure-strategy equilibrium points.

Table 2 intuitively reveals the structural characteristics of the proposed model. The
same set of net payoff differences, An®, AnG, AT, appears simultaneously in the eigenvalue
expressions of multiple equilibrium points but with opposite signs. This implies that, within
certain parameter ranges, multiple pure-strategy equilibria may simultaneously satisfy the
ESS conditions, indicating the coexistence of multiple stable states.

4.3. Parameter Conditions for Key Equilibria and Multistability Analysis
4.3.1. Fully Non-Collaborative Equilibrium (0, 0, 0)

If all three eigenvalues are negative, the pure-strategy equilibrium is a locally asymp-
totically stable point; if all three eigenvalues are positive, it is an unstable source point;
and if the eigenvalues have mixed signs, it is a saddle point. Based on this criterion, the
condition under which the fully non-collaborative equilibrium (0, 0, 0) becomes a locally
asymptotically stable point is given as follows:

AmE(0, 0) < 0, AT(0, 0) < 0, AB(0, 0) <0 (31)

The economic implication of this condition is that, under an initial configuration in
which all three actors adopt passive strategies, it is not cost-effective for any single actor
to unilaterally shift to a collaborative strategy. In other words, the disaster mitigation
benefits of collaboration cannot be fully internalized by any individual actor, the costs of
collaborative inputs are relatively high, and government subsidies and penalties, together
with internal enterprise incentives, are insufficient to offset the marginal costs. In this
case, even if a small number of actors attempt to collaborate, it is difficult to generate a
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positive demonstration effect, and the system as a whole remains locked into a low level
of coordination over the long term. This state corresponds to the low-coordination trap
observed in practice and represents the core governance dilemma examined in this study.

4.3.2. Fully Collaborative Equilibrium (1, 1, 1)

The condition under which the fully collaborative equilibrium (1, 1, 1) becomes a
locally asymptotically stable point is given as follows:

ArE(1,1) >0, An%(1, 1) >0, AZB(1, 1) > 0 (32)

This condition indicates that, under a configuration in which all three actors have
already adopted collaborative strategies, any actor deviating from collaboration will expe-
rience a decline in net payoff. The corresponding practical policy-management conditions
are as follows: under “strong regulation-strong incentives,” the government provides
sufficient subsidies and policy support to highly collaborative enterprises while imposing
effective accountability on low-collaboration behavior; under “high collaborative manage-
ment,” enterprises offer quantitative and transparent performance rewards and promotion
channels to teams that implement tasks conscientiously while strictly holding teams ac-
countable for perfunctory implementation; and collaborative measures, such as proactive
investment, information sharing, and line-specific response cards, can substantially reduce
losses caused by icing-induced galloping disasters, such that disaster mitigation benefits
exceed additional costs.

4.3.3. Coexistence of Multiple Stable States and Path Dependence

Equations (31) and (32) constrain the signs of payoff differences in different neighbor-
hoods and are therefore not necessarily mutually exclusive. Thus, within certain parameter
ranges, the system may simultaneously exhibit two locally stable equilibria: full non-
collaboration and full collaboration. In this case, the evolutionary outcome depends on the
position of the initial state relative to the evolutionary separatrix. When the initial level of
coordination is low, the system may converge to the low-coordination trap; when the initial
level of coordination is high, it may converge to the high-coordination state. This structure
provides a path-dependence explanation for the practical phenomenon of “similar policies
but markedly different performance.”

Proposition 1 (Coexistence of Multiple Stable States). When Equations (31) and (32)
hold simultaneously, system (23) has two asymptotically stable equilibrium points, namely
(0,0,0) and (1, 1, 1). According to the general theory of continuous dynamical systems,
the basins are separated by an invariant basin boundary; in numerical simulations this
boundary is operationally referred to as the evolutionary separatrix. When the boundary
is generated by the stable manifold of one or more hyperbolic saddle equilibria, it can be
interpreted as a saddle-type separatrix.

Under this condition, the system evolution exhibits pronounced path dependence. If
the initial coordination level (x(0), ¥(0), z(0)) lies on the side of the separatrix closer to the
origin, the system converges to the low-coordination trap; otherwise, it converges to the
high-coordination equilibrium. In other words, under the same set of policy-management
parameters, different regions may evolve toward diametrically opposite long-term out-
comes solely because of differences in their initial coordination endowments.

Furthermore, when the strict inequalities in Equation (31) or Equation (32) degenerate
into equalities, a zero eigenvalue appears and the local stability classification changes;
the exact bifurcation type requires additional center-manifold analysis, and the stability
structure of the system shifts as the parameters vary continuously. This implies the existence
of clear policy thresholds in governance practice. If one-off or short-term policy adjustments
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fail to cross these thresholds, they will be insufficient to alter the long-term evolutionary
direction of the system. Only by continuously strengthening incentives, institutionalizing
arrangements, and promoting exemplary demonstrations can the expected collaborative
returns of the actors be raised as a whole, thereby systematically shifting the sign structure
of the payoff differences ATE, AnS, and A7® in favor of collaboration and truly driving the
system across the separatrix.

The above theoretical analysis provides three testable core propositions for the numer-
ical simulations in Section 5. First, under typical low-incentive parameters, it examines
whether (0, 0, 0) and (1, 1, 1) can simultaneously constitute ESSs, indicating the coex-
istence of multiple stable states. Second, when the incentive intensity is increased to a
high-incentive scenario, it tests whether the low-coordination equilibrium becomes unsta-
ble, thereby making (1, 1, 1) the unique ESS. Third, it assesses whether optimization of
frontline micro-level mechanisms can systematically enlarge the basin of attraction of the
high-coordination equilibrium by shifting the position of the separatrix.

The incentive structure analyzed above is fully coupled: subsidies and penalties
take effect only when the corresponding joint-strategy conditions hold—for example, the
enterprise penalty Pr applies only under strong government regulation, and the frontline
reward Rp and penalty Pp only when high enterprise collaborative management and strong
regulation coincide. A natural question is whether partial coupling—baseline penalties
that apply regardless of the regulatory state, or subsidies conditioned on participation
alone—would alter the equilibrium structure. Since the replicator dynamics depend only
on the payoff differences, such modifications leave the model and its eight pure-strategy
equilibria intact and act only by shifting the payoff differences at the corners. A baseline
penalty on passive behavior adds a positive term to the relevant payoff difference even at the
fully passive state—for instance, a baseline frontline penalty raises A7t® (0,0) and a baseline
enterprise penalty raises A7t (0,0)—which makes the fully non-collaborative equilibrium
(0,0,0) harder to sustain and, when the baseline penalties are large enough to render
these differences positive, removes its stability altogether, so that no low-coordination
equilibrium remains. Conditional subsidies act in the same direction by raising the payoff
of early collaboration. Partial coupling therefore does not change the qualitative dynamics
but shifts the balance toward high coordination.

5. Numerical Simulation and Results Analysis

To verify the conclusions on multistability and path dependence derived from the
theoretical analysis in Section 4 and to further characterize the mechanisms through which
key incentive—constraint parameters affect the evolutionary trajectories of the system,
this section conducts numerical simulations of the tripartite evolutionary game dynamic
system in Equation (23). The simulations are organized progressively in terms of parameter
settings, scenario evolution, basin-of-attraction characterization, and sensitivity analysis,
corresponding respectively to the local dynamics, global robustness, and marginal response
characteristics of the system.

5.1. Simulation Design and Parameter Settings
5.1.1. Simulation Tools and Payoff-Difference Functions

The simulations are performed using the ode45 solver in MATLAB R2021b to integrate
the system trajectories over the time interval [0, T] with T = 80. The integration tolerances
are set to a relative tolerance of 1 x 1078 and an absolute tolerance of 1 x 1071°. To
maintain an explicit correspondence between the payoff-difference functions and the model
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parameters, the tripartite net payoff differences ATE, ATC, and AP are parameterized,
based on dynamic system (23), into the specific forms shown in Equation (33):

A7rtE(y,z) = p-0p-(ALg + y-ALg + z-ALg) + y-(Rg + Pp) — Cp — z-Rp
AnC(x,z) = p-(x-ALg + ALg + z-ALg) — x-Rg — Cg (33)
AP (x,y) = p-0p-(x-ALg + y-ALg + ALg) + x-y-(Rp + Pg) — Cp

Equation (33) shows that when the power grid enterprise adopts high collaborative
management, it can receive the subsidy Rg from the government and avoid the penalty Pg,
while also paying the performance reward Rp to frontline teams that implement tasks consci-
entiously. When the local government adopts strong regulation—strong incentives, it obtains
public benefits from the reduction in society-wide disaster losses but must bear the subsidy
expenditure Rg and the regulatory cost Cg. When frontline teams implement tasks conscien-
tiously, they can receive the reward Rp and avoid the penalty Pp under the dual incentives
of high collaborative management by the enterprise and strong governmental regulation.
These settings are consistent with the practical logic of incentive—constraint mechanisms.

5.1.2. Baseline Parameters, Selection Rationale, and Scenario Settings

The numerical simulation uses normalized benchmark parameters rather than empiri-
cally calibrated monetary values; its aim is to examine how different incentive—constraint
structures shape the evolutionary direction, convergence speed, and basin of attraction of
collaborative strategies. This normalization is justified by a scale-invariance property of the
dynamics. If all payoff-related parameters—ALg, AL, ALg, Cg,Cg,Cp, Rg, Pg, Rp, Pp—are
multiplied by a common positive constant ¢, each payoff difference is multiplied by the
same constant, At4 — c A4 for A € {E, G, B}. Because the replicator equations are
x = x(1—x)AnE(y,z), § = y(1 —y)ArC(x,z), and z = z(1 — z)AntB(x,y), such a rescal-
ing only changes the time unit and leaves the equilibria, their stability, and the basin
structure unchanged. What matters is therefore the signs and relative magnitudes of the
parameters, which are fixed by the considerations below.

The baseline loss is normalized as Ly = 100, and the mitigation benefits are
set as AL = 30, ALg = 20, ALp = 30. Enterprises and frontline teams act di-
rectly on the hazard—through monitoring, inspection, reinforcement, de-icing, and emer-
gency repair—so their mitigation contributions are higher, whereas the government
contributes mainly through indirect coordination, regulation, and mobilization; hence
ALp = ALg > ALg. The sum ALg + ALg + ALp = 80 < L keeps the residual loss positive
even under full collaboration, Ly, = Lo — ALF — ALg — ALg = 20 > 0.

The collaborative costs are Cr = 15, Cg = 10, Cp = 12, reflecting the larger resource
demands of enterprise investment and frontline execution relative to government coordi-
nation. They are chosen so that collaboration is not automatically payoff-dominant under
weak incentives: at p = 0.5, the unilateral payoff differences near the fully passive state
are A7E(0,0) = 0.5 x 0.4 x 30 — 15 = -9 <,A?(0,0) = 0.5 x 0.3 x 30 — 12 = —7.5 < 0,
so neither enterprises nor frontline teams have a unilateral incentive to act while the
others remain passive—the condition that makes a low-coordination trap possible. Con-
versely, under the strong-incentive settings the subsidies, rewards, and penalties are large
enough that strong government regulation, high enterprise collaborative management,
and conscientious frontline implementation reinforce one another, so that the fully collab-
orative equilibrium (1, 1, 1) can also become locally stable; the high-incentive scenarios
are constructed accordingly. The disaster probability is set at p = 0.5, representing a
medium-to-high risk environment rather than an empirically universal frequency: at this
level expected mitigation benefits and collaborative costs are of comparable magnitude,
which is the informative regime for threshold effects and multistability, whereas a much
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lower p makes collaboration generally unattractive and a much higher p makes it almost

automatic. The baseline parameters are summarized in Table 3, and the three comparative
scenarios in Table 4.

Table 3. Global baseline parameters and selection rationale.

Parameter Meaning Benchmark Value Selection Rationale Robustness
Treatment
Medium-to-high risk
Probability of icing 05 benchmark; useful for Swept over
P disaster occurrence ' examining threshold p €[0.3,0.7]
effects and multistability
Normalization Not varied;
Baseline disaster loss benchmark; fixes the proporuonal
Ly . : 100 scale of all rescaling leaves
(dimensionless) o s
payoff-related qualitative equilibria
parameters unchanged
Disaster mitigation Entfrrlggis’;;?ges:;?nt n
benefit from . & cary Perturbed in
ALE . 30 warning, equipment, .
enterprise robustness analysis
S and preparedness
coordination .
directly reduces losses
Governmental
. - coordination is
Disaster mitigation . .
. important but mainly .
benefit from o . Perturbed in
ALg 20 indirect (regulation, .
governmental a2 robustness analysis
. mobilization,
coordination
cross-departmental
support)
Frontline inspection,
Disaster mitigation reinforcement, de-icing, .
. . . Perturbed in
ALp benefit from frontline 30 and emergency repair .
- . . robustness analysis
team coordination directly affect disaster
consequences
Enterprise Mor}ltorlng systems, .
s equipment reserves, Perturbed in
Ce collaborative input 15 . . .
cost joint drills, and robustness analysis
managerial coordination
Goverr}mental Superv1s.1on,.1nspect10n, Perturbed in
Cg regulation and 10 coordination, and .
L S robustness analysis
coordination cost emergency mobilization
Additional workload,
Additional work cost opportunity cost, Perturbed in
Cp . 12 e .
of frontline teams de-icing effort, and robustness analysis
training burden
Relative distribution of
Benefit-sharin mitigation benefits Perturbed while
0c,0¢,08 & 0.40, 0.30, 0.30 among enterprise, maintaining

weights

government, and
frontline

O +0c+05 =1
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Table 4. Parameter Settings under the Three Simulation Scenarios.
Variable Category = Parameter Symbol Parameter Meaning Scenariol  Scenario2  Scenario 3
Cr Enterpl.'lse collaborative 15 15 15
input cost
Coordination Costs Ce Governmental regulation 10 10 10

Benefit Sharing

Reward-Penalty
Mechanisms

and coordination cost
Additional work cost of
Cp frontline teams 12 12 81
Enterprise disaster
mitigation benefit weight
Governmental disaster
e mitigation benefit weight 0.30 0.30 0.30
Frontline team disaster
b5 mitigation benefit weight 030 0-30 0357

Government subsidy to

0.40 0.40 0354

Re enterprises 2 s 8

P Government penalty on 5 10 10
E enterprises

R Enterprise reward to 2 8 10
B frontline teams

Py Enterprise penalty on 5 10 10

frontline teams

Note: | and 1 denote a decrease and an increase, respectively, in the Scenario 3 parameter value relative to the
baseline (Scenarios 1 and 2).

The three scenarios correspond to distinct governance mechanisms rather than arbi-
trary numerical combinations, each satisfying specific payoff-difference conditions. Sce-
nario 1 (low incentives, R = Pr = Rp = Pp = 2) keeps the passive state unattractive,
A7E(0,0) = —9 < 0 and AnB(0,0) = —7.5 < 0, while the fully collaborative state re-
mains attractive, A7tf(1,1) = 3 > 0, An®(1,1) = 28 > 0, Ar®(1,1) = 4 > 0, producing
coexisting low- and high-coordination equilibria and hence path dependence. Scenario
2 (high incentives, R = 8, Pr = 10, Rp = 8, P = 10) makes collaboration payoft-
superior once regulation or dual incentives are active, with A7t (y =1,z=0) =13 > 0
and ArtB(x =1,y =1) = 18 > 0. Scenario 3 (frontline optimization: Cp reduced from
12 to 8, Op raised from 0.30 to 0.35, Rp raised from 8 to 10, with 0 adjusted to 0.35 so
that 0 + 0 + 0 = 1) changes the frontline activation condition: A7t®(x = 1,y = 0) rises
from —3 < 0 under Scenario 2 to 2.5 > 0, so frontline teams can be activated by enter-
prise collaboration alone, before government regulation becomes strong—explaining the
faster convergence and larger high-coordination basin. The scenario parameters are listed
in Table 4.

5.1.3. Initial Conditions and Evaluation Criteria

To examine path dependence, four representative initial states are used, with the three
proportions set jointly at 0.2, 0.4, 0.6, and 0.8, spanning low to high initial coordination. A
trajectory is taken to converge to the high-coordination equilibrium when x(¢), y(t), and
z(t) all approach 1, and to the low-coordination equilibrium when they approach 0. For
convergence-speed comparisons, the first time at which a proportion reaches 0.9 is used
as the threshold-hitting time. For basin-of-attraction analysis, an initial state is classified
into the high-coordination basin when the terminal state satisfies x i Yfezp > 0.75; this is an
operational classification rule for comparing the global robustness of different mechanisms,
not a redefinition of equilibrium stability, and the qualitative ranking of the scenarios does
not depend on the specific cutoff.
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5.2. Comparison of Evolutionary Paths Under Different Policy Scenarios

This section conducts numerical simulations for the three representative policy scenar-
ios in sequence. Following the analytical logic of critical-threshold verification, simulation
results, and mechanism interpretation, it reveals the evolutionary trajectories of the tri-
partite collaborative strategy proportions under the low-incentive, high-incentive, and
frontline mechanism optimization scenarios. On this basis, the pathways through which

key incentive parameters affect the evolutionary direction and convergence speed of the
system are identified.

5.2.1. Scenario 1: A Low-Incentive Environment with Low Subsidies and Weak Penalties

In Scenario 1, both the governmental fiscal subsidy to enterprises (Rg = 2) and
the accident penalty (Pr = 2) are set at relatively low levels. Similarly, the perfor-
mance reward (Rp = 2) and accountability penalty (Pp = 2) imposed by power grid
enterprises on frontline teams are also weak. Verification based on Equation (33)
shows that when all three actors adopt low-coordination strategies (x, y, z — 0),
ATE(0,0) = 0.5 x 0.4 x 30 — 15=—9 <0, An5(0, 0) = 0.5 x 20 — 10 = 0, indicating a bound-
ary state, and AmB(0,0) = 0.5 x 0.3 x 30 — 12 = —7.5 < 0. These results indicate that, under
low-incentive conditions, collaborative strategies do not provide a net payoff advantage for
either enterprises or frontline teams. Consequently, the overall payoff-difference structure
of the tripartite game is unfavorable to the diffusion of collaborative strategies.

Figure 1 illustrates the temporal evolution of the enterprise coordination ratio x(t), the
government strong-regulation ratio y(t), and the frontline team conscientious-execution
ratio z(t) under four sets of initial conditions, thereby facilitating the identification of
asynchronous behavioral patterns and path differences among the three actors.

(a)
1 -
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—— Initial condition = (0.2, 0.2, 0.2)
Initial condition = (0.4, 0.4, 0.4)
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Initial condition = (0.8, 0.8, 0.8)

(b) (c)
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Figure 1. Scenario 1 (Low-Incentive Environment): Temporal Evolution of the Collaborative Strategy
Proportions of the Three Actors.

As shown in Figure 1, under low (0.2, 0.2, 0.2) and medium-low (0.4, 0.4, 0.4) initial
coordination levels, the collaborative strategy proportions of all three actors decrease
monotonically after short-term fluctuations and gradually approach zero over a longer
time horizon. The system consequently converges to the neighborhood of the fully non-
collaborative equilibrium (0, 0, 0). This “low-incentive-low-coordination” convergence
path indicates that when the overall effectiveness of the incentive—constraint mechanism is
insufficient to offset the marginal costs of collaborative inputs for the actors, boundedly
rational actors eventually abandon collaborative strategies through dynamic adjustment
based on trial and error and imitation, even when disaster risks objectively exist. As a
result, the system falls into a Pareto-inferior “low-coordination trap.”
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By contrast, under relatively high initial coordination levels, namely (0.6, 0.6, 0.6)
and (0.8, 0.8, 0.8), the collaborative strategy proportions of the three actors exhibit an
evolutionary tendency to converge toward (1, 1, 1). This finding confirms that, under the
parameter settings of Scenario 1, the system has a bistable equilibrium structure in which
(0,0, 0) and (1, 1, 1) coexist, consistent with the theoretical prediction of Proposition 1.
The evolutionary direction of the system is highly dependent on the initial coordination
level. The evolutionary separatrix is approximately located on the lower-coordination
side of the diagonal of the unit cube, and only when the initial coordination levels of all
three actors are sufficiently high can the system cross the separatrix and evolve toward the
high-coordination equilibrium. This demonstrates pronounced path dependence.

5.2.2. Scenario 2: A High-Incentive Environment with Strong Subsidies
and Strong Penalties

In Scenario 2, the government substantially increases the fiscal subsidy to power
grid enterprises (Rg = 8) and the accident-accountability penalty (Pr = 10), while power
grid enterprises simultaneously intensify both positive incentives (Rp = 8) and negative
constraints (Pp = 10) for frontline teams. For this parameter set, the key threshold conditions
are verified as follows: AT[E(]/ =1,z=0)=0.5 x 0.4 x 50 + (8 + 10) — 15 =13 > 0, indicating
that once the government fully adopts strong regulation, enterprises tend to choose high
collaborative management regardless of the implementation behavior of frontline teams.
Likewise, AnP(x =1, y = 1) = 0.5 x 0.3 x 80 + (8 + 10) — 12 = 18 > 0, indicating that
conscientious execution becomes a strictly dominant strategy for frontline teams when both
the government and enterprises adopt highly collaborative strategies. Consequently, the
fully collaborative equilibrium (1, 1, 1) becomes the unique evolutionarily stable state (ESS).

Figure 2 presents a three-dimensional phase diagram of the system trajectories under
four sets of initial conditions, covering the full range from low to high coordination. The
trajectory colors gradually transition from low to high initial coordination levels, and the
stable equilibrium point (1, 1, 1) is marked with a star symbol.

/
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Figure 2. Scenario 2 (High-Incentive Environment): Three-Dimensional Phase Diagram of the
Tripartite Evolutionary Trajectories.

As shown in Figure 2, under all four sets of initial conditions, all trajectories increase
monotonically and converge to the neighborhood of (1, 1, 1) within a finite time, with
smooth evolutionary paths and no reversals. This indicates that (0, 0, 0) is no longer
a stable equilibrium point. From the perspective of evolutionary game theory, strong
subsidies and strong penalties alter the sign structure of the key payoff differences. When
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the proportion of strong governmental regulation is high, the net payoff of enterprise
collaboration becomes positive first, driving an increase in x(t). As x(t) increases, the
expected disaster mitigation benefits and incentive gains of frontline teams also rise, causing
z(t) to accelerate upward. The substantive disaster mitigation outcomes generated by
conscientious implementation by frontline teams further strengthen the legitimacy of
continued strong governmental regulation, thereby consolidating y(¢). This process forms
a positive transmission chain of “government leadership—enterprise follow-up—frontline
team response—performance feedback,” which guides the system completely from low
coordination to the high-coordination equilibrium.

5.2.3. Scenario 3: Strengthened Frontline Incentives Under an Optimized
Coordination Mechanism

In Scenario 3, while maintaining the macro-level incentive and penalty parameters of
the government and enterprises (Rg = 8, Pr = 10, P = 10) broadly consistent with those
in Scenario 2, the model strengthens the intrinsic motivation of frontline teams primarily
through two micro-level mechanism optimizations. First, by introducing standardized
“one-line, one-strategy” emergency response cards for icing-induced galloping, promoting
drone-assisted inspection, and optimizing de-icing operational procedures, the additional
implementation cost of frontline teams, CB, is reduced from 12 to 8. Second, by establishing
a cross-departmental disaster mitigation performance evaluation system, the disaster
mitigation benefit weight of frontline teams, 6p, is increased from 0.30 to 0.35, while 0 is
correspondingly adjusted from 0.40 to 0.35, with the constraint 0 + 0 + 0p = 1 strictly
satisfied. In addition, the enterprise reward Rp for frontline teams is raised from 8 to 10 to
strengthen immediate incentives.

Figure 3 compares, using side-by-side time-series curves, the evolutionary trajectories
of the tripartite collaborative strategy proportions in Scenarios 2 and 3 under the same
initial condition, (0.2, 0.2, 0.2).

Power Grid Enterprise O&M Management
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Figure 3. Comparison of the Evolutionary Rates of the Collaborative Strategy Proportions of the
Three Actors in Scenarios 2 and 3 (Initial Condition: (0.2, 0.2, 0.2)).

As shown in Figure 3, under broadly similar macro-level incentive intensities, the
collaborative strategy proportions of the three actors in Scenario 3, particularly the frontline
team implementation proportion z, increase more rapidly and converge earlier than those
in Scenario 2. From the perspective of expected payoff differences, the reduction in Cg
directly enlarges A7t?, lowering the critical value of x at which z becomes positive from
approximately 0.20 in Scenario 2 to nearly zero. This implies that frontline teams already
have an economic incentive to actively participate in coordination even when the enterprise
coordination proportion remains low. Moreover, the increase in 6B further enhances the
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efficiency with which disaster mitigation outcomes are translated into benefits for frontline
teams. The superposition of these two effects enables positive feedback at the frontline
level to propagate more rapidly to the enterprise and government levels, generating an
amplification effect of “frontline initiation-whole-chain acceleration.” As a result, the
overall convergence speed of the system is significantly higher than that in Scenario 2.

5.3. Cross-Sections and Quantitative Sizes of the High-Coordination Basin of Attraction

The basin of attraction of the high-coordination equilibrium characterizes the global
robustness of the coordination mechanism—the range of initial states from which the
system evolves toward high coordination without sustained external intervention. By
Proposition 1, when (0,0,0) and (1,1, 1) are both asymptotically stable, the unit cube splits
into their two basins, separated by the two-dimensional stable manifold of the intermediate
saddle, that is, the evolutionary separatrix. To locate the separatrix and measure the basin
sizes, we fix zp = 0.5, sample a 40 x 40 grid of initial states on the x—y plane, integrate
each under system (23) with a fourth-order Runge-Kutta scheme, and assign it to the
high-coordination basin when the terminal state satisfies x¢, y¢,zy > 0.75. The separatrix
is recovered as the interface between the two basins and refined by bisection along rays
from a low- to a high-coordination state; the classification is insensitive to the cutoff over
[0.5,0.9], since every trajectory approaches a vertex.

Figure 4 shows the resulting cross-sections and Table 5 reports the basin sizes. The high-
coordination basin grows sharply as incentives and frontline mechanisms strengthen: about
25% of the cross-section in Scenario 1, about 99% in Scenario 2, and about 100% in Scenario
3. In Scenario 1 the separatrix lies in the upper-right of the plane, so high coordination is
reached only when the initial enterprise and government levels are jointly high; in Scenario
2 it retreats to a small region in which the enterprise starts highly collaborative while the
government remains passive; in Scenario 3 it is pushed into the corner, so for almost any
initial state at zy = 0.5 the system converges to high coordination.

Scenario 2 (High Incentives) Scenario 3 (Grassroots Reinforcement) A

Low-Collaboration Region

0.75

0.5 Transition Regionif

0.5 0.5
B Low-Collaboration Equilibrium (0,0)
b ¢ High-Collaboration Equilibrium (1,1)
0.25 0.25 0.25
High-Collaboration Basin = 100%
High-Collaboration Basin = 25% High-Collaboration Region
om (1] ] om _—
0 0.25 0.5 0.75 1 0 0.25 0.5 0.75 1 0 0.25 0.5 0.75 1
x(o)(Enterprise Initial Value) x(o)(Enterprise Initial Value) x(o)(Enterprise Initial Value)

Figure 4. Comparison of Cross-Sections of the High-Coordination Basin of Attraction across the
Three Scenarios (with zy = 0.5 fixed and a classification threshold of >0.75).

Table 5. Quantitative size of the high-coordination basin of attraction on the zy = 0.5 cross-section.

High-Coordination Basin on the zy = 0.5

Scenario Cross-Section
Scenario 1 (low incentives) ~25%
Scenario 2 (high incentives) ~99%
Scenario 3 (frontline mechanism ~100°%
optimization) T
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The two effects of mechanism design are therefore distinct. Strengthening macro-level
government—enterprise incentives drives the dominant expansion, enlarging the basin
from about a quarter of the cross-section to nearly the whole plane between Scenarios 1
and 2; the frontline optimization in Scenario 3 removes the remaining low-coordination
region and, consistent with the faster trajectories in Figure 3, also speeds convergence.
Because the fractions are measured at zg = 0.5, their absolute values depend on the
assumed initial frontline level, but the ordering across the three scenarios is preserved on
other cross-sections.

5.4. Local Sensitivity Analysis of Key Parameters

To examine how the main conclusions respond to changes in individual control pa-
rameters, this subsection conducts a local one-at-a-time sensitivity analysis based on the
benchmark parameter set of Scenario 2. Four key variables are selected: the govern-
ment subsidy Rg, the government penalty Pg, the frontline execution cost Cg, and the
frontline benefit-sharing weight 6p, corresponding respectively to positive government
incentives, negative government constraints, frontline burden reduction, and frontline
benefit allocation.

Figure 5 presents the dynamic effects of these four parameters on z(t) under different
value settings.
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a T T T 12.00 b T T T 12.0
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Figure 5. Sensitivity Analysis of the Evolution of the Frontline Team Execution Proportion z(t) with
Respect to Key Parameters.

The following conclusions can be drawn from Figure 5.

(1) The effect of government subsidy Rr on z is indirect and nonlinear. An increase in
RE first affects the enterprise’s collaborative decision-making, as A7tE increases with R,
thereby promoting an increase in x. Through the amplification effect of x, it then indirectly
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accelerates conscientious implementation by frontline teams. Therefore, the acceleration
effect of R on z exhibits a certain lag. Moreover, once Rr exceeds a critical threshold,
approximately Rg = 8, its marginal benefit tends to saturate. Excessively high Rg produces
only limited additional acceleration, suggesting that fiscal subsidy expenditure should not
be expanded without restraint.

(2) The influence pathway of government penalty Pg on z is similar to that of Rg, but
its effect is more direct and stronger. By imposing strong constraints on low-collaboration
enterprises, an increase in P forces enterprises to shift toward high collaborative man-
agement even when their initial willingness to coordinate is low, thereby activating the
positive incentive mechanism for frontline teams more rapidly. As shown in Figure 5, when
Pr increases from 2 to 10, the convergence time of z is shortened by approximately 25-40%,
outperforming an equivalent change in Rg. This indicates that, under fiscal constraints,
strong accountability has higher policy efficiency than strong subsidies.

(3) The execution cost of frontline teams, Cp, has the most direct and pronounced effect
on z. A reduction in Cy directly enlarges A7tP, shifting the critical point for the increase in z
forward. When Cp = 6, z begins to rise rapidly and continuously almost from the initial
moment, whereas when Cp = 16, z remains at a low level for an extended period. This
provides direct evidence that burden-reduction measures, such as process standardization
and technology empowerment, play a central role in the coordination mechanism and
should be regarded as the highest-priority intervention in the design of emergency response
mechanisms for icing-induced galloping. Accordingly, Cp should be controlled within 10,
namely Cp < 0.67 Cg.

(4) The effect of the frontline team benefit-sharing weight 0 is also direct but range-
sensitive. When 63 is relatively low, below 0.25, frontline teams lack sufficient perceived
benefits even under relatively low costs, resulting in a slow increase in z. Once 6 exceeds
0.30, its effect becomes increasingly evident. However, an excessively high 6, above
0.40, compresses 0, which may weaken enterprises” willingness to coordinate and induce
structural imbalance. Therefore, the optimization of 63 has a reasonable range; it is recom-
mended that 63 be maintained between 0.30 and 0.40 and dynamically adjusted according
to empirical evaluations of disaster mitigation performance.

To examine sensitivity over wider ranges and across all control parameters, each
parameter is varied one at a time over a wide interval around the Scenario-2 baseline, while
the remaining parameters are held fixed; for each setting, the volume fraction of initial
conditions in the strategy cube that converge to the high-coordination equilibrium (1,1,1)
is recorded by sampling initial states uniformly. Table 6 summarizes the results, and the
analytical corner conditions clarify the underlying mechanism: at the fully passive state
the payoff differences reduce to Awf(0,0) = p 8¢ ALg — Cg, A%(0,0) = p ALg — Cg, and
A7B(0,0) = pOp ALg — Cp, because the reward and penalty terms are inactive when all
actors are passive.

Three patterns emerge. First, the disaster probability p is the most decisive parameter:
when p is low the high-coordination equilibrium is essentially unreachable, and when
p is high it is reached from almost any initial state, with the switch governed by the
government corner condition p AL; > Cg. Second, the collaboration costs erode the basin
monotonically—steeply for Cr near its upper range and steadily for Cc—whereas Cp
mainly governs the speed of convergence rather than the size of the basin. Third, among
the reward—penalty instruments the enterprise penalty Pr modestly enlarges the basin
while the subsidy R saturates and the enterprise-funded frontline reward Rp becomes
counterproductive at high levels; the frontline penalty Pp and the benefit-sharing split
have little effect on the basin volume. These wider-range results are consistent with
the trajectory-based findings above and indicate that policy should prioritize raising the

https:/ /doi.org/10.3390/systems14070742


https://doi.org/10.3390/systems14070742

Systems 2026, 14, 742

27 of 35

perceived disaster probability and reducing collaboration costs, use penalties rather than
open-ended subsidies, and avoid over-scaling the enterprise-funded frontline reward.

Table 6. Wider-range one-at-a-time sensitivity of the high-coordination basin volume around the
Scenario-2 baseline.

High-Coordination Basin

Parameter Range Examined Effect and Threshold
Volume
Most decisive: high coordination
is essentially unreachable for
<
p (disaster probability) 0.1-0.9 0% — 100% p 5 0.25 and guaranteed for

p 2 0.6; the transition coincides
with A7t%(0,0) = pALg — Cg
turning positive at p = 0.5.

Cg (enterprise cost)

Monotonic decline with a sharp
collapse as Cg approaches about
5-30 100% — 0% 30, where it exceeds the
enterprise’s mitigation benefit
and incentives.

Steady erosion: a higher
regulatory cost reduces the basin

Cc (government cost) 2-25 100% — 38% through the government
dimension.
Mild on basin volume, although it
Cp (frontline cost) 4-24 100% — 91% strongly affects convergence

speed.

Rg (subsidy)

Saturating: the marginal gain
vanishes beyond about 8 and
0-20 94% — 81% turns slightly negative at high
levels because R is a fiscal outlay
for the government.

Pr (penalty on
enterprise)

Mildly positive: a higher penalty
0-20 88% — 97% enlarges the basin, consistent with
its stronger effect on convergence.

Rp (reward to frontline)

Backfires at high levels: because
the enterprise funds Rp, an
0-20 95% — 0% excessive reward (around 20)
deters enterprise collaboration
and collapses the basin.

Pgp (penalty on
frontline)

Negligible on basin volume over
this range, as it is slack once the
enterprise and the government

are active.

0-20 95% (flat)

05 (6 = 0.70 — 05,
fc = 0.30)

Robust: the basin volume is
0.10-0.55 94-97% largely insensitive to the
frontline—enterprise weight split.

5.5. Robustness Analysis Under Parameter Variations
5.5.1. Robustness to Disaster-Probability Variation

The disaster probability is varied over p € [0.3,0.7], with the remaining parameters
kept at their scenario values. When p is small, expected mitigation benefits fall and
collaborative strategies become less attractive, so the low-coordination equilibrium is
harder to escape, particularly in Scenario 1; when p is large, the high-coordination basin

https:/ /doi.org/10.3390/systems14070742


https://doi.org/10.3390/systems14070742

Systems 2026, 14, 742

28 of 35

expands for all three actors. Across the whole range, however, the ranking of the scenarios
is preserved: Scenario 1 shows the strongest path dependence and the smallest high-
coordination basin, Scenario 2 enlarges that basin through stronger subsidies and penalties,
and Scenario 3 enlarges it further and converges fastest through frontline cost reduction
and benefit sharing. The conclusion that macro-level incentives and frontline optimization
jointly promote stable collaboration is therefore not an artifact of the benchmark p = 0.5;
changing p moves the separatrix but not the mechanism.

5.5.2. Robustness to Simultaneous Multi-Parameter Perturbations

For each scenario, 10,000 random parameter sets are generated around the bench-
mark values. The disaster probability p, the mitigation benefits ALg, AL, ALg, the costs
Cg, Cg, Cp, and the reward-penalty parameters Rg, Pg, Rp, Pp are independently perturbed
within £20%; the weights 6, 0p are perturbed within £0.05 with 6; adjusted so that
0 + 0c + 0 = 1. Sets violating the residual-loss condition Ly — AL — ALg — ALp > O are
discarded. By the vertex eigenvalue conditions in Section 4, the local stability of (0,0,0)
and (1,1,1) is governed by the signs of the payoff differences at these corners, so five sign
indicators are evaluated for each parameter set:

L=1 [AnE(O,O) <0, AB(0,0) < 0]

b =1[ArF(1,1) > 0, AnC(1,1) > 0, ArP(1,1) > 0]
13:1[A7TE(y:1,z:O) >0}
Iy =1[arP(x =1,y = 0) > 0|

Is = 1[An3(x —lLy=1)> 0]

Here I; measures whether enterprises and frontline teams lack unilateral incentives
near the passive state, I whether the fully collaborative equilibrium remains locally stable,
I3 whether strong government regulation activates enterprise collaboration, I; whether
enterprise collaboration alone activates frontline implementation, and Is whether dual
government—-enterprise incentives activate it. The frequencies with which each indicator
holds are reported in Table 7.

Table 7. Robustness results under simultaneous £20% multi-parameter perturbations.

Robustness Indicator Scenario 1 Scenario 2 Scenario 3
I: enterprise and fronthng unilateral cqllaboratlon near 100.0% 100.0% 97 7%
(0,0,0) remains unattractive
I: fully collaborative equilibrium remains locally stable 80.3% 100.0% 98.5%
I3: strong government regulat?on activates enterprise 33.4% 100.0% 100.0%
collaboration

Iy: enterprise colle}boratlon alqne activates frontline 8.2% 8.1% 89.8%
implementation

I5: dual government—gnterprlse mC-entlves activate frontline 95.4% 100.0% 100.0%
implementation

The perturbation results yield three findings. First, in Scenario 1 the passive state
remains unattractive for unilateral deviations in essentially all parameter sets (I;), while the
fully collaborative equilibrium is stable in a large share of them (I, = 80.3%), so the coexis-
tence of low- and high-coordination equilibria is structural, not a numerical coincidence.
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Second, in Scenario 2 the fully collaborative equilibrium is stable in every sampled set and
strong regulation always activates enterprise collaboration (I = I3 = 100%), confirming
the robustness of the strong-incentive conclusion. Third, the main difference between
Scenarios 2 and 3 lies in frontline activation: enterprise collaboration alone rarely suffices
under Scenario 2 (Iy = 8.1%) but usually does under Scenario 3 (14 = 89.8%), showing that
reducing Cp and strengthening fp and Rp make frontline activation substantially more
robust, not merely faster. Overall, the qualitative conclusions do not depend on a single
parameter setting; numerical thresholds such as Rg = 8, Pr = 10, Cp = 8, or 83 = 0.35 are
normalized levels under the benchmark model rather than universal policy standards.

5.6. Comparison with the 2008 Disaster

The simulations reveal low-coordination traps, path dependence, basin-threshold
effects, and acceleration through frontline optimization. The 2008 disaster described in
Section 2.4 offers a natural point of comparison for these mechanisms; Table 8 places the
observed emergency-response patterns alongside the corresponding model components.

Table 8. Comparison between observed emergency-response patterns in the 2008 disaster and the
model mechanisms.

Observed Pattern (2008 Disaster)

Corresponding Model Component

Implication

Persistent freezing rain and severe
icing damaged lines, towers, and
substations and cascaded into
transport, communications, and daily
life.

Baseline loss Ly; mitigation benefits
ALg,ALg,ALp

Icing and galloping disasters are
high-loss events with large benefits
from coordinated mitigation.

Several provinces suffered severe
disruption, with some areas losing
power for well over ten days.

High disaster risk p; trapping near
(0,0,0)

Without sufficient coordination and
support, the system may stay in a
low-collaboration or
delayed-recovery state.

Local governments set up emergency
command systems and coordinated
power, transport, supply, and relief.

Government strategy Gy; cost Cg;
incentives Rg, Pg

Strong regulation and coordination
can reshape enterprise payoffs and
help cross the threshold.

State Grid and China Southern Power
Grid led restoration in their service
areas.

Enterprise strategy Eq; cost Cg;
government—enterprise coupling

Restoration requires enterprise
resource allocation and cooperation
with authorities.

Weaker local and rural systems
recovered more slowly than strongly
backed grids.

Low initial x, y, z; Scenario 1;
separatrix and basin

Differences in initial coordination
can yield opposite long-run
outcomes under similar hazards.

Frontline teams performed
observation, de-icing, repair, and
restoration under harsh field
conditions.

Frontline cost Cg; weight 0p;
rewards/penalties Rp, Pp

The “last mile” is decisive; high
execution costs weaken
conscientious implementation.

Post-2008: monitoring and early
warning, DC de-icing equipment, and
drone-assisted inspection.

Scenario 3: lower Cg, higher 0,
stronger Rp, improved ALp

Technology and standardized
procedures lower the threshold and
speed convergence.

The low-incentive scenario corresponds to settings in which coordination duties exist
but incentives, resources, and execution capacity are insufficient, mirroring the slower
recovery of weaker local and rural systems in 2008. The high-incentive scenario corre-
sponds to strong governmental command, mobilization, and accountability reshaping
enterprise payoffs, as in the emergency command systems and explicit reconstruction
responsibilities of that period. The frontline-optimization scenario corresponds to the
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post-disaster improvements in monitoring, de-icing, and inspection. The separatrix, in
turn, has a practical reading as a critical level of organizational readiness and frontline
capacity, below which recovery tends to be slow and passive and above which coordination
becomes self-reinforcing. This comparison is qualitative—the model parameters remain
nondimensional benchmarks—but it indicates that the structure and mechanisms of the
model are consistent with the patterns observed in a major icing disaster.

5.7. Results Analysis and Discussion

Based on the theoretical stability analysis, scenario simulations, basin-of-attraction
comparison, local sensitivity analysis, and robustness tests, the collaborative emergency
response system for transmission lines under icing-induced galloping disasters exhibits
pronounced nonlinear evolution, threshold effects, and path dependence. The robustness
analysis further confirms that the main conclusions are not artifacts of a single nondimen-
sional benchmark parameter set; rather, they reflect stable structural relationships among
disaster mitigation benefits, collaborative costs, reward—penalty mechanisms, and frontline
implementation incentives. To facilitate the transition of the governance model from passive
emergency response to proactive and stable coordination, systematic mechanism-design
recommendations are proposed from the following four dimensions.

(1) Strengthen macro-level government—enterprise incentive constraints to break the
low-coordination trap. The comparison between Figures 1 and 2 shows that, in high-
risk areas prone to icing-induced galloping, technical standards and corporate social
responsibility alone are insufficient to sustain long-term collaborative emergency response.
Figure 4 further shows that, in Scenario 1, approximately 75% of the initial-condition region
lies within the low-coordination basin of attraction, implying that, in practical settings
lacking strong intervention, collaborative emergency response in most regions will naturally
evolve toward a non-collaborative equilibrium. Therefore, local governments should play
a leading role by not only increasing fiscal subsidies for power grid enterprises’ proactive
investments in online icing monitoring and de-icing devices, with R > 8 recommended,
but also establishing a stringent post-disaster accident traceability and accountability
mechanism, with Pr > 10 recommended. These measures can alter the sign structure
of the payoff matrix in the government-enterprise game and externally inject the initial
momentum needed to break the low-level equilibrium.

(2) Shift micro-level support downward to reduce burdens and improve frontline effi-
ciency, thereby bridging the “last mile” of emergency response. Figures 3 and 5 jointly reveal
the bottleneck effect of frontline implementation costs on global system-wide coordination.
The sensitivity analysis indicates that Cp is the variable among the four parameters that has
the most direct influence and the largest marginal effect on the evolution of z. Accordingly,
the operation and maintenance management of power grid enterprises should vigorously
promote standardized “one-line, one-strategy” emergency response cards, replace high-risk
manual climbing with drone-based inspections, optimize de-icing operational procedures,
and establish standardized emergency response information systems. These measures
can help control Cp within a reasonable range and use the rapid increase in the frontline
coordination proportion to reversely drive enterprises and governments toward a stable
high-coordination state.

(3) Optimize the explicit evaluation of disaster mitigation benefits and establish a
reasonable benefit-sharing system. Figure 5 shows that 63 has a significant acceleration
effect on z within the range of 0.30-0.40, but its adjustment must also account for its
impact on 6g. It is recommended that a cross-departmental comprehensive evaluation
platform for icing-related transmission line losses and disaster mitigation performance
be established to make implicit mitigation benefits explicit. These benefits should then
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be translated into public safety performance assessments for governments, power supply
security indicators for enterprises, and performance bonuses for frontline teams. This
would ensure that 63 remains no lower than 0.30, enabling frontline personnel to perceive
the quantifiable positive economic feedback generated by conscientious implementation
and thereby strengthening the interest-based foundation of tripartite coordination.

(4) Seize the initial window for policy intervention to cross the critical threshold of
multistability. The basin-of-attraction structure revealed in Figure 4 indicates that, in both
Scenarios 1 and 2, the system exhibits a distinct evolutionary separatrix. If the initial
coordination level fails to cross this separatrix, the system will spontaneously slide toward
the low-coordination equilibrium, and routine management alone will be unable to reverse
this evolutionary trend. Therefore, managers must carefully seize the initial window before
the peak disaster season or during the early stage of mechanism implementation. Through
concentrated interventions, such as establishing cross-departmental joint-drill pilots, setting
up special rewards for disaster-prevention equipment, and organizing emergency response
competitions for icing-induced galloping, the initial coordination proportions of the three
actors should be rapidly raised above the threshold required to cross the evolutionary
separatrix, which corresponds to approximately x, y > 0.35 in Scenario 2. The basin-
expansion results in Scenario 3 show that once the frontline incentive mechanism is in
place, this threshold can be further reduced to x, ¥ > 0.15, substantially lowering the
difficulty of initiating coordination. The construction of the coordination mechanism can
then enter a virtuous cycle in which mechanisms consolidate outcomes and outcomes, in
turn, reinforce mechanisms.

A related question is how a system already in the low-coordination state can escape it.
Within the present model there are two routes: a one-time increase in initial coordination
that moves the state across the separatrix, and a strengthening of incentives that enlarges
the high-coordination basin and, for sufficiently strong incentives, eliminates the low-
coordination equilibrium altogether. Both routes require an external push, because the
model treats the disaster probability p and the mitigation benefits AL, AL, ALp as fixed.
An endogenous alternative is disaster-driven learning: as actors experience repeated icing
losses, their perceived disaster probability and perceived mitigation benefits rise, which
increases the payoff differences—in particular at the fully passive state, where A7t£(0,0)
and A7t%(0,0) become less negative and may turn positive. Once perceived risk or benefits
cross these levels, the fully non-collaborative equilibrium (0,0, 0) loses stability and the
system can leave the low-coordination trap without a one-time external intervention,
consistent with the model’s comparative statics, in which a higher perceived disaster
probability or mitigation benefit enlarges the high-coordination basin. Endogenizing p and
the mitigation benefits through such a learning process—letting them adjust in response to
recent disaster losses—is a natural extension of the present model and a useful direction
for future work.

6. Conclusions

To address the limitation that existing studies on icing-induced galloping disasters
of transmission lines emphasize technical disaster prevention while paying insufficient
attention to multi-actor coordination mechanisms, this study incorporates the frontline
implementation terminal into the analytical framework. Taking collaborative emergency
response for transmission lines under icing-induced galloping disasters as the research
object, a tripartite evolutionary game model is developed involving local governments,
the operation and maintenance management of power grid enterprises, and frontline
maintenance teams. On the basis of defining collaborative input costs, disaster mitigation
benefit allocation, and multi-level incentive—penalty structures, the tripartite replicator
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dynamic equations and local stability conditions are derived. Numerical simulations
are then conducted to analyze the effects of key policy parameters on the evolutionary
trajectories of the system and the basins of attraction of equilibria. The main conclusions
are as follows.

(1) The collaborative emergency response system exhibits pronounced multistabil-
ity and path dependence. Under bounded rationality and incomplete information, the
emergency decisions of the three actors constitute a dynamic adjustment process driven by
payoff feedback. Theoretical analysis shows that, within certain parameter ranges, the fully
non-collaborative equilibrium (0, 0, 0) and the fully collaborative equilibrium (1, 1, 1) can
both remain locally asymptotically stable. Numerical simulations further indicate that, un-
der the low-incentive scenario, the basin of attraction of the high-coordination equilibrium
is relatively small, and the evolutionary direction of the system is highly dependent on
the initial coordination level. Without early-stage intervention to cross the evolutionary
separatrix, the system may remain locked into the low-coordination trap over the long term.
This finding provides an endogenous explanation for the regional divergence observed in
practice, where similar policies lead to markedly different performance outcomes.

(2) At the macro level, the combination of “strong governmental regulation—strong
incentives plus high collaborative enterprise management” is an important mechanism
for enabling the system to move beyond inefficient equilibria. Under the nondimen-
sional simulation parameters specified in this study, increasing government subsidies and
accident-accountability intensity can alter the net payoff structure of enterprise collabo-
rative management, promote an increase in the proportion of enterprises adopting high
collaborative management, and further activate conscientious implementation by frontline
teams. The sensitivity analysis shows that, under equivalent resource constraints, strong
accountability has higher marginal policy efficiency than subsidies alone and can drive the
frontline implementation proportion to converge to a high level more rapidly. It should be
emphasized that thresholds such as Rg and Pg are derived from the parameterized simula-
tion settings of this study and should not be directly regarded as universally applicable
policy standards. In practical applications, they should be calibrated according to regional
disaster probabilities, transmission line importance, and historical loss data.

(3) Optimization of frontline implementation mechanisms is a critical fulcrum for
achieving stable coordination. Whether macro-level policies can be translated into actual
emergency response performance depends on whether frontline teams can implement
tasks such as inspection and reinforcement, information reporting, de-icing, and on-site
emergency repair with high quality. The simulation results show that reducing the frontline
team execution cost Cp has the most direct effect on z(t), while moderately increasing the
frontline disaster mitigation benefit weight 6B can further strengthen the endogenous moti-
vation for conscientious implementation. However, under the constraint 6 + 0 +0p =1,
an increase in g compresses the benefit shares of the other actors. Therefore, strengthening
frontline incentives must be premised on not weakening enterprises” willingness to make
forward-looking disaster-prevention investments and adopt high collaborative manage-
ment. A more appropriate approach is not simply to increase the distribution proportion,
but rather to reduce implementation costs and expand the total distributable disaster miti-
gation benefits through explicit evaluation of mitigation benefits, process standardization,
drone-based inspections, and digital emergency response platforms.

(4) The mechanisms identified by the model align with observed practice. The
2008 disaster shows that large-scale transmission-line icing involves not only physical
damage to towers, conductors, and substations but also coordination among govern-
ments, enterprises, and frontline teams; the slower recovery of weaker grids parallels
the low-coordination trap, and the post-disaster strengthening of monitoring, de-icing,
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and inspection parallels the frontline-optimization mechanism. This correspondence sup-
ports interpreting the model as a practically grounded framework for collaborative emer-
gency response, while empirical calibration of the parameters with regional data remains
future work.

These findings provide practical implications for emergency governance in regions
frequently affected by icing-induced galloping disasters. First, during the initial stage
of coordination mechanism construction, concentrated interventions, such as joint-drill
pilots, special equipment subsidies, and emergency response competitions, should be
adopted to enhance the initial coordination levels of the three actors and help the system
cross the evolutionary separatrix. Second, during the routine operation stage, strong
accountability should be combined with moderate subsidies to form the institutional
backbone of government-enterprise coordination, with particular emphasis on addressing
the weakness of insufficient accountability for low-collaboration behavior. Third, during
the mechanism-deepening stage, the focus should be shifted downward toward burden
reduction, efficiency improvement, and explicit benefit evaluation at the frontline level.
Measures such as standardized response cards, drone-based inspections, optimization of de-
icing procedures, and cross-departmental disaster mitigation evaluation platforms should
be implemented to activate the endogenous coordination motivation of frontline teams,
enabling the collaborative emergency response system to gradually shift from policy-driven
operation to mechanism-based self-consistency.

This study still has several limitations. First, the model adopts a binary strategy
setting to highlight the core conflict, but it does not yet capture the continuous varia-
tion and gradual adjustment of coordination levels. Future research could extend the
model to continuous-strategy or multi-stage discrete-strategy frameworks. Second, this
study treats parameters such as disaster probability, disaster mitigation benefits, and im-
plementation costs as exogenous constants. In practice, however, these parameters may
change dynamically with disaster evolution, seasonal variation, and technological progress.
Subsequent studies could introduce stochastic disturbances, time-varying parameters, or
context-dependent functions. Third, although the model is now grounded qualitatively in
the 2008 southern China ice disaster (Sections 2.4 and 5.6) and its conclusions are shown to
be robust to parameter variation (Section 5.5), its parameters remain normalized theoretical
values rather than empirically calibrated estimates, and the case comparison is qualitative
rather than a statistical validation. Numerical thresholds such as subsidy intensity, penalty
intensity, frontline execution cost, and benefit-sharing weights should therefore be read
as relative benchmark levels within the model rather than directly applicable policy stan-
dards. A full empirical calibration and historical validation would require, in particular:
(i) icing- and galloping-disaster archives for icing-prone provinces such as Hunan, Guizhou,
Hubei, Jiangxi, and Guangxi over a recent multi-year period (e.g., 2015-2024), including
disaster frequency, severity, and associated power-supply losses, to estimate the disaster
probability p and the mitigation benefits ALg, ALg, ALg; (ii) power-grid investment and
operation records—anti-icing and de-icing equipment, monitoring and early-warning sys-
tems, and emergency-reserve expenditures—to estimate the collaborative costs Cr, Cg and
the subsidy and penalty parameters Rg, Pr; and (iii) frontline operation-and-maintenance
cost data—labor, equipment, de-icing workload, and emergency-repair logs—to estimate
the frontline execution cost Cp and the reward-penalty parameters Rp, Pp. Combined
with meteorological records, such data would allow the parameters to be calibrated and
the model’s predictions to be validated against observed emergency-response outcomes,
further improving its external validity and policy applicability.
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