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Abstract: In recent years, frequent natural or man-made disturbances have accelerated the 9 

study of resilience management. As an important source of system resilience, maintenance 10 

activities need to be managed effectively. Meanwhile, importance measures have become an 11 

effective tool in maintenance management. However, there are still some challenges in the 12 

studies of importance measure-based maintenance management. A comprehensive review and 13 

discussion can serve as a useful reference for the future research. This paper firstly reviews the 14 

definitions of importance measures, maintenance, and resilience and then examines their 15 

interrelationships. It then analyses the roles of importance measures in maintenance 16 

management for resilience improvement. Finally, it proposes future research directions. 17 

Keyword: Importance measure; Maintenance management; Performance; Resilience 18 

1. Introduction 19 

In the past decades, natural disasters and artificial disturbances have greatly affected the 20 

operation of many infrastructures [1]. For example, in February 2021, three severe snowstorms 21 

knocked out the energy infrastructure in Texas, leading to shortages of water, food and heat and 22 

leaving more than 4 million homes without power. Similar malicious events seriously affect the 23 

performance and safety of many communities. The development of society has brought various 24 

infrastructures and relevant networks together. A negative hazard can even cause a system to 25 

collapse [2]. In response to the rapidly changing environment, resilience has become a key 26 

performance indicator of many infrastructures systems [3, 4]. As a comprehensive measure, 27 

resilience is concerned with both the preparedness and recovery ability of a system in the face 28 
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of disturbances [5]. Resilience management can provide engineers with an intuitive way to 29 

evaluate the ability of a system to meet specified performance requirements after the occurrence 30 

of disturbances. 31 

Reliability importance measures are developed in reliability and maintenance for ranking 32 

the importance of components of an engineering system. They can provide a powerful method 33 

to support system analysis from various perspectives [6]. For example, the component 34 

reliability importance measure can help engineers to identify weak components/parameters and 35 

providing guidance in system improvement and the component criticality importance measure 36 

provides the probability that a component is critical for the system and is failed at a time when 37 

the system is failed. There are various importance measures that have been developed for 38 

improving resilience management. In addition, maintenance activities have a significant impact 39 

on a system’s capability to maintain or restore its performance [7]. This capability is also one 40 

of the important sources and optimization objectives in resilience management. The allocation 41 

of preventive maintenance resources, the decision of condition-based maintenance strategies, 42 

and the scheduling of post-disturbance emergency maintenance have all become resilience-43 

oriented maintenance problems. With the increase of governments’ attention to resilience 44 

management, research on importance measures and maintenance optimization for enhancing 45 

resilience is increasingly abundant [8]. 46 

There are some debates on the definitions of system resilience and the applications of 47 

importance measures in resilience management [9, 10]. Due to the different levels of attention 48 

and research subjects, there are huge differences between maintenance strategies to optimize 49 

resilience. Meantime, importance measures are also one of the key tools in maintenance 50 

management. It follows that there is a complicated coupling relationship between resilience, 51 

importance measures, and maintenance optimization. Furthermore, although many scholarly 52 

papers on importance measures and maintenance management oriented to resilience 53 

management have different foci, there are similarities among them. A comprehensive review 54 

and discussion will provide a helpful reference for future research. Therefore, this paper firstly 55 

reviews the definitions of importance measures, maintenance, and resilience and then examines 56 

their interrelationships. It then analyses the roles of importance measures in maintenance 57 
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management for resilience management. Finally, it proposes future research directions. 58 

The reminder of the paper is as follows. Section 2 provides an overview of resilience, 59 

importance measures, and maintenance management and then examines the relationship among 60 

the three concepts. Section 3 introduces the application of importance measures in maintenance 61 

management oriented to resilience. Section 4 wraps up this paper and identifies on-going and 62 

upcoming research directions. 63 

2. Relationship between resilience, importance measure, and maintenance 64 

2.1 Overview of resilience 65 

The word “resilience” originated from the Latin word “resilier”, which means “to bounce 66 

back”. Before 1973, the word was often used to describe a characteristic of some materials [11]. 67 

In 1973, Holing pioneered the concept of resilience as a measure for systems to absorb changes 68 

to its state and driving variables [12]. With globalization and connectivity, the impact of natural 69 

and man-made disasters may no longer be limited by geography. Destruction has also become 70 

more unpredictable and frequent. The concept of resilience is therefore also gradually applied 71 

to areas like engineering industries and other businesses [13]. It has been widely adopted in 72 

many research fields such as ecology, psychology, sociology, and public management [14]. For 73 

example, Leveson [15] laid the foundation of resilience engineering by proposing an accident 74 

occurrence model based on system safety engineering. For its connotation, Hosseini [5] 75 

delineated and defined the concept of resilience in four domains: organisational, social, 76 

economic, and engineering. Moreover, some scholars proposed a general definition of resilience 77 

across multiple disciplines. Pregenzer [16] defined resilience as a measure of a system's ability 78 

to absorb sustained and unpredictable changes and maintain its vital functions. Henry and 79 

Ramirez-Marquez defined system resilience as a quantifiable metric related to time [13]. To 80 

adapt to the specific system and scene, some authors have made further enrichment and 81 

explanation of “resilience”. Table 1 provides the definitions of resilience in different areas: 82 

engineering, socio-ecological, organizational, economics, and psychology. 83 

Table 1 Summarize of focus of attention in different fields 84 

Field Focus of attention Reference 
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Engineering 
The ability of a system to maintain and recover the system’s 

function with external and internal disruptions. 
[17-19] 

Socio-ecological  
The ability of a system to resist interference and reorganization 

after experiencing external shocks 
[12, 14, 20, 21] 

Organizational 
The needs of enterprises, organizations, and supply chains 

responding to a rapidly changing business environment 
[22-24] 

Economics 
The ability of a system to withstand market or environmental 

shocks without losing the ability to allocate resources efficiently 
[25-27] 

Psychology  
A dynamic process by which an individual exhibits positive 

behavioral adaptation when they experience adversity 
[28-30] 

It is not difficult to see that the “resist”, “adapt”, and “recovery” for functionality or 85 

performance are the key aspects of system resilience. Hence, the current research on resilience 86 

metrics is focused on system performance degradation and recovery, which can be divided into 87 

two categories: deterministic metrics and probabilistic metrics [31, 32]. There is still no 88 

consensus on the definition of resilience. But research on the optimization, design and analysis 89 

of resilience is evolving. Similar to the well-known concept of reliability, resilience is also a 90 

critical characteristic of a system. The two have great similarities but are different, and many 91 

studies have tried to distinguish the relationship between them [33]. It is generally believed that 92 

resilience analysis considers the reliability of the system under disturbed conditions [34]. 93 

Reliability optimization and analysis methods, such as importance measures, can provide strong 94 

support for the development of resilience. 95 

2.2 Overview of importance measures 96 

Importance measures are studied in reliability engineering. Birnbaum [35] first introduced 97 

the concept of importance analysis methods for binary state systems and defined three types of 98 

importance measures: structure importance, reliability importance, and lifetime importance. For 99 

example, Lambert [36] established a critical importance analysis method for two-state systems 100 

in 1975. In 1983, Vesely et al. [37] introduced the concepts of Risk Achievement Worth (RAW) 101 

and Risk Reduction Worth (RRW), which were applied to probabilistic risk assessment in risk 102 

information regulatory systems. Si et al. [38, 39] studied the theories and methods of importance 103 
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measures for multi-state and reconfigurable systems oriented to the whole life cycle. At the 104 

same time, importance measures are applied to various fields. For example, in the aerospace 105 

field, [40] extended the integrated importance measure to find the most important components 106 

for a propeller plane system. Marseguerra et al. [41] used the differential importance measure 107 

to analyze the impact of changes in the random characteristics of components on a nuclear 108 

reactor system. In recent years, maintenance, cost, and many other factors are integrated into 109 

the significance analysis, which greatly enhances its practical significance and application 110 

scope [42-44]. For example, in [45], the impact of external factors such as temperature, 111 

vibration, etc., was considered and a novel importance measure for multi-state system lifetimes 112 

with renewal functions being proposed to prioritize weak components (or states) of a system. 113 

Based on the reference [6, 35-39, 46], the common importance classification methods, 114 

application fields, consideration factors and application stages are summarized as shown in Fig. 115 

1. 116 

Importance measures

Operation & Maintenance stage

Allocation of operation resources and reduce maintenance costs

Make operation and maintenance plan to improve performance

Design stage

Find the weak Part

Support for optimal design

Application stages

Critical importanceReliability importance Cost importance

Common types

Structure importance Lifetime importance Others

  117 

Fig. 1 A summarize of importance measures 118 

As shown in Fig. 1, the application field of importance measures is becoming wider, and 119 

the factors considered, such as performance, cost, etc., are becoming more comprehensive. 120 

Because these factors have a significant impact on the system to maintain efficient and 121 

economical operation. Importance measures play an important role in the whole life cycle of a 122 

system, including design, and operation and maintenance stages. Based on their applications, 123 

importance measures can be categorized into reliability importance measures, lifetime 124 

importance measures, structure importance measures, cost importance, and so on. Take 125 

performance analysis for a multistate system as an example, the contribution of the performance 126 

of components can be measured by an importance measure to identify weak parts of the system 127 

at the design stage. It can be seen that importance measures may serve as one of the indexes to 128 
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evaluate the sensitivity of the system from different aspects. In recent years, importance-129 

measure-based analyses are becoming a popular topic. A widely used example is the increasing 130 

number of importance-based resilience measures, especially criticality importance measures 131 

[47], published in academic journals. In addition, reliability and resilience are closely related 132 

to maintenance, which has attracted more research towards importance-measures-based 133 

maintenance management to enhance system resilience. 134 

2.3 Overview of maintenance management methods 135 

Maintenance is one of the most important and effective means to improve the safety, 136 

reliability, and resilience of an engineering system. Maintenance can be corrective maintenance 137 

and preventive maintenance [48]. Corrective maintenance refers to restoring a system to its 138 

working condition upon its failure [49], which is a commonly used maintenance policy[50]. 139 

This type of maintenance is generally unanticipated as it can have serious consequences for 140 

system functionality. Emergency maintenance or restoration upon a shock on a system of 141 

resilience management is one type of corrective maintenance [51, 52]. To alleviate the impact 142 

of serious damage to the system, preventive maintenance has been extensively studied. 143 

Preventive maintenance is a method that performs inspection or repair actions according to a 144 

planned or specific schedule to keep the system in a predetermined working condition [53]. The 145 

earliest models of preventive maintenance can be dated back to the sixties of the twentieth 146 

century [54]. In the past decades, various maintenance strategies, such as condition-based 147 

maintenance, opportunistic maintenance, selective maintenance, etc. are proposed [55, 56]. In 148 

order to deal with the suddenness and harmfulness of the disturbance, a special maintenance 149 

mode called emergency repair is proposed in resilience management. 150 

Of course, not all maintenance strategies are related to resilience management, [57] 151 

defined the concept of resilience-based maintenance, including can corrective and preventive 152 

maintenance. Ineffective or inefficient maintenance not only does not significantly improve the 153 

performance of systems but may also incur excessive costs. Therefore, it is necessary to 154 

implement different maintenance actions at the different phases in the lifetime of a system. 155 

Reliability-oriented maintenance methods have improved tremendously over the past few years 156 

[61, 62]. Among them, there is a lack of maintenance management research based on 157 
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importance measures. In many studies, a resilience process has three phases: normal phase, 158 

disturbance phase, and recovery phase [60]. In these three phases, preventive design, condition-159 

based control, and recovery arrangement are carried out, respectively.  160 

 161 

Fig. 2 Maintenance management in different stages 162 

According to the time-driven management characteristics shown in Fig. 2, common 163 

management activities include redundancy design, preventive maintenance, group maintenance, 164 

emergency maintenance and so on. These maintenance activities play different roles in different 165 

stages of resilience management because of their own characteristics. The specific maintenance 166 

activities and adaptation stages are shown in Fig. 3, in which the cells in columns Management 167 

and Activities contain the sections that the associate content will be discussed. 168 

Maintenance 

mangement

Stages

Preventive design 

(3.1)

Condition-based 

control (3.2)

Recovery 

arrangement (3.3)

Pre-disturbance

Disturbance

Post-disturbance

Management Activities

Redundancy design (3.1.1)

Resource allocation (3.1.2)

Preventive maintenance 

scheduling (3.1.2)

Opportunistic maintenance 

(3.2.1)

Selective maintenance 

(3.2.2)

Emergency maintenance 

(3.3.1 & 3.3.2)

Papers

[59],[67-74]

[39],[72],[75-80]

[34,35],[72],[81-88]

[83],[90-95]

[96-105]

[8],[107-117]
 169 

Fig. 3 Classification of common maintenance strategies related to resilience 170 

Maintenance management in a broad sense refers to a series of activities in order to reduce 171 

the probability of failures, reduce the impact of failures, and improve the maintenance effect 172 

[58]. Therefore, some proactive preventive measures, such as redundancy design and logical 173 

switching, are also considered as special maintenance methods [59].  174 

• Redundancy design and resource allocation aim to ensure that the system can respond to 175 

disturbances by adding additional components or protective resources, etc. 176 
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• Preventive maintenance refers to the maintenance of parts before they fail to improve the 177 

system's ability to resist disturbances.  178 

• Selective maintenance and opportunistic maintenance are group maintenance. In addition, 179 

when a condition-based maintenance is performance, engineers may use this opportunity to 180 

perform preventive maintenance on other components in the system. 181 

• Emergency maintenance is a special maintenance way in resilience management, which is 182 

carried out only when either an inspection or breakdown maintenance has identified its 183 

necessity.  184 

The papers shown in Fig. 3 are all correlated with importance measures and the following 185 

are respectively elaborated. 186 

2.4 Relationships among the three concepts 187 

Resilience, like reliability, is one of the quality characteristics of a system, and there is a 188 

close relationship between it and maintenance. Likewise, effective maintenance management 189 

is an important source of system resilience [57]. Maintenance activities can help a system 190 

maintain or restore its performance, which is the goal of resilience management. As an effective 191 

tool of maintenance and resilience management, importance measures have been widely studied 192 

in recent years. 193 

Routine preventive maintenance work keeps a system in its healthy working condition 194 

before the disturbance arrives. In addition, preventive design efforts, such as redundancy design 195 

and resource allocation, can be developed to reduce the damage caused by disturbances [63]. 196 

In this phase, importance measures can guide engineers to identify weak parts of the system, 197 

make a reasonable preventive maintenance plan, and contain the risk of system performance 198 

degradation. During the disturbance phase, the reliability of some components decreases, or the 199 

system fails eventually because of the degradation of system performance. At this time, 200 

importance-based maintenance activities can be performed to sustain the system’s performance. 201 

Moreover, to make full use of resources, some relatively novel maintenance modes such as 202 

group maintenance and selective maintenance can also be carried out under the guidance of 203 

joint importance measures. The dependence between components, such as cost dependence, 204 

structural dependence, and other measures need to be considered comprehensively [64]. This is 205 
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very similar to the condition-based maintenances described above, so we refer to them as 206 

condition-based maintenance without causing ambiguity. After a disturbance ends, the 207 

performance of the system generally reduces to a certain level, and the emergency maintenance 208 

work needs to be carried out. Importance measures can be used to determine the order of 209 

recovery and the method of allocating resources to support a rapid and efficient recovery of the 210 

system to an acceptable level. Both heuristic and ranking methods are used here. To sum up, 211 

the relationship between the three is shown in Error! Reference source not found.. 212 

PrincipleGuidance

EffectMaintenance activities

Actual action

Resilience

Objective

Importance 

measures

Method

Relationships
Importance-based resilience optimization framework with maintenance

Max Resilience(Ma)Objective

Resource: F(Ma)  UP

Policy: Ma  M_Policy

Constraints

Importance-based analysis

Method
Importance-based optimization

Principle

Correction

Decision variables

Maintenance

actions(Ma) 

Guidance

Limitation

Improvement

 213 

Fig. 4 Relationship between resilience, maintenance, and importance measure 214 

As mentioned above and shown in Fig. 4, resilience, maintenance, and importance 215 

measures play the roles of the objective, action, and method, respectively. Maintenance is the 216 

actual action to sustain or restore the system’s functionality; and importance measures provide 217 

guidance for maintenance management. In the pre-disturbance phase, as the disturbance has not 218 

arrived, preventive maintenance is more concerned about critical components. To reduce the 219 

great influence of disturbance on system operation, importance measures usually are used for 220 

redundancy design, resource allocation, and maintenance planning. In the disturbance phase, 221 

some of the components failed as a disturbance arrives, and the degradation of system 222 

performance may not have been significant because of the preventive maintenance. To ensure 223 

that the system can continue to operate, condition-based maintenance is applied in this phase. 224 

Considering the dependance of components, such as: cost, structure, etc., researchers proposed 225 

importance measures to improve the economy and effectiveness of maintenance. In the post-226 

disturbance phase, disturbance has caused great damage to the system and emergency 227 

maintenance is necessary. With respect to resource consumption and recovery contributions, 228 

importance measures can guide the designation of maintenance plan to maximise system 229 
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resilience. For the characteristics of these three resilience phases, this paper takes importance 230 

measures as the analysis methods guide the optimization process and establishes the 231 

optimization model of the maintenance strategy to maximize the resilience of the system.  232 

3. Importance-based maintenance management oriented to resilience 233 

Having sorted out the relationship among the three concepts, we turn our attention to the 234 

specific application methods. Maintenance management is essentially an optimization problem, 235 

aiming at rationally arranging maintenance activities. Resilience oriented maintenance 236 

management is a special optimization model considering disturbance conditions.  237 

3.1 Importance-based maintenance management in the pre-disturbance phase 238 

Pre-disturbance maintenance management is a design-stage job, which has a significant 239 

impact on the retention and recovery of system performance. Generally speaking, we can use 240 

prior information to predict the disturbance scenario [65]. Then, under the condition of 241 

considering the disturbance, some maintenance plans and resources should be rationally 242 

arranged to reduce the risk of system operation [66]. Through some attempts, a more resilient 243 

system can be obtained. 244 

Start

System modeling Disturbance modeling
System structure 

and performance

Probability of 

occurrence and 

effect of 

disturbance

Preventive design

Resilience improvement

Resilience assessment function

Redundancy 

design

Resource 

allocation
Maintenance plans

Importance analysis

End
 245 

Fig. 5 Maintenance management process in the pre-disturbance phase 246 
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As shown in Fig. 5, resilience modeling consisting of system models and disturbance 247 

models should be developed first. In real situations, if a system is in a complex environment 248 

with various threats, predictive resilience measures with disturbance models are more realistic 249 

[18]. System models and resilience functions will directly affect the identification of critical 250 

components. To reduce the impact of disturbance on system performance (or improve the 251 

robustness of a system), the work of preventive maintenance design, such as redundancy design, 252 

resource allocation and maintenance planning, can be carried out in this phase. The specific 253 

application of these works is discussed in Section 3.1.1, Section 3.1.2, and Section 3.1.3. 254 

However, constraint by the cost or other resource, some critical components should be found to 255 

maximize the effect of resources. Importance analysis is used to identify critical components to 256 

support the design and properly allocate resources or plans. 257 

3.1.1 Redundancy design 258 

For many systems such as unmanned aerial vehicles (UAV) swarms, components are the 259 

source of system self-recovery and self-adaptation ability [67]. When a disturbance occurs, the 260 

failure of critical components may greatly reduce system performance or even cause a system 261 

to fail [68]. Replacement of redundant components or switching of logic to maintain the ability 262 

of the system to function [69, 70] is therefore needed. In terms of logic, [71] makes redundant 263 

design for key modules to improve the resilience of a control system. [72] proposed a 264 

redundancy importance measure by analyzing the impact of the number of backups of a 265 

component on the resilience of the system, which is used to determine whether a component is 266 

worth redundancy or not. A UAV swarm itself is a typical redundant system, which relies on its 267 

collaboration with more UAVs to complete a specific mission [68]. In [73], an importance 268 

measure considering the effect of the number of different types of UAVs in a heterogeneous 269 

UAV swarm on the phased-mission is presented, which provides useful guidance to the decision 270 

of redundancy composition of UAV. Redundancy design, as a special preventive approach, 271 

maintenance activities are taken into account before the disturbance arrives, which is becoming 272 

a hot topic [74]. 273 

3.1.2 Resource allocation 274 

Proper allocation of resources helps increase the reliability of a system and thus maintains 275 
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system performance in the face of disturbances. Especially for a network system, the protection 276 

of key nodes or edges has become a mature method to improve the resilience of the system. 277 

Network features such as the degree of nodes, centrality, and H-index are often studied in the 278 

area of importance analysis, and some evolutionary features such as network seepage are also 279 

usually taken into account [75]. [72] proposed a reinforcement importance to select critical 280 

components and improved their component resilient limit. In [76], performance loss is more 281 

concerned in finding important nodes of a wind power generation system for protection. In 282 

addition, risk factors are often considered in finding critical nodes in infrastructure investments 283 

[77]. [78] proposed a resilience-based component importance measure with a Bayesian kernel 284 

model. [79] indicated that microgrids can be used as a resource of a power system to improve 285 

system resilience. To satisfy the need of maintenance, based on the integrated importance 286 

measure proposed in [39], a spare parts storage configuration method was given in [80]. When 287 

there are resources available for allocation to improve system resilience, how to allocate the 288 

resources reasonably provide a broad platform for the development of importance. This has 289 

great influence on the follow-up maintenance activities or operation modes and should be paid 290 

attention in the future research. 291 

3.1.3 Preventive maintenance plan 292 

To maintain the performance of a system and improve its resilience in complex 293 

environments, the main task of preventive maintenance management is to decide when and on 294 

which components maintenance activities should be performed. Adequate preventive 295 

maintenance can reduce operational risks and improve system resilience [81]. It's not hard to 296 

see the objective of resilience and reliability are similar in this phase [34]. In terms of the 297 

“when”, time-dependent importance measures can give some guidance [82]. The Birnbaum 298 

importance measure is just the importance of a component oriented to reliability in a given time 299 

[35]. In [76], the resilience measure was defined as a function of time and components, which 300 

presented the change of component importance with time. Moreover, in opportunistic 301 

maintenance, when a component fails, it is also a good time to repair other components [83]. 302 

The goal is also to reduce the cost of downtime, which is somewhat similar to the concept of 303 

“group maintenance” [84], where the objectives (or constraints) include performance 304 



13 

 

improvement [85], cost reduction, maintenance time shortening, and other practical factors 305 

often be taken into account [86]. For example, a cost-based importance is proposed to select 306 

proper components for maintenance in [87]. In [88], combing the advantages of time-dependent 307 

and time-independent lifetime measures, two types of importance measures were proposed to 308 

determine objectives of the optimization should be optimized simultaneously. Compared with 309 

the two above mentioned methods of preventive design, importance-based preventive 310 

maintenance decision has been relatively well-established. 311 

3.2 Importance-based maintenance management in the disturbance phase 312 

Maintenance activities during a disturbance phase are not easily defined. It has similarities 313 

to the post-disturbance phase in terms of maintenance because there are failed components at 314 

both phases. The difference is that the state of a system at the disturbance phase is still degrading 315 

continuously. To intervene at the initial stage of a disturbance to reduce the influence and avoid 316 

causing greater losses is therefore needed [89]. In fact, reasonable and timely maintenance 317 

actions at the disturbance phase can reduce the need of more maintenance works in post-318 

disturbance phase or even avoid large-scale breakdown maintenance. 319 

Start

System modeling Components modeling
System structure 

and performance

Dependence 

between 

components and 

their states

Condition-based control
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maintenance
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 320 

Fig. 6 Maintenance management process during the disturbance phase 321 

In this phase, a disturbance may cause a small-scale failure of the system and some impact 322 
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of the disturbance is offset by maintenance. Maintenance activities are subject to specific 323 

failures and operation conditions, so condition-based maintenance is applied at this phase. 324 

Some maintenance activities may be needed to restore some functions. Based on the system 325 

model, the operation state and dependance between components should be described. 326 

Importance measures are used to identify the components worthy of repair and condition-based 327 

maintenance, such as opportunistic maintenance, selective maintenance. Specific applications 328 

are shown in Section 3.2.1 and Section 3.2.2. 329 

3.2.1 Opportunistic maintenance 330 

To enhance system performance, corrective maintenance upon failures and preventive 331 

maintenance for reducing the probability of future failures can be performed simultaneously on 332 

repairable systems. To improve the system availability or reduce cost, one may adopt the 333 

following method: if a component fails, preventive maintenance is carried out on a number of 334 

the other components while the failed component is being repaired. This idea is commonly 335 

referred to as opportunistic maintenance and sometimes as group maintenance [90, 91]. [83] 336 

proposed an importance measure to presenting the component maintenance priority for normal 337 

components when some components were failed. Similar to this idea, constrainted by the 338 

limited budget, an extended joint integrated importance measure was proposed in [92] to 339 

determine which components have opportunity for preventive maintenance. [93] Considering 340 

the maintenance cost and system structure, group importance measures were designed to find 341 

the optimal maintenance strategy in [94]. [95] established a model considering economic and 342 

structural dependences to make a maintenance plan based on the mean remaining lifetime and 343 

Birnbaum's importance measure. 344 

3.2.2 Selective maintenance 345 

Selective maintenance is the process of identifying a subset among sets of desirable 346 

maintenance actions [96]. This process mainly includes two parts: (a) Determine which parts to 347 

take maintenance actions and (b) determine what type of maintenance actions to take. The goals 348 

of the decision include improving system performance, reducing costs, and reducing downtime 349 

[97-99]. Although the resilience oriented selective maintenance strategy has not yet been 350 

proposed, we believe that its goals are similar to those described above. [100] developed a two-351 
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phase model: at the first stage, the yield-cost importance measure was used to find the 352 

appropriate component; at the second stage, the optimal maintenance level was decided by the 353 

value of maintenance actions. Similarly, [101] addressed the joint selective maintenance and 354 

repairperson assignment problem based on importance measures in [102]. For multi-state 355 

production systems, [103] proposed a total throughput importance measure and the 356 

maintenance effect importance measure, which can answer the questions about the criticalities 357 

of different components and the long-term effects of successful maintenance activities. To our 358 

knowledge, importance measures have not been mentioned much in the research of solving 359 

selective maintenance problems. But it is interesting to note that the idea of importance measure 360 

is discussed in many articles [104, 105]. 361 

3.3 Importance-based maintenance management in the post-disturbance phase 362 

Maintenance management in the post-disturbance phase is mainly to help a system to 363 

recover to an acceptable performance level quickly and efficiently. Based on maintenance 364 

management before and during a disturbance, post-disturbance damage must be minimized as 365 

much as possible. At this time, more attention has been paid to the restorative features of the 366 

resilience concept, such as the speed or degree of recovery. The results of the first two phases 367 

of work directly affect the work of this phase, effective measures can even make the system 368 

always within the acceptable performance range and do not need the work of the current phase 369 

[56] [106]. Unfortunately, the randomness of the disturbance leads to damages that are often 370 

unavoidable. It is necessary to imply emergency maintenance in post-disturbance phase. 371 
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Fig. 7 Management framework at the post-disturbance phase 373 

As shown in Fig. 7, a system is assumed to be damaged in the post-disturbance phase and 374 

emergency maintenance is then carried out. The damaged system consisting of damaged 375 

subsystems and components should be modeled firstly. Then optimization models can be 376 

developed to consider resource limitations and resilience levels. Importance measures are used 377 

to guide the emergency maintenance, which includes determining the maintenance priority and 378 

scheduling tasks. In the process of guidance, ranking rules and heuristic methods are two 379 

common ways. The applications are given in Section 3.3.1 and Section 3.3.2 respectively. 380 

According to different objectives, maintenance management can be divided into three types. 381 

The specific classification is shown in Table 2. 382 

Table 2 Classification of maintenance management in the post-disturbance phase 383 

 
Characteristics of  

problems 
Objectives of problems Papers 

Maintenance 

management in post-

disturbance phase 

Specified recovery 

degree 
Minimize time [107] 

Specified recovery time Maximize performance [108] 

Specified proposed 

resilience metrics 

Maximize or minimize 

metrics 

[109,110] 
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It can be seen in Table 2, different characteristics of maintenance problems correspond to 384 

different resilience optimization objectives, which is determined by the function of systems. 385 

For example, it is critical to restore to an acceptable performance for active distribution system 386 

[107]. On the contrary, [108] proposed a two-phase algorithm to maximize system performance 387 

in a short time. Meantime, there were also many scholars tend to propose a proprietary 388 

resilience metric and then used optimization methods for maintenance management [109, 110]. 389 

In the post-disturbance phase, it is critical to analyze the recovery impact of failed parts on the 390 

system to guide the maintenance management. Resilience-based importance measures are also 391 

widely used in this phase. 392 

3.3.1 Ranking rules 393 

Importance measures can be used to determine the criticality of components [6]. 394 

Applications and research of importance measures are extensive in the field of maintenance 395 

management oriented to resilience [111]. Guided by objectives and constrained by constraints, 396 

new importance measures are proposed to determine component maintenance priorities. For 397 

example, a novel resilience importance measure is developed to obtain the optimal maintenance 398 

efficiency for irrigation networks under the influence of droughts in [112]. Under the guidance 399 

of two stochastic resilience-based component importance measures, [113] provided a method 400 

to determine the order in which disrupted links in the inland waterway network should be 401 

recovered for improved resilience. In order to optimize the resilience of maritime transportation 402 

systems, [114] proposed an importance measure based on the residual resilience to determine 403 

the maintenance priority of ocean ports. From a seismic resilience perspective to water 404 

distribution networks, [115] represented a dynamic ranking method to maximize the resilience 405 

based on importance measures. Compared with other phases and heuristic methods, research 406 

on the methods of ranking is very rich [116, 117]. As a result, the resilience and performance 407 

measurement of the system has become a key issue in this direction.  408 

3.3.2 Heuristic methods 409 

Heuristic methods are also commonly used importance measures along with reliability 410 

optimization [118, 119]. Therefore, some authors also attempted to apply heuristic methods in 411 

studying maintenance management. For example, a novel resilience importance measure was 412 

Commented [SW11]: What is this idea? do you mean 

optimisation methods? If so, optimisation has been used 

in optimisation of preventive maintenance for a long time 

Commented [刘12R11]: Heuristic methods 
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combined with roulette wheel selection to form the initial maintenance plan for pigeon-inspired 413 

optimization in [8], which can help improve the effectiveness of resilience optimization. Based 414 

on two modified importance measures (approximate measure and rate measure), a heuristic 415 

policy for maintaining multiple multi-state systems was proposed in [120]. Fang et al. [121] 416 

proposed two metrics to quantify the priority with which a failed component should be 417 

maintained and the potential loss in the optimal system resilience due to a time delay. Then the 418 

stochastic ranking approach based on the Copeland’s pairwise aggregation is used to rank 419 

components importance. In order to find the critical nodes set and improve the resilience of 420 

cyber-physical power systems, a gene importance based evolutionary algorithm was proposed 421 

in [122]. [123] proposed two project priority measures as the likelihood of a bridge being 422 

selected for repair when the budget is fixed and the uncertainties governing the performance of 423 

the transportation network are considered. Compared with the ranking rules, importance-based 424 

heuristic methods are more flexible and can be used to solve more complex problems. 425 

4. Perspectives for future development 426 

Following the above analysis, we identify the following perspectives for future research. 427 

4.1 Multi-attribute importance measures based on resilience management 428 

As a comprehensive system characteristic, resilience itself contains many kinds of 429 

perspectives, such as robustness, recovery, and so on. In recent years, there also has been an 430 

increasing trend in the research of multi-objective optimization. However, it can be found that 431 

the design attributes of studies in Section 3.1 and optimization objectives of studies in Section 432 

3.2 and 3.3 are widely researched. It is not desirable to ignore other operational or design 433 

attributes of the system while ensuring resilience. For example, the relationship between system 434 

resilience and reliability mentioned in [34], a system with a high resilience may have a low 435 

reliability and vice versa. While we expect a high level of both undisturbed system reliability 436 

and disturbed system resilience. In addition, Moreover, as real-world optimization problems 437 

become more complex [124], time, cost, performance, and many other criteria are widely 438 

concerned in maintenance management. Therefore, multi-attribute importance measures in 439 

resilience management should be given more attention to dealing with more complex 440 

maintenance problems. 441 
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4.2 Resilient operation strategies based on importance measures 442 

On the one hand, according to the discussion in Section 3.2, most condition-based 443 

maintenance methods aim to improve system performance or reliability.. However, research on 444 

resilience-oriented maintenance is still needed for the disturbance phase, as many objective 445 

functions in these studies are not related to resilience directly. On the other hand, maintenance 446 

models based on importance measures focused on physical maintenance in the existing 447 

literature. Nevertheless, resilient operation strategies are attracting more and more attention and 448 

have been proven an effective method [59, 125]. To the best of our knowledge, there is still 449 

little research on system maintenance based on importance measures from operational logic or 450 

mode perspectives. What’s more, the development of path set importance measures has 451 

provided us with some inspiration for system operation design [126]. Therefore, it may be an 452 

interesting topic to use importance measures to develop resilience-oriented operation strategies 453 

considering disturbance conditions. 454 
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