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Mission-oriented determination
of regional weapon maintenance
demand in simulation

Hu Zhi-gang**, Lou Jing-jun? & Zeng bin?

Determining maintenance demand ahead of mission is crucial to practical weapon maintenance,
particularly to regional warship weapon maintenance. Attention is paid only to reliability, and the
nature of mission or the consequence of damage is ignored while determining the regional warship
weapon maintenance demand. For this reason, a method for determining regional maintenance
demand based on simulation is put forward in this paper. Regional weapon maintenance system is
first analyzed to build a mission-oriented maintenance demand model with the concept of mission-
induced failure. Subsequently, the Anylogic platform is employed because of its advantages including
agent modeling simulation and visualized process display. Four types of agent are designed for the
regional maintenance system. The process of determining maintenance demand based on simulation
is established on this basis. An example is eventually taken to calculate and verify the universality and
effectiveness of the simulation model.

Maintenance demand is a basic input of a maintenance system. After determining maintenance demand, it is
possible to allocate maintenance missions and dispatch maintenance resources. Therefore, the operation of the
maintenance system is directly affected by the accurate determination of maintenance demand. Presently, main-
tenance demand is mainly determined from two approaches. In the development phase, maintenance demand is
analyzed and determined by failure mode and effect analysis (FMEA), reliability centered maintenance analysis
(RCMA), level of repair analysis (LORA), and operation and maintenance task analysis. It tends to allocate main-
tenance resources reasonably. In the application phase, empirical analysis is carried out to determine maintenance
demand for dynamic dispatch of maintenance resources. According to the full lifecycle theory, static allocation
is implemented prior to dynamic dispatch. Nevertheless, practical maintenance is noticeably characterized by
missions in stages. At this time, maintenance demand is directed by the mission of combat training. It is therefore
urgent to explore how to determine maintenance demand in a mission-oriented way. Maintenance resources are
particularly addressed in this study on maintenance demand.

The mission-oriented determination of maintenance demand follows the basic idea of two phases, that is,
development and application. Meanwhile, we take into account the maintenance demand in combat. Some stud-
ies have been carried out with regard to the determination of maintenance demand based on combat mission.
In reference!, the synthetic military maintenance system was analyzed in terms of object, resource, and strategy
to build a basic model for calculating the demand for maintenance personnel and spare parts. It was verified
that the Monte Carlo simulation is feasible to the gradual synthetic calculation of the demand for maintenance
personnel and spare parts. In reference?, it was claimed that maintenance resource demand must be determined
with structured and unstructured aspects, so that a semi-structured prediction model was constructed for this
purpose. In references®—, maintenance personnel demand was predicted by quantifying the maintenance mis-
sion, determining the minimum maintenance unit, and employing the queuing theory. Considering the char-
acteristics of maintenance system, a model was constructed with the mission, base, and weapon layers of the
weapon maintenance system in reference®. Borrowing the multi-agent method, the model addressed two aspects,
namely, structure and process, and took into account time and constraints in the maintenance mission. It was
used to simulate the maintenance activities for typical missions. In reference’, it was argued that the key node
identification technique for maintenance system was of great significance. It was pointed out that the importance
of maintenance node can be measured by two capabilities, that is, connection within a certain spatial range and
mission-demand-oriented global transportation. The comparison of indicators proved the good performance
and stability of the proposed technique. Considering the characteristics of combat mission, reference® presented
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the prediction based on the spare parts maintenance probability by classifying damages in a combat mission
into technical damage and strike damage. On the basis of reference’, the maintenance demand was predicted
with combat countermeasures, and the analytic hierarchy method was adopted to determine the contribution.
The contribution was used to assign the maintenance probability. A spare parts prediction model was built for
technical damage by employing the exponential distribution, Weibull distribution, and normal distribution.
Because of fire combat, Bernoulli distribution was employed to build a spare parts prediction model for strike
damage to weapon. Considering the simulation of maintenance activities, reference!? further took damaged
weapon, enemy’s situation and commands as the inputs to direct the temporal and spatial distribution of dam-
aged weapons, damaged parts, and repairmen in the operational plan. Thus simulation results were used to
assess and predict maintenance demand, and further verify the advantages of the simulation prediction system.
In reference’, it was pointed out that empirical analysis depended on subjective experience in the demand pre-
diction of spare parts. An analytic model was based on the known service life distribution of spare parts, so that
computer-aided simulation was more reliable. It was further pointed out that spare parts demand prediction
deviated dramatically from the operational readiness requirement. A spare parts demand prediction model was
therefore constructed on the basis of spare parts maintenance probability, but it was affected by the assignment
of spare parts maintenance probability. These methods were compared in reference''. Based on their advantages
and disadvantages, and considering the complexity and uncertainty of combat, a method was proposed by com-
bining case-based reasoning and combat simulation.

Based on the above literatures, it is found that the maintenance demand prediction changed in two aspects,
that is, gradual expansion from maintenance system to combat mission, and from maintenance system model
to maintenance simulation model. On the whole, the overall characteristics of combat mission are taken into
account, but specific characteristics are not analyzed. Therefore, the limitation of the analytic model is more
noticeable with the expansion of scale. However, the simulation model becomes more and more advantageous.
For this reason, the basis has been made for the mission-oriented determination of maintenance demand in the
existing studies, but there are still three shortcomings: (1) reliability or combat counterwork is taken into account
separately; (2) analytic model is favored among the methods, and there is not a simulation model for general
conditions; (3) a few studies focus on strike damage (reference®), and only on how the demand is affected by the
degree of combat, but how strike damage affects maintenance demand is not further explored.

In the mission-oriented determination of maintenance demand, the basic question is to find out the weapon
maintenance resources needed for the weapon system to fulfill the assigned combat mission, so as to provide
the inputs for subsequent allocation to maintenance missions and dispatching of maintenance resources. The
contributions of this paper is: (1) put forth the concept of mission-induced failure. Mission-induced failure refers
to a state in which weapon fails to function as specified in a mission, including technical failure and damage
failure. Mission-induced analysis provides the basis for the analysis of maintenance demand in a mission. (2)
Build a general simulation model. Empirical analysis and analytic model are evidently obstructed by structure
of maintenance system and duration of calculation. Meanwhile, a simulation model must be applicable to both
structure and system parameters. Its results are more reliable since they are gathered after long-time simulation.
The simulation model is also more widely applicable since it takes into account the elements of the entire system
including performance indicators, mission structure, weapon structure, resource constraint, and correlation.

In this paper, warship weapon is studied for mission success rate by considering the factors affecting mission-
induced failure and the priority of mission weapon. A model for determining maintenance demand is established
for simulation design based on multiple agents and Anylogic platform. The maintenance demand calculation
process is determined and verified in a case study.

Establishing a model
Framework of the model
A mission-oriented maintenance demand model involves the objective and elements of the model and the rela-
tionship between such elements. In this paper, mission success rate of weapon (system) is taken as the objective of
the model. Total mission success rate is an aggregate of mission success rates at all mission profiles. The mission
success rate of each unit is determined on the basis of the mission success rate of weapon (system). The elements
of the model include mission-induced failure, mission structure, and weapon (system) priority. Mission-induced
failure is classified into technical failure and damage failure. The number of technical failures is calculated by
mission intensity and failure rate, while the number of damage failures is determined by mission level and dam-
age probability. Mission structure depends on mission profile and “mission-weapon” relationship, while weapon
(system) priority is quantified according to the mission structure. The maintenance demand is finally directed by
the mission success rate, and calculated by integrating mission-induced failure, priority, maintenance constraint,
and maintenance strategy.

The basic framework for modeling support requirements is shown in Fig. 1.

Problem description
Based on the basic framework of a maintenance demand model, the elements of the model are mathematically
described as follows:

1. Unit combat mission Uj is the smallest process unit of completing the combat function within a specified
time period t;, where i stands for the number of missions;

2. Phased combat mission profile is a description of time sequence for the events and environments experienced
within the time period of completing a specified phased mission. Assuming that a phased combat mission
consists of N unit missions, which are executed serially, the unit mission sequenceisU = {Uj, U, ..., Un};
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Figure 1. Basic framework of a maintenance demand model.

3.

Unit combat mission success rate Sy, (¢;) means to judge whether a mission is successful based on the intact-
ness of weapon (system) associated with the unit combat mission, that is, Sy, (¢;) = {1, 0}, where 1 means
mission success and 0 stands for mission-induced failure.

When £*(U;) < t{(U;) — t5(U)), Sy, (t)) = 1. When t°(U;) > (U;) — t5(U;), Sy, (t;) = 0. Moreover, t{(U;)
stands for the time needed by a unit combat mission; t5(U;) represents the duration of a unit combat mission;

and

4.

10.

11.

12.

t*(U;) indicates the time of maintenance.

Weapon availability rg; means whether weapon E; is available. Availability is divided into technical state
and service state. Technical state includes healthy, in repair, and to be repaired. Service state includes in
service and standby. In this case, j=1...], where ] stands for the number of equipments.

tme,

D¢ e where

The time between failures BFTg; of equipment ey is subject to Weibull distribution % £ me
k=1...K,andK is the number of equipments. ,
The maintenance time MT; of equipment ek is subject to normal distribution 1271 —(1=0)*/ Qo)
Combat mission counterwork degree is denoted by CD,,,, m = {1,2, 3}, where 1 1nd1cates the intense coun-
terwork in a combat mission with CD; = 0.3; 2 represents the highly intense counterwork in a combat
mission with CD; = 0.5; and 3 stands for the extremely intense counterwork in a combat mission with
CD, =0.8.

Value contribution vy of equipment ex means the importance of equipment in a unit combat mission.
It is determined by combat mission structure and weapon structure. The mission structure function is
¢ = (e1,€2,...ex), and the weapon structure function is @ = (ey, e, . . . ex), so that v = f;, (¢, @).
Damage probability pj of equipment ey represents how possible equipment is damaged in a unit combat
mission. It is determined by combat counterwork degree, equipment value contribution, and random
uniform distribution function, that is, px = f(CD, vk, random()).

Unit combat mission success rate Ry, (t;) is the probability of unit combat mission success,
Ry, (t) = |1 — (1 —rg (1 - e_mf(U")) Su,(ti), where 6 is the combat intensity coefficient, and
(1- e~ 05U )) represents the possibility of failure within the duration of mission. The longer duration of
the mission, the higher possibility of failure.

Total combat mission success rate Ry is a combination of unit combat mission success. If a unit mission
fails, the total combat mission fails. Thus there is Ry(T) = [[_, Ry, (t;), where T = Y"1 ;.

There are L types of maintenance resource MR = {MR;, MR;, ..., MRy}, which are classified into person-
nel and spare parts in terms of nature, or occupied and consumed resources in terms of how to use.

Maintenance strategy

1.

In case of failure, equipment can be maintained by using original parts or replacing parts, which needs main-
tenance personnel and spare parts. Moreover, spare parts are classified into occupied and consumed parts.
If maintenance is achieved with original parts, spare parts refer to the tools, which are occupied resources.
If parts are replaced in the maintenance, spare parts are consumed resources.

Two-level maintenance mode is adopted. Maintenance relies mainly on warship crew, so that the application
for and dispatch of personnel and spare parts are conducted within the specified mission support system.
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Simulation design

Simulation framework

Simulation is an effective way to learn about the law of the real world, and its results are used to direct the real
world for the intended purpose 2. After building the model for the mission-oriented determination of weapon
maintenance demand, simulation can be achieved in various ways. As for a weapon maintenance system, it is
necessary to calculate maintenance demand and understand the calculation process of maintenance demand.
Particularly, unit missions, work state of weapon system, and consumption of maintenance resources are visu-
alized to provide the visual data in multiple resolutions for maintenance demand decision and maintenance
mission command. The Anylogic simulation platform utilizes state diagram and communication techniques.
Moreover, it combines agent modeling and discrete event modeling '*'* to rapidly and effectively simulate the
elements of the weapon maintenance system including mission, weapon and resource. In this way, simulation
can be fulfilled by virtue of visualized modeling.

Considering the unit mission profile, weapon system structure, and maintenance demand plan, a maintenance
system is abstracted into four agents including combat mission, weapon system, equipment, and maintenance
resource. The interaction of these agents is analyzed. Combat mission success rate is broken down into “mis-
sion, system, equipment, resource” from top to bottom, so that it is reflected by the mission success of specific
equipment. Moreover, efforts are made to coordinate “resource, equipment, system, mission” from bottom to
top. Thus the mission success of specific equipment is comprehensively addressed and coordinated to achieve
the desired combat mission success rate. Agents can be used to output such indicators as total combat mission
success rate, unit combat mission success rate, weapon availability, maintenance resource utilization rate, main-
tenance resource fill rate, and recommended amount of maintenance resources. In this way, a mission-oriented
maintenance demand agent simulation system is constructed with its operational framework illustrated in Fig. 2.

A weapon maintenance system is characterized by randomness. In order to stably determine maintenance
demand, we follow the common process of combat mission, and use the practically reliable structure of weapon.
It is also assumed that equipment failure is subject to Weibull distribution and equipment maintenance time
follows normal distribution (assumption based on actual situation). Combat counterwork degree is divided into
three levels, and damage randomness follows uniform distribution.

Agent design

Combat mission agent design

Combat mission agent is a combination of unit mission agents. Unit mission agent design is divided into two
aspects: (1) horizontal design. The work state is simulated for each unit mission. Information is transmitted
via port between unit mission agents. (2) Vertical design. The influence of associated system agent states in the
weapon system on unit mission agents is simulated. The design is as shown in Fig. 3.

Weapon system agent design

Weapon system agent design is compatible with the multilevel weapon system structure. It contains two parts:
(1) design of work state and technical state. Work state and technical state are designed separately. Work state is
responsible for transmitting state information to the components at lower level, so as to initiate the components.
Technical state transmits state information to the components at upper level for confirming the restoration of
normal state. (2) Design of information change and condition change. Information change transmits the global
influence of work state, while condition change simulates the structure of weapon system. Weapon mission
availability structure is used to simulate the influence of mission-induced failure on weapon system. The specific
design is given in Fig. 4.
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Figure 2. The framework of mission-oriented maintenance support agent simulation.
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Figure 4. Weapon system agent: (a) work state diagram; (b) technical state diagram.

Weapon agent design

Equipment agent design is further performed on the basis of the weapon system agent design. It is realized in
two aspects: (1) Failure state, including “await for repair” and “in repair”, which are used to simulate the regular-
ity of equipment failure and the time of repair. (2) Failure cause, including technical failure and damage failure.
Technical failure results from wearing and aging of equipment, while damage failure is caused by the enemy’s
fire strike. The design is as illustrated in Fig. 5.

Maintenance resource agent design

The maintenance resource agent design takes into account the nature and type of resource, which is reflected
in two aspects: (1) consumed and occupied resources. Personnel and tool kits are defined as occupied resource,
while spare parts belong to consumed resource. (2) Resource allocation principles. Resources are allocated in
order of request, which does not consider any other factor. The specific design is in Fig. 6.
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Figure 5. Equipment agent: (a) work state diagram; (b) technical state diagram.
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Figure 6. State diagram of maintenance resource agent.

Calculation process

The mission-oriented weapon maintenance demand in the simulation is calculated in the following steps: (1)
input the combat mission and weapon system; (2) define the initial plan of maintenance demand; (3) execute
unit missions, and calculate maintenance demand and mission success rate; (4) if mission success rate is not as
expected, adjust the initial plan of personnel and spare parts based on the recommended amount in the simula-
tion results, and go back to Step (2); (5) if mission success rate is as desired, output the maintenance demand
plan. The specific process is illustrated in Fig. 7.

Case study
Case background
The process of a regional combat mission is given in Fig. 8.

Two warships of the same type executed an attack mission in a formation. The parameters of its unit combat
missions are given in Table 1. The technical parameters for warship weapon reliability are listed in Table 2. The
weapon structure is illustrated in Fig. 9. The success rate of this combat mission is 0.82. The weapon maintenance
demand of this combat mission is predicted in the subsequent sections.

Calculated results and discussion

Calculated results

The simulation was implemented for 1500 times for the personnel and spare parts plan 1. The total mission suc-
cess rate was calculated to be 0.80. After it was changed to the personnel and spare parts plan 2, the simulation
was also implemented for 1500 times. The total mission success rate was calculated to be 0.82. The results are
given in Fig. 10. According to the requirement for total mission success rate, it is determined that the maintenance
support demand is based on plan 2 of Table 3.

Discussion

During calculation, the analytic method faces the complexity of modeling and the difficulty in coping with the
randomness of mission failure. Nevertheless, simulation offers a good way to cope with such complexity and
randomness, so that it is adopted in this paper. As revealed in Fig. 10, the calculated results converge satisfactorily.
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Figure 7. Simulation calculation process of mission-oriented weapon maintenance demand.
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Figure 8. Process of a regional combat mission.

Unit mission | Duration of mission | Allowed maintenance time | Combat counterwork degree
Navigate 72 6 1
Attack 2 0 3
Retreat 10 2 2
Return 60 4 1

Table 1. Parameters of unit combat missions.

The initial values fluctuate significantly at the beginning of calculation, but the total mission success rate becomes
stable after simulation is carried out for 600 times. In the simulated calculation, different total mission success
rates are obtained by adjusting the number of personnel and spare parts. Furthermore, two phenomena are
noticed in the test. First, the total mission success rate is improved by increasing the number of personnel and
spare parts before its saturation level, but it cannot be further improved after the saturation level. Second, the
number of key personnel and spare parts exerts a more noticeable effect on the total mission success rate. The
parameters of the model include unit combat mission parameters and warship weapon reliability technical
parameters. These parameters are determined considering the characteristics of combat mission and actual

weapon. In this paper, the parameters are simulated for a specific mission.
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Description mtbf | mttr | Description mtbf | mttr
1# diesel engine 2000 |4 Platform compass 1# 2500 |0.5
2# diesel engine 2000 |4 Platform compass 2# 2500 | 0.5
3# diesel engine 2000 |4 Electronic compass 3000 | 0.5
4# diesel engine 2000 |4 GPS/GLONASS integrated satellite equipment | 2400 | 0.5
1# gearbox 8000 |4 Loran-C navigation receiver 2000 | 0.5
2# gearbox 8000 |4 Ship’s log 2000 | 0.5
1# adjustable pitch propeller and shaft system 6000 |4 Micro-logger 3000 | 0.5
1# adjustable pitch propeller and shaft system 6000 |4 Sounder 2000 |0.5
Surveillance 2000 | 0.5 Navigation console 2000 |0.5
Auxiliary power unit 2000 |2 Tracking radar 300 |0.5
Accident distribution system 10,000 |2 Opto-electronic tracker 420 | 0.5
Power distribution subsystem 10,000 |2 Fire control equipment 360 | 0.5
1# main switchboard 10,000 |8 Speed-measuring radar 400 | 0.5
2# main switchboard 10,000 |8 Strapdown upright reference system 1500 | 0.5
Power station surveillance 10,000 | 2.5 XX naval gun 320 |05
Local control box 10,000 |2 Communication system 1400 |2
1# diesel generator set 2800 |8 Auxiliary system 1200 |2
2# diesel generator set 2800 |8 XX2 radar 500 |0.5
3# diesel generator set 2800 |8 Identification of friendly or foe (IFF) 600 | 0.5
4# diesel generator set 2800 |8

Table 2. Technical parameters of warship weapon reliability.
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Figure 9. Weapon structure of two warships.

Sensitivity analysis

This paper mainly focuses on how the mission success rate is affected by maintenance demand. However, mission
success rate also depends on mission structure, failure regularity, combat counterwork, and demand plan. Main-
tenance demand must be therefore determined to not only calculate the mission success rate, but also arrange
the environmental parameters for the mission, including mission structure, failure regularity, and counterwork
degree. In the sensitivity analysis, it is necessary to analyze the sensitivity to environmental parameters and then

the sensitivity to demand plan.

Sensitivity of total mission success rate to mission structure

The success rate of a phased mission varies with the duration of the phased mission and the allowed phased
maintenance time, so that it can affect total mission success rate. Taking the navigation phase as an example,
the analysis results are illustrated in Fig. 11. When the duration of phased mission varies within a range of [30,
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Figure 10. Calculated total mission success rate of two plans.
Description | Synchronous capacitor Sealing ring Spacer Bolt Pressure sensor | Temperature sensor
Quantity 2/2 2/2 2/2 2/2 4/4 2/2
Description Diode Circuit breaker Relay Booster Desuperheater Pushbutton
Quantity 3/3 2/2 2/2 11 1/1 10/11
Description Indicator lamp Rectifier Check valve Fuse Gear Level sensor
Quantity 9/10 2/2 1/1 2/2 4/4 3/3
. Mechanical maintainer Mechanical maintainer Electrical maintainer Electrical maintainer . .
Description middle-level middle-level middle-level senior-level Tool kit 1# Tool kit 2#
Quantity 3/3 3/3 2/2 2/2 2/2 2/2

Table 3. Personnel and spare parts plans (plan 1/plan 2).

Influence of duration of mission on total mission success rate Influence of allowed maintenance time on total mission

during navigation success rate during navigation
1 1
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Figure 11. Sensitivity of total mission success rate to mission structure.

100], the total mission success rate fluctuates within a range of [0.6, 0.95]. In other words, the mission success
rate does not increase with the duration of mission, but fluctuates within a certain range. Therefore, the duration
of phased mission has a little influence on the total mission success rate. When the allowed maintenance time
varies within a range of [2, 10], the total mission success rate increases with it. After all, the total mission success
rate is slightly affected by the duration of mission, but dramatically by the maintenance time. Nevertheless, the
allowed maintenance time is limited for a certain mission.

Sensitivity of total mission success rate to failure regularity

The simulation was carried out for 500 times with the personnel and spare parts plan 2. In order to eliminate
the influence of failure randomness error, the test was repeated for 15 times to obtain the results as illustrated in
Fig. 12. Randomness affects mission success rate to some extent, but the mission success rate fluctuates within a
range of [0.75, 0.84] and its average is 0.82. In other words, the influence of randomness on mission success rate
is controllable. The calculated results after repeating the test with the personnel and spare parts plan 2 are reliable.

Sensitivity of mission success rate to combat counterwork.

Counterwork degree varies in phases. It is used to determine equipment damage probability. Subsequently, repair
and maintenance can be arranged for damaged equipment. Simulation is carried out to calculate the influence of
equipment availability and system availability on mission success rate. The sensitivity distribution is presented
in Fig. 13. As shown in the figure, the mission duration in the phase of attack is only 2 h (which is 1/36, 1/5,
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Figure 12. Sensitivity of total mission success rate to failure regularity.
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Figure 13. Sensitivity of mission success rate to combat counterwork.

and 1/30 of the mission duration of navigate, retreat, and return, respectively), implying that the combat level is
highly sensitive to mission success rate.

Sensitivity of mission success rate to personnel and spare parts

When the environmental parameters of a mission are certain, mission success rate is mainly affected by the
personnel and spare parts plan. The navigation phase is taken as an example to analyze the influence of person-
nel and spare parts on mission success rate. The distribution of sensitivity of mission success rate to some key
parts is given in Fig. 14. Mission success rate is more sensitive to mechanical maintainer middle-level, electrical
maintainer middle-level, and mechanical maintainer senior-level, but insensitive to other personnel. In the
navigation phase, more attention should be paid to mechanical maintainer middle-level, electrical maintainer
middle-level, and mechanical maintainer senior-level,

Conclusion

With the general framework for determining the regional weapon maintenance demand, this paper proposes a
simulation model based on multiple agents and Anylogic platform to effectively determine the regional weapon
maintenance demand in a mission-oriented way. The innovation is reflected in the following aspects:

1. Based on the concept of mission failure, a mission-oriented maintenance demand analysis model is con-
structed to provide a scientific basis for the regional weapon maintenance demand analysis in a mission.

2. With the universal agent-based simulation model, a determination process of regional maintenance demand
is established on the basis of simulation to provide a method for determining the regional weapon mainte-
nance demand. Compared with analysis method, the proposed method is applicable to both the structure
and system parameters, and its calculated results are more reliable.

3. 'The method for the mission-oriented prediction of regional maintenance demand provides the reliable pre-
diction results. It provides a solid basis for further allocating regional maintenance and dispatching resources
in a mission.

This paper mainly focuses on the determination of maintenance demand. In the case study, two ships with
the same equipment were assigned to execute a simple mission. In the future, different types of equipment will
be explored to execute complicated missions, so as to more systematically allocate maintenance demand and
dispatch resources to missions.
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Figure 14. Sensitivity of mission success rate to personnel and spare parts.
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