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Abstract: As the scale of missions continues to expand, equipment support has emerged
as a critical component of military combat effectiveness. Consequently, the supportability
of a system of systems (SOS) for equipment has become as essential quality requirement
alongside its performance metrics. This study systematically assessed the effectiveness of
equipment SOS support through a task-driven methodology. Initially, a model for generat-
ing equipment support tasks was developed to translate the operational requirements into
a sequence of support tasks. Subsequently, a simulation model was constructed to evaluate
the equipment SOS support system, and solutions were derived for the corresponding
SOS-level support effectiveness indexes. Finally, the feasibility and characteristics of the
proposed models and simulation methodology were validated through a case study in-
volving an emergency operational mission for an air combat group formation. The results
indicate that the increased reliability of the equipment system correlates with a reduced
failure rate and lower resource consumption for maintenance and support per device,
thereby improving support efficiency. The methodology presented in this article provides a
framework for evaluating the effectiveness of equipment SOS support while facilitating
informed decision-making in information warfare conditions.
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1. Introduction

With the rapid development of information technology, the applications and complex-
ity of weapon SOSs have considerably increased, thereby necessitating a comprehensive
study of whole-weapon SOSs [1,2]. Indeed, the operational effectiveness of a weapon SOS
operational network directly affects the outcome of a conflict [3]. As equipment support
represents a critical component of combat power, the supportability of an equipment SOS
has become as essential a quality requirement as the performance of equipment itself. Soft-
ware can be employed to simulate realistic and dynamic systems while conducting various
tests on system models, thereby facilitating the evaluation and improvement of system per-
formance. Such simulations are user-friendly, require a short time period for analysis, and
incur low costs [4-6]. References [7-11] examined the planning and scheduling challenges
associated with support tasks, primarily concentrating on the single success measurement
of the support task itself, with less consideration given to multi-element and multi-process
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support driven by combat training tasks. Gao et al. [7] established a distributed support
task allocation framework, where the allocation model constructed is of good scalability
and robustness. Wang et al. [9] constructed a mathematical model with complex constraints
and a mechanism for updating the capability of equipment support formations for collab-
orative task planning, along with a proposed method for task planning. Xing et al. [10]
constructed a network model of an equipment support system and conducted task attribute
analysis on different nodes in different networks. Using task success as a metric, the task
robustness of the equipment support system was analyzed. References [12-16] studied the
problem of determining and optimizing the allocation of guarantee resource requirements,
primarily focusing on the optimization of a single resource allocation or a single job guaran-
tee resource. Efficiency measurement was often based on the completion of the guarantee
process or behavior itself. Wang et al. [14] established a success assessment model for
naval fleet missions and provided methods for optimizing the configuration of spare parts.
Sheng et al. [15] studied the analysis method for utilizing support work by basic combat
units, established an evaluation index system for coordinating and matching the utilization
of support resources by basic combat units, and studied the model of average utilization
support delay time model for basic combat units. Other scholars [17-21] studied the im-
plementation and optimization of equipment maintenance, with a focus on the planning,
allocation, and evaluation of maintenance tasks for basic combat units. However, research
on optimizing the relevant elements and processes of task-oriented equipment systems
for maintenance is relatively limited. Han et al. [17] proposed a method for evaluating
the success of equipment tasks considering maintenance work, and studied the reliability
evaluation method for functional unit tasks under the condition of incomplete maintenance,
as well as the maintenance evaluation method for repairable unit combination tasks during
operational maintenance. Cao et al. [18] proposed a maintenance strategy centered on task
success and established an evaluation index system that reflecting their task success. The
evaluation assessed the success of training and combat tasks. Guo et al. [19] proposed a
simulation model of the preventive maintenance process for basic combat units, which can
be used to model and analyze preventive maintenance support plans during the equip-
ment usage stage. Other researchers [22-30] studied simulation technology for equipment
support, but from the perspective of completing the equipment system’s tasks, the solu-
tions for the entire process and all the elements involved were less comprehensive. Yang
et al. [27] proposed a method of determining input parameters based on simulation entities,
studied the principles of input parameter sampling experimental design and sensitivity
analysis methods, and proposed an input parameter optimization method. Therefore,
this article studies the simulation evaluation modeling and case verification of equipment
system support effectiveness under task-driven conditions, which has significant practical
engineering significance.

These previously published studies indicate that there are three general shortcomings
in current equipment support research. Firstly, there is no comprehensive model that covers
the entire range from equipment operational training tasks to support activities. There
is a particular lack of models that take into account failures, usage support, MX support,
and supply support. Secondly, due to the need for complex calculations, the simulation
evaluation process is often simplified, but the process data records lack a clear design
model. Thirdly, in the simulation process, task-oriented system-level support effectiveness
evaluation indicators are relatively scarce, and there are also few corresponding case
verifications, analyses, and discussions. Indeed, from the perspective of completing the
task of the equipment system, it is urgently needed to pay more attention to building a
comprehensive solution that covers the entire process and all relevant elements. Therefore,
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task-driven modeling should be conducted using the method of simulated case studies to
evaluate the effectiveness of equipment SOS support.

This study proposes a method for evaluating the effectiveness of equipment SOS
support using military aviation as a target application. Therefore, the primary contribution
of this study is to establish a task-driven simulation method for evaluating the effectiveness
of equipment SOS support. The core innovation of this contribution lies in designing a
support task generation model and an event and state recording model for the quantitative
analysis of the dynamic task processes of equipment systems. To simplify the study of this
problem, the following assumptions are made in the modeling process: (1) The system task
is a multi-stage continuous task that will not be interrupted during the analysis period.
(2) Only equipment unit random failures are considered, and damage caused by attacks is
not taken into account. (3) Only repair MX is considered in the MX process, not preventive
MX, and once repaired, the old equipment is considered new.

The simulation and evaluation of the SOS support effectiveness of task-driven equip-
ment in this study mainly includes the following stages. Firstly, the equipment SOS support
task generation model is developed to effectively map the tasks of the equipment sys-
tem to their corresponding support elements. Secondly, the model employed to evaluate
the effectiveness of equipment system SOS is constructed, with the core comprising the
recording and calculation of time-series state data; subsequently, system level indicators of
support effectiveness are calculated. Finally, a case study is carried out to verify specific
tasks, calculate the corresponding indicators, and conduct a sensitivity analysis. This
study demonstrates the complex system modeling and simulation technology that can
achieve the effectiveness evaluation of device SOS support and assist decision-making in
an information-driven environment.

The most important contributions of this paper are that it establishes the mapping
relationship between combat mission and support business for the equipment SOS, designs
the simulation calculation method of system-level support efficiency indicators, verifies
the feasibility of the proposed method, and provides help for system support effectiveness
evaluation and auxiliary decision-making, so that system managers can better grasp and
guide the realization of system functions.

2. Support Task Generation Modeling

Equipment SOS support task modeling is a discrete, dynamic, complex, and evolu-
tionary process. This study employs an analytical model that organically combines the
relevant elements based on the actual operation logic of the system to accurately reflect
the state and behavior of the system during the simulation process. From the perspective
of systems engineering and based on the construction of a ‘structure and process model’,
the simulation modeling method is used to generate and describe the support tasks. A
hierarchical structure analysis is employed to decompose and map the system tasks, equip-
ment unit tasks, and support tasks. The equipment SOS considered in this study comprises
various types and quantities of basic equipment units (specific pieces of equipment such as
aircraft) along with associated support systems that are intricately coupled. The derivation
of the support task model begins with the definition of the mission for the equipment
SOS, which is subsequently decomposed and distributed to the equipment units, thereby
triggering failure, OP, MX, or supply activities as appropriate during the mission. Each of
these activities is described by a corresponding task model. The resultant SOS support task
generation model is shown in Figure 1.
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Figure 1. SOS support business generation model.

In the proposed model, the mission is decomposed and mapped to the basic equipment
units in a layer-by-layer approach, taking the equipment SOS that completes the mission as
the object of study and assuming multi-phase mission advancement as its logical progres-
sion. As the mission time advances, the equipment SOS will be adjusted according to the
mission requirements. Therefore, the support task generation process takes the operation
mission scenario as the beginning point for input and dynamically couples mission-related
elements, such as MX support organization, equipment unit MX control, support action
implementation, support resource utilization, and support command, to facilitate the study
of the emergence and evolution rules.

The design of the support service execution and simulation evaluation is shown in
Figure 2. During the execution of an aviation mission, the support system implements
MX support, completes MX tasks, and transforms the equipment unit requiring repair to
meet the specified technical conditions for each unit within the SOS. The support system
additionally provides resources such as aviation spare parts, accessory oil, and information
describing environmental conditions. As mission time progresses and events unfold,
support decisions and adjustments are made in accordance with the support requirements
of the basic equipment units and the evolution of the entire support situation. Once an
equipment unit is repaired, it is returned to service until the equipment SOS mission is
completed. The internal state change in the support task process occurs at discrete time
points or quantized intervals. The primary objective of this process modeling is to describe
the events that cause changes in the SOS state and determine their logical relationships.
The logical progression of the simulation triggers changes in the SOS state according to
the logical relationships among various events within the considered time-wise sequences,
thereby representing the SOS state dynamically and facilitating the study of evolution and
emergence patterns.
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Figure 2. Support service execution and simulation evaluation design.

3. Support Effectiveness Evaluation Model

Corresponding to the support task logic, the support effectiveness evaluation model
incorporates a promotion mechanism based on the general time cycle and a trigger mech-
anism based on the event. The promotion mechanism represents the primary thread of
guaranteed task operation. The basic time slice is set according to the time characteristics of
the guaranteed task. As the primary thread progresses, events generated within each time
period are continuously completed, and as the continuous time slice advances, equipment
support tasks are completed. Consequently, the equipment support task process accord-
ingly represents a typical discrete event occurrence and processing process that employs
the continuous time slice to drive the activities for different tasks and change the relevant
statuses. The fundamental aspect of designing support effectiveness evaluation models is
the accurate recording and interpretation of time-series state data.

A complete set of indexes is required to characterize equipment SOS support effec-
tiveness. Previous studies [31,32] constructed a four-level supportability index system
for equipment SOSs and provided the equations for three secondary SOS-level indices:
equipment SOS RR, OA, and MCP (equipment SOS Reliability Rate (RR), Operational
Availability (OA), and Maintenance Completion Percentage (MCP)). This study, therefore,
developed a simulation evaluation model for these three indices.

The resulting model for equipment SOS evaluation includes the recording of equip-
ment SOS states and the calculation of SOS supportability indices, each comprising five
distinct steps, as shown in Figure 3: (1) recording of time-wise sequence state data for a
basic equipment unit within a meta-state cycle; (2) recording of time-wise sequence state
data for a basic equipment unit within a mission cycle; (3) recording of time-wise sequence
state data for the equipment SOS and equipment unit within the mission cycle; (4) in
the device SOS task cycle, use of time-sequenced states and timing data to generate the
maintainability index; and (5) computational simulation of the SOS supportability indices.
The steps are described in detail as follows.
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‘ Stepl: Time-wise sequence state data recording of the basic equipment unit in meta state cycle ‘

R

‘ Step2: Time-wise sequence state data recording of basic equipment unit in mission cycle ‘

<&

‘ Step3: Time-wise sequence state data recording of equipment SOS and equipment unit in mission cycle ‘

<&

‘ Step4 : Time-wise sequence state and timing data push for supportability index generation in equipment SOS mission cycle ‘

<

‘ StepbH : Simulation calculation of SOS supportability indexes ‘

Figure 3. Equipment SOS support simulation evaluation steps.

Step 1 is to record time-series state data for the basic equipment units according to the
meta-state cycle shown in Figure 4, guided by the model. The meta-state cycle refers to
the complete process of equipment normal operation, failure, maintenance start (MX), and
restart. The events and times recorded during this cycle provide the basis for subsequent
statistical calculations. The meta-state cycle of the basic equipment unit is denoted by T;,
and for an aircraft, it describes the entire process from operation to failure, to maintenance
start, waiting for spare parts, and completion of maintenance. The T; value depends on the
failure probability, MX time, spare part supply time, and the available operating time (OP)
of the aircraft.

) 2 Waiting for g
Operation Breakdown Repairing g Repaired
spare parts 9
14
—— 1200 —Pp—— T2re ——P——— 20 ——P——— T2red ——P
Time
— )¢ T2

Figure 4. Time-wise sequence state data recording model of a basic equipment unit in the meta-
state cycle.

In Figure 4, T; denotes the normal working time of the equipment unit; T, denotes the time
when the equipment cannot operate normally, defined as T, = To_pg + To—re + To—wsp + To—red;
T,_pg4 denotes the equipment failure time; T,_,, denotes the equipment MX time; To—wsp
denotes the equipment waiting time for spare parts; and T,_,,; denotes the MX time after
the arrival of spare parts.

Step 2 records the time-wise sequence state data of the basic equipment unit in a
mission cycle using the model shown in Figure 5. The basic equipment unit’s task cycle
refers to the total time required for the equipment to complete its assigned task. Recording
the various state changes in the equipment unit during the task cycle is the basis for
the subsequent statistical and calculation of the resource consumption of this type of
equipment. The time-wise sequence state of a basic equipment unit during the mission
cycle is composed of several T;, with the total record time being the simulation time
corresponding to the aircraft mission period. The basic states to be recorded include tasks,
equipment, organization, personnel, resources, and events.

In Figure 5, n denotes the number of state cycles for the basic equipment unit, and
a combination of n cycles provides different state time sequences throughout the entire
mission period.

During the simulation propagation process, various basic equipment unit states occur
according to their corresponding probabilities. For the application considered in this study,
the basic equipment unit may be in one of the twelve states listed in Figure 6, where the
normal shutdown and normal operation of an aircraft represent readiness states and the
remaining states represent unreadiness states.
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Figure 5. Time-wise sequence state data recording model of a basic equipment unit in a mission cycle.

The mission cycle state chart of basic equipment unit
State Date + Start time State duration State Date + Start time State duration
O ‘ Y.M.D/Time_11 ‘ TS 11 @ ‘ Y.M.D/Time_21 ‘ TS 21
- a/c
a/c normal /,
preflight
shutdown ) K )
Y.M.D/Time_1n TS 1n maintenance Y.M.D/Time_2n TS 2n
State Date + Start time  State duration State Date + Start time State duration
® ‘ Y.M.D/Time_31 ‘ T.5.31 ‘ @ ‘ Y.M.D/Time_41 ‘ TS 41
a/c normal a/c
tion turnaround
e ‘ Y.M.D/Time_3n ‘ T.S 3n maintenance ‘ Y.M.D/Time_41 ‘ TS 4n
State Date + Start time  State duration State Date + Start time  State duration
® ‘ Y.M.D/Time_51 ‘ T.S.51 ® ‘ Y.M.D/Time_61 ‘ T.S_61
o afc
2/cifailuge breakdown
breakdown . B y
Y.M.D/Time_5n T.S 5n maintenance Y.M.D/Time_6n T_S_6n
State Date + Start time  State duration State Date + Start time State duration
@ ‘ Y.M.D/Time_71 ‘ S AL ® ‘ Y.M.D/Time_81 ‘ T.5.81
Waiting - - a/c
for spares 2 i periodic
(breakdown) ‘ Y.M.D/Time_7n ‘ TS 7n ‘ inspection ‘ Y.M.D/Time_8n T_5.8n ‘
State Date + Start time State duration State Date + Start time State duration
© ‘ Y.M.D/Time_91 ‘ T.5.91 ® ‘ Y.M.D/Time_101 ‘ T_S_101
Waiting ;}c
for spares
i " overhaul ;
(periodic) Y.M.D/Time_9n T.59n Y.M.D/Time_10n T_S 10n
State Date + Start time  State duration State Date + Start time
an ’ Y.M.D/Time_111 ‘ Ts 111 ®
Waitin . i
g aircraft Y.M.D/Time_12
forshares life-endin
(overhaul) ¥.M.D/Time_11n TS 11n &

Figure 6. Mission cycle state chart for a basic equipment unit.

In Figure 6, Time_nn denotes the start time of the n-th state of the n-th equipment unit,
and Time_s_nn denotes the duration of the n-th state of the n-th equipment unit.

Step 3 records the time-wise sequence state data of the equipment SOS and equipment
units within a mission cycle using the model shown in Figure 7. An equipment SOS
comprises several basic equipment units in actual tasks, such as ten aircraft equipment
units of the same type. The equipment system considered in this study consists of ten
aircraft equipment units from two distinct types. The time-wise sequence states of the
equipment SOS are determined by the combination of the time-wise sequence states of its
basic equipment units, with the recording rate established based on the minimum time
step of the simulation. In accordance with the requirements of simulation granularity, the
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recording mode can be adjusted along the event time. The SOS state at time (T + n) is
represented as SOS_(Ty + n) and the equipment unit state at time (T + x) is represented
as SOS_(Ty + x).

State of Equipment SOS_(T0+9) State of Equipment SOS_(TO0+n)
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Figure 7. Time-wise sequence state data recording model for equipment SOS and basic equipment
units in a mission cycle.

Step 4 involves a time-wise sequence state and timing data analysis to generate the
supportability indices for the equipment SOS mission cycle. The calculation of system sup-
portability indices are the core work of the equipment SOS support simulation evaluation;
it is based on the process data recorded in Steps 1 to 3. Here, the calculation program is
designed to read the initial static basic information describing the equipment unit, as well as
the time and state characteristic data describing the equipment system simulation process
data, subsequently pushing them to the state judgment module for each unit (aircraft) type.
The main judging items include whether the equipment unit is available and whether the
equipment SOS is available. This information will be provided to the calculation module
for each system level indicator, for the purpose of indicator calculation and analysis.

The index calculation utilizes mission data and equipment data, with the judgment
logic encompassing the aircraft type, aircraft mission state, and SOS mission state. If the
mission requires the dispatch of k aircraft from a certain type of equipment unit to perform
tasks during a certain mission phase, then n aircraft (n > k) should be dispatched; if there
are always more than k aircraft operating normally during the mission phase, both the
aircraft type and SOS will be regarded as available.

When the number of available aircraft is less than k, the aircraft type is deemed
unavailable and the SOS is consequently defined as unavailable. If any aircraft type is
classified as unavailable, then the equipment SOS comprising all aircraft types will also be
considered unavailable. To determine this availability, recorded time-wise sequence states
and timing data are pushed to the simulation calculation module, which identifies the
status and timing, and converts them into logic judgment results for simulation counting
and timing, thereby informing the analytical calculation of system supportability indices.

Finally, Step 5 calculates the SOS supportability indices—the MSR, RR, OA, and MCP—
through simulations. The SOS MSR and MCP are extracted from the simulation result
data at the end of the mission and used to calculate the final indices; the SOS RR and OA
are extracted from the simulation result data collected both during the mission and at its
conclusion, facilitating the calculation of statistical indicators for the mission process.

The SOS MSR (or mission completion rate) is defined as:

N_Configuration_reach

MC = - -
N_simulation

(1)

where N_Con figuration_reach is the number of simulation runs in which the SOS mission
configuration meets the criteria in each phase (i.e., the minimum number of aircraft sorties
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required to meet the intensity requirements of the combat units during each phase) and
N_simulation denotes the total number of mission simulation runs.
The equipment SOS RR can be determined by

(L N_Aircraft_i_reach «x N_Aircraft_i_Total)

R -
17508 N_Aircraft_Total?

)

where N_Aircraft_i_reach is the readiness number of basic equipment units of type

i, N_Aircraft_i_Total is the total number of basic equipment units of type i, and

N_Aircraft_Total is the total number of aircraft available for the equipment SOS mission.
The SOS OA is given be

T_Configuration_reach
T _simulation

Aosos = 3)
where T_Con figuration_reach denotes the simulation time when the configuration reaches
the standard state in each phase of the equipment SOS mission (i.e., the time accumulated
when the required number of aircraft are always available during the mission phase) and
T simulation is the mission simulation duration.

Finally, the SOS MCP is given by

n

N_Configuration_i_reach
R = 4
mesos H N _i simulation @)

i=1

where N_Con figuration_i_reach denotes the absolute frequency with which the configura-
tion in the i-th mission phase reaches the corresponding criteria, and N_i_simulation is the
absolute frequency of statistical time points in the i-th mission phase.

4. Case Study
4.1. Mission Background

Let us consider a mission in which the commander of an air combat group orders that
an air formation comprising over 40 A-, B-, C-, D-, and E-type fighter aircraft carry out an
emergency operation, assembling at area H at 00:00 on 1 February 2025, for early warning
and detection tasks. The chief of staff at the group command center orders the support
commander to immediately activate the MX support system to ensure that the aircraft
continued to perform their mission, and issued a command to issue a warning order for the
mission. The support commander decides to quickly organize support personnel, develop
a plan based on the equipment configuration requirements for each stage of the mission,
and make recommendations for decision-making. The corresponding mission equipment
configuration parameters are shown in Table 1.
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Table 1. Mission equipment configuration parameters.
Mission Time 26h
Mission Phase Time 12h 8h 6h
Early Warn‘l ng and Forward Reconnaissance Remote Attack
L. . Detection
Phased Mission Requirements
Equipment Equipment Equipment
SOS CF, SOS CF; SOS CF;

Type A Minimum number Farl . 1 Farl . 1 Farl . 2

arly warnin, arly warnin, arly warnin,
a/c Sorties Y S Y 8 2 Y 8 3
Minimum number - - 7

Type B ) _— ) —_— Suppress fire
a/c Sorties - - 10
Minimum number 5 7 10

TypeC Support cover ———  Support cover Support cover

a/c Sorties 8 10 Fire assault 16
TypeD  Minimum number - - Electronic recon Electronic recon 6
a/c Sorties - Electronic jamming 6 Electronic jamming 8
Minimum number - - 4

Type E ) —_— ) —_— Air refueling
a/c Sorties - - 6

In Table 1, the equipment SOS configurations CF1, CF2, and CF3 correspond to the

equipment dispatch intensity required for the first, second, and third phases of the mission,

respectively; for example, CF1 indicates that during the initial phase of the mission, two

A-type aircraft are dispatched, with at least one maintaining normal working condition.

4.2. Simulation Result Analysis

(1) Single Aircraft Elements: Over the entire in the mission cycle (from 0:00 on 1 Febru-
ary 2025 to 02:00 on 2 February 2025), the states of aircraft AO1-A06 are recorded as shown

in Figures 8-13.

AO01a/cst

ate

Normal operation

Wait time

Normal shutdown

140 1200 1260 1320 130 1440 1500 %60 1620 1680

Figure 8. States of aircraft A01.

—— AO02a/cstate

Normal operation
Wait time
Normal shutdown

breakdown maintenance

S Time (min)
0 120 240 360 480 600 720 840 960 1080 1200 1520144015601680

Figure 9. States of aircraft A02.

Time (min)
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—— AO03a/cstate

Normal operation

Wait time

Normal shutdown

breakdown maintenance

Time (min)

0 120 240 360 480 600 720 840 960 1080 1200 1520144015601680

Figure 10. States of aircraft A03.

Normal operation

Wait time

Normal shutdown

p —— AO04 a/cstate

Time (min)

T T T T T
1230 1520 1350 13280 1410 1440 1470 1500 1550 1560 1530 1620

Figure 11. States of aircraft A04.

Normal operation

Wait time

Normal shutdown

T
1650 1620

. —— AO0S5a/cstate

Time (min)

Figure 12. States of aircraft A05.

T T
0 120 240 360 420 600 720 340 960 10801200 1520144015601680

—— AO6a/cstate

Normal operation

Wait time

Normal shutdown

0 120 240 360 480 600 720 840 960 1020 1200 152014401560163

Figure 13. States of aircraft A06.

Time (min)
0

In fact, from the perspective of the completion of the SOS task, more attention is paid
to the state of the fleet, that is, with the support of the support system, whether the fleet
can meet a certain proportion of aircraft integrity. Of course, the operations of each aircraft

are determined by three factors: one is the mission attribute of the aircraft, the second is
the failure rate of the aircraft, and the third is the efficiency of the support system, which
are, respectively, reflected in the task input, fault parameters, and support equipment and

behavior in the article.

The results indicate that, for example, aircraft A02 has a total readiness time of 1547 min

and a mission time of 770 min, and performs five sorties during the mission. It fails at
9:50 on 1 February 2025 and returns to a state of readiness at 10:03 on the same day.
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Consequently, the development of a support plan and the allocation of support resources
can be augmented based on these statistical results. The fuel consumption of aircraft A02
can be calculated according to the mission duration using these results. Based on the
simulation data of the states of each individual aircraft, further calculations can be made
to produce statistical information including the number of sorties, combat action OA, and
mission times for the aircraft. Figures 14-16 show the per-aircraft breakdown of sorties,
OA, and mission time.

AOIA03A05B01BO3B05B0YB09B11B13B15B17B19C01C0O3C05C07C02C11C13C15C17C19C21C23C25C27C20C31D01DO3DOSDOTD0OOD11DI3D15ENL E03 E05
Ajrcraft Number

—
=
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Figure 14. Per-aircraft sorties.
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Figure 16. Per-aircraft mission time.

The per-aircraft state data indicate that the range of single aircraft sorties is [1,9].
Among them, C18 participates in the maximum of nine sorties, while D14 participates in
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the minimum of one sortie. Notably, the proportion of aircraft with two sorties is the largest,
accounting for 25% of all aircraft. The overall support resources can thereby be configured
by considering the intensity of only two aircraft (C18 and D18), with particular emphasis
on aircraft C18 to ensure the adequate provision of support resources. The range of single
aircraft readiness time is [1547, 1560] minutes; aircraft with a readiness time of 1547 min
accounted for 11.2% of all aircraft, while those with a readiness time of 1560 min accounted
for 67.5%. Owing to the short mission time, most aircraft remained in good condition
during the mission cycle; the range of single aircraft mission time is [60, 989] minutes,
and aircraft with a mission time of 750 min comprised the largest proportion at 16.2% of
all aircraft. Given the model and task requirements, the distribution of task durations is
scattered, which is in line with the actual mission configuration.

These statistical results provide a quantitative basis for the pre-configuration of sup-
port resources based on the equipment SOS status and can be applied to reduce shortages or
surpluses of support resources during missions. For example, the overall support resource
requirements for an aircraft fleet are measured by the number of missions the aircraft
performs, while fuel and ammunition consumption during the mission period is measured
by the mission time of the aircraft.

(2) SOS Elements: Within the mission cycle, the OA for all types of aircraft, as well
as the SOS OA and the SOS MCP, consistently reached 100%. By the conclusion of the
simulation, the RR values for both the SOS and all aircraft types were also all 100%.
For example, although the flight tasks of the A-type aircraft covered all three phases of
the mission, and the subsequent failures and repairs of aircraft A03 and A02 occurred
at 9:30 and 9:50 on 1 February 2025, respectively, the task intensity requirements were
adequately met for each phase. In other words, the requisite number of aircraft was fully
available in each phase, thereby ensuring that the OA for A-type aircraft remained at a
consistent 100%. This analysis indicates that the initial configuration of the support system
effectively supports equipment in accomplishing tasks across all phases, while the support
resource configuration is sufficient. These findings are consistent with the redundancy
characteristics inherent to integrated systems and form a premise and foundation for the
subsequent system optimization.

(3) RMS Sensitivity Analysis: Based on the basic data input, both single and compound
parameters for LRU components (including critical and general parts) can be adjusted to
perform a sensitivity analysis [33]. The fundamental capabilities of support systems for
operational missions can be evaluated by analyzing the effect of the resultant changes
in SOS supportability indices. Taking the A-type aircraft as an example, adjustments
to the RMS values for the “a/c engine” parameter, as presented in Table 2, result in
corresponding changes to the supportability indices. The resulting trends in RR, OA,
and SOS supportability for the A-type aircraft are illustrated in Figure 17, Figure 18, and
Figure 19, respectively.

Table 2. Adjustment values of RMS parameters of A-Type aircraft engine.

Case No. Ac}]tl;:ed Change Step Size (fjli?irrf) (}13:1:?;)
1 A-MTBF Decrease 20% 1277.43 1021.94
2 A-MTBF Decrease 40% 1277.43 766.46
3 A-MTBF Decrease 60% 1277.43 510.97
4 A-MTBF Decrease 80% 1277.43 255.49
5 A-MTBF Decrease 98.4% 1277.43 20
6 A-MTBF Decrease 99.20% 1277.43 10
7 A-MTTR Increase 20% 13 16
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Table 2. Cont.
Case No. A(i]t::ed Change Step Size (]lsjrfr?il;f) (ﬁ/rf:l?;)
8 A-MTTR Increase 40% 13 18
9 A-MTTR Increase 60% 13 21
10 A-MTTR Increase 80% 13 24
11 A-MTTR Increase 1590% 13 220
12 A-MLDT Increase 20% 25 30
13 A-MLDT Increase 40% 25 35
14 A-MLDT Increase 60% 25 40
15 A-MLDT Increase 80% 25 45
16 A-MLDT Increase 780% 25 220
A-MTBF Decrease 20% 1277.43 1021.94
17 A-MTTR Increase 20% 13 16
A-MLDT Increase 20% 25 30
A-MTBF Decrease 40% 1277.43 776.49
18 A-MTTR Increase 40% 13 18
A-MLDT Increase 40% 25 35
A-MTBF Decrease 60% 1277.43 510.97
19 A-MTTR Increase 60% 13 21
A-MLDT Increase 60% 25 40
A-MTBF Decrease 80% 1277.43 225.49
20 A-MTTR Increase 80% 13 24
A-MLDT Increase 80% 25 45
A-MTBF Decrease 98.40% 1277 .43 20
21 A-MTTR Increase 1590% 13 220
A-MLDT Increase 80% 25 45
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Figure 17. Change trend in aircraft RR (RMS adjustments to the A-type “a/c engine” parameter).
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(4) Sensitivity Analysis of Support Actions: The resilience of the support systems for
operational missions can be evaluated by adjusting the OP action parameters and support
resource parameters of the basic equipment units, followed by an analysis of the sensitivity
of the SOS supportability indices. The adjusted support action parameters are defined in
Table 3; the change trend in RR for A-type aircraft due to these adjustments is shown in
Figure 20, while Figure 21 presents the corresponding trend in OA, and Figure 22 depicts
the changes in SOS supportability indices.

Table 3. Adjusted values of support action parameters.

Case No. Adjusted Item Change Step Size (n]ifrfl;)::t) (ml?rfltles!le‘et)
1 A—Pre-MX Increase 20% 120 144
2 A—Direct MX 1 Increase 20% 120 144
3 A—Direct MX 2 Increase 40% 120 168
4 A—Turnaround 1 Increase 20% 60 72
5 A—Turnaround 2 Increase 60% 60 96
6 A—Refueling vehicle Decrease 20% 8 7
7 A—Air-con vehicle Decrease 90% 8 1
8 A—Power vehicle Decrease 90% 8 1
9 A—Pre-MX Increase 20% 120 144
10 B—Direct MX Increase 20% 120 144
11 A—Refueling vehicle Decrease 20% 24 20
12 B—Auir-con vehicle Decrease 80% 24 5
13 B—Power vehicle Decrease 80% 24 5
14 C—Pre-MX Increase 20% 120 144
15 C—Direct MX 1 Increase 20% 60 72
16 C—Direct MX 2 Increase 40% 60 84
17 C—Turnaround 1 Increase 20% 50 60
18 C—Turnaround 2 Increase 50% 50 75
19 C—Refueling vehicle Decrease 20% 39 32

20 C—Air-con vehicle Decrease 80% 39 8
21 C—Power vehicle 1 Decrease 80% 39 8
22 C—Power vehicle 2 Decrease 90% 39 4
23 D—Pre-MX Increase 20% 120 144
24 D—Direct MX Increase 20% 120 144
25 D—Turnaround 1 Increase 20% 60 72
26 D—Turnaround 2 Increase 60% 60 96
27 D—Refueling vehicle Decrease 20% 20 16
28 D—Air-con vehicle Decrease 80% 20 4
29 D—Power vehicle Decrease 80% 20 4
30 E—Pre-MX Increase 20% 120 144
31 E—Direct MX Increase 20% 120 144
32 E—Refueling vehicle Decrease 20% 14 12
33 E—Air-con vehicle Decrease 80% 12 3
34 E—Power vehicle Decrease 80% 12 3
35 Number of accessory oil vehicles 1 Decrease 20% 9 8
36 Number of accessory oil vehicles 2 Decrease 40% 9 6
37 Number of accessory oil vehicles 3 Decrease 60% 9 4
38 Number of accessory oil vehicles 4 Decrease 80% 9 2
39 Number of accessory oil vehicles 5 Decrease 90% 9 1
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Figure 22. Change trend in SOS supportability indexes (adjustment to support actions).

It is evident that the RR values for various aircraft remained constant at 100% by the
conclusion of the mission, with one notable exception: when the number of B-type power
vehicles was reduced by 80%, the corresponding RR decreased from 100% to 95%.

This analysis indicates that adjustments to OP actions generally exerted minimal
impact on the OA of each aircraft type. For example, when the direct MX time for A-type
aircraft was increased by 40%, the aircraft OA decreased to 98.85%; when the turnaround
time for A-type aircraft was increased by 60%, the aircraft OA decreased to 97.31%.

However, the adjustment to support resources had a significant impact on the OA of
each aircraft type. Specifically, when the number of A-type power vehicles was decreased
by 90%, the aircraft OA decreased to 92.31%. In particular, when the number of accessory
oil vehicles (which serve as general vehicles for all five aircraft types) was decreased by
80%, the OA of A-type aircraft decreased to 98.08%. Furthermore, when this number was
decreased by 90%, the OA for B- and C-type aircraft reached its minimum values of 33.33%
and 14.29%, respectively. Furthermore, when the number of E-type power vehicles was
decreased by 80%, the corresponding aircraft OA reached its lowest value of 57.14%. Thus,
general-purpose and specialized support resources with the same configuration can have
different effects on the occurrence of minimum OA across different aircraft types.

The adjustments to aircraft OP actions for various types of aircraft had minimal effect
on the SOS supportability indexes; however, the adjustments to support resources had
significant impact, and the change trends in the SOS MSR, OA, and MCP were similar.
Indeed, when the number of C-type power vehicles was decreased by 90%, the SOS OA
decreased from 100% to 28.85%, representing the minimum SOS OA and indicating that the
SOS mission could not continuously advance, ultimately resulting in failure. Generally, the
adjustment to the number of C-type aircraft power vehicles exerted the greatest impact on
the SOS OA. When the number of B-type power vehicles was decreased by 80%, the SOS
RR decreased from 100% to 98.75%, whereas adjustments to other parameters had no effect
on the SOS RR. Furthermore, when the number of accessory oil vehicles (general-purpose
support resources) was adjusted to 60%, the SOS OA began to decline, hindering the con-
tinuous advancement of the SOS mission. This highlights the importance of monitoring the
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operation of accessory oil vehicles during missions and ensuring timely supplementation

to prevent adverse impacts.

(5) Sensitivity Analysis of Mission Intensity: The sensitivity of each supportability

index can also be analyzed by adjusting the task intensity for each aircraft type across

each different mission phase, as listed in Table 4. In this table, the letter designates the

aircraft type, while the numerical value corresponds to the sequence of mission phases.

For example, A-1 refers to the first mission phase of the A-type aircraft. Simulations were

conducted based on these adjusted values, yielding the resulting change trends in aircraft

OA (task intensity adjustment) shown in Figure 23. Additionally, the change trends in the

SOS supportability indexes (task intensity adjustment) were obtained and are shown in

Figure 24.

Table 4. Adjusted values of task intensity parameters.

Case No. Mission Phase Change  Step Size Before (K/N)  After (K/N)
1 A—1 Increase 50% 1/2 2/2
2 A—2 Increase 50% 1/2 2/2
3 A—3 Increase 30% 2/3 3/3
4 B—3 Increase 30% 7/10 10/10
5 E—3 Increase 50% 4/6 6/6
6 Cc—1 Increase 40% 5/8 7/8
7 Cc—2 Increase 40% 7/10 10/10
8 Cc—-3 Increase 40% 10/16 16/16
9 D—2 Increase 40% 4/6 6/6
10 D—3 Increase 20% 6/8 8/8
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Figure 23. Change trend in aircraft OA (task intensity adjustment).
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Figure 24. Change trend in SOS supportability indexes (task intensity adjustment).

The analysis indicates that the six E-type aircraft required are in a state of operational
readiness during the third mission phase; i.e., the OA of E-type aircraft remained unchanged,
indicating a high level of configuration redundancy for this aircraft type. The task intensity
adjustments in A-1 decreased the OA of A-type aircraft to its minimum value of 89.74%,
while those in B-3 decreased the OA of B-type aircraft to 72.22%, those in C-3 decreased
the OA of C-type aircraft to 84.94%, and those in D-3 decreased the OA of D-type aircraft
to 77.39%.

The change trends in the SOS MSR, OA, and MCP exhibited similar patterns, indicating
that the SOS mission could be successfully completed. Notably, the SOS RR was maintained
at 100%, demonstrating that all basic equipment units were restored to a state of readiness
by the end of the mission. Adjustments in the mission intensities for A-1, B-3, C-1, C-2,
C-3, and D-3 resulted in a reduction in both SOS MSR and MCP to 0%. Furthermore,
the adjustment in C-3’s mission intensity led to a decrease in SOS OA to its lowest value
of 84.94%, indicating that the continuous advancement of the mission was not feasible.
Consequently, it was imperative to enhance the monitoring of C-type aircraft operations
during the third phase and develop a comprehensive plan aimed at improving operational
efficiency and MX support.

The simulations presented in this paper are relatively complex due to the involvement
of numerous elements in the calculations, including tasks, equipment, MX, and support.
When an equipment fault occurred during the calculation process, MX support and supply
behaviors were activated. Consequently, as mission time progressed, it became essential to
continuously record and access an increasing quantity of process data for further calcula-
tions of the relevant indicators. Thus, the evaluation and analysis required a considerable
number of parameter adjustments and repeated calculations, resulting in a time-consuming
simulation method. However, after building a set of models, setting the parameters, and
executing the simulation in this study, the calculation time was approximately 10 min,
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meeting the basic requirements of case verification. The main objective of this study was
to build a simulation evaluation model and calculate and analyze the evaluation index
results, so further discussion on the efficiency and running time of the simulation is no
longer necessary.

4.3. Experimental Comparison and Verification

The task generation model established in this paper was shown to align with the actual
equipment SOS support process; the results of the case study indicated that the model is
both reasonable and provides suitable accuracy. However, the missions undertaken by the
considered equipment SOS can be complex, involving numerous equipment systems and
units, while the statistical data describing these systems remain inadequate to reflect the
aspects of a real mission. Therefore, a comparative analysis and verification of the proposed
model was undertaken using similar scenario examples and relevant conclusions available
in the literature [34]. The following aspects were revealed by this comparison:

(@) As the mean time between failures (MTBF) for each aircraft type increased by a
step size of 20%, the MSR for aircraft types A, B, C, D, and E within the system
support index increased by 9.6%, 8.3%, 10.4%, 20.8%, and 2.1%, respectively, indicating
an upward trend. Conversely, as the mean time to repair (MTTR) for each model
increased by a step size of 20%, the MSR for aircraft types A, B, C, D, and E in the
system support index decreased by 8.3%, 10.4%, 12.5%, 18.8%, and 14.6%, respectively,
indicating a downward trend.

(b) As the mission intensity for aircraft types A, B, C, D, and E decreased by a step size
of 20%, the MSR of the equipment system support index increased by 25.8%, 6.9%,
16.7%, 35.4%, and 6.3%, respectively, indicating an upward trend.

(c) For each task, it is possible to take a comprehensive approach to considering con-
straints to adjust the input of the optimization system, such as adjusting the phase task
time as demonstrated in the literature [30]. The first, second, and third task success
rates increased by 8.3%, 4.2%, and 2.1%, respectively, when the time for each task
was reduced by 20%. If the task time in each stage is unsuitable for adjustment, the
adjustment of task intensity can also help to improve the MSR. For example, when
the task intensity for the E-type aircraft was decreased by 20%, the MSR increased
by 6.3%. From a system optimization perspective, the optimal operation state of the
system is often difficult to obtain, but the impact of local factor adjustment on the
operation of the system can be effectively measured.

These three points demonstrate that the relevant case verification based on mission-
driven simulations of support effectiveness, using the SOS evaluation model proposed in
this study, is basically consistent with various conclusions obtained in previous research [30].
Therefore, the proposed mission-driven simulation using the support effectiveness evalua-
tion model can be considered reasonable.

5. Conclusions

Research on simulation-based assessment of equipment SOS support has become an
important topic in the field of support. Therefore, this study developed and demonstrated a
simulation method for evaluating the effectiveness of equipment SOS support. The method
innovatively combines the shortcomings of the task model, data recording, and system-
level index calculation to simulate equipment SOS support. First, a task generation model
was developed to map combat tasks to support tasks. Second, a model was developed
to evaluate the effectiveness of equipment SOS support, and a simulation method was
proposed for calculating the effectiveness index of SOS-level support. Finally, a case
study was conducted using an emergency action task for an air combat formation to
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verify the feasibility of the method. This study evaluated a specific equipment support
system and conducted sensitivity analysis on various parameter variables to derive several
useful conclusions.

The method proposed in this study can support SOS effectiveness assessment and
decision-making under different information conditions. Furthermore, the method has
the potential to be extended to similar equipment and other complex systems. However,
due to the complexity of SOS simulation research, further in-depth exploration of related
algorithms will be needed through comparisons and model validation in the future.
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Nomenclature

No. Abbreviation/Variables Description

1 A,B,C,D,E Aircraft type

2 a/c Aircraft (in figures and tables)

3 A-MLDT Mean logistics delay time of the A-type aircraft
4 A-MTBF Mean time between failures of the A-type aircraft
5 A-MTTR Mean time to repair of the A-type aircraft

6 LRU Line replaceable unit

7 MCP Mission completion probability

8 MLDT Mean logistics delay time

9 MSR Mission success rate

10  MTBF Mean time between failure.

11 MTTR Mean time to repair

12 MX Maintenance

13 OP Operational support

14 OA Operational availability

15  RMS Reliability, maintainability, and supportability
16 RR Reliability rate

17 SOS System of systems
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