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Abstract: Spare parts are one of the important components of the equipment comprehensive support
system. Spare parts management plays a decisive role in achieving the desired availability with
the minimum cost. With the equipment complexity increasing, the price of spare parts has risen
sharply. The traditional spare parts management makes the contradiction between fund shortage and
spare parts shortage increasingly prominent. Based on the analysis of the multi-echelon and multi-
indenture spare parts support model VARI-METRIC (vary multi-echelon technology for recoverable
item control, VARI-METRIC), which is widely used by troops and enterprises in various countries, the
model is mainly used in high system availability scenarios. However, in the case of low equipment
system availability, the accuracy and cost of model inventory prediction are not ideal. This paper
proposed the multi-level spare parts optimization model, which is based on the demand-supply
steady-state process. It is an analytical model, which is used to solve the low accuracy problem of the
VARI-METRIC model in the low equipment system availability. The analytical model is based on
the multi-level spare parts support process. The article deduces methods for solving demand rate,
demand-supply rate, equipment system availability, and support system availability. The marginal
analysis method is used in the model to analyze the spare parts inventory allocation strategy’s current
based cost and availability optimal value. Finally, a simulation model is established to evaluate and
verify the model. Then, the simulation results show that, when the low availability of equipment
systems are 0.4, 0.6, the relative errors of the analytical model are 3.54%, 3.86%, and its costs are
0.52, 1.795 million ¥ RMB. The experiment proves that the inventory prediction accuracy of the
analytical model is significantly higher than that of the VARI-METRIC model in low equipment
system availability. Finally, the conclusion and future research directions are discussed.

Keywords: spare parts; optimization process; multi-level; spare parts support process; demand rate;
supply rate; system availability

1. Introduction

Comprehensive equipment support provides all kinds of necessary supply, repair and
maintenance for the normal use of equipment by adopting comprehensive and perfect
methods [1]. The equipment integrated support system is mainly composed of information,
support equipment, training, on-site technical support, on-site work and spare parts. Spare
parts are one of the important aspects of an equipment integrated support system [2]. As
the most commonly used inventory, spare parts are necessary for equipment maintenance.
The cost of spare parts accounts for a large part of the equipment life cycle cost. Spare
parts cost is the main part of equipment maintenance cost, accounting for more than half
of the total cost [3]. When the equipment fails to maintain, for no spare parts in stock, the
equipment downtime caused by insufficient spare parts will cause huge economic losses.
Spare parts management plays a decisive role in achieving the desired availability with
minimum cost. The characteristics of spare parts management are as follows:
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e  First, the demand for spare parts is difficult to predict. There is an intermittent demand
pattern among spare parts. They are characterized by some zero demand observation
sequences interspersed with occasional non-zero demand [4];

e Second, the quantity and variety of spare parts are usually very large. Even for
medium-sized enterprises, there are thousands of different spare parts in the ware-
house [5]. It is difficult to formulate a very suitable inventory storage strategy for each
spare part;

e  Third, to reduce the spare parts scraping risk, we need to minimize inventory. If
the inventory strategy is improper, it may lead to serious inventory cost backlog or
equipment downtime cost;

e  Fourth, the loss of spare parts is closely related to spare parts maintenance. When the
corresponding parts of the equipment are broken down, damaged or worn, they need
to be replaced by spare parts. Because the quantity and importance of various spare
parts in the equipment are different, the importance and assembly quantity of certain
spare parts for the equipment and the equipment system are different [6]. Therefore,
the equipment use mode and maintenance strategy is an important base for designing
the spare parts inventory support system.

A large number of works have studied the general product manufacturing, sales
and after-sales supply chain and inventory management, such as the quality and cost
optimization control method based on a constant and fuzzy demand strategy [7], the
supplier evaluation and recommendation system method based on an analytic hierarchy
process and fuzzy reasoning system [8], the supply chain inventory management strategy
using intelligent technologies such as machine learning and radiofrequency identification
(RFID) [9], and so forth. The supply chain management of general products generally
takes the production, sales, use, operation and maintenance of products as a single link.
Inventory considers products as a basic unit. Usually, producers or manufacturers carry out
inventory management and maintenance guarantees, but not from the perspective of the
system. The supply chain management of general products does not consider the impact of
multi-level maintenance and supply support systems, the multi-level failure transmission
mechanism of the complex equipment structure and different system reliability caused
by the particularity of the equipment system operation environment inventory strategy.
Therefore, it has limited application in the field of the maintenance and support of complex
equipment, especially in the military field.

From the perspective of the life cycle of equipment, spare parts generally do not have
substantial consumption during the supply process, as the top-level station has strong
maintenance ability and can completely repair all the failure parts. It can be supplemented
with the purchasing method even if it is scrapped due to the failure of repair. In this case,
the quantity and inventory probability of supply channels will tend to be stable in the
long-term maintenance and supply process of spare parts without material consumption,
which belongs to the steady process of demand—supply [10]. Demand-supply steady-state
process-based multi-level maintenance and supply is a more scientific support mode, which
is widely used by various troops or enterprises. In the case of no real consumption, in the
spare parts long-term maintenance and supply process, the number of supply channels and
inventory probability will tend to be stable [11,12]. Thus, it can be seen that the support
station’s inventory allocation problem at all levels under the demand—-supply steady-state
process condition is in the overall planning of the equipment and its spare parts” whole
life cycle, which is of great significance for the military in controlling and grasping the
supporting spare parts needed for new equipment [13].

The research object of this paper is complex equipment with a multi-level structure
with a multi-level maintenance and supply support system, such as aircraft, missiles,
submarines, aircraft carriers and so on. The equipment may operate under extremely
complex working conditions such as high temperature, high voltage, lightning, storm, high
salt, low temperature and low pressure, and the availability of the equipment system is very
likely to be low. Therefore, it is necessary to predict the multi-level maintenance and supply
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inventory strategy and inventory cost of spare parts for different availabilities of equipment
systems, to ensure low-cost and efficient maintenance in the case of equipment failure. At
the same time, the inventory strategy needs to consider the structural level of equipment,
maintenance and supply level, transportation time of spare parts, installation quantity
of equipment systems to components, influence rate of equipment system failure caused
by component failure, line replacement unit (LRU), shop replacement unit (SRU), series-
parallel repair, maintenance capacity, maintenance channel, and so forth. For complex
equipment, especially weapons, the equipment development party and the equipment
use support party jointly realize the maintenance support of equipment through the
military—civilian integration mode and pay more attention to the multi-level supply and
maintenance support capability under certain equipment system availability and support
system availability, to achieve the optimal inventory strategy and cost.

For research on the multi-level spare parts inventory strategy under a demand-supply
steady-state process, the current mainstream methods are a metric series model theory,
including METRIC, Mod-METRIC, Dyna-METRIC, VARI-METRIC, and so forth [13]. The
METRIC [14] model is the basis of this series of models, while the VARI-METRIC model
is the final form of the multi-echelon support structure and a multi-indenture spare parts
allocation optimization model [15]. The VARI-METRIC model is widely used and accepted.
However, many assumptions are made in the process of establishing a model, which leads
to the low accuracy of the equipment system at low availability [13]. When the equipment
system is under complex and extreme conditions, the availability of the equipment system
may be reduced to a certain extent. A high availability of the equipment system cannot be
guaranteed at any time. Therefore, the model needs to be improved to ensure the accuracy
of an inventory optimization strategy in a high availability of equipment system and to
improve the accuracy of the spare parts inventory at low availability. This research aims to
improve the VARI-METRIC model’s accuracy at low system availability, which is based on
the demand-supply steady-state process. The rest of this paper is organized as follows.

Section 2 describes the research literature review;

Section 3 provides a multi-level spare part optimization model based on the demand-
supply steady-state process, according to the VARI-METRIC theory, which is called the
analytical model. The analytical model includes five parts: multi-echelon and multi-
indenture spare parts support, spare parts demand rate, spare parts demand-supply
and supply rate, equipment system demand-supply and spare parts optimization
solution. Section 3.2 analyses the multi-level spare parts support process. Section 3.3
defines the model’s variables, restrictions and parameters. Section 3.4 deduces the
spare parts’ demand rate calculation method. The first level and second level LRU
and SRU [16] in the rear warehouse and base I demand rate calculation method are
detailed. Section 3.5 describes the multi-level spare parts’” demand-supply models.
Section 3.6 deduces a demand-supply solution. LRU and SRU’s spare parts avail-
ability and support delay time in the base or rear warehouse are detailed. The whole
equipment system availability and the support system availability calculation method
are deduced in the paper. Section 3.7 describes the solution process of the model;

e  Section 4 describes the model simulation and verification. Section 4.1 establishes
the simulation model to evaluate and adjust the multi-level spare parts optimiza-
tion model based on the demand-supply steady-state process. Section 4.2 describes
comparative experiments between the simulation model and the analytical model,
and the analytical model and the VARI-METRIC model. The results are analyzed
in Section 4.3;

Section 5 describes the conclusion, some limitations and future expansion of the article;
Finally, some patents are declared and relevant references are provided.

2. Related Research

Silver [17], Kennedy et al. [18], Boylan et al. [4], Syntetos et al. [19,20], Paterson et al. [21],
Bacchetti et al. [22], Bakker et al. [23] and Houtum [24] summarized the literature review
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related to spare parts inventory management, including a spare parts inventory manage-
ment system, the replacement of spare parts, multi-level problems, the scrap of spare parts,
forecasting research and extensions, inventory models considering horizontal transshipment,
inventory system deterioration, the system-oriented spare parts inventory model, supply
chain forecasting, and so forth [25].

Sherbrooke [14] put forward the METRIC model based on the multi-echelon inventory
system spare parts demand law and objective function [25]. Simon [26] simplified the
multi-echelon inventory system to obtain the exact solution. Muckstadt [27,28] proposed
the MOD-METRIC model, which extended the METRIC model [26]. Hillestad et al. [29,30]
further extended the MOD-METRIC model and proposed the Dyna-METRIC model [25].
Graves [15] proposed the VARI-METRIC model, which improved the METRIC model’s
expected value of order quantity [25]. Later, Sherbrooke [31,32] improved the VARI-
METRIC model by using Graves’ two-parameter approximation method and by con-
sidering the lateral supply factor. Angel Diaz et al. [33] and A. Sleptchenko et al. [34]
improved the VARI-METRIC model from limited repair capacity. F Costantino et al. [35]
extended the VARI-METRIC model from system availability and budget constraints [25].
GJ Van Houtum et al. [36] improved the VARI-METRIC model under system availabil-
ity constraints. Based on the VARI-METRIC model and the combined actual support
requirements, many scholars have improved the model, including considering limited
maintenance channels [37,38], series maintenance [39-41], horizontal replenishment [42],
spare parts weight [43], spare parts sharing [44], imperfect maintenance [45], and part
universality [46], and so forth. Spare parts optimization software tools VMETRIC and
OPUS [47,48] take it as the core model and algorithm, which are used widely now. The
advantages and disadvantages of the multi-level spare parts optimization model are shown
in Table 1.

Table 1. The advantages and disadvantages of optimization models.

Optimization Models

Description Advantage Disadvantage

METRIC [14,26,27]

The basic model of multi-level spare parts
optimizing the performance of a Multi-level

investment level of the inventory system.

The ordering cost of final products,
maintenance channels, assembly repair
of series parts, horizontal supply, etc. is
not considered. The system availability

is not considered enough.

Solve the problem of optimizing the

performance of the inventory system

under the specified investment level
of the inventory system.

optimization solves the problem of

Inventory System under the specified

Mod-METRIC [25,27,28]

Maintenance channels, serial-parallel

A cost-minimization model for expected
delayed ordering of final products with
multiple spare parts and orders.

Solve the problem of minimizing the
expected delay order cost of the
final product.

repair and horizontal supply were
not considered.

Dyna-METRIC [25,29,30,49]

The instantaneous activity dynamic

inventory model of spare parts delivery and

inventory system.

A dynamic inventory model
considering wartime unsteady
operational requirements and spare
parts support decision-making.

It ignores the maintenance support
level, resulting in the maintenance of
components that may not be those
that can increase the available
quantity most Priority scheduling
inducts the component causing the
most unavailable aircraft.

VARI-METRIC [25,31,33-48]

At present, the final form used is a

multi-level support structure and multi-level

spare parts optimization model.

It solves the optimization problem of
multi-level spare parts under the
conditions of limited maintenance
channel, series repair, horizontal
supply etc. It is suitable for high
system availability. It is widely used
in complex equipment, such as
aircraft, missiles, submarines, etc.

Many assumptions are made in the
process of establishing the model,
which leads to the low accuracy of the
equipment system in low availability.
The relative error of equipment
system is large under low availability
of the equipment system.

3. Demand Supply Steady-State Process-Based Multi-Level Spare Parts

Optimization Model

3.1. Multi-Level Spare Parts Optimization Model

The demand-supply steady-state process-based spare parts optimization model
is shown in Figure 1. It includes five modules, which are a multi-echelon and multi-
indenture spare parts support process, spare parts demand rate solution, spare parts
demand supply and supply rate, an equipment system demand supply and a spare parts
optimization solution.
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Figure 1. The multi-level spare parts optimization model.

The equipment’s multi-level spare parts support includes multi-echelon and multi-
indenture structure support. The demand rate and supply rate of spare parts are the
important factors that affect the smooth progress of the whole support process. The
demand for spare parts at all levels promotes the whole support process, which makes
the number of different spare parts in the whole system gradually reduce. For the supply
of spare parts at all levels, the spare parts demand promotes the whole support process.
They let the number of different spare parts in the whole system gradually increase. The
demand rate and supply rate put the number of spare parts in the whole system into a
steady equilibrium state. Once we set the initial number of spare parts at all levels, we can
keep the system probability in a stable state, so that the system can operate stably within
the controllable range.

The demand-supply steady-state process-based multi-level spare parts optimization
process is an analytical calculation process, which is shown in Figure 2. Firstly, according
to the multi-level spare parts support process, each level spare parts demand rate of each
support echelon is derived. The order of derivation is the first level spare parts demand
rate of the base, the second level spare parts demand rate of the base, the first level spare
parts demand rate of the rear warehouse and the second level spare parts demand rate
of a rear warehouse. Then, according to the support process and the demand rate of
specific support echelon spare parts, the spare parts’ supply rate of each support spare
part is derived. The order of derivation is the second level spare parts’ supply rate of the
rear warehouse, the first level spare parts supply rate of the rear warehouse, the second
level spare parts supply rate of the base and the first level spare parts supply rate of the
base. Next, five sub calculation processes of demand-supply are constructed, which are
respectively the calculation of spare parts availability and support delay time at the second
level of the rear warehouse, the calculation of spare parts availability and support delay
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time at the first level of the rear warehouse, the calculation of spare parts availability and
support delay time at the second level of the base, the calculation of spare parts availability
and support delay time at the second level of the base, the first level of base spare parts
availability and support delay time calculation and base equipment availability calculation.
Then, the availability of the whole equipment support system is calculated according to the
five sub calculation processes. Finally, according to the objective function, the maximum
availability and the cost limit constraint condition, combined with the marginal analysis
method, the spare parts’ optimal inventory at all levels is derived.

Multi-Level spare parts support process

v v

Base LRU demand rate Base LRU supply rate
Base SRU demand rate Base SRU supply rate
rear warechouse LRU demand rate rear warchouse LRU supply rate
rear warehouse SRU demand rate rear warehouse SRU supply rate

!

Demand supply compute
Base LRU demand supply compute
Base SRU demand supply compute
rear warechouse LRU demand supply compute
rear warechouse SRU demand supply compute
Equipment system availability compute

\ 4 iteration compute

Support system availability } J ’ Cost restraint

’ Optimal inventory ‘
Figure 2. Multi-echelon and multi-indenture spare parts optimization process.

3.2. Multi-Level Spare Parts Support Process

The equipment’s multi-level spare parts support includes multi-echelon maintenance
supply level and multi-indenture equipment hierarchy structure support. Multi-echelon
spare parts support refers to the support level corresponding to the equipment maintenance
level. For the number of spare parts, we are usually interested not only in the required
number of spare parts for each base but also in the spare parts storage required for the
rear warehouse of each support base. Here, the base is called the first echelon and the rear
warehouse is called the second echelon. For example, in most cases, the navy is considered
a two-stage supply system. Sometimes, there are more echelons. For example, to support
the deployed submarines, each submarine (first echelon) has some spare parts. At the
same time, some spare parts are stored in the second-class supply ship, which can enter the
submarine regularly. These facilities are supported by the third-echelon home port. Finally,
there is the fourth echelon of the naval rear warehouse. Figure 3 shows a typical submarine
multi-echelon support structure, which is composed of eight first-echelon stations, three
second-echelon stations, two third-echelon stations and one fourth-echelon station.
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Submarine (the first echelon) o o . » o ° » Y

Replenishment Submarine (the second i

echelon) \
\/

aircraft carrier (the third echelon) * Yl

Navy rear warehouse (the fourth echelon) v
Figure 3. Multi-echelon support structure.

The multi-indenture structure describes how the whole equipment system is composed
and how the spare parts are assembled, as shown in Figure 4. LRU is the first level of
spare parts. When the first level spare parts are disassembled at the maintenance point,
it is found that the fault of the LRU is caused by the sub-component of the LRU, which
is replaced. Here, the sub-component is called the shop replacement unit (SRU) [16], also
known as the second-level spare parts. All components that can be directly removed from
LRU are called SRU. Similarly, when the SRU continues to be repaired in the workshop,
the SRU is disassembled. It is found that the failure is caused by the sub-components of
the SRU, which can be called sub shop replacement unit (SSRU), also known as the third
level spare parts. By analogy, all levels of spare parts have their level of spare parts name.

Equipment

LRU1 LRU2 LRU3

SRUI11 SRUI12 SRU21 SRU22 SRU31 SRU32

Figure 4. Multi-indenture structure.

This paper takes the two-level and two-level equipment systems as an example to
describe the multi-level spare parts support process, as shown in Figure 5. For the two-level
support system, the base is the first-level support site. The rear supply warehouse is the
second-level support site. For the two-level equipment structure, the first level spare parts
are named by LRU, and the second level spare parts corresponding to LRU are named by
SRU. Each support station has a corresponding spare parts storage space, which stores a
certain number of LRU and SRU, respectively.
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[ LRU
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Repair LRU SRUJ

Shortage

Repair SRUI—® SRUJ ——P SRU LRU

\ 4
SRUJ

Isnoyd.IeM
BUEN

Repair SRU’ »  SRUI

Apply for supplying
LRU

Figure 5. Multi-level spare parts support process.

When the equipment is in normal operation, the whole equipment will stop due to
the failure of one LRU. At this time, the base uses the methods of replacing lost efficacy
parts and repairing failed parts to deal with the failed LRU. For the failed LRU, it should
be transported to the base first. If the LRU storage space is in stock at this time, the LRU
should be replaced immediately to complete the equipment repair. If the storage space is
not in stock at this time, a spare parts shortage event of the LRU will occur. At the same
time, due to the limited maintenance capacity of the base, the failed LRU will be maintained
in the base with a certain probability. If it is not maintained in the base, the relevant spare
parts manager will send the failed LRU to the rear warehouse for maintenance. He will
make a replenishment application for the LRU in the rear warehouse. If the LRU storage
space in the rear warehouse is in stock, the relevant spare parts manager will send the
failed LRU to the rear warehouse for maintenance. Then, the spare part is added to the
base LRU storage space. For the LRU maintained in the base, if it is found that the LRU
failure is caused by one of its SRU failures, the failure SRU is also treated in a way similar
to LRU. The failure SRU spare parts are replaced and repaired. For the failed SRU, if the
SRU spare parts storage space is in stock at this time, the SRU will be replaced immediately
to complete the failed LRU repair. Meanwhile, the relevant spare parts staff will send the
successfully repaired LRU to the corresponding SRU spare parts storage space in the base.
However, if there is no inventory in the corresponding SRU spare parts storage space, a
spare parts shortage event will occur. At the same time, due to the limited maintenance
capacity of the base, the SRU has a certain probability of repair in the base. After a certain
maintenance time, the failed SRU is successfully repaired. The relevant spare parts staff
will send the repaired SRU to the SRU spare parts storage space in the base. If the failed
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SRU cannot be repaired in the base, the relevant spare parts manager will send it to the
directly corresponding upper-level site. Failed SRU will be repaired in the rear warehouse.
He will make a replenishment application for the SRU in the rear warehouse. If the SRU
spare parts storage space in the rear warehouse has inventory, the spare parts will be added
to the SRU storage space of the base.

For the rear warehouse, we assume that it has strong reparability and the repair
probability for all spare parts is 1. For the failed LRU transported from the base, the rear
warehouse will check the failed LRU and find out the SRU, which caused the LRU failure.
For the failed SRU, it will be repaired in the rear warehouse for a while. After the repair
is successful, a relevant person will assemble the repaired SRU to its LRU. At this time,
the whole LRU is repaired successfully. Then, the relevant spare parts staff will send the
repaired LRU to the corresponding LRU spare parts storage space of the rear warehouse.
For the failed SRU transported from the base, the rear warehouse will directly repair the
failed SRU. After a period of maintenance, the repair is successful. Then, the repaired
SRU will be directly sent to the corresponding SRU spare parts storage space of the rear
warehouse. Due to the high priority of SRU spare parts and LRU spare parts shortage
events in the base, once the repaired spare parts or the spare parts in the rear warehouse
are generated, the two spare parts shortage events will be met the first time.

3.3. Model’s Variables, Restrictions & Parameters

The variables of the optimization model are the maintenance support echelons and
the equipment’s structural indentures. To simplify the model calculation, this paper adopts
two-level maintenance support to meet most maintenance situations, including base-level
maintenance and rear warehouse level maintenance (0 = rear warehouse). The hierarchical
structure of equipment adopts the typical three-level maintenance support mode which
are equipment system, LRU, SRU (0 = equipment system).

To simplify the modeling process and consider the actual situation, this paper formu-
lates some restrictions on the support process.

Condition 1: All LRUs are series in the equipment, and all LRU’s SRUs are in series.
In this case, once one LRU fails, the whole equipment system will stop running.

Condition 2: The failure of LRU is only caused by an SRU. The failure probability
is qij. Here, the multiple second-tier spare parts failure which will cause the failure of
corresponding first-level spare parts has not been considered.

Condition 3: The maintenance probability of the rear warehouse is 1.

Condition 4: The equipment system maintenance channel is unlimited [30]. There is
no need to queue maintenance spare parts.

Condition 5: All kinds of spare parts’ failure-free operation time are subject to the
exponential distribution [13]. This assumes is used to calculate the failure-free working
time of spare parts at each level.

Condition 6: All kinds of spare parts’ demand rates are subject to Poisson distribu-
tion [13,33].

Condition 7: The spare parts demand—-supply strategy of each grade site is (S-1, S)
inventory strategy in (s, S) inventory strategy [25]. (s, S-1) inventory strategy is continuous
inventory [50,51]. Once the inventory level is less than s, the maintenance station will
order immediately. The order quantity makes the inventory level at the order time reach S.
Otherwise, no order is made. Therefore, the inventory strategy of (s, S-1) in this paper is
that, once there is a good demand, we order the goods to the manufacturer once regardless
of whether there are any goods in the inventory. If there are any goods, we submit one
delivery. Otherwise, there is a shortage of goods.

The following parameters are required for the spare parts optimization process, which
is shown in Table 2. I is used as base number 1,2, 3, ... , b (0 = rear warehouse) according
to the convention. ] is used to represent item No. 1, 2,3, ... ,n (0 = LRU of the first level
spare parts).



Sensors 2021, 21, 8324 10 of 31
Table 2. Definitions of spare parts optimization parameters.
Parameters Definition Units Parameters Definition Units
MTBF; SRUj average fault interval hour Iy a probablhty that SRUj failure can
be repaired at base I
LRU repaired at base I is the the time from SRUj application to
qy probability caused by failure, where Ty delivery for ordering application hour
YJ=1n=1)qy=1 from the back warehouse
. . the SRUy number of single .
Sy SRUj inventory of base I piece Z; machine installations piece
dTy SRUj average shortage time of base I hour G spare parts SRUj unit price ¥ RMB
EBOy SRUj expected shortage of base I hour Ni ;ril(i)ral;xerrllber of equipment deployed piece
Ay SRUj demand rate of base I WT; average dal.l y working time of hour
equipment in base I
SRUj supply rate of base I under s .
Vi single maintenance channel A availability of equipment at base I
PSy SRUj the steady probability of base I Ry SRUj average maintenance time for hour

when the inventory is S

the base I

3.4. Multi-Level Spare Parts Demand Rate
(1) The base Is first level spare parts of LRU demand rate.

By analyzing the whole multi-echelon and multi-indenture spare parts support pro-
cess, it can be seen that the equipment shutdown is caused by one of the first level spare
parts LRU failures. For example, once the engine of the aircraft stops running, the whole
aircraft will stop running. To reduce the equipment downtime as much as possible, to
reduce the unpredictable loss caused by equipment downtime, the whole support system
will immediately generate a demand for the first level spare LRU in the base. So, the failure
rate of the first level spare LRU is equivalent to the demand rate of the first level spare LRU

in base L.
_ Wri-Zo-Ny

A= MTBF, (1)

(2) The base I second level spare parts SRU demand rate.

The second level spare parts SRU demand rate of base I is for the failure LRU with a
certain probability ryp, which can be maintained in the base. The probability qyj is caused by
the failure of SRUj. For the failed SRU]J, to repair the LRU as soon as possible and reduce
the downtime of the equipment, there is an immediate demand for base I to change the
SRUj. Therefore, the failure rate of the SRU; found by the LRU failure in base I is equivalent
to the demand rate of base I for SRUj.

Aty = Ao-Rio-qy.- 2

For qqj, LRU is the probability of failure due to SRUj failure. MTBEFj is the average
time between LRU failures. MTBFj is the average failure interval of SRU;, which belongs to
LRU. Since the LRU failure must be caused by one SRUj failure,

_ MTBE,

(3) The first level spare parts LRU demand rate in the rear warehouse.

The LRU demand in the rear warehouse is caused by the LRU failure, which cannot
be maintained in the base and be sent back to the warehouse. Meanwhile, the LRU
requirement modification is proposed to the warehouse. For the rear warehouse, it should
guarantee b bases at the same time. So, it should sum up the demand for all b bases.

Aoo = 211921 Ao (1 = 110).- 4)
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(4) The second level spare parts SRU demand rate in the rear warehouse.

The SRUj requirement for the rear warehouse is generated by two parts. The first part
is generated by the SRUj supplementary application, which is sent to the rear warehouse
by the SRUj and it cannot be repaired on all bases. The second part is caused by the LRU
being sent to the rear warehouse for repair, which cannot be repaired on all b bases. The
SRUj requirement is the SRUj application for the rear warehouse, in which the failed LRU
detects the corresponding failed SRUy during the maintenance of the rear warehouse.

b
}\OI = 21:1[}\1](1 — rH)] + }\OO'qH- (5)

(5) Demand rate solution

The specific solving order of each demand rate and the relationship between them
are shown in Figure 6. We take the data given by the equipment system in advance as
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