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Abstract

We present an overview of some recent developmentse area of inventory planning and maintenance
scheduling issues. The emphasis is on spare parhtory models, which authors divided into four mai
groups of models: models of optimal spare partntwegy policy for system under PM, number of spaae$
optimization models, storage reliability models, ltheichelon systems models. Later, in the paperethe
considered the time dependent system of systemsewhe system total task must be executed duriag th
constrained time resource. There is used the siionlapproach to investigate the influence of pa@ns of
the procurement process (order quantity, critiogkentory level, lead-time length) on the systensydgtems
behavior.

1. Introduction assessed in order to fulfil the intended missior, a
The princial obiect ¢ hnical connected with [73]:

e principal objectives of a technical systemtare providing the necessary supplies and services,
ensure the realization of continuous operational including:
processes of its components. However, a population s are. arts and components of technical
of units (aircraft engine components, computer epui mgnt rovidin P
modules, means of transport, etc.) that randonily fa quipt providing, o :

ensuring on-time realization of repair

but are completely repairable requires an effective rocesses according to the requirements and
maintenance infrastructure and a logistic systéat, t pro ding q
maintenance policy

will be available when required. As a result, . £ th . | obi in th
reliability and effectiveness of a technical system ° Sustainment of the operational objects in the
functional up-state, what includes:

being worked in changeable environment, cannot be < )

analyzed in isolation, without taking into accotime - providing necessary equipment to assess the
numerous links with its logistic support system. efficient functions of maintenance and
According to the definition [2], [7], a logistic pport support, _

system is the process-oriented subsystem of the - realization of maintenance processes of
technical system which supports its operational support equipment (séégure 1).

processes through the integration of all activities
being necessary to assure the effective anc providing an efective
economical flow of needed materials and related Providing realization reverse flow of materiafs

obtained from operational

information, and which supports the maintenance of operational process process

processes of this system in aspect of providing the sureLy mmpﬁfﬁ?&
N N7

necessary maintenance and support infrastructure

Operational process

The emphasis here is on logistics as it pertains fc broYiding an availability S LT
systems throughout their planned life cycle. It obtained from maintenance
. . ™ . pport process

provides the means to realize many supportability Maintenance process

functions for a set of operational requirementiit  Figyre 1. Logistic activities in an operational system
the intended operations and support enV|ronment[73]

The most important functions, which must be
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The interest in development and investigation ofother materials in several ways: the service
maintenance problems has been extensivelyequirements are higher, the effects of stock-outs
discussed in the literature since the early 1960s.  may be financially remarkable, the demand for parts
basic review in the area of maintenance modelling i may be sporadic and difficult to forecast, and the
prepared by Pierskalla & Voelker [53], where aushor prices of individual parts may be very high.
investigated discrete time vs. continuous timeConsequently, one of the most important decisions
maintenance models, later updated by Valdez-Floregaced by maintenance managers is the determination
& Feldman [67]. For other surveys see e.g. [1(8],[4 of optimal stocking levels which involves findiniget
[49], [50], [52], [57], [65], [71], [73]. answer to the following questions, such that thal to
However, most of the maintenance modelsexpected inventory costs are minimized:

investigated in the literature on reliability thgor « When to (re)order?

assume, that all the necessary logistic supporte How many items to (re)order?

resources, which include maintenance resourcesThere is a plethora of models in the literature on
support personnel, logistic information and data,reliability theory regarding to the spares supply
spares and repair parts, and facilities, areprocess optimization. A significant portion of them
immediately provided when it is desired. In pragtic base on a classic inventory theory, where the
the repair capacity is not infinite, and logistic procurement process parameters are usually
information may be unreliable. Moreover, the optimized taking into account the cost constraints
influence of a spare provisioning policy on the (see e.g. [55]).

maintenance policy also cannot be ignored, sinc&Recently, many inventory papers which treat stock
spares are ordered and carried in the limited dyant replenishment problems for stochastically failing
and the procurement lead time is not negligibld.[73  equipment/systems are surveyed in [53] and updated
Throughout years, the importance of the logistichy [10].

support functions, and therefore also of logistic A survey of inventory system models, made in 1991

support management has grown. The plethora oby Cho & Parlar [10], divides the existing models
studies, which have addressed the problem of logist into three topical categories:
support systems modelling, can be divided into four« jrreparable-item inventory models,

main groups being presented ifigure 2 A . repajrable-item inventory models: single-

bibliography of the work done can be found in [73]. echelon case,
e repairable-item inventory models: multi-echelon
‘ MODELSOFSI;(;_?:ESMTSICSUPPORT ‘ case. . ' .
o T, Irreparable-item inventory modelling have been
il o rabdritid | e edvitiind | ke psmmmted narrowed down mostly to the cases of Markov
repairman repair facility systems processes implementation (see e.g. [63], [78].yEarl

Systems with ¢
inventory models repairmen
allocation
Figure 2 Classification scheme of logistic support
system models [73]

studies in the area of repairable-item inventory
racity modelling had primarily been focused on the mijitar
e problems [15]. More recently, other applications
have appeared.

Recent overview of models integrating spare part
management and repair capacity is made by Guide Jr
& Srivastava [25], which examines the various

The problem of providing an adequate and efficient0dels and classifies them according to their
supply of spare parts, in support of maintenance ansolution methodology, smgl_e versus m_ultl-echelon,
repair of operational systems, has been reseafohed @1d €xact versus approximate solutions. Worth
many decades. taklng a no.te is .also a survey dpne by Kenne_dy. et a
Sufficient inventory level of spare parts has to bel36] in which literature is reviewed according to

maintained to keep the system in operating contitio Management  issues, —multi-echelon  problems,
When the spare elements are under stocked, it mal roblems involving obsolescence, or repairableespar

lead to extended system downtime and, as &2S- . . .
consequence, have a negative impact on the systefaonsequently, the main problems being solved in the
availability level. On the other hand, maintenange 2&'€a Of inventory planning and maintenance
excessive spares can lead to large inventory hpldinScheduling issues, taking into account the main
costs. Moreover, the requirements for planning thefac‘go_r; mfl_uenced the optimal ordering policy
logistics of spare elements necessary in maintenanci€finition Figure 3), are:

actions of operational systems differ from those of

Systems with one Information
repair facility systems

Systems with r repair
facilities
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e supply process parameters optimization taking \ SPAREPARTINVENTOR@}S\l
into account the chosen maintenance poliCY[ o scimron vopes | [MULTLBCRBLON MODELS
constraints (see e.g. [44],
. ™ —| MODELS OF OPTIMAL :
» storage reliability (see e.g. [31], [43], SPARE PART :
. .. . . e INVENTORY POLICY
* service level optimization in order to minimize || FORSYSTEMUNDER
the inventory costs (see e.g. [41], MAINTENANCE
* multi-echelon problems (see e.g. [5], [13]. | NUMBER OF SPARE | 3
PARTS OPTIMIZATION | *= en
MODELS ’; e: ;; erational units
OPTIMAL %ﬁgﬁ}]{l}lﬂNTOR!{ STORAGE " . - E‘;E‘m
%é?%gf LEAD TIME i}zﬁg{lﬁ/{;&;ﬂrgﬁh ‘ gggféLlNG ‘ __RELIABILITY MOoES *;nodglungfz&g/"r:;hm
negligitle . . i .
e o gt e e Figure 4 Spare part inventory models classification
paraliel spstem ggﬁl‘go%m pee—— simsdation [7 3]
k-aut-afn systen
|
— CPTRAZ ATION Ftrhemenry 003 21. Modds of imal ;
arirrg o CRTTERIA block replacener €9 .1. Models of optimal spare part inventory
purchase cost . .
T ey ST policy for system under preventive
pesmaion sl e maintenance
pares P;ﬁz zh artage time nat allawed

. . . L First group of the models presented in Eigure 4
Figure 3 Main factors influenced definition of oq5:qs to the works, which are aimed at spare part
optimal ordering policy for a technical system [73]  yrqvisioning policy parameters optimization when

Following the introduction, this paper is focused o maintenance policy of a technical system is known.
spare part inventories optimization problem The main classification scheme of the investigated

Consequently, the paper is organized as follows: if"Cd€ls is presented Figure 5. _
the Section 2 we present an overview of the most! N€re are two fundamental types of maintenance —
often applied models. We do not aim to give adfst Preventive  maintenance (PM) and corrective

all papers that have appeared. Instead, we want tg1aintenance (CM). For PM demand for spare parts is
investigate the main ways of the inventory modelsPredictable. For such maintenance it may be passibl

development, presented in the recent literature® OFder parts to arrive just in time for use, anehay

Later, there is provided an example of time not be necessary to stockpile repair parts atlmll.
tgpse of unplanned repair, the consequences of-stock

Quts regards to system unavailability with sigrfic
costs that is why some kind of stock policy is

There is used a “system of systems’ conception tJrecessary. It is _natural in techni_cal systems dht
model the interactions between operational systenfPa/€ units which can be delivered by order are
and its logistic support system. According to the @vailable for maintenance/replacement. In this case
definition [14], the system of systems contextesis we cannot neglect a lead time for delivering tharep
when a need or a set of needs are met with a mix df™t- . o
multiple systems, each of which are capable fThe main inventory policy parameters optimization
independentoperation but must interact with each criteria include availability ratio maximization g

other in order toprovide a given capability. More €.g. [22]), minimization of maint_er_lance_ and
information can be found in [74], [75, [76]. inventory costs (see e.g. [64]) or minimization of
stock-out risk function (see e.g. [26]).

First models which investigate the possibility of
spare part shortage due to delivery process

The general classification scheme for spare parPerformance regards to single-unit systems (see e.g

inventory models is presentedfigure 4. [64], [66]). In [64] authors consider a one-unit
system where each failure is scrapped without repai

and each spare is only provided after a lead tigne b
an order. In the presented model the followingqyoli

is adopted: order for a spare is made at a pre-
specified time instartt, during an operating period of
an original unit which is called a regular ordeheT
lead time entaild, time units. After delivery, the
original unit is replaced whether is operable ot. no
However, if the failure of the unit takes placedref

the time instantt, emergency order is made at a

task must be executed during the constrained tim
resource, and a briefly summary.

2. Sparepart inventory models
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failure time instant immediately. After an emerggnc
delivery, which entaild_; time units, a failed unit is
replaced, and the process repeats itself.

MODELS OF OPTIMAL SPARE PART INVENTORY FOLICY FOR
SYSTEM UNDER PREVENTIVE MAINTENANCE

/ \;

SYSTEMSE OPERATING UNDER BLOCEK SYSTEMS OFERATING UNDEE AGE
EEFPLACEMENT POLICY REPLACEMENT POLICY
/ \ * (5 5
* single-assortment
‘ STNGLE-UNIT SYSTEMS ‘ ‘ MULTL UNIT STSTEMS ‘ * minimization of cost
*lead time L function
* 1, Lo *negligible replacement * production system *infinite planning horizon
* negligible replacement time time * mimmization of cost function
* minimization of cost function * minimization of cost *infinite planning horizon DE’tenm_natlon ofoptlmal )
*nfimte planning horizon function lead t}me L and time (o=11)
* continuous monitering of ¥ infinite planning horizen Optimization of shortage interval T
system state probability in the moment of ®
- - Determination of optimal maintenance performance * production system
Detemr;af;?;];;c?;tlmal (1 time intervals £y and fw @ beginning * multi-assottment

* twro unit system

* cold standby

* minimization of cost
function and
maximization of
availability function

* minimal repair
. - of failed units Determinati £ ontimal
* minimal repair etermmination of optima (12)

Dreterrnination of spare level &
optimal time €]
intervals fg and £,

* preventive
replacement after ath
repair performance

* “repair or
repiace” taking
into account
planned repair
time

Determination of
— optimal quantity @ | ¢13)
Determination and time interval T;
Determination of optimal of optimal (15)
tirmne intervals & and number | (14) repair time 7;
of minimal repairs My

Determination of optimal
time interval

Figure 5.Models of optimal spare part inventory policy ystem under PM [73]

Taking into account the following assumptions: operational unit replacement is made in one of two

* infinite planning horizon, situations, whichever occurs first: when unit faols

» negligible replacement time of operating unit, ~when time of PM occurs at time instafjt The

« system is continuously kept under constantexpected cost per unit time in a steady stateviengi
observation till a pre-specified time instanbr by:
till the instant of failure, whichever occurs first

the expected cost per unit time in the steady state

given by the formula:

to+l ty
CoaF (o) +CpoR() *Cay [F(Ddt+c, [R(t)L

to to+L

C.lto 1) = - @)
. o+l jR(t)dt+ j F(t)dt
Cn [ RO+ €1 (t) + CzR(t) * Caf (L = Lo)F (o) + [F(D)ct o o
Clty)=—" - L (1)
(L= Lo)F (o) + L, + [R(t)ct where:
° ¢y — cost of holding a spare unit in a stock per ahit
where: time .
Cii — cost of spare element expedited order whichL — random lead time
is made at time instant Another work, made by Dohi et al. [21], presents
Cn — costs of spare element regular order made ajeneralized order-replacement model arising in the
timet, spare part inventory management, which bases on the
Caw — cost of system downtime per unit time assumptions taken in [64] and [66]. There is
Li(L;) — random lead time for emergency considered a replacement problem for one-unit
(regular) order systems where each failed unit is scrapped and each
Cm  — cost of system observation proportional tospare is provide, after a lead time, by an ordehd
the expected duration of observation original unit does not fail up to a pre-specifiéuie
R(t) — system reliability function instantt, the regular order is made, and after a lead
F(t) - cumulative distribution function of unit time L, the spare unit is delivered. The delivered

; spare element is put into inventory till the momeit
Presented model development can be found in [66]b$iginal nit faillf)re or il the )r/noment of PM

where the additional assumption is made: the
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whichever occurs first. On the other hand, if the
original unit fails before the time instang, the

expedited order is made immediately at the failure

time, and the spare takes over its operation jist a
it is delivered after a lead tinle. In this situation,

the regular order is not made. The function of the

expected total cost per time unit is given by:

C, (ty.t )_{csp{j
oty L+l

+CnF (1) +CpuR) + Gy [ (=t = L, JIFQOAE(L,) +

0 totl,

fu dF(t)dEl(Ll)+I j +L, ~t)dF()dE,(L,) | +

0 1t

. . } (3)
e[ [tdFMdE,(L,)
0tg+L,+t,,
wtytl,
X[_”t+L dF(t)dEl(L)+_[ j +1, )dF()dE,(L,) +
0 oLy, © o 2
+j jtdF(t)dEz(L2)+I J’t0+|_ +1, JAF(Y)dE,(L,)
0 ty+l, Oty +Ly+t,,
where:
Csp — shortage cost per unit of time
Ei(t) — cumulative distribution function &f (i = 1, 2)

The problem of optimal spare ordering policies for
two-unit cold standby redundant system with two
dissimilar units is considered in [22]. The
replacement problem is defined as follows: unit 1
begins working and unit 2 is in standby at timeuid
the planning horizon is infinitive. If unit 1 doemt
fail up to a pre-specified tintg, the regular order for
spares of both units 1 and 2 is made at tim@after

tU Ll
00
totly to+lo—t

[ [l + L) - (t+ SR (o)dR (1)

0

C,(t) = Csp{ - S)sz(S)dFl(t) +

}+

o + L, )R, (s)dF, (t) +

to

()

}+
where:
G, — cost per unit time incurred for the residual
lifetime of the original unit, which is still
operable

+c,z{TT(s— L MR, (8)dR () +

totl, e

j I[t+s

ty totL,—t

- fit

to+l,

+ Cp F (to) + CpZRl(tO)

o+ LR (t) j [ R, (9)dR (1)
to+l, 0
to+L,

ItdF(t)+ jtdF

o

[+ L )dR @

to+l,

Applying the renewal theorem, the expected cost per
unit time in the steady state is given by:

Csj (to)
E[ch (to )]

(6)

Cs(ty) =

Moreover, the stationary availabili(t,), defined as
the probability that a system is operative in the
steady state, is given by:

a lead timelL, the spares are delivered, and at the

time t,tL, all original units
correctively/preventively by spares,

are replaced
irrespectiie o

the states of original ones. Since two units are no

identical. The order for two spares is always ndede
On the other hand, if the unit 1 fails before timeet

t,, the operation is switched to the unit 2 and the

expedited order for spares of both units is
immediately made at the failure time. All original
units are replaced by spares just after deliverichwvh

lasts a lead timk;. The switchover is assumed to be

perfect and instantaneous. The state in which both

units fail before delivery of spare units implidset
system down.

To obtain the optimal ordering policy parameter,
there are developed: the expected cost per uni tim
in the steady state and the stationary availability

The expected time for one cycle is defined as:

to

BT, (t)1= [ (t+ Ly )dR 0 + [ (to + L, )R (1)

0

i (4)

to

The expected inventory cost function for one cysle
given by:

329

[T, (to)]
E[T,, (t)]

(7)

Alty) =

where:
Ty(to) — effective time of a system for j-th cycle,
given by the following formula

to Ly to oo
E[T, (to)]_” t+s)dF (s)dF(t)+H t+ 1, )dF, (s)dF () +
oL,
to+ly totl,—t (8)
[ [rsar(edRm +to +
to 0

[ [+ L)dR(dRO + [ (6 + L )R

tg totlo-t totl,

o

Another very interesting problem regards to spare
parts inventory planning in order to keep a
production system in operating condition. Example
of such a system consisting of n identical and
stochastically independent production machines in k
out-of-n reliability structure is given in [70].

Operational process of the presented system inglude
planned machines shutdown, during which alee the
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failed elements in that maintenance cycle areand cannot give optimal solution. More complex real
replaced in order to increase system reliability. life systems behavior models, where the problem
The problem considered in the presented papestated regards to multi-criteria optimization issae
regards to a priori planning of spares inventoriesvery complicated and are hardly to be put in an
required for the maintenance during a phasedexplicit analytical form.

mission. In the system, it is possible to replaikedl ~ Another group of models where the problem of spare
elements only during overhauls performed betweerinventory optimization is investigated regardstie t
two phases. The replacement of the failed elementage replacement policy. The problem of age
at the end of phask may be done by spare parts replacement policy with inventory restrictions dan
remaining unused from the proceeding overhauls andound in e.g. [46], where authors investigated two
by S items planned to become available at time pointinventory policies (s,S).

t«. the failed elements, after replacement, are regai According to the (1,1) inventory policy, operating
and put into stock (inventory with returns system). element will be replaced in one of two situatioas:
The shortage can occur, when the demand oveage T or whenever the minimal repair coSf, is
crosses the number of spare elements being availabgreater than some predetermined val@™

hm

from stock, and then spares are obtained by afyhichever occurs first. When the unit must be
emergency order or by borrowing, penalty cost iSrepjaced it will be ordered and delivered afteearl

paid, and the mission continues. The problem Oftime . during the time of waiting for spare element
spare parts planning is to fir& for which stock out delivery system is in downstate.

probabilitiesps,k at time point are smaller than the  optimization of the following parameters: lead time
specified numbersg L and the ag@ when a system must be replaced base
on minimization of total maintenance and inventory

minC, :iCZSK cost, defined by the following formula:
= (9)
pspk(% """ SK ) = aspk Chin "
6D+ Cu=Cro* [ xR, 000~ FlCi)” - (ROF™] 0
: C(LT) = S 10
where: ' - (10)
C, — function of expected total purchase °
and holding cost
C, — total purchase and holding cost per where:
unit per unit of time F.(X) — cost of repair distribution function
ty — moments of planned overhauls, Peom  — probability that defined minimal repair cost
k=1,2,.K is greater tharC "
S - p;?nr:ned number of spare elementscd(l_) — function of costs associated with delivery
o erformance (e.g. ordering cost, cost of lost
PspS1,..., &)  — probability of stock out af P . eg 9
: production)
Aspk — maximal level of stock out
probability in one maintenance This kind of model might correspond to some very
cycle critical but expensive piece of equipment where one

backup is provided [46].

Second investigated inventory policy called (22i

i . o flodification of described (1,1) inventory models. |
of available spares and following assumptions: this model, the system will always contain one unit
* perfect maintenance conditions, in operation and one additional unit either in
+ elements of the system are identical andinyentory or on order. According to he model

identically distributed. assumptions, when an operating unit fails one of tw
Many works which address the problem of possible situations can happen:

determining the optimal ordering policy parameters,
for technical systems operating under block
replacement policy base on using simulation
processes (see e.g. [8], [26], [56]). Those models
give the solutions to define optimal ordering pyplic NO
parameters (e.g. order placement moments), defin%h
optimal PM parameters (moments of maintenance
performance). However, such optimization problems
typically entail the use of simplified system mael

The model is solved with the use of a Markov

an additional unit being in inventory is
immediately available for replacement,
an additional unit is on delivery — then the failed
unit is repaired at all cost.

system downtime is ever allowed.

e total cost function is defined as:
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Co(L.T) ={eq (L) = In REL)CE, +[1- (R(L))P (RET) e | x

.
-1
X[ JXchn(X)(l_ Fcn(cr:nmax)) +CW1_CW2]+CW2}X

]

(11)

T -1
[ + (RN "nmj R(D))" ”"mdr]

L

where:
L
Cnm_
time

For more complicated problem investigation (see e.g
[69]) simulation processes, dynamic programming,
integer programming, and nonlinear programming®e

are the main tools suggested.
Lots of models for the joint optimization of an

expected repair cost function during a lead C.QT,) =

after using for time intervaly, if inventory level is
(i-1) and minimal repair is performed for any
intervening failures. The problem is to select iwaii
order quantityQ and replacement intervalg;, so as

to minimize the total maintenance and inventoryt cos
per unit time, given by the following formula:

Q Q
Co +szQ+Can H(Tci)+ChZ(i _1)Tci (13)

where:

— cost of an order placing
Cwz — replacement cost per unit
i —inventory level

optimal age-dependent inventory policy and PMnyestigated problem of optimal ordering and
policy regard to production systems subjected tomaintenance policy parameter definition is contthue
random machine breakdowns (see e.g. [23], [35])in many recent papers (see e.g. [58]). In this pape
An interesting inventory problem is investigated in authors defined optimal ordering potpiand optimal

[62], where authors developed optimal number ofnumber

inventoriesS =95, S, ..., $Swhen:

« system performs under age replacement policy,
« system failure rate increase with its age.

The optimization problem is stated as:

max|q_:| P, (S;) (12)

nq

max
D H.s,<C;
g=1

where:
Ng
production machine

p,(S,) — probability that there will be no stock out
of spare elements type during the
overhaul

— initial inventory level

— maximal allowed level of inventory costs

S
C;nax

Solution of the stated optimization problem is
received with the use of dynamic programming.
However, in real life systems, failed element can b

replaced or repaired, what needs to give an answer

for the following questions:
e when unit should be
replacing?

repaired

of minimal repair N,,, before PM
performance for single-unit system. Assumptions
made in this model are the same as presented]in [64
Order for spare element is placed befotle failure

of operational unit occurrence (momey)t and lasts

a lead timelL. if operational unit fails before,
moment occurrence, system is in downstate till the
moment t,+L. However, if unit fails after spare
element deliverylgh failure), system is immediately
replaced. Other failures are minimally repaired in
time (0,ty).

Optimization of parameters is performed with
minimization of total expected cost function given

— number of types of spare elements inbY:

CyltnNom) = {( e +Co +(j ) fl",tk(x,y)dydx]x
0 x

oo X+L
x{csp [ [Oer L=y, (x y)dydxj +
X

o

ft (X y)dydx}[ch'f J' y—X-— L ot (X0 y)dydx}}x (14)

0 x+L

j.f: 1 (X Y)dydx](jigexd ROONRM)' L}+

g

— probability density function oft, and

Kpm=1
foa (% Y)dydx]( j5 e R0l

o j=1

instead of Where:

f o (X Y)

e how many spare parts should be ordered in

order to meet demand and the ordering an
inventory costs will be minimal?

d

Another interesting solution of the problem ‘re@ac

One of the models, which try to answer for theseor repair’ is given in [20], where a simple reptiine
questions, is presented in [51]. In this papertjoin jimit replacement problem with imperfect repair is
stocking and replacement model with minimal repairconsidered. Authors investigated a single-unitesyst

at failure is considered. Authors assume, amits

in which, when unit fails one estimates the repair

are purchased per order, operation unit is replacegme. If the repair can be completed up to a pre-
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specified time limit T, the repair is started The problem of influence of spares provisioning
immediately, otherwise, the spare unit is orderegdecisions on rellab!llty/a\(allablllty of an ope@tal
with a lead timeL. the expected total cost per unit system has been investigated for almost 50 years.

time in the steady state is given by the following First papers regard to defence systems modelling -

formula: see e.g. [1], where authors presented an analfsis o
inventory policy parameters and their influence on
v marine system maintenance process. Another
(k, +c,)tdc) + (kL +c,Jo() example is presented in [12], where the problem of
cr)=+ ° 1 1 1. (15) aircraft supply process is investigated. More rédgen
fth(t)";*('-*}‘;]G(Tr) other applications in civil sector have appeareith w
° the use of classical inventory methods:
where: . _deterministic_models (g.g. Wilson rr_lethod, (T,s)
k  — penalty cost per unit time when system isin  Inventory policy, (s,Q) inventory policy),
downstate * probabilistic models (see e.g. [45]).
T, —random repair time Deter_mir?istic models are easy to calt_:ulate, however
G(t) — p.d.f. for repair timeG(t) =1- G(t) th?‘ :cl_kzllhood of obtained results is usually not
. . satisfied.
i: _gllldrr‘é rrzi g]; ?g;‘;;:gg unit Moreover, most of the known models assume that

supply process is a Poisson process (see e.g. [2].
The solution of the presented model is obtaineti wit According to this author, the problem of
the use of graphical method based on the Lorengletermination of optimal number of spare elements
transform. for irreparable system which will satisfy the demian
Main classification of the models regarded to during operational process timetjOs not possible
optimization of inventory and maintenance policy to solve analytically without making an assumption
parameters is presentedTiable 1. about exponentially distributed operational timeaof
system. As a result, for this assumption a soluison
2.2. Number of spare parts optimization  9given by the known formula:
models

- (1t) (16)

Presented above group of models cannot take into P(N(I)SHO)ZZTEXD(—/\I)

account the problem of obtained system reliability o

characteristics being influenced by chosen invgntor where:

policy. As a result, authors define second group ofn, — number of used elements during operational
models which analyze optimization of inventory and process

maintenance policy parameters in order to provid
maximal level of reliability/availability of a
maintained system. The main classification schem

e
Number of necessary spare elements when
e(eplacement time is assumed to be negligible, is

: e iven by:
is presented ifrigure 6. 9 y
‘ NUMBER OF SPARE PARTS OPTIMIZATION MODELS | P( N (t) S no ) 2 a b (17)
NUMBER OF SFARE PARTS OPTIMIZATION FOR ‘ NUMBER OF SPARE PARTS OPTIMIZATION
SYSTEMS WITH INDEPENDENT UNITS FOR SYSTEMS WITH DEPENDENT UNITS
where:

‘ STINGLE- ASSORTMENT INVENTCR Y ‘ ‘ MULTI- ASSORTMENT INVENTOR ¥ ‘

ap — rejection level

* single-unit ieparable
system.

* multi-unit system
* inventory system with * infinite planning horizon

esainiits “iontsplcnig i e Presented model can be used only for definition of
el T necessary spare elements for single-unit irreparabl
B e e — system, thus, this is very simplified example, vhic
g |0 cannot be applied for real life system optimization
S problems solving. However, there should be clearly
{m s stated that problem of optimal spare parts number
Delomindion ofmmber of | definition can be easily obtained only for a small
= amount of cases, when following conditions are

Figure 6.Number of spare parts optimization modelssaﬂSﬁ_ed: ) o
classification [73] * single-unit system or multi-unit system

connected in series,
* independency of operational units,
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» time to failure is exponentially distributed.
Taking also into account the following assumptions:

e spare elements cannot degrade in time during
being in stock,
+ failed elements can only be replaced not p (n,t)— probability that during time (0,there will

repaired,
probability that during operational time t{0there 1
will be no shortage, can be defined as: !

where:

d

P (n,t) = ILII Ps (N t) = exp(_Ait)iAij
i= j=1

(18)

be no shortage of elements of type
— failure rate ofth type element, which is in

jth place in a system

— number of elements of type

Table 1.Models of optimal spare part inventory policy 8ygstem under PM — an overview

Inventory Preventive Operational| Optimization Model Planning
policy ma';rgleizgfnce system type criteria parameters Modelling method horizon Papers
L, T [46]
single-unit analytical
T8 23,35
Age C, - MIN [ .
(s, S) replacement T1,s,S ) . [80]
policy simulation processes
multi-unit Sk (62]
C, - MIN sk, Sk dynamic programming [69]
C, - MIN t0, t1 [21, 66]
single-unit
is _'MMAI\I;I( . analytical [64]
- t
R,S) [22]
Block infinitive (o)
replacement Ts analytical/simulation 3]
policy multi-unit ' processes
C, - MIN Sk [70]
simulation processes
(S, s) T,s'S [56]
R, S) singlg-un_it/ T.R.s analytical/simulation 8]
multi-unit processes
(S, Q) Block S,Q [51]
- replacement
ﬁg::g;tﬂ;? policy with single-unit C, - MIN analytical
nth minimal t0, Nnm [58]
. repair
maintenance
s —critical inventory level R - reordering point
T - time between orders performance
S —maximal inventory level Q - ordering quantity
When the presented above assumption cannot be Rlt)= ™ (3
satisfied, other modelling methods (instead of = 1O
analytical) must be implemented, like e.g. simolati m (29)
processes (see e.g. [11]), heuristic methods (gsee e c o I_J’g
[77]), or databases of exploitation processes ésge z” Zml& c
[42]). =a

Problem of optimal number of spare elements
definition for multi-unit system is investigated in where:
[72]. Presented model is aimed at maximization ofP;(t)— probability that system is iith state forjth
system reliability taking into account the cost type of spare elements
constraints: g — probability of ith type spare element
availability
C, - cost ofith type spare element availability
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X — number ofith type spare elements being in no (N
stock maXA(Ts):I:In( 2 Z(Fik(Rj)_Fik+l(Rj))]
m  — number of subsystem components i} AR 1)

n

£3

n
H max
J X Czi X Zij < C:z
i=0

There can be also found lots of optimization models
aimed at defining the number of spare units in orde

to maximize steady-state system availability. Ohe o ; P xw Xz, SW,,,
interesting models is presented in [6], where is
considered inventory model with returns for
repairable system with cold standbys and non-zerqnere:

replacement time. In the investigated multi-unit ymx . _ maximum number of spares allowed for
system, when a failure occurs the defective units a component

replaced by spare ones, which must be available. Th ¢y _n-fold convolution of functiorf;(t)

failed units after replacement are sent out foaiep F-I(t) _ time to failure distribution of componeint
Repaired units are good-as-new and are put in b po%'. _ cost of spare for compondnt
of spares. When the situation occurs, that amit "\ _ \weidht o?each S areE‘)or componint
fails and there is no good spare, the system i§/\'/ B magimum alloweF()JI weight P
maintained by repairing a failédunit. The problem max g

: 1l

>
£3
8

o
I
o

is how many spares ought to be allocated and toZij — binary variable:
where. The solution bases on availability funcfion -
a mission time (@), given by: 2 :{L if j spgresare selectedfor component (22)
10, otherwise
{maXA(S)_A(:? (20) The above optimization problem is solved using an
Cy(S5T)=Cy efficient branch and bound procedure.

To sum up, taking into account the presented above
where: considerations, there can be defined the main
S* —vector of optimum spare units for subsystems drawback of existing number of spare part
Cs - totaljth cost of the system for mission time optimization models:

(01 « most of the work is based on an item approach
Cmaxsj — maximal allowed level of jth cost rather than system approach,

e simple solutions can be obtained only for a
small amount of cases; models require the use of
special purpose algorithms to handle large
problems.

Taking into account the following conditions:
e operational and repair times are exponentially
distributed,

e spare units do not fail during a storage time,

e repaired units are good-as-new,

the computation of steady-state availability, dedin

by formula (20), is done by using Markovian chains. Another important problem regards to reliability of

Models for spare components with exponential,the spare elements being in stock and its influemce

gamma, normal and Weibull time to failure operational performance of a maintained system.

distribution using a renewal process are develaped Some elements e.g. electronic equipment can and

[38]. In the presented paper, authors consider aloes fail during the time, when they are awaitiog f

system with n components connected in series. long periods of time prior to usage. As a reshiere

Maintenance process regards to the replacement afan be stated a question: what is the spare element

failed component by a new identical spar elementreliability after being in storage for defined metiof

The objective is to maximize availability of the time (e.g.X years)? The main classification scheme

system satisfying constraints on costs and weightpf the models, which investigate problem of storage

what can be written by: reliability, is presented iRigure 7.
One of the first works developing storage relidyili
with periodic test model for electronic equipmest i
presented in [Marti84]. Model gives the possibitiby
calculate the expected number of failures during on
periodic test internal, with the assumption about
exponentially distributed processes in a system:

2.3. Storagereliability models
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_( T4 s T" Ha Vo AJ(‘I’4+TT) (24) reliability becomes lover tharR,. For such an
P T HTT S TheTT T TAeTT S inspection model an average cost until overhaul is
given by:
where:
T* —time in which the item is in storage between C.(T.)= NiniCin +Cus (26)
two periodic inspections performance SN T+ T,
TT —testtime
lss  — failure rate of an item being in storage where:
4c  —failure rate of a switching process Nmi — numbers of inspections done during a
Vin — number of period test cycles during storage system storage
process Trm — random time to system reach the level of
reliability R,
‘ STORAGE RELIABILITY MODELS |
*:::mgﬁﬁpy T Optimization process is given for Weibull
e g noeon * nepection pocess —patec maleaoce of distribution of time to failure of unit 1 and
e  oimesancsporiod whan o 32609 exponential distribution of failure process of uhit

STORAGE RELIABILITY WITH minimal reliability level

@

PERIODIC TEST MODEL

Calculation of a problem of optimal inspection
policy for a storage system with periodic inspattio

AN OPTIMAL INSPECTION POLICY FOR A
SYSTEM INN STORAGE

@0

l *inherent storage reliability

STORAGE EELIABILITY WITH | 1 AT skt e o can be also found in [29]. In the considered model,
POREIELE IMITIAL FAILURES . . . .
AN OPTIMAL INSPECTIONFOLICY FOR & | (1 system is replaced at detection of failure or et
STORAGE SYSTEM WITH HIGH RELIARILITY . .
l —— (K+1)T;,, whichever occurs first. The total expected
EXT]:,E;:;:;‘CS):;;/[ALINSPECTIONPOLIC]ZES COSt untll replacement iS glven by.
FOR A SYSTEM IN STORAGE @9
Figure 7. Storage reliability models classification ¢ (T,)=(c, +CcquT)>. (R(T,)) R.(iT,)) - @27)
[73] =0

(+)Tin

X (R R ITR Ot +c, —c,
The storage reliability problem has been of paldicu ;(Rl ) jITRi .

interest since 1960s, especially in safety-related

systems and in the military industry, where thewhere:

storage time is often the largest portion of th@alto ¢4y — cost of system downtime elapsed between
life time. These systems have to be very reliable failure and its detection per unit of time

upon demand. In paper [79], authors consider modellE
of storage reliability as a combination of the irdre
storage failure probability with the initial faileir
probability, which is usually assumed to be
negligible. The storage reliability at momentis
given by the following formula:

xtended optimal inspection policy for a system in
storage is developed in [30]. In the presentedlarti
system consists of units 1 and 2, where unit 2
consists of units 21 and 22. That is, a systemistins
of a series system with independent unit 1, unit 21
and unit 22. Authors consider the followed extended

inspection policy:

= 25 D . .

R(t) = RR,(t), t=0 25 periodic inspection: when a system is inspected
at time intervalTi,, unit 1 is maintained and is

where: - - _ like new after every time intervdl,, unit 2 is

Ro  — probability that a unit is good at time zero not done, i.e. its hazard rate remains unchanged

Rop(t) — inherent storage reliability by any inspections,

The estimation of the initial reliability and thailire ~ *  Periodic replacement: a system is partially

rate during the storage is presented in the expiahen replaced at time intervaNT, (unit 21 is

case. replaced, unit 22 is not done, i.e. its hazard rate

Recent storage reliability models include also remains unchanged by any replacement),
inspection and maintenance operation performance® overhaul: a system is overhauled if the
(see e.g. [28], [31]). In the presented article,  reliability becomes equal to or lower thBg.
considered system consists of two units, unit 1 isFor the presented extended inspection policy, the
inspected and maintained to a good-as-new conditio@verage cost until overhaul is given by:

at periodic timesT (k=1, 2, ....) to hold a higher

reliability than a pre-specified valig,. Unit 2 is not C.N.T)= (N Ny + Ngp)C, + Nee, (28)
maintained, i.e. its hazard rate remains unchabged shont (NZNg, + N2 +T,

nay inspections. A system is overhauled if thewhere:
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N?%, —unit 21 replacement number acquire enough spare parts to provide immediate

c?,. — cost of replacement of unit 21 replacement of damaged components, what needs to

Tq — time to system overhaul sindé,{Ni,1;+ng)th have effective supply system — usually multi-echelo
inspection system. This problem is especially important for

N?%,1 — number of inspections since finishiNgth military systems, where main problems regard to:
replacement till system overhaul » evaluation of time-varying availability in multi-

An optimal inspection time and an optimal echelon inventory system (see e.g. [39], [46],

[40)),
e analysis of supply system of aircraft systems
(see e.qg. [32], [54]),
e optimization of multi-echelon service part
supply system for marine system [60], [61]),
determination of number of spares in an
inventory/repair  system  which  supports

replacement time are numerically discussed.

2.4. Multi-echelon system models

The reparable-item inventory problem has received

much attention in the logistics literature. The m®isd -«
presented above regards to single-echelon systems.
However, for advanced technical systems, such as equipment with scheduled usage (example of
engines, or airplanes, high system availability is NASA'’s space shuttle — see [4]).

enhanced thanks to multi-echelon inventory systempDescribed models are aimed at maximization
in which usually are two or more echelons equippednilitary system availability under the cost

with repair and stocking facilities. The lower eldme

constraints. The most commonly used modelling tool

consists of a series of bases which are first levels Monte Carlo simulation.

maintenance stations. The upper level, usualledall
a depot, provides second level suppdiiggre 8).
Usually items are sent to the higher echelon i&loc
repair is technically impossible, i.e. if the locapair

shop does not have appropriate equipment or skills.

Local repair shop

\I

Local repair shop

Local repair shop

%{g J

Two-echelon system

Local repair shop

Local repair shop

Central
depot

i

Local repair shop

I

Three-echelon system

Figure 8.Multi-echelon system

The review of the main allocation models for multi-
echelon systems is given ifable 2. Moreover, in
[5], there is presented a comparison of allocation
policies in a two-echelon inventory model.

Research on multi-echelon inventory models has
gained importance over the last 30 years. For large
multi-component system the problem of optimal
allocation policy definition cannot be solved
analytically. Monte Carlo simulation (see e.g. [59]
branch and bound algorithm (see e.g. [9]), or quepui
theory (see e.g. [13], [16], [34], [37]) are theima
tools suggested.

3. An example

Consider a repairable system of systems under
continuous monitoring, in which there are integtate

two independent systems: operational and its
supporting system. Both systems have only two
states: upstate, when they are operable and can

The most important results on divergent multi- Perform its specified functions, and downstate,

echelon inventory systems are reviewed in [19].0therwise. _ _
Authors concentrate on two types of policies: The system of systems total task is defined as the

ordering policies and installation stock policids.

continuous performing of exploitation process.

the second literature review, presented in [17],Moreover, inthe presented model the logistic suppo
authors focus on describing those models which cafunctions are narrowed down only to providing the

be practically applied. Moreover, authors revisit i

necessary spare parts to the operational systera. As

detail Multi-Echelon Technique For Recoverable result, the logistic support system is inoperabfiemv
ltem Control (METRIC) mode and its variations and there is no capability of supplying the operational

discuss a variety of more general queuing models.

processes with necessary spares.

Repairable items are referred to as components! e operational system is composed\bfidentical

which are expensive, critically important and subje
to infrequent failures. When they fail, they shobl

elements working in a reliability structure, which
determines the moments when the system goes to a

repaired and reused after repair since they are togown-state.

expensive to be discarded. Thus, one way to achieve
high operational availability of such system is to
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Table 2.Multi-echelon system models — an overview

Number of | Optimization Modelling Papers
echelons criteria method P
push i pull
C, - MIN strategies [27]
analytical with | [37]
ueuing theor
W, - MAX q. 9 Y| [16]
two- simulation [59]
g;?teelan C. - MIN processes [34]
a - MIN analytlcal with [33]
° queuing theory
B branch &
Nocz — MIN bound [9]
algorithm
three- C, - MIN Markov
echelon [13]
system A - MAX processes
four-
echelon C,+C; - MIN (18]
system analytical
n-echelon a, - MIN [68]
system
Nocz — Mean number of awaiting | Wo — fill ratio

orders in a system

oo — Service level

Let's also assume that elements’ failures are mando
in time, and each failure entails a random duratibn

repair before the element/system is put back into

service. Let's also assume that any informatiorutibo
is reliable and comes
immediately to the logistic system.

failures

In the investigated model, when logistic support
system is in up-state, the ability of the system ofCp
systems depends only on:

in this system

critical inventory level (CIL) used as a stock
policy,
e the individual time redundancy used to model
the system of systems performance [doktorat].
To the best authors’ knowledge, an effective way fo
achieving the reliable operational systems logistic
support especially bases on meeting two targets:
reliability/availability and cost constraints:

_ CSJ'
*E[T)] (29)
As Anin

where:

Cs; —the expected total system of systems costs in a
jth procurement cycle

T, —the random time of thth cycle

A —the system of systems’ availability ratio

Anmin — the limiting availability ratio of system of
systems performance

For the investigated model, the expected totaksyst
of systems cost in gh procurement cycle may be
calculated as [73]:

T

C.=ciH®)+g, +ch+chE{[ | (t)dt] +
0

+ Pnnj(kf H(t)+ deE[fﬂ)

(30)

where:

— operational element replacement cost
— cost of one spare purchasing

I(t) — the quantity on-hand at timhe

- the time, when the operational system isp,, — probability that system of systems fails
operable,

- the time of technical system repair.
In the situation, when the supporting system isfollows [73]:
inoperable due to the lack of spare parts, theesyst

of systems availability also depends on the logisti
delayed time, which is necessary to solve logistic

problems.

Moreover, if there is restricted the system of sy
total task completion time, defined as the time of

operational system recovery process, the system )
systems remains in upstate if this defined time wil 0Perat
be shorter than time resource. Otherwise, the yste Eld]

of systems will fail and remain in downstate thlet
end of delivery process.

Consequently,

the following additional

model

gystem, ET]

The expected procurement cycle time is defined as

E[T;] = Q(EIT,] + E[T, 1)+ E[7] (31)
where:

E[T,] — expected time to failure of operational
— expected replacement time of
onal system

— expected supply task performance time

The basic formula for steady-state availabilityiarat
assessment is expressed as follows [Gniedenko]:

assumptions are taken into account to define the

system of systems performance process:

¢ randomness and

independency of all
performed processes,

the
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For the presented system of systems with time

dependency, the availability ratio in one procureme |

Input data loading

cycle is expressed as [73]: 7
o for the system of systems with negligible | ceneration of random elements operating ‘_
. . . times T,, delivery times L, and resource
replacement time of operational element: times 7. according to the specified
probability distribution functions
v
A:l—i (33) Definition of failure moments that can
(?E[Tb]+-E[T] happen in the operational system -
Determination of moments when order is
placed
where: ¥
. Det inati f deli ival t
E[¢] — expected system of systems downtime cause| e o A T |
i i Computation of supply performance times 7
by the time of operational system recover
— i v
Q Order quantlty Definition of moments when given time
resource is ended
« for the system of systems with non-negligible ¥
. . ; £ £ P
replacement time of operational element: e o over crosting the detined rime et
resource by operational system recovery time
v
A=1- E[{l] (34) ‘ Calculation of a new inventory level }—
Q(E[T,] + E[T, ]) + E[7] v

Calculations of system of systems costs and
reliability characteristics

More information can be found in [73]. i

3.1. Simulation model and obtained results Figure 9. Simulation algorithm of time dependent

The analytical model of performance of the system of systems performance [73]

presented system of systems with time dependency is

investigated in e.g. [74], [75, [76]. The simulation results of the modeled system of
The analytical results of the modeled problem can b systems have been carried out for the input
obtained only for a small amount of cases, when thgarameters, presentedTiable 3

operational system is a single-unit system, theThe main reliability and economic results are
performed processes are modeled according to theresented ifrigures 10 - 15.

exponential distributionstc (see. [73]). Thus, there

can be written the following conclusion, that this 0; e
analytical model is an oversimplified version oéth -

real system behavior, so the obtained results are n - O

traceable to practical situations. 06 A IIRY AL

To overcome this problem, there is proposed & os i@@%

simulation model of time dependent system of o4 - M
systems performance, which has been develope °3 a<><><><>WA

with the use of GNU Octave program. The 02 o

simulation algorithm of the modeled system of ; & | . . . | |
systems is given iRigure 9. 0 5 10 15 20 2% 30
The system of systems level of availability ratie OA(SD) DAR) AAEP) Q

probability of system of systems downtime o )
occurrence, or economic results strongly depend offigure 10.System of systems availability ratio for
the operational system reliability structure. That Various levels of order quantity of spare elements
why, the model of time dependent system of systems

performance was created for the three various syste

reliability structures — series, parallel and dut of

n".
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2400

Table 3.Input parameters of modeled system of 00
systems 2000
. 1800
Initial Explanation of denotation e
value 1400
A |1 Weibull's shape parameter of single 8 Egg
operational element time to failure -
Weibull's scale parameter of single 600
1/B, | 100 . . : 400
operational element time to failure 00
A, 1 Weibull's shape parameter of single 0 ; . ; ; ‘ ‘
operational element replacement time 0 5 10 15 20 25 30
- ) - S Cs(Sz) O Cs(R)ACs(P) @
1B | 10 Weibull's scale parameter of single
r i i . o - .
operational element replacement time Figure 12.Expected cost per unit time function for
A |1 Weibull's shape parameter of lead-time  yarious levels of order quantity of spare elements
time
i ’ -t 3600
1/8, | 1000 We|bull s scale parameter of lead-time o
time 3000 uDDgI'IEI
1 Weibull's shape parameter of time 2700 ,_“_‘,_‘DDuuDDDD
resource time j;‘gg Moo=
ibull’ i 6 OOV
18, | 10 Weibull's scale parameter of time resource 1:88 O AT
time 200 PO L AANDES
k 1 “k” Out of “M" QOOZ
number of elements working in an e
M 5 . 300
operational system 0 ‘ ‘ ‘ ‘ ‘ ‘
S 5 critical inventory level 0 5 10 15 20 2 30
Q 30 order quantity O Cs(Sz) OCs(R) ACs(P) s:
Cv |90 replacement cost of a unit Figure 13.Expected cost per unit time function for
G 50 ordering cost various critical inventory levels
Co 50 purchase cost of one unit
¢, | 100 inventory unit holding cost per unit time O; B88A RN
: : SHq
SO WHno-
K 1000 penalty cost of system of systems failure 08 SE pagn! A0
occurrence 07 oo, Hang ag -
Caw | 1000 | cost of system of systems downtime unit 06 °© S50
< 05
RN

0.4
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Figure 14. System of systems availability ratio for

02 7 various lead-time lengths
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probability for various levels of order quantity of 1200 5AA AN o & 5500
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Figure 15.Expected cost per unit time function for
various lead-time lengths
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The ordered and delivered spare parts quantityOn the other hand, the longer the lead-time, the
determines the length of a single procurement cycldower inventory holding costs and the higher
(time that elapses between the two consecutivelowntime costs incurred, what is connected with the
moments when the inventories on-hand drop to &igger probability of system of systems downtime
critical level). As a result, the bigger the ordkre occurrence. This relation can be seen inRigre
quantity, the higher mean stock level in the systeml5 as a local minimum of thg; value.

and rarer deliveries performed. In order to model the time dependencies between the
The expected costs incurred by the system of sygstenpperational system and its logistic support system,
with a different-structured operational system arethere have to be identified basic relations, which
mainly determined by the inventory holding costsresult from the system of systems structure,
and system of systems’ downtime cosigy(re 12).  components’ parameters, or processes’ execution
When the level of ordered quantity rises, thetimes.

expected costs function has the local minimum inin other words, the presented model especially can
case of series and k out of M systems. It is alre§u  support decision processes in the area of suppky ta
rarer deliveries and downtimes occurrence thataris performance requirements. Especially gives a
from inventory lack. On the other hand, the moreconvenient tool to decide which supplier can previd
spare elements are purchased, the higher inventorhe desirable time of supply delivery in order to
holding costs are incurred. achieve a defined system of systems’ operational
The worst solutions for the system of systems withcapability.

operational system in parallel occur when theOn the other side, the developed model can be
ordered quantityQ is a multiple of M. If all M helpful to assess the reliability requirements of
elements are replaced and there is no sparegperational system elements in order to provide the
remaining in a logistic system, there is a highercontinuous system of systems’ total task perforraanc
downtime  probabilty and its economical

consequences, than if there are some elements in4 Conclusion

stock. This downtime costs together with the
inventory holding costs have the greatest influence! © SUM up, all the presented models from the afea o

on the system of systems economic results. supply = process parameters optimization, ~when

The same effect can be seen when availability ofYSIEM is maintained according to defined PM, can
system of systems with operational system in parall P€ divided into two groups:

is analyzed. The system of systems reaches the searching effective optimization methods for
lowest availability ratio level whe®@ is a multiple of already known models (see e.g. [6], [47]),

M. For system of systems with other reliability * Searching for system models in which new
structures of operational systems, the rarer and assumptions are made (e.g. new reliability
bigger deliveries, the higher availability ratio is structure, dependent elements in a system) (see
achieved. e.g. [21], [22]). _ _

The level of ordered quantity has also the infleenc Moreover, literature on modelling relations between
on the probability of system of systems downtime l0gistic and operational systems is scarce. Upta,n
occurrence, what is especially evident for a serieghe interactions between operational system and its
structure caseF{gure 11). A lower level of ordered Supporting system have not been clearly investijate
quantity forces frequent deliveries, and as a tesul The research has focused on the evaluation of
there is higher probability that the possible dslaf/ rellablllty. and economical characteristics for both
the delivery cause the system of systems downtime. Systems in the separate way. _
The next parameter of the procurement processMoreover, the logistic systems have been evaluating
which affects the system of systems performance, i@nd designing mostly in terms of: inventory
the critical inventory levelRigure 13). The higher ~modelling, supply processes organization, and
critical inventory level, the higher the mean transportation processes modelling.

inventory level in a system what incurs higher However, the simultaneous setting of all structural
inventory holding costs. However, the higlsdevel ~ Parameters (e.g. redundancy, repair shop capacity)
gives also a possibility to reduce the deliveryagtel a@nd control variables (e.g. spare part inventory
consequences what has a positive impact on systefgVels, maintenance policy parameters, repair job
of systems reliability results. priorities, time resource) is mathemat_lcally a hard
Moreover, there also can be seen the influence oProblem, and cannot be done without many
lead-time length on the system of systems behaviorSimplified assumptions taken.

The longer lead-time affects especially the religbi

characteristic of the system of systerRgy(re 14).
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