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enmpetitreenss. (Hleriag a prodect with 5 lager warranty
perid ipcrease he warTenty oot to the manafscrerer, For
3 repairable prodecl. 25 appropiate shaciey siratepy oen
roduce the warrasty cost significmndly. Mamy servicieg
sirafegies kovolving replacomest or smperfect ropaic have
been cimdied & the Eirrsimre. In this paper. =c sody 3
servicing srmtepy which comaders preventive mEimtrmamor
el Ecapeer ey repEir o rednee e Ty ool

Lovwordy serviding orstegy, prevesfive muiSTefdbor.
anc-dimemuoan warTaeM, EEpcrReT fopmsr

warranty has been proposed by [1] bax this strmtegy is
difficult @ implemen: Reference [2] proposed an
allermative servicing strategy which is casy 10 implement
in practice. In this strategy, the warranty period is divided
into three intervals called intervad 1, 11 and 111, The first
failure in interval 1 @ replaced with a new one and all
other failures are minimally repaired.

When the cost of the replacement is wery high
compared to the cost of repair then the servicing Strategy
involving replacement in [2] is not economical. The
servicing strategy similar to [2] bui using imperfect repair
instead of replacement has been developod for one-
dimensional warranties by [3]. Reference [4] developed
mode] as in [3] for two-dimensional warrmiics.

The servicing strategies in [3] and [4] only allow one
imperfect repair over the warranty period. For a longer

a servicing stratepy involving more than one imperfect
repair for products sold with two-dimensional warranties.
An abermafive servicing strategy for one dimensional
warranry, which allows more than one imperfoct repair
over the warranty perind is proposed by [T]. In this
strategy, imperfoct repairs are carried out based on the age
ut failure.

Reference |8] proposed a preventive maintenance
{PM) where imperfoce PM iz camried out ot scheduled
tirnes and all failures occurring before the scheduled FM
are fixed by minimal repair, In this paper, we extend the
strategy in [7] to incorporate PM as in [§]. In other wonds,
the proposed strategy integrates servicing strategy and FM
o reduce the warranty cost. This strategy can be applied
for warmansed products where PM iz offered one packnge
with the warranty.

The outline of the paper is s follows. Section 2
describes of the model formulation Scefion 3 denls with
the model amalysiz In section 4, we pmve a Aomerical
example 10 illusrate the optimal solution and compare the
resulrs of the proposed strategy with those reported in the
literature. Finally, we conclude with a brief discussson for
further rescorch,

M. MODEL FORMULATION

A Novarion
The following notation will be used in mode] formulation.

W ; warrany pericd (in year)
& s improvement level (0 <& <1)
[ : parameter of Strategy 1 (0« B < )
T : threshald time of Strategy 1
(DT BF'f2Y
5.8, 0. Wy :parameters of Strategy 2
(08 =W =5, sW,2W)
Fi{ry, fit), hir) : failure distribetion, density and hicssrd
e functions
Al : virtual age after /* imperfect (1 =1L2)
Z : random variable of first Falure aller

= (5, ) for Strategy 1 (2) with
distribution function F(z, )

- renddorn variable first failure after
£ +1 (8 ) Tor Strategy 1 {2} with
distribution function F.{z,]



X : e oof Tt pepREr

£, : el ol perfect repear

i) + oot of Enperfect repair 22 a fonction
of &

cgl¥) : oost of imperfect PM as a function
of &

JhF T ) : expected warranty servicing cost
of Stratepy 1

S {5.5,.5,. W, ¥, ) : expected warranty servicing cost

of Swategy 2

B Imiegradng  Serviclay  Svroregy and Prevertive
Melricrme

'c

We comsider a repairable product sold wath a one-
period B . Two servicing strafepics-pamely Strategy 1
and Strategy 2 will be studied. Serategy | has been studied
m [ 7] and Strarery 2 is the proposed stratemy.

strategy [,

Imperfect repar 05 done o fmlwe (al bme
Ot FZ W ) il the elapsed time since the last
imperioet repair (or the bepinming of the operotion, £ =0}
i greater than r [a threshold valwe), All other failures are
fixed by minmal repair. As a3 result, this servicang
stratepy allows mone than ane imperfect repair,

ey £

The warranty period i3 divided by fve intervals 1.2,
{gm'gl.] F{SI'H-II] !{FIFR.EIT {Sszz] and {F’h'ﬂ"]__ Each
frst falure m (5,WF] or (5,,FF,] = imperfocthy repair
and all other fallures are mimimally repeired. When thers
is o failuere in interval (5 .0] ((5,.%,]) then PM is
done al B (F, ), (MNote: all imperfect repair in Strategy |
and 2 are done ar mmpeoveement level & ), Strodegy 2 cun
be wviewed as the cxiontion of Swatcyy 1. which
meorpotates PMointo the sirategy or & more gencral

seTvicing strategy.
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O Efect of Imperiect Malitenarnges

It is assumed that imperfect PM and imperfect repair
improve the reliability of the product in the sense that the
oge of the item mfier repoir is smaller than that befors
failure, The imperfect PM (imperfect repair) will reduce
the age of the product with improvement level & (&)
Without losing the genemality of improvement levels, it is
considercd that & =&, =4

The effect of imperfoct mainterance can be modelbed
through either harard rate or age reduction models [9]. In
thiz paper the effect of the moperfsci maintenances is
modelled by reducing the virtual age of the product. Let
Ay be the wiriual age of the product af brme F, The
harzrd rote of the product 15 as funchon of A(7) , denoted
by B A(r)) .« If the imperfect maintenance 5 done at age §
with mprovement level & then the viriual aye ond the
hazard rate after repair are given by A{f) =¢—&, and
m(fy=hit-&) for >4 . For the second imperfect
mainignance occurring at age £ the virtual age and
harard rmte are given by A()=s-&+
55t &, and R t)=h-& +50-&,) for 1>t
respectively. For the case where all failures are rectified
by minimal repair then A(r} is equal to ¢ that is called
actizal age.

We assume thal the cost of mmperfect PM is smaller
than that of imperfect repair ander the same improvement
level, The cost of imperfoct FM i3 given by

{.'P{E}ﬂn:'_liﬁ'b Qzcrl (1)

where r is the cost ratio between the imperfect PM cost
and the imperfoct repair cost.

0 Modeling Fallures for Imperfect Malnlenanee

We comarder the case where the number of imperfect
maintenances over the warrenty period =5 o most tao
times, Let £, and 7, denote the first failore after S5, and

&, , respectively, The distnbution functions for 2, and
Z, | Fiz)mmd =) ] are given as follows, As failures
gecurring in (0,5, ] aod {f, 5] are fixed by minimal
repair, then

Fiiz =1 -explH{5)- Hiz ) (2)
whers H{I}:lﬁ{u}:ﬂd-

Differentiating (2) with respect to z; yields

Sz =k yoplH{S ) -H{z )0 (%)



Conditioning on £, = 5, and then upcondiioning if, we
bave Fy(z;) given by

Fils)= 1‘{1 ~explH,(8,) ~ H,(z;)hiz,)
exp[H(5, )~ H (=, Yz, (4)
| {1 - expl ,(5,) — H, (= MfexplH105,) — HOH, T

where H()=[h (e and H(0)= [Fi(u)du and s

density function is given by

2= TGl (5,) - H =)

expLH(S,)~ H(z, iz, + )
Bz )Pl (S,)— FF (2, explH (S, ) - HOV,)].

Distribotion finctions of Z, and Z, for Straregy 1 can be
found m [T].

. MODEL ANALYSIS

In the strategy developed, we consider the cese where
the pumber of imperfact maimienances during the
warranty pertod 15 at most N tmes, where N =2,

A Expecied Warraniy Servicing Cost

W obtain the expected warranty cos for Strategies |1
and 2 by using the conditional approach.

Streptepy [

Using conditional approach similar in [5] we obtain
for Stratesy | given by
S W)=
el HOW) - B explitiz) - HW)]+
i{r_ﬁ] +e_[Hizys HiF)—H (=)}
iz yexplH(z)— Hiz) )],
ey )+ Hi, (i, + 1) Hi (=) + H, 0F)—~ H, 0]
=, v 5) HOVI=) expl () - H(z ), +

F i)+ Hyz, + 1)~ Hi(z )+ {6)

maintcnance may occur at cither f =z if .2, =W or
Lh=W, i Z,>W (=0, & <Z, W, or.1, =F, if
Z, =W, ). Then, there are four possible conditions of
(f.8,) given as follows.

L

zp i 8 <x <W, 8 <2 5

I=

el

W, if5 <5 sW, -, >0, et

T ifn oW S e LW,

‘\l-_nn‘;+f: =

W, g, =W o, =W,

Lat (5,8, 5, W. 0|7 =2,7 =2) be the

expected warranty servicing cost conditional on £, and
Zy . From (T} we have

N T !F]:I'zl =55 =5} given by

Sl 5.5 IIH:IFI mn g ern)=
il RS TGS PR PRIzl o < Sy
b R - iy ) FEOWY) o 5 e, <Ry B
P Gl S F S R H - FE) F > LSy i

| TN A R i

b & 2e
(&)

where H, 1) = [ () and. 3 (e) = [ ().

Removing the conditional form in (7) yrelds

I (5.5,.5, . H.) =

c.HnS.uEI{za @0 e [HAS) H ) HL ) Foiz)
Bz, Yepl LS, )~ H s, W (= ol (5, )~ B (2 ke s, +
Tleutor @)+ () H )+ 1,08 H,07,)
explHf, (5, ) — H (W)= yexpl H{S) = Hz dz + (9)
ZL‘_(E}H:P{-EH::_[H;I{S:}' HW) + HL00) - Hy(5)])

expl (5}~ ”{.H:.H {H]":ﬂiﬂ;w:t 1= HIIII}HI +
(R 81+ (S, L4 00 00, W05, HOW, )
exp[ (5, )~ H,(W,).



B Optimizati

As it is very difficolt to obtzin the optimal solumion
analytically beoce n pumerical search will be used 1o
obtain the optimal values r*, W and & for Strategy 1
and 7,55, W, and W, for Stategy 2.

V. NUMERICAL EXAMPLE

We consider that F{r} is given by Weiball
digrribution with two parameters - g and § [representing
scale wnd the shape parnmeters, roespectively). The
following pominal porameter values wall be wseds
a=Npears), F=21 ¢, =Land ¥ =7 years. The cost of
imperfect ropair is considened ag & function of & given by
CulB)=c, +{c, ¢, }6" as in [3]. Table 1 shows
optimal soluwtions for Strategy 1 for a variety of r
(= (8 cnld) )

TaBLL I
THE OPFTIMAL SOLUTIONS FOR STRATEGY 2, r = @90 R0H

— = - mmm= am w — = e aame - -

e T T

¥ 31T 353 0M 237 348 435 5H
87 33 4 08 I3 1W 46k 44l
85 300 EBO0 100 23T 13 4&T 47

5w B

25111
2437
2T 353

Remorks: J, docreases s r decrenses. Decreasing r
shows the cost of imperfect PM iz getting smaller. S, { 5. )
approaches W, ( W, ) when r decreases. This is so as
imperfect PM cost is cheaper than that of imperfect
TEpair,

Mow we compars the performences of Stralegy 1 and
2 for & vanous values ofa with the strategy developed by
[6], which shows the effect of a or relinbality of the
product to the performences of those strategnes. In s
comparison, the strategy developed as m [6] 5 called
Strmivgy 3. The cxpected warranty servicing cost of
Strategy 3 is given by J, (5,7, ,,I,) . Table 2 shows
the resales for 2 variety of & at r =035 (Note: MTTF is
ey w1 Firer failure ).

TARLE X
RESULTS OF STRATEGY 1. 2 AND: 3

=1 and o =4 repeosents the lowest and highest
product reliability, respectively. Table I shows that
Strategy 2 (proposed strategy) is the best strategy for the
product with low reliability (@ =1end a=2 ). Bur
Strategy 1 is the best for the high reliability. As a result,
the proposed strateyy (Strategy. 2) becomes the best
strategy if the cost of PM is relatively small and the
relinbility of the product is low. When PM has oot been
mnMSﬂﬂ@Sm&ﬂbﬂlﬂrﬂq}rﬁ:tnﬁm
with low relisbility.

V. CONCLISICN

In this paper we hove studied a servicing strabegy
which incorporates PM for products sold with a loag
warranty pericd { W = 3 vears),

The strategy can be extend o two dimensional
warmanty case and this topic is curcnty oader
imvestigation.

ACKNOWLEDGMENT

This rescarch is partially funded by the ITB Alumni
Avward 2001

REFEREMCES

[1T ™. Jeck snd F. Von der Schouten,™Servicing smategics for
igms  sold weder  wasrEnty, “inferactional Jdoumod af
Proguction Econoerics vol, 7, pp, 35100, 2000,

[2] M. Jock end DAMP, Murthy,"A sorvicieg stregy for iom
sl wneler warrmnty, " Aol of the Operational Rescarch
Socicty . wol. 52, pp, 1254-17HE, 2001,

[3] W.Y. Yun DNP Morthy, and N. Jack “Warranty servicing
with imperfect repair,"International Sowrnad af Preduction
Erpnomics, vol, 111 pp. 159-169, 2008

4] BP lskendar and M. Jack "Warmmby sevvicing ‘with
imperizer pepair for prodects sold with & two-dlmensiomal
warrenty,”  Aeplocemery Wodely with Minimal  Repair,
Springer, pp. 163-174, X011

151 BP, lskander, M. Jock and DN Muordby"Two pew
servicmy strutcgies for prodects sobd with one-dimmensional
warrantics,” P *  Asig-Pocifle International
Symposivm, pp. 208-25%6, 30,

[6] 5. Varoosafaderand, snd 5. Chukova™A two-dimensional
warTunty serviciyg stoalery based oo rsduction m prodost
foilore  imbensity, "Comgoters  amd Misthemagicr  wigh
Applications, vol &3, pp. 201-213, 2012,

M M. biskenoen, A Cokrovastin, [, Triseeo, BUP. Iskandar,™ A
servicing stratepy involving imperfoct ropair for products
snld with one-demenaspnal warranties,” Mrocesalnyg of te
ITE Astan Corference, pp. 580586, 7011,

[8] M. Jack and D.MP. Murthy,"A new proventive
maintenance sratery for lems sold voder warranty,™
TWd Jowrngl of Momagemem Mothematics, wol 13,
PR 121-128, 2002,

1% 1. Doven and O Gaodion, “Classes of imperfoce
or vimual age,”Reliohility Engincering & Sysiem
Sagfety vol. B4, no. 1, pp. 45-56, 2004,



