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Ab s t r a c t — Most of the mathematical methods to decide the time 
in ter v al of in sp ection  an d the main ten an ce p er iod ar e 
estab lished b y  r eliab ility  theor y .  H ow ev er ,  most of these 
methods ar e too comp licated to b e solv ed as a r eady  to u se 
n u mer ical solu tion  for  an y  failu r e distr ib u tion .  Mor eov er ,  in  the 
p r actical ap p lication s,  the machin er y  p lan ts mu st satisfy  the 
r eq u ir ed con dition s of these theor etical models,  w hich is n ot the 
case u su ally .  I n  this p ap er ,  w e p r op ose a n ew  decision -mak in g  
method of in sp ection  time in ter v al an d main ten an ce p er iod for  
p lan t machin er y  main ten an ce b y  g en etic alg or ithm ( G A )  w hen  
p lan t machin es ar e p r eser v ed b y  time b ased main ten an ce 
( T B M) .  T he b alan ce b etw een  the fr eq u en cy  of in sp ection  an d 
the r etu r n s fr om it is r eq u ir ed to decr ease u n ex p ected 
b r eak dow n  sin ce fau lts ar e detected b efor e they  r esu lt in  costly  
b r eak dow n .  T his n ew  method aims to satisfy  the r eliab ility  
model an d to min imiz e the comp osite main ten an ce cost;  b y  
tak in g  in  con sider ation  the cost of losses du e to failu r e an d the 
cost for  the p r ev en tiv e main ten an ce.  
 
Ke y w o r d s — Time based maintenance, Inspection Interval, 
M aintenance period, R eliability th eory, G enetic alg orith ms 
 

I. I N T R OD U CT ION  
 

Th e problem of  ch oosing  and optimiz ing  maintenance 
strateg ies is of  f oremost importance in plant manag ement and 
operation. An ef f icient strateg y sh ou ld aim at g u aranteeing  
th e level of  perf ormance and availability of  th e system w h ile 
allow ing  f or a redu ction in th e resou rce ex penditu re. Du ring  
th e last th ree decades many papers dealing  w ith  preventive 
replacement strateg ies h ave been proposed. B arlow  and 
Porsch an [1] introdu ce th e basic replacement models eith er 
f or periodic replacement strateg ies (ag e periodic strateg y and 
block  periodic strateg y). Th ose models h ave been ex tended 
by many au th ors (see Ch o and Parlar [2], V aldez -F lores, C. 
[3], S h erif  and S mith  [4], Piersk alla and V oelk er [5]). 
Z u ck erman [6] su g g ests inspecting  th e eq u ipment at T, 2T, 3T, 
etc. If  th e cu mu lative damag e ex ceeds a g iven th resh old 
du ring  a certain period, th e eq u ipment is replaced by a new  
one. Ch elbi and Ait-K adi [7] develop a replacement strateg y 
f or non-self  annou ncing  f ailu re eq u ipment based on a 
conditional probability, w h ich  increases w ith  th e nu mber of  
inspections. B ereng u er et al. [8] u se a semi-M ark ov decision 
process model to g enerate th e inspection seq u ence based on 
some g iven indicators. M ak is et al. [9] develop a 
Conditional-B ased M aintenance in th e contex t of  incomplete 
available inf ormation. Th e optimal strateg y u ses a control- 
limit ru le based on th e ag e and th e deg radation level of  th e 
eq u ipment at th e inspection instant. M ost of  th e proposed 

math ematical models to decide th e maintenance time are still 
complicated to be implemented as a “ ready to u se”  nu merical 
solu tion. M oreover, in th e practical applications, th e 
mach inery plants mu st satisf y th e req u ired conditions of  
th ese th eoretical models; w h ich  is not u su ally th e case. 
Considering  th e ef f ects of  system cost and lif e, th e 
arrang ement of  preventive maintenance activity becomes an 
optimiz ation problem. Alth ou g h  th is problem can be resolved 
by completely enu merating  th e possible answ ers to th e search  
space, it is ex h au st in time and is inef f icient f or a larg e space. 
In th e last years, an increasing  nu mber of  G As w as u sed to 
treat th e optimiz ation in system reliability ([10] and [11]). 
Th e tendency reveals th at G As are an ef f icient tool to rapidly 
obtain th e optimal solu tion of  preventive maintenance policy. 
Th eref ore, G As are u sed in th is w ork  as a tool to implement 
and optimiz e th e j oint inspection replacement periodicity. 
 
In th is paper, w e propose a decision-mak ing  meth od of  th e 
optimal periodic preventive maintenance and replacement f or 
plant mach inery and eq u ipment by g enetic alg orith ms 
tech niq u e. Th e main obj ective is to improve th e perf ormance 
of  replacement and inspection strateg ies by considering  a 
j oint periodic inspection and replacement strateg ies, mainly 
f or eq u ipment w h ose state can only be k now n th rou g h  
inspection. Th e math ematical model g overning  th e proposed 
strateg y tak e into accou nt th e f ailu re distribu tion of  th e 
lif etime, th e costs incu rred to perf orm each  maintenance 
action (inspection, minimal repair, replacement) and also th e 
cost of  produ ction loss du e to th e idle time betw een th e 
f ailu re occu rrence and th e f ailu re detection of  th e eq u ipment. 
Th is model ex presses th e ex pected total cost (E TC) per u nit 
time over an inf inite h oriz on. Th e optimal strateg y is th e one 
th at minimiz es th e E TC. Th e most merit of  th e meth od 
proposed h ere is th at by applying  G As, w e can decide th e 
inspection and th e maintenance period f or a plant mach ine 
f ollow ing  a g eneraliz ed f ailu re rate ( )tλ , in both  continu ou s 
and discrete time.  
 

II. BA SIC T H E OR Y  OF T H E  P R OPOSE D  M E T H OD  
 
Th e math ematical models u sed f or th e determination of  th e 
maintenance inspection and replacement periodicity, are 
establish ed by th e reliability th eory. In th e present w ork , th e 
optimiz ation strateg y is not only based on th e reliability 
criteria, it is also decided by th e composite maintenance cost 
relating  to th e cost ratio. W h ich  mainly inclu de th e losses du e 
to f ailu re and costs f or th e preventive maintenance.  



In th is section, af ter def ining  th e strateg y, th e w ork ing  
assu mptions and th e u sed notation, th e math ematical model 
w ill be developed and th e ex istence and u niq u eness 
conditions of  an optimal periodic strateg y w ill be establish ed. 
 
A. Notations and Assumptions 
 
Th e considered eq u ipment is su bj ect to su dden f ailu res and 
w h en f ailu re occu rs it h as to be maintained or replaced. In 
order to redu ce th e nu mber of  f ailu res, preventive 
maintenance can be sch edu led to occu r at specif ied intervals. 
H ow ever, a balance is req u ired betw een th e amou nt spent on 
th e preventive actions and th eir resu lting  benef its f rom 
f ailu re redu ction. It w ill be assu med, not u nreasonably, th at 
w e are dealing  w ith  a long  period of  time over w h ich  th e 
mach inery is to be operated and th e intervals betw een th e 
preventive maintenance are relatively sh ort. M oreover, ou r 
math ematical model is developed u nder th e f ollow ing  basic 
assu mptions: 

� Th e f ailu re of  th e mach ine can only be detected 
th rou g h  inspection; 

� Th e inspection operation is perf ect and th e 
replacement is immediate if  f ailu re detected; 

� F ailu re completely h alts produ ction or g enerates 
w aste produ cts; 

� Th e time f or inspection and repair is neg lig ible; 
� R epair if  occu rred, mak es th e system as g ood as new . 

Th u s, th e f ailu re time pdf  remain th e same. 
 
Th e f ollow ing  notations w ill be u sed th rou g h ou t th e paper: 
( )C T  E x p e c t e d  T o t a l  Co s t  p e r  u n i t  t i m e  ( E T C)  

iC  Co s t  o f  s c h e d u l e d  i n s p e c t i o n  a n d  p r e v e n t i v e  m a i n t e n a n c e  
rC  Co s t  o f  r e p l a c e m e n t  i f  t h e  m a c h i n e  i s  f o u n d  t o  h a v e  f a i l e d  

dC  Co s t  o f  l o s s e s  d u e  t o  f a i l u r e  u n t i l  i n s p e c t i o n  

( )f x  Pr o b a b i l i t y  d e n s i t y  f u n c t i o n  o f  t h e  m a c h i n e ’s  l i f e  t i m e  
)(xF  Cu m u l a t i v e  d i s t r i b u t i o n  f u n c t i o n  o f  m a c h i n e ’s  l i f e  t i m e  

( )xλ  Fa i l u r e  r a t e  o f  t h e  m a c h i n e ,   

( ) ( ),R t F t  R e l i a b i l i t y ,  U n r e l i a b i l i t y  f u n c t i o n s  o f  m a c h i n e ,   

T  In s p e c t i o n  i n t e r v a l  
*T  Op t i m a l  i n s p e c t i o n  p e r i o d  ( m i n i m i z i n g  t h e  E T C)  

( )
0

t f t d tµ
∞

= ∫
 
M e a n  t i m e  t o  f a i l u r e  o f  m a c h i n e  

( )
,

W xα η
 T w o -p a r a m e t e r s  W e i b u l l  d i s t r i b u t i o n  

α  Sc a l e  p a r a m e t e r  o f  W e i b u l l  pdf 
η  Sh a p e  p a r a m e t e r  o f  W e i b u l l  pdf 
 
B. Th e  R e l i a b i l i t y  m o d e l  
 
In th is w ork , th e development of  th e math ematical model and 
its implementation are based on th e reliability th eory, and 
inspired by th e f irst proposed block  replacement policy by 
B arlow  and Porsch an [1] as w ell as O sak i [12] w h o presented 
important resu lts abou t th e ex istence of  an optimu m policy.�
Du ring  th e determination of  continu ou s time domain 
preventive maintenance period, w e f ocu s on th e case w h ere 

th e reliability f u nction of  mach inery plant f ollow s th e 
W eibu ll distribu tion. Th e reason f or th is is th at previou s 
practical stu dies h ave sh ow n th at th is distribu tion f its a larg e 
nu mber of  mach inery. Th e W eibu ll distribu tion is represented 
in E q .(1).  

( )
1

, exp ,  0x xW x x
η η

η α
η
α α α

−     = −         
f

      ( 1 )  
W h ereη is th e sh ape parameter w h ich  determines th e sh ape 
of  th e p d f  andα is th e scale parameter, both  parameters are 
estimated f rom th e lif e ex amination data. Depending  on th e 
sh ape parameter th e f ailu re rate f u nction is increasing  or 
decreasing . W e assu me th at th e ag ing  ef f ect in th e mach inery 
develops w ith  a valu e f or th e sh ape parameter 2η ≥ .� Th e 
ef f ects of  mach inery component ag ing  are cou nterbalanced 
by maintenance actions, perf ormed w ith  period T, w h ich  
rej u venate th em. In practice, du ring  th e period T, th e f ailu re 
rate increases only slig h tly. Th e W eibu ll distribu tion sh if ts 
th e f ailu res to later times, closer to th e end.   
Preventively replacing  or maintaining  critical components 
w ith in th e eq u ipment at appropriate times can enh ance 
system’s reliability. Deciding  th e best time depends on th e 
strateg y’s overall obj ectives, su ch  as cost minimiz ation or 
availability max imiz ation. In th is w ork , w e consider th at af ter 
a corrective or a preventive maintenance intervention, th e 
eq u ipment acq u ire th e same reliability as a new  one. 
 
C . Th e  c o m p o s i t e  m a i n t e n a n c e  c o s t  m o d e l  
 
Plant manag ement is inevitably af f ected by economic 
constraints. In order to q u antif y th e conseq u ences of  a g iven 
manag ement action in economic terms it is common practice 
to introdu ce a prof it (cost) or energ y f u nction w h ich  contains 
th e f actors af f ecting  th e plant f rom an economic point of  
view . Th e maintenance cost models are investig ated f or 
deciding  th e preventive maintenance period. Th e optimal 
policy once obtained g u arantees a decided compromise 
betw een max imiz ing  availability and minimiz ing  th e 
ex pected total cost. W h en th is is th e case w e need to consider 
only one cycle of  operation and develop its corresponding  
model. Th e maintenance policy is one w h ere preventive 
actions occu r at f ix ed intervals of  time, f au lty parts 
replacements occu r w h en necessary, and w e w ant to 
determine th e optimal periodicity of  th e preventive 
interventions to minimiz e th e total ex pected cost per u nit of  
time ( )C T . 
In th is inspection problem, it is obviou s th at th e time of  
inspection is a renew al point. U sing  th e renew al rew ard 
th eorem, th e long  ru n ex pected cost per u nit time is g iven by  
 

The total expected cost in the Cycle ( )( ) The tim e leng th of  one Cycle
N TC T
T

= =         (2) 
Th ere are tw o possible cycles of  operations. In th e f irst cycle, 
th e mach ine is f ou nd to be in g ood state u pon inspection at 
time T. H ow ever, in th e second cycle, a f ailu re is detected 
af ter inspecting  th e mach ine at th e end of  th e inspection 
period. Th en, th e averag e maintenance cost per cycle can be 
decomposed in tw o portions as E q .(3)  

1 2( ) ( ) ( )N T N T N T= +   (3) 



It is clear th at th e averag e cost of  a g ood cycle is eq u al to 
iC since th e mach ine is f ou nd to be in g ood state af ter th e 

inspection at time T,  and also clear th at th e probability of  a 
g ood cycle is { } ( )P X T R T≥ = . E q .(4) sh ow s th e averag e 
cost of  a g ood cycle. 

1( ) ( )iN T C R T=   (4) 
H ow ever, in a f ailu re cycle, th e mach ine can break  dow n at 
any time X T< . Th u s, th e averag e cost w ou ld 
be [ ( ) ]d i rE C T X X T C C− < + + , w h ere [ ]E ⋅ denotes th e 
ex pectation. Th e probability of  a f ailu re cycle 
is { } ( )P X T F T< = , so  

( ) ( )
( ) ( )

( )

( )( ) ( ) ( )

0
2

0

          

T

d

i r

T

i r d d

C T x f x dx
N T F T C CF T

F T C C F T C T C xf x dx

 −  = + +   
= + + −

∫

∫

           (5) 

U sing  E q . (4) and (5), w e obtain in E q .(6) th e E TC per time 
u nit. 

( ) ( )( ) ( )
0

1 1 - -
T

i r dC T C C R T C T R x dx
T
  = + +     ∫    (6) 

Th e problem is to determine th e optimal inspection period 
( )* *0T T ≤ ∞p

w h ich  minimiz es th e total composite 
maintenance cost per u nit of  time. If  it ex ists it w ill 
verif y ( )* 0

C T
T

∂
=

∂
. Th u s Dif f erentiating  ( )C T  w ith  respect to 

T in th e above E q .(6) w e obtain:  
( ) ( )

2

C T D T
T T

∂ =
∂

  (7) 
W h ere 

 ( ) ( ) ( ) ( )( ) ( )
0

T

d r i rD T C xf x dx C Tf T R T C C= + + − +∫  (8) 

Th e o r e m :  E x i s t e n c e  a n d  u n i q u e n e s s  o f  *T   
S u ppose th at ( ) 0l i m

t
tf t

→∞
=

, th ere ex ists a u niq u e optimal 
inspection interval *T , minimiz ing  th e total ex pected 
maintenance cost per u nit of  time C(T), verif ying  E q .(9) 

* * *( ) ( ) ( )d rC T C F T C f T= +    (9) 
 
P r o o f :  F rom E q .(8), it is obviou s th at (0) iD C= − h as a 
neg ative valu e. B y th e assu mption ( ) 0l i m

t
tf t

→∞
= , th e f ollow ing  

resu lt h olds ( ) ( )d i rD C C Cµ+∞ = − + . W e can disting u ish  tw o 
cases: 
� If ( ) 0 wich means d i r d i rC C C C C Cµ µ− + ≤ ≤ + , th en *T = ∞ . 

Th is is predicable since inspection and repair cost 
ex ceeds th e cost of  dow ntime du e to f ailu re. 

� If ( ) 0d i r d i rC C C C C Cµ µ− + ⇔ +f f th en, th ere ex ists 
at least one optimal inspection interval *T , minimiz ing  
th e total cost per u nit of  time C(T), and *T  
satisf ying ( )* 0D T = , 

d i rC C Cµ +f   (10) 

( ) ( ) ( ) ( )
*

* * *

0

T

d r r i rC xf x dx C T f T C R T C C+ = − +∫  (11) 

S u bstitu ting  E q .(11) to E q .(6), w e obtain E q .(9). Th e 
u niq u eness of  th e solu tion is also proved f or W eibu ll, 
E x ponential, L og -convex  and L og -concave lif e time density 
f u nctions. 

 
III.  PRINCIPLE OF  TH E PROPOS ED  GENETIC ALG ORITH M  MOD EL 
 
Traditional optimiz ation meth ods su ch  as g radient descent 
tech nolog ies, N ew ton’s meth od and variou s types of  
math ematical prog ramming , u su ally req u ire some 
inf ormation abou t th e derivative and possibly second 
derivative inf ormation at each  point evalu ated in th e solu tion 
space. Th ese are u sed to determine th e nex t direction of  
search . Th is inf ormation is not possible to calcu late 
th eoretically w h en th e decision variables are discrete, and 
analytic approx imations w ou ld be ex ceeding ly cu mbersome, 
especially in a stoch astic f ramew ork . A recent stu dy by G oit 

and S mith  h as sh ow n th at G As can ef f iciency solve a w ide 
rang e of  redu ndancy allocation problem.  
S ome of  th e many advantag es of  G As apart f rom th eir easy 
adaptability and ability to solve diverse problem are:  
1. G As search  f rom a popu lation of  potential solu tions, rath er 
th an f rom a sing le point. Th is ex plicit parallelism h elps th e 
G As in determining  close to g lobal optimu m solu tions 
w ith ou t th e dang er of  being  trapped in a local optimu m. 
Th ere is also an implicit parallelism (S ch ema Th eorem) th at 
g ives th e G As its pow er in search ing  very larg e solu tion 
domains. 
2. G As u se obj ective f u nction inf ormation directly, w ith  no 
need f or derivatives of  oth er inf ormation. Th e obj ective 
f u nction can involve any type of  nu meric or non-nu meric 
variables, or oth er data stru ctu re, as long  as a coding  sch eme 

 M a i n t e n a n c e  f e a t u r e s  

G e n e r a t e  p o p u l a t i o n s   

Ca l c u l a t e  f i t n e s s  o f  e a c h  p o p u l a t i o n  

 M e e t  t h e  e n d  c r i t e r i a  
o r  t h e  l a s t  g e n e r a t i o n  

Re p r o d u c e  a c c o r d i n g  t o  f i t n e s s  

Cr o s s o v e r  a n d  m u t a t i o n  t o  
g e n e r a t e  n e w  p o p u l a t i o n s  

 
GA

 fo
r o

pti
ma

l p
oli

cy
 de

cis
ion

 

O p t i m a l  PM s c h e d u l e  
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Fig .1 Th e  f l o w  d i a g r a m  o f  g e n e t i c  a l g o r i t h m s  



can be devised to represent th e parameter set. G As tak e th eir 
analog y f rom th e ph ysical w orld. G As operate by creating  an 
initial popu lation of  solu tions, of ten represented as bit string s, 
th at evolve over su ccessive g eneration. Th e solu tions w ith  
h ig h  f itness are mated w ith  oth er solu tions by crossing  parts 
of  a solu tion string  w ith  anoth er. In addition, th e solu tion 
string s are also mu ted. O ver time, operations of  w eeding  ou t 
poor f itness solu tions and reprodu cing  by crossing  h ig h  
f itness solu tions at random points act to randomly-sample in 
a larg e part of  th e h u g e state space very ef f iciently. G As 
search  solu tion-spaces ef f ectively by recombining  and 
maintaining  u sef u l sch ema (bu ilding  block s) in th e 
popu lation. E ach  popu lation member samples all th e possible 
sch ema to w h ich  th eir bits belong . F or ex ample, th e bit-string  
10110 samples th e reg ion of  space 1# # # #  (#  represents eith er 
0 or 1). It also samples # 0# # # , etc. In th is w ay, ex tensive 
sch emas in th e space are implicitly sampled. Th is inh erent 
ex pletive sampling  ability of  g enetic is called ` implicit 
parallelism' . Th is ref ers to th e sampling  of  nu merou s 
sch emas and th e ef f ective resembling  of  sch ema since g ood 
sch ema is maintained in th e popu lation over g enerations.  
G As h ave discontinu ities f or h ig h -dimension stoch astic 
problems, w ith  many non-linearity or discontinu ities. Th ey 
are su ited f or th e ch aracteristics of  optimiz ation problems: 
mu lti-model domains w ith  some epistasis (one part of  th e 
solu tion or stru ctu re is af f ected by anoth er). Th e optimu m 
inspection time interval and th e optimu m preventive 
maintenance period in ou r meth od are th e f inal sch ema of  th e 
desig ned alg orith m (see Fig.1). Th e individu als correspond 
to th e dif f erent and possible maintenance periods and 
inspection sch edu les. Du ring  th is process w e h ave to evalu ate 
th e f itness f or each  individu al ref erred also as a g enotype. 
Adapting  and g iving  th e sig nif icance to th e g enotypes is done 
by def ining  its correspondent ph enotype. 

A . Im p l e m e n t a t io n  o f  t h e  ge n e t ic  a l go r it h m  m o d e l  
 
As w e ex plained in th e previou s sections, th e decision 
models f or th e optimu m plant maintenance policy are too 
complicated to be solved as a nu merical ex pression of  
solu tion. Th e implementation of  th e presented decision-
mak ing  meth od is condu cted u sing  g enetic alg orith ms. In th is 
section w e present th e main steps of  th is implementation. 
Fig.2 presents th e PM  and inspection sch edu ling  procedu re 
u sing  G As. Th is procedu re is done tak ing  in consideration 
th e f ollow ing  remark s: 
a) If  th e mach inery reach es th e end of  its lif e cycle T, th an 
th e system is not reliable. Conseq u ently, th ere is no need f or 
more M aintenance. ( ) 0,R t t T= ≥  
b) Th e lif e du ration of  th e mach inery is divided into a f inite 
and discrete nu mber of  eq u al periods or u nits of  time. 
c) Th e g ene leng th , w h ich  is one of  th e basic parameters in 
th e alg orith m, is obtained af ter th e determination of  th e 
eq u ipment lif e limit. 
 
B . Ge n o t y p e  e n c o d in g a n d  f it n e s s   
 
In th is stu dy, th e g enotypes u sed in th e g enetic alg orith ms are 
ex pressed by a set of  binary codes. Th e transf ormation into 
th e corresponding  ph enotypes is g enerated u sing  th e E q .(12) 
and E q .(13) respectively f or preventive maintenance period 
and inspection interval g eneration. 
 

(12) 
 

                      (13) 
 
W h ere kA is th e valu e of  th e g enotype in th e kth bit and N its 
leng th .� In th e G A meth od, g enotypes are evolved by th e 
u nif orm crossover and mu tation w ith  rates proportionally 
correlated to th e system’s f ailu re rate. Th e g eneration of  th is 
process h as as resu lt th e desig n of  an elite g enotype th at 
corresponds to ou r optimu m maintenance period. Th e 
evolu tion of  th e alg orith m is condu cted by th e max imiz ation 
of  th e f itness of  each  popu lation. In th e oth er side, th e 
obj ective of  th e described meth od is to optimiz e M aintenance 
period and inspection time interval mainly by minimiz ing  th e 
composite maintenance cost; w e considered th en th e f itness 
as an inverse proportional f u nction of  th e cost. 
 

IV .  SIM U LA TION RES U LTS  
 

In th e previou s sections, w e ex plained th e f ou ndation of  th e 
proposed decision-mak ing  meth od and w e discu ssed th e 
dif f erent u sed models. In th is section, w e apply th e proposed 
meth od and w e present th e simu lation ex periment f or th e 
time continu ou s optimal maintenance period and th e discrete 
time preventive maintenance period. A total of  60 sets of  
eq u ipment w as considered, th e lif e ex amination of  th e 
collected data h as sh ow n th at f ailu res occu rred in 24 sets. 
Th e f orecasting  of  th e f ailu re time distribu tion f u nction f rom 
th e measu red valu es and th e corresponding  f ailu re rate are 
sh ow n in f ig u res f ig .3 f or th e continu ou s time strateg y.  
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T a b 1. In p u t  p a r a m e t e r s  

Ci Cr Cd α η 
6.5 103 J P Y  1.5 103 J P Y  9 103 J P Y  3 4.1918 

 
Th e analysis and ex amination of  th e lif e data h as allow ed th e 
determination of  th e inpu t parameters, sh ow n in table 1. Th e 
f ailu re rate in th is case stu dy is increasing  w ith  time. Th e 
termination of  G As is eith er f itness-error of  tw o su ccessive 
g enerations less th an 0.0001 or reach ing  th e nu mber of  
max imu m g eneration.  
 
A . Co n t in u o u s  t im e  P r e v e n t iv e  m a in t e n a n c e  p e r io d  
 
Th e max imu m measu red valu e f or reliability limit is 95% , 
th e proj ection of  th is limit on th e time ax is sets th e leng th  of  
th e cycle. Th e rang e of  th e calcu lated preservation cycle is  
[0, 7853] h ou r. If  w e consider plant mach inery operating  an 
averag e of  8 h ou rs/ day, 5 days/ w eek , th en th is lif e time cycle 
correspond to du ration of  49 month s. Th e f inal ou tpu t of  th e 
g enetic alg orith m in th is case indicates th at th e optimu m 
preventive maintenance corresponds to an optimu m period of  
2355 h ou rs th at can be approx imated to * 15T Months=  w ith  
an optimu m E TC of  ¥ 5 .3  M il l io n s . 

F ig u re f ig .3 sh ow s th e f ailu re time distribu tion f u nction, w e 
can see clearly th at th e calcu lated f ailu re times f ollow  th e 
same trend as th e measu red data. As ex pected an increasing  
f ailu re rate. 
 It can be seen th at th e incremental dif f erences of  th e f itness 
in F ig .4 ch ang e su ddenly arou nd 112 f itness valu e, th is 
correspond to periodical inspection/ replacement 

[ ]750,1300T ∈ h ou rs w ith  almost u nch ang eable E TC (¥ 8 .9  
M il l io n s ). Th is is ex plained by th e inf lection in th e f ailu re 
rate. F inally th e ef f ectiveness of  th is meth od is verif ied in 
F ig .5 f or th e continu ou s time preventive maintenance. 
 
B . D is c r e t e  t im e  P r e v e n t iv e  m a in t e n a n c e  p e r io d  
 
Th e stu dy of  repairable systems su bj ected to f ailu res 
constitu tes an essential issu e in th e reliability literatu re. U ntil 
recently, most of  th e research  on discrete time repairable 
systems is perf ormed u sing  h omog eneou s M ark ov ch ain. 
W h en ph ase type distribu tions w ere u sed [13], most models 
assu med ex ponential distribu tions f or operating  and repair 
times f or simplicity. H ow ever, th e ex ponential distribu tion 
presents some limitations. N eu ts et al. [14] stu dy a sing le u nit 
system w ith  operating  and repair times f ollow ing  ph ase type 
distribu tions. H ow ever, ph ase type distribu tions are still 
limited to cases w ith  rational L aplace transf orm. 
In th is section, th e previou sly presented preventive 
maintenance strateg y and its G A implementation w ere 
adapted to simu late a discrete time periodic 
inspection/ replacement policy. Th e u se of  th e G As allow s u s 
to avoid th e math ematical limitations of  distribu tions and 
transf ormations. 
 
 

 

Fig .3. Th e  f a i l u r e  t i m e  d i s t r i b u t i o n  f o r  t h e  PM  p e r i o d
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W e apply th is meth od to a system represented by a g eneral 
distribu tion. Th e resu lt of  th e nu mber of  f ailu re w ith in each  
sampling  time u sed in th e perf ormed simu lation and th e 
corresponding  rate of  f ailu re are sh ow n in f ig .7. All th e 
sampling  intervals u sed f or th e lif e ex amination w ere made 
w ith  a sampling  period of  1000 h ou rs. As ex plained 
previou sly, since th e max imu m measu red valu e f or reliability 
limit is 95% , w e obtain a [ ]0 ~ 9999 [H ou r] cycle. Th e f inal 
ou tpu t of  th e g enetic alg orith m in th is case indicates an 
optimu m preventive maintenance period of  1900 h ou rs, 
* 1T year= and an optimal ETC=  ¥ 2 . 9  M i l l i o n s .  

As ex pected th e f ailu re rate is increasing  and w e can see a 
decrease in th e nu mber of  f ailu re ex plained by th e optimal 
maintenance periodicity. O ptimiz ing  th e maintenance period 
u sing  G As allow s u s not only to deal w ith  W eibu ll model 
cases th at h ave any valu es of  m and η, bu t also w ith  discrete 
cases in w h ich  th e optimality is h ardly obtained by analytical 
meth ods. As sh ow n in F ig  7, As th e G A evolu tes approach ing  
th e optimu m, th e f irst time of  inspection is occu rring . Th is 
means th at it is better to tak e th e long er interval u ntil f irst 
inspection. Th e reason is th at f ailu re rate increases at any 
time and as time passes, mach inery becomes easier to f ail as 
closing  th e end of  inspection time.  
Th e resu lts w e obtained by th e meth od proposed in th is paper 
and th e ef f ectiveness is also verif ied in F ig .6. f or th e discrete 
time periodically inspection/ replacement strateg y. 
 

V. CONCLU S IONS  
 
In th e economically competitive w orld it is increasing ly 
important to consider th e cost f actors associated w ith  saf ety 
related systems in addition to th ose of  produ ction systems. 
Th e operation and manag ement of  a plant req u ires proper 
accou nting  f or th e constraints coming  f rom reliability 
req u irements as w ell as f rom bu dg et and resou rce 
considerations. 
M ost of  th e math ematical meth ods to decide th e inspection 
time interval by reliability th eory are too complicated to be 
solved. M oreover, in th e practical applications, th e mach inery 
plants mu st satisf y th e req u ired conditions of  th ese 
th eoretical models; w h ich  is not th e case u su ally. In order to 
overcome th ese problems, in th is paper, w e h ave proposed a 
decision-mak ing  meth od f or optimiz ing  inspection interval 
and maintenance period to minimiz e th e maintenance cost by 
reliability th eory and g enetic alg orith m (G A). Th e most merit 
of  th e meth od proposed h ere is th at w e can decide th e 
preventive maintenance period f or plant mach inery th at h ave 
f ailu re rate� conf orms to any distribu tion; th eref ore, w e may 
say th e meth od is more practical. Th e ef f ectiveness of  th is 
meth od h as been verif ied by simu lation resu ltants in both  
continu ou s and discrete times. 
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