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Absiract-This paper reports on 5 sty wsion
the wrallable oil menitering inlormslion that is
ohitained from the Specirametrie Oil Anakysis
Programane (SOAF), to predict the residuonl life
of 2 =et of ship copmioes, The aoabvsis of ol
samples  tuken from an englne glves  an
indicutivn oF the sukiabllity of the ol for
copllened wse  amd  provides  iugseetanl
intormation skl the condition of e engine.
This could aMow Lhe identificarion of wearing
o panen 1 hefore severe Milure conld eccar
without dismaotliog the eagine. Given this
comd itivm=maeniloring data, maintenaned
decision way be taken as required ol most
inporianily, maintenence may be done in an
effcetive omd efftclent way, This pRper starts
with some  Analysis, sesumplioes 2ol
techoiqoes pocessary b gain msight into S0OAFP
duta that wrill be weeful fo owr modelling
development.  Several  issues  reparding  the
coosisteany, incnnipleteness and dimcosions nf
the slnra psed are dizcussed, which imeluwde Lhe
implementation of  primcipal  CanpOne
anabysis techoique, This research propased an
appruseh called the “total meial
cuncentratians' caleolation, which is wsed to
explain the relativoship belwees e residug)
life aod fthe ial wear conceotratioos #ldch
arc availuble from SOAF datz. Ouwec the
lenn’ Jaly 15 atiained, the oext modelling
sleps cail b cstablished to revommend Che
optimal maintenunve ackions in dermes af coal,
avallabiliiy or any criterion of interest,

dnder Terms—Principal Component Analysis,
Condition Based Muinteoance, Thara Analysis,
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L INTRODUCTION

The Specinwnerric CH1 Anelysis  Proeg-amme
(BOAPY iv a technigue  for  identifiing  the
elemental  composilion o particles g I
approvimately 10 microns (lulwards ot al., 1908)
grlriined in machinory oil semples, | e rationale
behind Lhis tecanique is that @s pechanical

components  weat, ey ghed smoll emetallic
parceles  that  bewwne enwrained m the ol

Furthenmors. particles over |0 microng avo likely
w exit the ol circulation win ~abe filoration smd
this covald Tead the small parlicles whisa are less
prone @ the filtor fo remain suspended witain the
engme. 7 thin moamre iz obtaimable it conld
provide an indication of moechine wunditinn
{Edveords el al,, 1988}, Woar metols uch as irn
{Fcy, oluminivm (A1, cheamiwn (Cr), copper
{Cuj, tin (B, leod 4Eb), silwer {Ag), timnium (717)
ared micke]l [Ni) ore mesisurahle, as o well as
lubricant additives auch as calvium (), bariur
(B, ging (¢}, phosphans (P, magoesium (Mg,
boron  (Be) aod  melybdenwm (Mo)o Uiher
seedaminents such o silicon {50 acdium Hal
arud passinin (RO are alse derectitble, 15y anaing
prriodic siwnpling and 12ating, 50AF zoebles the
nhgervnsion of memds o e ezl corcontroticns
of the anging @il



L, DATA COLLECTION

At presenl, we have o wel of data from diesel
chzines used in ships. The dulwsel congise of die
condition  meivpioe: ovained  from  obscrved
SOAF dace reveal that chere ars 2B element
imaisators which com be broken down infe theee
catzgaries: 'ubricant condilivm, contaminstion s
metal conyenieations. Lubmcoml sondition assesses
whether -he odl iwelf ia fit far furlher servies or is
ready for B chemge. Asscaamont of eontaminan
rigasuics e dit, water, olc., whick could Jegrads
the uil, Wofal concentmbions meammes ssveral
wer parkichs dat becoms enlained in the il due
1 compomern wear. At srery check, the oil swuple
i5 amahysed wml alb the clemenrs queantifed ai parts
par million {ppal Cenaally, it he granlity of
any elemert is higher Umn the tolerable lewel,
muislenance actons muy be poifrmed such as
Tepair ar replacement ol a eomgspoent, oF 1ppinE-
up or changing the oil. The data fur the S0AF
anaiveis, [rogh & thivd pary cuoopany, was
ungorted,  copfained  Tussime  valies,  was
incomplete emd eongiztent, and needsd fuher
evplanations, ay is commen in praciice (sl o
al., 1995 WMathur el @i, 2000) However, nouch
affar has boen pul izle andeestarding und serting,
Ihe datm, o mive us @ “clean' datoser dhal i
apprenpriate for our medel Lence, the Ciscussion
in thiy paper in reloted om aew we artamed e
reguired Cofean’ dmaset.  The data that we
termived wiks Sfofed in A row-wise [ormar, which
noeds ta be mesfonred inea a culwon-wisc
farar for easy rmanipulation. The dillensncs
belween diose formuls 1% 1llosirtzd in Fiz 1 aod
Figr.2 beluw.
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Fig.2. homiloriny 4o wrter ctlamn manipolatien

ILL MUNING THE DATA

I erder w comrclats the data with the residual ik,
we had m modsal e pebalionship berwesn thean,
‘I his needs more eapieeation, 05 we did not Qse
the informeation Trom dhe SOAF as it was
callected, Tt transformed it inte  oootber
megsurement  that we  walled  ‘totel  metal
coucenlrations’ that represents the  cumuabaive
ruela] concentraions since new. The naionale
Twhind this tramsformpatior i3 thot, to stablish the
rebarionship between the detsrorsion proceac
trom edl avabysia and doe cesidual life, we neel
some ywantificorion tor the deterioraton provess
inMluzneed br  conditien-maonitaging  viriahles.
TTere, the detederion peoccss iz calisd wear, and
we belisve thal wear s a noo-lecreasing pracess
acoumulped sinee now. I we want w 1sc melal
concentearion to represenl @ function of wear, hen
the ecalculatiom  of  the cumubslive  mesl
coacentriuiinn will pravide ao indirsct neasere al
Lthy cuiniulative woar sinee new with random moiss,
The cther roazom thul we did not use the ruw data
iz that oil fop-ups o changes will distorl the motal
comrenlnion content widin the oil sanple ance a
pewly Mushed cngine will bave very liole melal
cuncentration i the vil. The rransformuotion wis
erfiarmed asing the Tollowing farmula.

Tutal Wear Weral,
TR G ORI A T
whirs

= Total Wenr Metal ar time *, whers * s the ™
checkangr Line sincz2 LI

g = Dlernent Cooconmation (ppndj in the "ail

sisnlo
7 = 0l Capacity of woriponent {Litres)

e~ 0L Axdeded (Tiinz=)



Sy e o

£ L Pt o ]

¢ this stady, wo first used metal
concepbEtion  mesurcs  only  as  munilaring
indicainrs, aeviwss their charmeterisfics directly
provile  iporlant infonoodon on the waar
cordiion of inteenal cngine ports (Lukas =t al.,
1994 Borraclough co pl, 200 Noted hovwever,
we alza used other mdivulers srovide by SOAP,

[Taing equulion  abowe  eguiion  and
consitering only metal concentrution 2aSUICS,
we platted the vilue af e totul concenretion of
sygh motal mgainst oporating hourd, a5 shown
Figars 2, Unly =i metal concantrarions from the
metal group woree available from the dutaser that
conld be taken o choractzrize the residual Llife nf
the ywsdenm.
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AL thig curly slape, w2 Tave tan mapar
jenpes in analwsior (e datsset The Gret i3 the
inceriplete natune nf the data. This mears 1n the
recnpded moriinring indicators, which wers ol
MPoan mew s e eoquited. As an oxample, [igd
shows (he obsorved duta srarted around 10060
hours ceforc the epping was ropluced ke provent
fintlure, or ar filure. Toomake a cumplels history
al The S0OAF [or tnasc cngrnes wilth missing early
dats, we extrapnlating these vilues o die starling
point b uging a simple Lo regreasion.

A3 menduns]  abovs, we have  six
e mment indicatoes ul the ozl metal suncencratéon
that cnod be msed ino cur aesl reedclling
proceéure. W bad difficulty I choosing which o2
iese indicators are realhy usafa] and ean be
gwpected Lo produes the best Tesnls, Tonec, we
had wa oplives regarding the dimensions o el
mctal copceniation mdivalors e he used in our
model, Tae dimenzion of o redel is the mmbes of

TERK 938-067 -5 R=4E

inepeadaar or input indicators vise] brr chie model,
The first option was to use all the ool metal
snnconmrmtions a8 given, but this wold tesull oy a
camplex mislef whare ol metsl convenlralions
pauld he cnerelated with each other: we would
have o onee & joint probaplliy densily leneiion for
then, which is dilligalt and rmeyuies  moe
parametess to be esibnated The sevend opion
witt o reduce the corclation aud e dimension:
ol the total metal concenralions, hut at the same
time we mey lose seme of our uoriginal
infommiLliceL

kow madel sioplification, we choac the
second opoom, wel wsed the widely known dota
decampesition  1eclmique  callsd 3 Principal
Cmmponenl Anelysis (PCAY ke simplify the data
Gremerilly, 1A 18 a useful procedurs dealing with
dirmension reduction lechniques. especially when
we have o oset of sampic mewsurenants diel ar2
Lighly comely el (JTelliffe, 15986).

IV, PRINCTPAL COMPONENT ANALYSIS

PiiA  encodes  the  most  rmelesant
informalion ecaisined @ zample ooa sct of
erthonnrmzl  weetors,  Thiz  usel  defines o
charactetistic subspace the: tomlsing the main
leamircs of the saple, and the auriher of seleciad
vectors defines the amoumt ol variance chal can be
explained by the PCA medel. To starl with, we
defimed », whare 7~ 1A Kne isa vuriuole voooar
thut represents sumple slata, and v, @ — L EH are
the principsl compoensenrs; the imear relationship
betwaen ¥ mmd v 0% given by Willisms etoul
{19957 as:

L PPtk (E e Ly ey D, B
V=D ¥ —Ua ¥z Mgttt FleeXn ien
V=¥ ottt e ¥

L PR O T of TR iy N,

wheer  wh—luklohtokd... ukm] is the &k
cigonvector of the comelalion or  covisianice
mamix. The principal compuenont ¥ 8 are
nncorrelatzd and their varimess ane given y 1he
comrEpondiny, cigenvalues. Pasically, pmneipa
coraponenl  anelysis  will  geacrate iae  saine
dimensicus Fom the origingl dez ond rank thom
accordiy, o the value of dwe wariance. The



quesfion of bhow many variebles should be
refmined needs o by answered, As o sulution,
number of pruvedurss have been suggesied (Green
el al, 1978], Chie flexible appeacach is to wse the
Flaiger criterict, which recommeends that anly
priccipal componenes ot the correlarion o
covariancs meatrin with cicenvalnes preader than 1
nezd to be renined. Ansdher technigue, calied ibe
siree  lesl, aluwes uy do paol the onler ol
errenviles armd then ook for elboss i the
CLMVER. A e Sanvenient appenach is o retain
onk- dwisc  siocnvaloes that eccowund o o8
cwnwlative besis, for some bipber proporlicn of
Lke tola] varisnce, such as 75 or BO%.

Lising the lamar techniques and the somoe
plot, the dimcnsica of the wanahle wes chesen o
be 1, 19 most of the dumset prodduces smmiler
nesulis, wx depictzd in Fig, 4 aod Fip § beitow, Lo
dear, loe mdning, prosedoe o s apgnuach
o ists ol the folloedng slcps:

LObRir a smple sel of maw dits of tofial metal
songgnimbions,. The sample daks wll Turn a
aleis thal coazists of observed vaciahlen al cvery
monitoring point.

2.Compute the ceorelution or covariomos msTi,
1.(,'|,'|r:|p||1.|-_' 1he EiE,EI"-‘.i'lII}H\.x ariel bib-_r,:n'.-*m,:l-;'-rﬁ ol
the correlation matrns above.

4, Urder the eigenvalues :md sigenvecines fron
grealer Lo smitller, Mute tha the nomber of
i ger et in equal i the noimber of variabile in
the gam)ile

5 Choace priveipal components and form 4 mntrix
ol vetora.

6.Demive » oew dalssel. 1his can be dune by
ikioe the tnmepuse ol the veclor and mulriplying
il weat | rhe iHrinal st get'rrarusi'.mer‘..

Afior canping ot the anelvsis, we comcluded
that o single dimension of vardables shoubd
simp. ity our model 1o cepresel overall total metal
eonentralion, o subsegquent anabescs, we shall
usg tha first principal compeoram of total metel
cnnGzhImation &5 mar ImomieTne information. ¥, .
unlcss otheradse spocifisd.

Tae pesl problem bl we sowcovplzrzd i
icregnlar mpongborie inkenvals, Tn facn we could
wits The iodal el conceniration as it is, but this
wrdld incrcase modelling complexity as axtm
pararictzes may be oseded to fuke the orepula
mterval inle considerasion ansd sy dilfically in
porarielzr esiimalion, Sincs our intensst s e
tonal netal concenealion, wo need 0 re-oscanias
the data end sor wp Ao imemnmye  eEslo
mvmikering intervil for all disla sels,
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In Fig. & the #*, represarts the origingl vaoe of
the toral met, coacenmations al eegular fme
checkimg puints. To ser up a regulir intervel, we
fing oul the mean inmervwl oxn the data o wue
approsinwinn value, which is 220 hours, Lsing
thiz we o regular nlereal for €11 engines over
their Liferime, we hewe o nepicsenmton sbown in
Fiz. 5. whane © denotzs tae ingined moniloring,
pajmes. Vhe  difforence befure and alier re-
armamising: e dataset is shown in Fig. 7.



Having salved Lbese prodlems, we now Duse d

dateset, which voolained inlermalion [fom oew,
and hal eoqusl muniloring interviels Tor ease of our
e Loy deve losdoend,
An o alewpl o fonmulate rhe residoal  €ms
prediction modol wsing de eloancd data of the
diesel cngincs was then carmied oot & it PCA aof
the final 55 datwiets tor teimlar  chcerved
monitoring  momation bom oew, ased o ibe
subseguenl anilysis, is given io Fie 8.

TW. CONCLUTSEO

This repon has  presenied  warious  nining
I:i:c'hnjqur sl 11l 1:1.:_u|'i|,|_|r|r|g daty Tsr wear
rmeral conceniralion obbiced] Bom SCRAF An
anahweiz af such data wae rerried owt to obtyin the
reguired foemat. Onec the ‘elean’ data is amamed,
ke neat mndelling steps can be exablished w
revemmentl
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