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PREDICTION according to ITEM’S ACTUAL OPERATING STATE
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Zigmund M. Bluvband, Ph.D., A.L.D. Ltd., Israel

ABSTRACT

Preventive Condition-Directed Maintenance (PCDM) Is
xnown to be the most efficient repalr policy for equipment
tems (parts, units, assemblies, etc.} which are subject to
stochastlc deterloration with Increasing falture rate and can
be periodically inspected. The problem is how to predlct an
item's residual lite (unti the next tailure) with the acceptable
accuracy and consistency. .

We consider a repairable and replaceable item or a
single-unit system and suppose the fulure operating and
environmentai conditions to be similar to the ones when the

jearning statistics was obtained. Practically, this Is a

reasonable assumption.

An adequate deterloration model was developed and a
new conditianal distribution of remaining liletime was
created on its base. Expected remaining life, optimal time
interval to next Inspection, and other necessary parameters
may be obtained using this probability function. Rather high
prediction accuracy with 14% mean relative error was
approved by computation tests. Monte-Carlo Simulation ot
the developed PCDM poilcy showed, that total repair and
downtime cost per unit time for this strategy was 9 to 12%
lass than for the repalr-at-faiiure and periodic repair policles.

1. INTRODUCTION: STATEMENT OF THE PROBLEM
AND ITS PLACE IN THE RCM METHODOLOGY

A repairable or replaceable item (unit ox
agsembly), which is intended to perform a
definite function and has its own coverage, 1is
under our consideration. As a rule, such an item

operates as a part of a long-time using
equipment or as a slingle-unit system. Item’s
failures are attributable to physical

degradation and thus limit its useful life and
determine increasing failure rate. An internal-
rembustion engine, an electrical motor, a tire,
a gear are examples of actual objects.

Afsume, item’s current operating state can
be identified by a critical performance
paramater{s). The deterioration status, when
such parameter exceeds predafined control limitc
is interpreted as a critical failure. We use a
term "critical", as herxe we consider failures
causing necessity of item’s overhaul oOr
replacement. We'll also refer to above mentioned
parameter’s control limit as to “critical” ona.
Assuma, values of such critical parameter and
current operating time can be easily obtalned
dus to regular inspectlons.

The principal problem ls to determina an
optimal ¥PCDM policy, i.e. the most efficlient

_scheduling for item's overhaul (ox raeplacemant)

according - to- its actual valus of critical

: parameter . and 'operating time, Total axpacted
maintenance and downtime cost per unit time is
usual criteria for optimization.

' parformance
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Q.1

We’'ll show, that solving this problem for-

above described items is closely connected with

the famous RCM methodology [1}, [2], etc.
Assume, main fallure modes have bean
already identified, critical performance

parameters and their critical levels have been
also determined. According to the RCHM
methodolegy [2, p.70] we should answer the
following guestion seguence {(we’ll omit .some
questions, that are not relevant):

scan function degradation or loss resulting

from this failure mwode be deferrsd by
servicing?"® .
- NO, as we speak about wear-out and’ similar

types of physical deterioration.

Q.2 "Is function degradation evident to operator
during routine cperation?”

- YES for relatively simple items {e.g. tire’s
tread depth reducing can ke easily identified by
a driver ). In this case condition monitoring
and agsassing neceasity of Uthe on~condition
repair 1is recommended [2}. A new method of
ascertaining efficiency of immediate preventive
repair versus operating until next inspection is
one of the main points of this paper.

- NG in other casesa, when signs of an impending
failure are not sc evident to an operator, or
reasons for observed function degradation cannot
be determined without inspectiom.

Q.3 "Is function fallure evident to operator
during routine operation?*®

- YES, as here we analyze critical failures.
Q.5 "Does failure degrade safety?" .

~ an answer depends on particular item‘s type
and does not influence further analysis.

Q.6 "Does failure reduce availability below an
acceptable level?"”

~ YES, as hare we analyze critical failures.
Q.8 "Does failure rate increase substantially
with operating or calendar time?"

- YES, as in this paper we an~lyze items with
increasing failure rate.

Q.9 “Can the remaining safe,
assessed?"

- YES, as prediction of the remaining ugeful
1ife is the principal point of this paper, .and
we consider items exactly of such kind. In this
case RCM instructs [2, pp.T74-75] te perform
scheduled inspection for condition asgessment to
determine residual useful life before the item
should be repaired or replaced. This paper is
intended to suggest a method for prediction of
the optimal inspoction interval and remaining
usaful 1life-timo. Tha basic point for this
maethod ALa to construct conditlonal fallure
probability functlon. Condition refers here toO
definita ({curreat) technical state of an Litem,
which ia identified by known valuas of critical
paramater and corresponding
operating time.

useful life be




2. BRIEF SCOPE OF METHODS OF FAILURE PROBARILITY
PREDICTICN FOR VARIOUS DEGRADATIONS

Let us state a general problem of. how to
predict survival probability of an item, which
deteriorates continuously (monotone) during its
normal operating.

Statistical ageing process data over tha
large operating interval {0; t.] and obaerved
realization (i.e. time-series data) of this
process A(t) for a particular item over the
amaller operating interval [0; £, ] are assumed to
be known. We should determine a distribution of
the probability that this realization does not
excead the predefined critical limit Ay, L.w.
probability of event:

alt) <A, (1)

For many operating items the process Aft)
is actually monotona~nondecraasing (ox
nonincreasing) random function over working
interval from the initial state to the critical
one. For examples, growth of a crack, decreasling
the thickness of both components of a friction
palr {e.g. shaft and socket, two pinicns, piston
and cylinder, etc.), accumulating the solid
sediment in lubrication. Such monotone processes
are often identified by nonrandom function with
random axguments. A trend function can be
constructed on the base of actual data available
uaing the Least Square Method (LSM) or other
methods of statistical analysis. The gimplest
and most convenient function {8 a linear one, 80
that degradation process 1s determined as
follows:

A{t)=C+BE, (2)

whare €, B are random variables with joint
probability density function f£(C,H}.
If failure occurs only when the ineguality
(1) does not hold, then the reliability (or
survival probability) function is

Rieysff | flc.m dedse| de[ " ¢ (c, by as

(3)
If variables C, B are normally distributed

with means M,, M, and standard daviations o,, o), =

survival probability is also normal:

R(c)-ﬂw (4)

ag+opt?
where & denotes the standardized and
tabulated normal distribution.
The known Bernsatein probability

distribution can be easily derived from this
reiiability function:

E= {4y -M,) /M),
Joi+uit’/&%

If a process trend is not linear, in some
cases it can be approximated by the following
model:

Fal-R{t) = (5)

ALY =C+BR(£) . (6)

If variables C, 8 are agalin normally distributed
and independent, reliability function will be
like the distxibution {4), where the argument ¢
should be aubstituted by the tazm uft).
Similarly, other reliability distributions
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can ba derived, but such methoda of raliability
prediction use only operating time as actual
sourca ilnformation and does not allow to take
into account actual parameter values. A further
presented model was developed in order- ‘to
improve accuracy and consistency of reliability
predictlon due to utilizing actual ~parametar
values, obtained during series of inspections.

<.

3.DERIVING DISTRIBUTION OF CONDITIONAL EAILURE
PROBABILITY DEPENDING ON ACTUAL OPERATING STATE

Flrst we should specify mathematical madel
to describe adequately item‘s deterioration
process. Only such model «can provide a
consistent and accurate predicticn of failure
probability,

A lot of actual wear-out data was collected
in orxder to construct the raquired - modal.
Degradation processes of about 15 item - types
with thelr critical pexformance parameters {gap
batwean a piston and c¢ylinder in a diasal
engina, thickness of pinion‘’s taeeth, depth of
tire’'s tread, gap in bearings, etc.) ware under
obeervation. Stochastic data set for each random
procesg consigts of some 10 to 16 time-series
measured at sampling time inastants with definite
inspection interval. Preliminary investigation
of scatter diagrams forx thils data (pexrformed in
accordance with [3, p.701-706] ) indicated, that
in general it 1s not worthwhile to fit the
widely used linear function to the wear-out
processes. Furthermora, any process of such type
appears to have fairly high correlation between
ites guccessive cross-sections [4],

Finally, a stochastic model of monotone
change of a critical performance parameter which
providea the best fit to actual degraddtion data
is as followsi

A{L) =Vt +z (L), {(7)
where @ 1ls a power index, which indicates
inherent mechanism of physical degradation of
each critical performance parameter and, hentce,
ig its constant attribute defining the sharp of
the parametar‘s trend;
¥ is a random index of parameter speed

. change,. which is considersd to be constant for

any. particular ivem owver the obsarved ocperating-
F¢t) is  srationary normal random
process, identifyling actual data deviations from
the trend of each realization,
The statistlical analysis of actual time-series
data allowed to ldentify the maln propertizs of
the process Z{t}, whose expactation funttion is
obviously equal to zero. It was approved that
time dependenca of itas variance is
stochastically insignificant, and, hence, a
process’s standard deviation may be treated as
constant attribute o, for each particular
critical parameter. An autocorrelation period
Teor 2180 appeared to be consgtant attribute and
can be estimated using the same actual data. So,
the autocorrelation of this process may be
approximated with a triangular-shaped (i.e.
linear) function:

peltr= L-v/1,,, while t=t,-t,<t_. (8)
Q, elsewhere -
The power index should bes estimated
utilizing the entire data sample on dafinite
critlcal performance parameter with the help of
standard LSM for the power function. If we know
not less than 4 values of critical parameter for
a particular item, the speed index alsoc can be



imared accurately enough according to LSH:

k X
Vx"?_:ﬂxti‘ / X; ti® (9)

-1 =3
once the adequate model of the random

wotone degradation has been determined, we can
wrt deriving distribution of conditional
.lure probability, which depends on actual
rea of critical performance parameter. Let
‘tical (physical} parameter change from its
itial value A.. to critical limit Ap., and A(t)
its current value (obtained by inspection).
- convenience we’ll transform this range to

1 gtandard interval {0; 1] using the following
aation:

AL A,

Ajsa=Anca

alc) (10}

Let us now take into account the condition,
at critical parameter value ls equal to o, at
e operating tima t,, that is : ’ '

altym Vyta+Ziltd= a,. (11)

ence we get the expression for the conditlon

it = a,-Vike- {12)

et x denote a residual lifetime. The
mditional probability of a fallure, which may
:cur before the instant t +x, may be written as
1llows s

Pl +x<Tl=Plalt +x}>1 | Z(&) =a _-Vitgl ={13)
aP[Z(E+X)>1-V(trx)*{Z(E,) =a~Vite]

Now wa can darive this conditional
robability for the two correlated and normally
istributed random wvariables Z(t.), ZIZ{t.tx},
sing trivial transformaticn rules for
onditional and truncated bivariate normal
[stribution [5]. We have to use here the
runcated normal distribution to provide
onotonicity of function (1). Finally, we get
‘he following distribution of the conditicnal
‘ailure probabilityt

v, (E52) *rp, (X) (8, V, ES) -1

c,‘ll—pi{x}

Vv, (Erx)5-p (X (@~ Vyte)
o,\ll—pi(x)

Examples of this distribution and corresponding

danslty function for a few sets of source data

ara presented in Figures 1 and 2.

Since the condltional failure dlstribucion
has been found, we can calculate mean remaining
lifetime as its £irst central moment, its
varlance and othex ramaining life
chaxacteristics.

. The xelevant software
bean developed to test and

plx | alt) =al=

{14)

for IBM PC/AT has
investigate the

failure distribution (14). It was thoroughly
chacked against actual Ainspection data and
reasonable  prediction  accuracy has been

approved: mean relative erroxr of predicticn has
not 'exceed 14%:
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Figure 1.- Canditional Fallure Probability as a
Function of Remalning Lifetime (Examples).

Source Input Data: a=l; a,#0.2; Tee=L.57 Vi=0.22
Current inspection result: (x} & = 3.5; a. =0.75
{&) t. = 5.0; a,=0.75
(o) t. = 5.0 a, =0,B85

Fall, prob. denstty

L3P ]

L —
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Flgure 2. Conditlonal Fallure Probabllity Density as
a Function of Remaining Litetime (Examples).

Source input Data: a=l; o.~0.2; Toor®l.5; Vi=0.22
Current inspection result: {x)} t, = 3.5} & =0,75
(o) t, = 5.0; a =0.75
{o) t, = 5.0; a, =0.85
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4. RELABILITY-CENTERED PREVENTIVE
MAINTENANCE MODELS

Once the distribution of the conditional

failure probability of an item has been
determined, we can creata a few maintenance
policies, differing by an item’s kind and

actually cperating maintenance system.
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i we consider & subsystem (or assembly) consisting of several items, much.more PCDM policies can be constructed
the aim to decrease the total mean repair and downtime cost required at the maintenance level involved per unit
ating time. The benefit might be obtained due 1o less. quantity.or/and duration of sevéral maintenance activities (ie.
paration, disassembly / reassembly, alignment” maltinction administrative time, eic.). For example, prior disassembly
essary to gain access to the required item, can be dramatically diminished. Furthermore, if we take into.account all units

yste l_(ed;;’;pm:éir_g_t)j,‘we_'rﬁféhf‘siﬁﬁiﬁ@&h}i&'d.'_ecl"éafée‘¢drres'pdndin system downtime.

bviously, the described PCDM strategy can be dlassificd as a variant of the Well known Reliability Centered Maintenance
RCM)-methodology 3], {4]: 1t isshowr in [8]; that RCM guidelines drive oble ‘ tion assessme

n item's remaining fifetime (before its renewing), e
. To solve this problem, i.e. to construct & conditional failuré';jr_bb'abi'!ity.'fqn'ct‘ifqn,._ it’-’_is;{ri’g'c_és‘sla_i{y, rst
;adequate model of monotone degradation, {aging). For many. operating items.the.process...A (£ )-is actually:monctone-
‘ondécreasing (or nonincreasing) random function over working:interval:from the initial installation until-ansitern’ can no
longer perform its ‘intended mission. For exampie, growth.of a _crack, decreasing the thickness of both:components of a
frictlon pair {e.g. tWo pinions, piston and cylinder, etc.), accumulating the solid sediment in lubrication”"

& 1o the same problem of the.condition assessment

Such monotone processes:can.be approximated by the mathematical' model consisting of a nonrandom trend function” -

s{t ) with random coefficients and a stochastic function which idéntifies actual random deviations. Tha
convenient function for 1rend"approxin}aﬁgn"ig a'linear one, i

.identify an

general the linéar fiifiction does ot adeguately match the aging' wear-out processes. Some mathematical functions (such
as Exponential, Logarithmic, Fraction-finea_r,-.Pow.er,,g'-;_tc.)‘ are known to ba-used.as the trend curves depending on actual
degradation process. Several conditional faifure probability distributions can be inferred on the base of certain deterioration
model of this type for various trend function aiid properties‘of the random deviation prodess’ - . _
Based on collected wear-out sample data we built a stochastic model of the critical performanite parameter degradation
18 & sum of & power trend function with a random index.of parameter speed change- Vi.and a stationary random normal
rocess, which identifies actual data deviations. After some mathematical transformations we obtained the: following

sonditional failure probability distribution (its brief foundation'is presented i the Appendix’part of this paper): -
y V0% 5 () (@ Vit 1] TV s Xia, V.10

(2) . . Q{X{a(tc}= c1=¢ x { & X) +p:(ﬁ )2( c - ktc) : ld’ :k (cA ) . ‘.F')ak(lz) ( . Iktc)
S ol . 8¢ 1-92(){) L [ S PEPRICATS £ s B

"' 4. Software for Qptimization of
Current Preventive Maintenance Actiohs ™

In orderto implement developed PCDM policies, itis necessary to perform regular prediction-of an ltem’s residual Ifetime
reording to its current technical state and operating time. To fulfil this an appropriate software package for IBM PC
ompatible computers was written (Microsoft C version 6.0). The program has user friendly interface with pull-down nested
'enus and seif-explained input windows. Its main menu includes the following options:

Define data - input, update and delete ali-necessary constant.and variable data.

Calculation --remaining lifetime-prediction in “Test; "Research" and

Results - textualreports and.graphs. N R A
Upon entering the prograim the main top-bar menu with these three options is'displayed on the $creen. At first, a user
touid select'the *Define data’ option to be enabled to. enter necessary data. Usually, input consists of constant and current

ariable) information, and the program includes the two corresponding windows.

The firstfull-screen input window invites a user to enter such constant data, as Preventive and Failuré repair cost, other ="

ements of maintenance cost breakdown, nominai and critical performance parameter values, and so forth, The considerad
Rware package was created to optimize tires maintenance service, and respective input window is shown in Figure 3a.
On the second input window - "Inspection & Operation Condition Data" - a user will see resulis of previoiis inspections
d will be prompted to enter current values of operating time and performaénce parameter, along with the current operation
nditions. The last ones should be selected from the corresponding Pop-up menus. Figure 38 depicts variant of this input
ndow for tires (with the "Degree of Grip® pop-up menu as an example). It's ‘worth ‘mentioning, operating time for tires is
1asured as total run_in Kilometers, and tread depth Is their criticat performance parameter, ... o
The "Caleulation® menu is intended to fulfil prediction and includes the following options (Figure 4):
Test Run” is intended:to verify software and- validate Gurrent input. ‘Actually, it #ioes ‘ot savé’ entered data in file, and
rrefore, permits 16 -calculate result as many times as necessary, using one and.the same previous inspection data.
lesearch Run" may be used for investigations, as it does not validate and restrict input at all. This option allows to perform
nsiivity Analysis which is extremely ussful to ascertain accuracy-and-consistency of the prediction-method, as well as
find out the reasons for possible errors. . - S S SR o .
York Run” should be used for reguiar operating. It performs a cormplete check of current inspection data. Specifically, the
igram compares newly entered parameter value versus its previous one and the predefined control limits, as weli as a
Tent operating time value should be greater than its previous one.

Each of these options provides. three Prediction ‘modes available (see Figure 4). A user may choose to calculate either
383




