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Abstract-In the current industrial practice, optimisation of  and (ii) not late when component reliability hagngiicantly
maintenance schedules is typically done using expert dropped. The probabilistic evaluation is proporibto the
judgement but not via exhaustive exploration of all possble  shortest PM tim& of the system. The shortest PM time of
options for scheduling. Recently, it hasbeen shown that search  the system is chosen such tfids less than the mean time to
heuristics such as genetic algorithms can be used in  fajlyre (or mean time between failures as approgyiaf the

conjunction with stochastic reliability prediction to optimise component that fails most often within the systéfence

the maintenance schedules of components in a system. In this r ; ; ;
paper, we extend this framework to include the optional eachly,; is a multiple off" as shown in Equation 1 [3].

modelling of informed decisions by expertsin terms of thetime

at which maintenance actions could be performed on Tpi = a;T . . . M
components and decisions about which implementations of where:q;is the coefficient of maintenance interval CoMI
components should be in the final design. With this method, of thei-th component.

useful human knowledge and experience can be incorporated

in a process that allows extensive exploration of the space of The CoMl a;is an integer value ranging from 1 to

possible options for optimal or near optimal architecture and  a;,,,,,Wherea,;,,,,is obtained from Equation 2 below [1].
maintenance scheduling. The approach is demonstrated on a

simplified model of fuel system. MTTEF;
( < ) ; MTTF; < RT
Keywords-maintenance; expert judgement; optimisation; _ 4 T
genetic algorithm. Aimax = I T 2)
. INTRODUCTION L@ (7) ; MTTF; > RT

Typically, during components inspection, more atten
is given to components that have shown signs ofr poo
condition. Such signs may be wear and tear, lo@sene
stiffness, low or high level of content, etc aapplies to the
component in question. In a case where the compdeen
viewed by maintenance personnel as repairable, sugﬂl
component undergoes maintenance actions otherwi
replacement is performed. Preventive maintenanoce@ies
carrying out maintenance intervention even befor
components show sign of poor condition. The timefath
such intervention (maintenance actions) is perfarnige
however, difficult to determine.

Preventive Maintenance (PM) is normally performed
periodically which implies a constant maintenanarival.
The interval at which maintenance actions are perd on

where:Q is the integer quotient of the division;
RT is the system risk time, also referred to as uidiédy
MTTF; is the mean time to failure for thth component;

However, a scenario may exist where the failuréepat
a given component becomes familiar over a loexgogl of
use under same condition. Another scenario thaterisy is
he lack of failure data which could be used teedatne the

M time via probabilistic method. Under either oottb
scenarios, the use of expert opinion, which isrimid by
knowledge and experience becomes helpful.

Similarly, at the design stage of a system, eaclitsof
constituent components may have several optionstsof
implementation. It is possible to consider all the
a given component is termed PM tirfle. Hence each implementation options of all the components atsysem’s

. ; o design stage; giving rise to variants of the systdggada et
componen't of the system will have a PM tifje, wherei = al. [1] demonstrated how such system variants {f@athires)
1.m, m being the number of components of the system thaly|d pe optimised. The optimised set of the systariants
have been identified for PM. Nggada et al. [1] usedygngists of those implementation options that nsgstem
probabilistic method to determine the time at whachiven requirements. Similar to the case of componentiiajl a

component is maintained using the Proportional Ag&etter implementation option which should be ineldidn
Reduction (PAR) model [2]. This method uses compbne ihe system design may be known to the expert.
failure data and ensures that the PM tifpefor thei-th

component is (i) not too early, incurring unnecessast,
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The use of a stochastic method and expert opimion i

deciding PM time and implementation option of stddc
components and the overall evaluation of the systedel
is the focus of this paper. Hence, the reminde¢hefpaper is
structured as follows. Section Il discusses exjpeigement
in PM time while Section Il discusses expert juchgat in
implementation option. Section IV discusses theaffof
expert judgement on the system and maintenancel datg
optimisation algorithm and process. The modellingd a
system optimisation process have been implementétiR-
HOPS, a state-of-the-art tool [11] that is the ltestimore

than fifteen years of research on model-based myste

dependability analysis and architecture and maamea

optimisation. A case study on maintenance schegluiging

this tool is presented in Section V. Evaluatiorss gresented
in Section VI, while conclusions are drawn in SectV/Il.

1. EXPERTJUGDEMENT IN MAINTENANCE TIME

Expert judgement as defined in this paper referthéo
elicitation of informed opinions from persons withrticular
expertise. Expert judgement has been applied irerakv
areas. For instance, expert judgement has beesedtiin
specifying the number of failures for a componetithiw
time interval. The elicitation of such lifetime dafrom
several experts are combined into a consensusbdistn
which is then updated with failure data. Such comation is
done through defined procedures [4]. Another aréerev
expert judgement has been used is reliability ptidi in
early stages of product development process. #iioit of
expert opinion on lower bound (belief) and uppeurzb
(plausibility) of failure time interval is perforrde[5]. An
increased use of risk assessment in organisatiagsalso
increased the
information for safety related decision making. ©nduch a
decision making, expert judgement is required irsthad the
steps of risk assessment, for instance hazardifidation,
risk estimation, risk evaluation and analysis ami{g].

Under preventive maintenance as used in this paper,

expert opinion is used in determining the regulanet
interval for which a component is to be maintainkdthis
paper, the time specified by an expert at whichiverg
component is to be maintained is referred to aseEXpM
time (EPMT). In complying with the expert judgement it is
considered appropriate for the PM time of the comemd to
be less or equal to iBPMT, T,; < EPMT;. The rationale
for this is straightforward: so that the likelihoadf the
component to experiencing unplanned maintenance
minimised. The definition is thus as shown in Equra8.

EPMT; ;EPMT; <RT
RT ; ET, >RT

where:

3)

EPMT; is the expert PM time specified for
thei-th component
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role of expert judgement in providing

In order to follow a similar pattern of evaluatias for
components with non-expert specified PM times, the
maximum CoMI for thei-th component under expert
judgement is obtained as shown in Equation 4.

(. (EPMT;
I ; EPMT; < RT
T
Xiemax = 4 RT €))
Ql— ; EPMT; > RT
T i

where: djemaer IS the maximum CoMI of thei-th
component under expert judgement.

Therefore, the PM time of a component under expert
judgement is evaluated similar to Equation 1 shawn
Equation 5.

)

Tpi = Qiemax |

Ill.  EXPERTJUDGEMENT IN IMPLEMENTATION OPTION

Assume the following sub-system with two components
shown in Fig. 1. Xand Y; are the implementations of their
respective component types X and Y. Fig. 2 showarent
of Fig. 1 where each component type consists of 3
implementation options.

in X, Y, oul
Figure 1. Two components sub-system
|nI X, | ; Y, Iou1
Mo o K
Lk By

Figure 2. Two sub-system with implementation opgion

In Fig. 1, X = {X{} and Y = {Y} while in Fig. 2, X =
{X 1, X5, Xz} and Y ={Y4, Y,, Y3}. In Fig. 2 X, is the active
implementation of component X and similarly; ¥s the
Bctive implementation of component Y. The set of
components {% Xz} and {Y,, Y3} are the alternative
implementations of components X and Y respectively. 2
implies that the sub-system is a possible comhlmnatf any
of the implementation options in X and Y. Thusthié sub-
system is represented by,S then the potential design
models of the sub-system are shown below.

Ssub= {{X1, Yo}, {X'1, Yo}, {X 1, Ya},

{XZ! Yl}! {X 21 Y2}| {X 23 Y3}1
% Yih {X 3 Y3}, {X 3, Y3} }

39
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Each of the subsets of potential sub-system desigsolution. A collection of all potential feasible lstions
models is referred to as a variant of the sub-gysfehis  defines the feasible region.
scenario also applies to a full system model. Atitifancy Hence, to define the PM optimisation in this pajlbe
design stage of a system, as illustrated by Nggadh [1], a effect of expert judgement will be considered asst@ints
stochastic process could be used in determiningséteof  to the optimisation. The constraints are definedhia next
variants which meet design requirements. The ergine section.
could then select one (or more as appropriate)hebd . S
variants which will be implemented. A. Consraints of the optimisation

In certain scenarios, the engineer would like tecty The constraints guide search algorithm towards the
which components are to be included in the systeodel  feasible region. When an expert specifies PM timevbat
Such action is an expert opinion that is informed the implementation option is active and excludes trst ire the
engineer's knowledge and, or experience of theegysiver  optimisation, the size of the feasible region ierald. The
time. Hence, in addition to stochastically deteimgnthe size of the feasible region is resizable and withany
implementation option of a given component typ&s itilso defined constraint the size is same as the solwjmace.
helpful to provide the engineer with an option fweafy  Firstly, the constraint under PM time is definetidaed by
which of the implementation options should be ideld in ~ component substitution.
the system model. To r_:lchleve th|s_, the engineerldvou B. PM Time Constraints
simply select the active implementation of the comgnt

while the alternative options are excluded by usirigg. Constraints guide the selection of individuals with
feasible region, where solutions meeting designirements
IV. EFFECT OFEXPERTJUDGEMENT ONOPTIMISATION exit. The constraint of PM time under expert judgamis

simply a modification of Equation 3. The time atigh
maintenance actions are performed when an expecifigs
time is the product of the maximum CoMI and theteyss
shortest PM interval. Thus, the following consttaipplies.

An optimisation problem could have single or multi
objective, depending on the problem and the apprdac
optimising the solutions. The work in this papernisilti-
objective in nature and maintains a multi-objectipproach
to optimising the solutions. In general a multiedijve

optimisation problem is defined as follows [7][ 8]. EPMT; ;EPMT; < RT

Ty <

maxF(x) = { f1(x), fa(x), fa(x), ... f-1(X), f2(x) } RT ; EPMT; > RT

such that:

X e X S ((expert_judgementi

gx¥)<b; j=1.k = true)n (EPMT; = T)) (C1)

where: i, B, f5, .., .4, f, are objective functions. where: expert_judgement; is a Boolean variable
X is the solution space of all potential that is flagged true for a component that is
solutions. identified for expert judgement and false
X = (X, X2 . Xn1, Xm). In genetic otherwise.
algorithm terminology x is referred to as
decision variable vector, while each i When an expert specifies a PM time, Equation 3 ressu
referred to as decision variable. that this time is a multiple @f, and if not then converted to

g(x) < b is referred to as constraint, such. Additionally constrain@1 is enforced if the expert PM
where k is the number of constraints time is not less than the system’s shortest PMniate
imposed on the optimisation. ConstraintC1 only applies to components that are subjected
to expert judgement. Thus for other components the
The left hand side of the constrainf{xy is a real value constraint is same as those defined in [10] alsavatbelow.
function, whereas;lzould either be a predefined value or the
result of another real value functioR(x) is referred to as 1

decision vector. The goal of the optimisation penblcould T< Ay (€2)

be either maximisation (max) or minimisation (mof)the 1

decision vector. The decision vector consists gedlve oT < — (€3)
functions as seen in the definition. The objectwections Ay

are attributes of the system design and normadijdte cost Where: ) is the failure rate of the component that

and one or more of the following: reliability, aladility,

safety, weight, etc. The equatiojfxy < by is known as the
inequality constraint. If this is in the form(d = b, then it is
referred to as equality constraint [8]. When a tamst is ConstraintC2 implies that the shortest PM interval
present, the optimisation must conform to it. Ausioh xe X st be smaller than the mean time to failure (MTaiRthe
which satisfies the constraints is said to be &ilé® component that fails most often in the system. 3beond

fails most frequently.
A; is the failure rate of thieth component.
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constraint defines that for every componigiitis PM interval  system (FOSS) which supplies fuel to the main engiha
must be smaller than its MTTF. These two constsagnmisure  ship. The FOSS is shown in Fig. 3 and its desonips same
that maintenance is effective and is not schedtdedlate as in [1]. The system incorporates a service tatibichv
when the reliability of components has droppedrh. contains stored fuel oil. The booster pump convegsoil to
N . the mixing tank through a filter and flow meter. ttie
C. Component Substitution Constraint pressure level in the mixing tank exceeds a thidslevel,
Component substitution refers to the process daoamy  fuel oil is released back into the service tanlotigh a pipe
the current active implementation with one of itermative  connecting the two. The circulation pump then cosvieiel
options. The role of expert judgement under compbne oil to the main engine through a heater, viscasigfer and a

substitution is to select and to specify the activefiiter. Excess fuel oil not used in the main engmeeleased
implementation of the component, and disable suclio the service tank via the mixing tank.

substitution. The constraint used by Nggada €tlhlwhich In order to analyse the model of the fuel oil seevi
was implemented in HiP-HOPS, could be reused téemeh system, its constituent components were annotaitixdHiP-
this, and is as shown below. HOPS failure behaviour data. Due to space limitgtia

detailed presentation of the annotations is imjessi
however the component failure behaviour is simglach
component has a single failure mode which causessam
of outputs while input failures propagate to thépats of the

substitute_component(i, k;)

(substitute; = true)

(C4) components.
A
(ki > 0) Main engine

Component substitution is performed by a functialted Service Indicator
substitute_component and has two parameters. The first is tank
the indexi of the component under consideration, and then a Viscosimeter(§, )
second index of its current active implementation. The
details of the function are contained in Nggadalet[1]. ~
ConstraintC4 implies that a component is substituted if and O Q ® \_/ I @
only if thei-th component’s Boolean paramesethstitute; Booster  syomatic Flow ~Monitoring C";S,'ﬁgon Heater
is flaggedtrue and that there exist at least one alternative pUmP fifer  meter tank

implementation option. This therefore entails tlairing
component failure annotation in HiP-HOPS the ergjine
would simply disable substitution for theh component
once an active implementation is selected. Henceafo
component which the expert has selected to be fixe
throughout the optimisation, thsubstitute; = true is

Figure 3. Fuel oil service system (FOSS)

Similarly due to space limitation, short names also
sed to represent the actual component namesddr@sS.
hese short names are as shown in Table I.

replaced wittsubstitute; = false. TABLE I. COMPONENTS AND THEIR
D. Defined PM Optimisation RESPECTIVE SHORT NAMES
Having defined the optimisation constraints, the iotmpor][?n;lt Sport Name
optimisation is, therefore, defined as follows. uomaticlitel | a
Booster purp bp

minF(a) = { U(a), C(a) } Circulation pum | cp

such thata € A, C1, C2, C3, C4. Flow mete fm
Heate ht
. . ) . Indicator filte| if
Where:a is a decision variable vector consisting of Main engini me
CoMis of constituent components of the system. Mixing tank mt
A is the PM solution space Service tan S
C1, €3, C3 and(C4 are the defined constraints. Viscosimete vm

U andC are the objective functions; unavailability
and cost respectively.

The goal of the optimisation is to minimise the
objective functions.

Table Il shows the components that were subjeated t
expert judgement on PM time. The table also shdwes t
corresponding EPMTSs.

V. CASESTUDY

The case study used in Nggada et al. [1] is adopted
which the defined PM optimisation problem is evédda
The case study is a simplified model of the fuélservice
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TABLE Il. COMPONENTS AND EXPERT PM TIMES T \B t —nTAB
Upc(t) =1— exp [—n (—p) ]exp [—( p) ] (6)

Components Expert PM Time o o

Main engine 1500 nT, <t < (n+1)T,

Service tank 1260 . -
Viscosimeter 870 where:U, is component unavailability under PPM

tis the age of the component

nis the number of PM stages

B is the Weibull shape parameter

0 is the Weibull scale parameter
The system unavailabilityl) is evaluated using the
Esary-Proschan approximation [12]. The total PMt aufs
the system is the summation of the individual congs’
cost as shown in Equation 7.

All the components have implementation options;
however, those that were subjected to component
substitution are shown in Table III.

TABLE Ill. COMPONENTS, IMPLEMENTATIONS AND
SHORT NAMES

Component | Implementations | Short Name m
Heater ht 1
Heater Heater . ht Z ¢= Z("icm’mi + Cai) Y
Heater . ht & i
Heater_. ht_4 Where:mis the number of system components
— C is the system cost under PPM
Mixing_tank_ 1 mt_1 . . .
o Mixing_tank_ mt 2 Cypmi 1S the cost of performing PPM for theh
Mixing tank ——— > - component
Mixing_tank & mt_Z . . .
Mixing_tank ¢ mt 2 Cci_|sthe unit cost of theth component
= = = n;is the total number of PM stages for théh
Flow meter fm_1 componentp; is evaluated using Equation 8
Flow_meter fm_2
Flow meter | Flow_meter fm_3 The number of PM stages for each component is
Flow meter . fm_4 evaluated using Equation 8.
Flow_meter_ fm_E& (. (MTTF
Q T ; MTTF < RT
p

The components which the expert specified as fixed _

throughout the optimisation are shown in Table V. RT ®)
Q|+ ; MTTF > RT
TABLE IV — FIXED COMPONENTS THROUGHOUT k T,
THE OPTIMISATION
Componf-znt_ Short Name Additionally, the following parameter values were
Automatic filtel af assumed
Booster pum bp ’
Circulation pum__| cp Weibull shape parametgr= 2
Indicato filter if Weibull scale parametér= 1500

FOSS shortest PM interval T = 180
VI,  EVALUATIONS Mair]tenance !mproyement fac1p|= 0.875
’ Maximum optimization generation = 5120
In order to evaluate the defined PM optimisationtioe
case study, the evaluation models for the objedtinetions The improvement factor is simply the effectivenesthe
need to be defined. Similarly the optimisation aitpon that ~ maintenance action. The details of which could duendl in
would incorporate the constraints needs to be ddfithese Nggada et al. [10].
definitions are discussed next. o .
o _ B. Optimisation Algorithm
A. Objective Functions Model To optimise the PM schedules of the FOSS, a vagfnt
The maintenance policy assumed in this paper i#&ger the Non-dominated Sorting Genetic Algorithm (NSGA)
preventive maintenance and therefore same evaluatiql3] is developed. It takes into account the define
models found in [1] is used. Equation 6 is use@\aluate constraints and objective functions. The mechaofcghe
component reliability where its failure charactécisis adapted algorithm using HiP-HOPS are here discuddeal
assumed to follow the Weibull distribution [1]. algorithm first generates a random initial popwaatP of N
number of PM individuals, with each individual repented
asp. The following steps are then executed:
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1. Set population indext=1. () Increment population index by 1;i.e.t=t+ 1.
2. Set frontindexi=1. 12.1f maximum generation is not reached then go tp dte
3. Randomly generate an initial populationd® N number else terminate giving the set of PM individualstive
of PM individuals. This is performed in any of twteps first front F, as the solution.
as follows (1) If a given component qualifies for
component substitution, then C. Results
a;, = substitute_component(i,k;) , (2) if the The Pareto frontier of the optimisation is showrkig. 4.

£ ; — A total of 206 optimal PPM schedules were foundhuvtie
c()?mpc;rllse;; qui\h:f;d::;(elxp;rt judg);ement thaeR, last found in generation 1722. For the componeuibgested
tek; Lk T imax i) ., to substitution Heater_2, Mixing_tank_2 and Flowtene3
4. Vp e P, configure the variant of the system model vith ominated the optimal solutions. The result indisahat an
by using the encoding to set the CoM! of eachgngineer could choose an optimal design optiortiveldao
component and then evaluate the unavailabilityers . & 449 unavailability requirements. Typically, e th

(objective ffur?ctions) thth? syztem Iby_ cfalling ftheoptimisation is done manually, which, therefore sprés
automatic fault tree synthesis and analysis funstiof o\ tewer options.

HiP-HOPS.
5. vpe P, findn, number of solutions that domingteand
Sy set of solutions for which dominates.. Table V shows the first and last 5 out of the 2G8VP
6. Add all p with n, = 0 into the set Hthe i-th front) and  gchequles. It shows that the components Main_engine
assign domlnatlor_l rankyR 1. . Service_tank and Viscosimeter subjected to expert
7. For eaclp ¢ F; assign crowding distance po judgement have fixed CoMis in all the optimal PPM
8. Increment frontindex by 1;i.e.i=i+ 1. schedules. Similarly none of the alternative opttiarfi the

9. ForeactpcF,, visiteachq e S, and decremenyby 1, components that were not subjected to component
if by doing son, becomes 0 then adginto the set A gypstitution appears in the optimal set.
belonging to front iR, = i).

10.Repeat step 8 to find subsequent fronts. - -
11.Perform recombination as follows (“a —j” below) FOSS Optimal PRV Schedules Under Composite
() Set child population G @. 018
(b) Use binary tournament selection to select two 0164
parents from population.P o1
(c) With probability R, perform uniform crossover on '
the selected parents to evolve with a child p. 2 0127
(d) With probability R, perform mutation in one of £ o1
the following ways; (1) if the selected lodusorresponds to g oo/
a component that has been flagged for expert judgetne. 5
expert_judgement; = true) and ET> T then exit to step “e” 0081 e LY PR
below, else (2) perform normal mutation. 0.04+
(e) AddptoQie.Q =QuUnp. 0021
" (f) If the size of Qis not equal to N, then go to step o ‘ ‘ ‘
. 18500 23500 28500 33500 38500
(9) Vpe Q, configure the variant of the system model Cost
with p. The values of objective functions (unaviilidy and
cost) are also calculated. : :
®) P, and Qare combined into Bi.e. B = R U Q and Figure 4. Pareto frontier of FOSS PPM schedules

B, is sorted based on non-domination.

(i) From 2N solutions (combination of, Bnd @) in
B;, N best solutions are selected using the crowding
calculation and comparison to form P

TABLE V. A SUBSET OF OPTIMAL PPM SCHEDULES; A TABUAR REPRESENTATION

Gener

Optimal PPM Schedule Cost | Unavailability | ation

af(8) bp(4) cp(6) ft.ft 3(4) htht 2(1) if(3) me(8) mt.mt_2(5) st(7) vim(4) | 21866 0.099808 26
af(8) bp(4) cp(6) ft.ft 3(4) htht 2(3) if(3) me(8) mt.mt _2(5) st(7) vim(4) | 21746 0.102454 26
af(6) bp(4) cp(6) ftft 3(4) htht 2(2) if(3) me(8) mt.mt 2(4) st(7) vim(4) | 22217 0.094253 29
af(5) bp(3) cp(6) ft.ft 3(4) htht 2(2) if(3) me(8) mt.mt 2(4) st(7) vim(4) | 22678 0.089516 29
af(6) bp(3) cp(6) ft.ft 3(4) htht 2(2) if(3) me(8) mt.mt 2(5) st(7) vim(4) | 22237 0.093825 30
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af(6) bp(4) cp(6) ftft 3(4) htht 2(1) if(3) me(8) mtmt 2(4) st(7) vm(4) | 22307 0.092919 | 1439
af(1) bp(1) cp(1) ftft 3(1) htht 2(1) if(1) me(8) mtmt 2(2) st(7) vm(4) | 34859 0.048226 | 1453
af(8) bp(4) cp(6) ftft 3(4) htht 2(2) if(3) me(8) mtmt 2(8) st(7) vm(4) | 21600 0.105751 | 1463
af(1) bp(1) cp(1) ftft 3(1) htht 2(2) if(1) me(8) mtmt 2(1) st(7) vm(4) | 36001 0.047708 | 1631
af(8) bp(3) cp(6) ftft_3(4) htht 2(2) if(3) me(8) mtmt 2(5) st(7) vm(4) | 21972 0.098662 | 1722

VI, [41

In the design of engineering systems it is generall
helpful to enable systematic and automated expborabf
design options using heuristics whilst maintainitige
possibility of certain decisions to be taken byomfied
expert opinion. This paper has illustrated an agghndo this
in which expert judgement can be integrated in espst [g]
architecture and maintenance optimisation methoerevh
optimisation is driven by dependability and costn€traints
to represent expert judgement on maintenance tinte al’l
selection of components were developed and a ‘asfahe
NSGA Il was adapted within the HiP-HOPS tool to ldea
the proposed approach. Initial results suggest that (8]
approach is valid and promising. The method is enily
being extended to enable more sophisticated ways fo
incorporating important maintenance constraintateel to
the geometry and topology of the system.

CONCLUSION AND FUTURE WORK

(5]

(9]
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