Appl. Math. Inf. Sci.8, No. 1L, 341-347 (2014) N=) 341

Applied Mathematics & Information Sciences
An International Journal

http://dx.doi.org/10.12785/amis/081L43

Optimal Maintenance Policy for High Reliability
Load-Sharing Computer Systems with k-out-of-n:G
Redundant Structure

Xin Qi, Zhan Zhang, Decheng Zuo* and Xiaozong Yang
School of Computer Science and Technology, Harbin Institute of Tdoby, Harbin 150001, P. R. China

Received: 19 May. 2013, Revised: 13 Sep. 2013, Accepted: 1428&8
Published online: 1 Apr. 2014

Abstract: Maintenance plays an important role in system reliability enhancement vidigh essential requirement for computer
systems in service for critical applications. This paper presents a failurdoerm based maintenance policy flrout-of-n:G load-
sharing computer systems with a goal of maximizing the long-run expsgttdm reward per unit time. Compared to previous study,
we take load-sharing into account and employ tampered failure rate) (iTfoldel to describe failure rate change caused by load-
sharing. With some typical numeral examples, we analyzed expectezhsyeward rate under different load stress level and achieved
corresponding optimal value of decision variabieThe result shows that component failure has much more impactasilhoaded
system than lightly one, and optimization of maintenance action dependlygnethe load level.
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1 Introduction of maintenance policy called condition based
maintenance (CBM) is proposed and gets more and more

The raising demand of computing capability has fostereqattem'ong’&es]' In condition based maintenance, the
nmamtenance schedule and frequency match the age or

an unprecedented requirement in computer syste . ; .
reliability, particularly for some critical applicationsuch health of the system at all times, prolonging the time to
replacement (TTR) as a consequence.

as telecommunication service, financial business, etc.
Maintenance on these high reliability computer systems  From the system structure view, Wagp[classified
plays a critical role in their efficient usage in terms of maintenance policies into two groups: policies for
cost, reliability, and safety, and will be more important one-unit (or single-component) systems and policies for
than redundancy, production, and construction inmulti-unit (or multi-component) systems. Many
reliability[1]. researches of the first class are carried out with the idea
In the past several decades, maintenance policies hawbat in lack of detailed knowledge, even a multi-unit
been extensively studied in the literature. Although system can be analyzed as one entity7]lnNakagawa
thousands of maintenance models have been proposedxtends the age replacement policy by taking replacement
they are designed on two basic maintenance activitiesat time T or at numberN of failures, whichever occurs
corrective maintenance (CM) and preventive maintenancdirst, and undergoes minimal repair at failure between
(PM)[2]. CM is any maintenance that occurs when the replacements. She][presents a policy in which if a unit
system is failed, and some authors refer to it as repair. PMails at agey < t, it undergoes perfect repair with
is any maintenance that occurs when the system igprobability p(y) , or a minimal repair with probability
operating. Maintenance policies almost exclude simplel — p(y). Otherwise, the unit is replaced when the first
CM or PM, but are optimized by hybrid activities on base failure aftert occurs or the total operating time reaches
of age replacement policy (ARP) and block replacementage T, whichever occurs first. Wang| studies a
policy (BRP)B]. In recent years, another important class multi-objective maintenance optimization embedded
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within the imperfect PM for a one-unit system subject to constant or to vary according to time. While failure data
the dependent competing risks of degradation wear an@f large scale computer systems shows that stress of
random shocks. The shocks are classified into fatal oneworkload has evident impact, even proportionate
and nonfatal ones and quasi-renewal sequences arelationship, on component and system failure [
employed to describe the imperfect PM process.Thus, failure rate change caused by load-sharing for
Sensitivity analysis for imperfect PM degree and component failure unavoidably needs to be taken into
quasi-renewal coefficient is then performed to provideconsideration in maintenance policies design.
insight into the behavior of the proposed maintenance This paper presents a failure numben based
policies. maintenance policy for high reliability k-out-of-n

Compared to single component system, multi- computer systems. Compared to previous study, we take
component system, often with a range of outputload-sharing into account which is a commonly employed
performance levels and so called multi-state system, isedundant structure in high reliability computer system
more realistic in analysis and has caught more attention imdesign. The evaluation of system reward rate considers
later research. Zhentf)] proposes an opportunistic load stress level and failure rate change caused by
maintenance policy. The target system is assumed to havead-sharing. Section 2 introduces TFR model and the
k different types of units. A unit is replaced either when reliability model developed on it. Section 3 discusses
the hazard rate reachkor at failure with the failure rate  about maintenance policy, cost and system reward.
in a predetermined intervalL — u,L). NourelfathfL1] Section 4 analyzes optimization of the policy under
extends the redundancy optimization problem (ROP) todifferent load stress level by several typical numeral
find the minimal configuration and maintenance costs of aaxamples, and section 5 concludes the paper.
series-parallel system under reliability constraints.
Liu[12] investigates the optimal selective maintenance
policy for multi-state system with binary components o Reliability M odel of L oad-Sharing System
under Kijima age reduction PM model, and employs
universal generating function (UGF) and genetic
algorithm (GA) method to solve the optimization
problem.

For multi-component system, one preferable and

In high reliability computer systems, active redundancy
design is often accompanied by load-sharing. In a
load-sharing system, if a component fails, the same
. . ; ) workload has to be shared by the remaining components,
W'ﬁeg’ kapptlle? redtundtancy fohr.mh's tHeQutt-ofc-xE.G%tor resulting in an increased load shared by each surviving
called k-out-o-n structure, which Consists OMeN  component 17]. This section presents the tampered

identical etlemenkts.thlf antd only Ilf T' least of |tts failure rate (TFR) model which is employed to describe
components work, the Systém Works. HOwever, no .manycomponent failure rate change caused by load-sharing.
maintenance policies ok-out-of-n systems are studied.

g Then the load distribution is given. At last, the relialyilit
zg?r:?er?gr?cgvsglgcgigzaspgfgsoeuttgoéTs’;)te?np%%rttrzjrgﬁggr model of ak-out-of-n:G load-sharing system is achieved.
X - o mponent in thi r can refer to n m or
perfect PM and imperfect PM. In these two policies, Component in this paper can refer to node, subsystem o

imal ) » d failed . other redundant block according to the specific target
minimal repairs are periormed on faled componen S:system. First of all, we describe assumptions taken on the
before timer, and CM of all failed components is

combined with PM of all functioning ones after Also system in this study:

economic dependency is taken into account in the strategy 1 The target system consists ofidentical distributed
which means that it spends less cost and time to perform  components with exponential failure times.
maintenance on several components jointly than on each 2 The system is &-out-of-n system. At leask of then
component separately. Park and Phbh[presents a components work, the system works.
block replacement model for krout-of-n system with a 3 Fajlures of components are independent, but will result
goal of preventing system failure and minimizing the n of failure rate change on the rest components. The
expected total system cost. To overcome the drawback accelerated failure process follows tamped failure rate
that it is wasteful if a preventive replacement happens just  (TFR) model.
after a failure replacement, in the policy, a replacement 4 The system is subjected to a workload with constant
service for a failure is provided when there are a threshold  gtresq .
number of failed components occurring. Dwyis]
studies on the reliability of a system with time dependant The TFR model was first proposed by Bhattacharrya
failure rate and 2-out-of-4:G redundant structure. and Soejoeti[8] and then generalized by Mad#)]. The
Minimal repair is performed on failure with a time limit acceleration of failure when the stress is raised from a
7, and dependence of the system reliability measures otower level to a higher level is reflected in the hazard-rate
the allowed repair time is analyzed by solutions to two function. For a 2-step accelerated life test (ALT), the TFR
integro-differential-delay equations (IDDEs). model is described as follow.

In the previous maintenance policy researches of All components are placed on test at titne 0 with
k-out-of-n system, failure rate is assumed either to beload stressq until time 11. Then the load changes 1@
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and test continues. The hazard rate at a higher stress is the So the first component failure happens with failure rate
hazard rate at a lower stress multiplied by an unknownas, a; = n- Ag. Let A; be the component failure rate after
factor. The hazard rate for the whole simple step-stresshei'” failure, then thei -+ 1)!" failure happens with failure
ALT is assumed to be rateq; 1

ho(w),0< w< 11 dir1=(N—i)-A (8)
hter(w) = . (1) Let Xi = 1; — 1,_1 be the time between failure— 1
o1 ho(®), 0> T2 andi. X; are s-independent and identically exponentially

. . . distributed with failure rateai. In the case where
Consider a component that is subjected to an ordereq,1 = 0p--- = Op_x41 = O, System reliabilityR(t) has a

sequence of loads, where loadi = 0,1,,n) is applied gamma distributiorf]0, 21]
during the time interva[t, 1i+1] wheretp = 0. In other '
words, the load changes at times Ty, - , Tn. According  R(t) = gamfc(at;n—k+1)
to TFR model, the hazard rate of the component at time n—k exp(—at)(at)j
is =y ——~ 9)
|
h(t) = hi(t) = &-ho(t) 2) = .

Where & = 1, ho(t) is the hazard rate at the lower Theorem 1. Under the TFR model and load distribution
loadLo,and§ is the tampered factor at load leugl The  model described by Ed.and Eq5, we havea; = as--- =
tampered factor is a function of the applied stress. Henceg, ., = a.

the TFR model can be expressed as Proof

h(t) = &(L) - ho(t) (3) Letais =a, for 2<i <n—k+1,with Eq.5and Eq.8

In the k-out-of-n system with assumption 4, workload @i = (N—i+1)Ai_1
is equally assigned to the n components initially. The total (N—i+1) Li—l/\_ X
=(n— sy P

workload stress i&, and the load on each component is Li_»
Lo=L/n. b Lz L
On the first failure of components at timm, one = (n—l+1)T- » .--on
. AR . i—2 i—3 0
component stops working until it is repaired or replaced
during maintenance. Thus at time, n— 1 good = (n—i+1)£/\o (10)
components are left and load stress on each component L
becomesL/(n — 1). The situation holds until next according to Eq4
component failure hapﬁens at timrg. During the time L oL
interval between thei'" component failure and the Lg=—— —_=9
(i+ 1)™" component failurg, 7, 1], load stress on each n—i+1 n-i+1
componentiti = L/(n—i). And with Eq.3 we have Jbhia o (11)
L n Lo n—i+1
hi(t)=5(-—)-ho(t) =8(Lo——)-ho() (4 and thus we get
According to the TFR model, in this paper, the failure o . n . .
rate is assu?ned to have a linear relatl?orl?ship with load g =(n=i+1): n—i+1/\07 Mo = a1
stress L
|
hi(t) = L — 120 ®) 3 Reward Evaluation and Maintenance

With the assumption that the components are identicaPolicy
distributed with exponential failure times, initial faiki
rate of each component is a constant value represented tifeward of a system considers 2 parts: 1) reward
Ao. MeasureR;(t) is the reliability of componeritat time  generated when the system is working, and 2) cost of

t, then we have maintenance activities. Whether there are component
t failures or not, the system generates reward continually.
R B ot The reward is decided by the number of good components
Ri(t) = exp( /)‘Odu) =€ (6) in the system and the reward each component generates.
0

Note that for ak-out-of-n load-sharing system, load

For independent components, measﬁaéét) is the redistribution which is caused by failure of one
probability that no one component failure happens in timecomponent not only results in failure rate change on the

(0,t], and can be calculated by rest good components, but can also slow down the system
. processing speed and prolong response times of requests.

Rs(t) = [TRi(t) = oMot ) Fig.1 shows an examplg. It records a stress test on a 4 way

ﬂ 32 core server. Curve in the red square 1 represents the

© 2014 NSP
Natural Sciences Publishing Cor.


www.naturalspublishing.com/Journals.asp

344 NS 2 X. Qi et al: Optimal Maintenance Policy for High Reliability...

replacement is determined by the warranty policy of the
vendor. Time cost of maintenance is also non-neglectable.
The first part is also considered to have fixed time cost,
while times required for replacement action and
preventive maintenance action are related to the number
of corresponding components.

The maintenance policy for the k-out-of-n

— load-sharing system described in this paper is based on
. . failed component numbem(l1 < m < n— k + 1).

Fig. 1: load stress and response time of a stress test Different from the method proposed 13, we never
consider minimal repair in maintenance. As field
replaceable units (FRUs) are widely applied in modern

. . _ . high reliability computer systems, to replace a failed
user number increasing with time, and curve in the greenég y b Y b

> d bes th " hi omponent costs little while repair in the field cost much.
square escribés the average response Ume WNICE,nmponents are economic dependent since the fixed cost

increases with load stress on the system. . exists. With assumptions taken in this paper, the
Even workload stress on the component increases, -intenance policy is presented below.

prolonged response time indicates there is a performance
drop for a single request. The exact model is beyond the 1.At timet = 0, all then new components are installed
scope of this paper. In this study, we take the assumption and begin to work.

that the average response timen interval [1;, Ti 1] for 2.0n theit" component failurg1 < i < m), no actions
each request is in direct ratio to the load striesswvhich are taken and the failed components are left idle
is measured by the amount of requests per unit time. The ~ Wwaiting for maintenance.

average reward per unit timey for each request is in ~ 3.0n the m" component failure, maintenance is

inverse ratio to the average response time. performed. The failed components are replaced by
new components. The rest good components are

e L . : N : X
L g 1<i<n-k+1 (12) preventively maintained with perfect maintenance and
&1 Li_1 are restored to as good as new.
4. After maintenance, time is reset to 0.
-1
W _ biei—l,l <i<n—k+1 (13) We'us'eC(m) to denote the long run expgcted reward
w-1 &1 per unit time of the component under policy. Thus,
according to the renewal reward theorem we have
and we have
the expected reward in a renew cycle
bi C(m) =
wlj= E‘“L“l (14) the expected length of a renew cycle

The expected length of a renew cyclg, can be
achieved byl, = E[1] + E[Z], whereE|[T] is the mean time
to maintenance, an&[z is the expected time cost of
maintenance. Under policyn, E[t] can be calculated
according to Eq.9, E[t] = m/a. Let Z¢ , Z;, Z, be
separately the fixed time cost, the replacement time of one
Somponent, the PM time of one component. Then
eE[z] =Zt+m-Z +(n—m)-Z,. The expected reward in a

wlL; is the reward per unit time, or reward rate, of one
component during intervat, ti11]. For (bi/&) > 1, the
component is not fully used under loag — 1, and the
reward rate increases with a better utilization. For
(bi/a5) = 1, the result implies that in this scenario, a
component has a constant reward rate. It is reasonabl
that in a heavy load application, load increase on on

component brings no additional profit but failure rate. renew cycle consists of reward of system workGygand

(bi/aj) < 1 indicates that the amount of requests has___. ; -
exceeds the capability of the system, and overheads Cogtl]qa;né%gance codlne. According to the above analysis

too much.
Three parts are considered in maintenance cost: 1) a E[Cu] — E[Cd]
fixed cost, 2) cost for replacement of the failed C(m) = (15)

. . M Zi+m-Z+(n—-m)-Z
components, and 3) cost for preventive maintenance on a T o ) Zp

the rest good components. The first part is taken as the where

overhead of maintenance routine, including for example m-1 ]

system shut down and restart, completely checking, cable Cw= % wli(n—i)Xi1 (16)
connection, etc. The second part is relative to the number =

of failure components when maintenance happens, and so Cs denotes the fixed cost B, replacement cost and
is the third part. Replacement doesn't absolutely mearPM cost of one component @&. andCc, then

discard of a bad component. It may be returned back to

the vendor for repair. For such a case, the cost for Crme =Ct +m-Crc+ (n—m)-Cpe 7
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4 Numeral examples

Consider 3 typical cases: 1) Load stress has not fully
utiized the components untili maintenance, and
component reward rate increases with the load stress on
it. There is no overall reward rate loss. 2) System is under
heavy load, and every component has a constant reward
rate. 3) Load-sharing causes component reward rate
increase, but it doesn't catch the load stress increase for ‘ .
some system overheads, so the overall system reward rate ! : :
decreases.

For the first case, it holds Fig. 3: expected reward per unit time according to m with

constant component reward rate

3500

3000

2500

2000 -

expected reward per unit time

1500

1000

=
-

m

(n—Hwli=Mn—-i+Lw_1Li_1---=nwle (18)

According to Eql14, for 1 <i<m

b on—it1l (n—Nawli = y/n(n—i)aplo. The expected reward per
af = (19)  unittime according to m is described in fig).

Example 1. Consider a2-out-of-8 system. At time O,
MTTF of one component is 8000 minutes, - ‘
nuplp = apl = 6000, C; = 8000, C, = 3000,
Cpc = 1000,Z¢ = 200, Z, = 20, Z, = 10. The expected
reward per unit time according tais described in Fig2.

expected reward per unit time

1500 |-

1000
1

i i L i L
2 3 4 5 [ 7
m

Fig. 4. expected reward per unit time according to m with
component reward rate increase and overall reward rate loss

expected reward per unit time

We see that in this scenario, the expected reward rate
: ’ : ; s ? increases first and then drops down. The optimal policy
which maximized the reward rate is ah = 2. A
Fig. 2: expected reward per unit time according to m without reasonable explanation is the competing of fixed cost
overall reward loss sharing and performance loss. The fixed cost counted into
each unit of time declines as system running, while
reward also declines with component failure. If the shared
In this scenario, reward achieved between two failuresfixed cost drops faste€(m) increases, otherwis&(m)
is much more than increase of cost. The result shows thagecreases.

the latter maintenance is carried out, the more reward we
gain.

Example 2. For the second case, or according to E4. 5 Conclusions
bi/as = 1, 1<i < m. Consider the system in example 1,

let aplo = 6000/8. The expected reward per unit time In this study.

according tanis described in Fig3. maintenance policy for high reliability load-sharing
In this scenario, the overall reward drops almost ,mnter systems witk-out-of-n:G redundant structure.

linearly with the failure numbgr sjnce component canit The maintenance policy we presented in this paper is
offer more reward from the beginning. From an economic g|atively simple but practical in field application. Based
view, maintenance should be carried out as early as we, ihe widely accepted exponential failure time

can. . . . distribution and TFR model, we analyzed the expected
Example 3. Still consider the system in example 2. For system reward rate. For some numeral examples under
the third case, let/g = \/(n—i+1)/(n—i), hence different load stress levels, we achieved corresponding

we present a failure number based
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optimal value of policy decision variable. The result [5]C. M. Tan and N. Raghavan, Reliability Engineering and

indicates that component failure has much more impact System Safety93, 1138-1150 (2008).

on heavily loaded system than lightly one, and [6] A. Ghasemi, S. Yacout, M. S. Ouali, IEEE Transactions on

optimization of maintenance action depends greatly on Reliability, 59, 426-439 (2010).

the load level. [7] T. Nakagawa, Naval Research Logistig$, 543-550 (1984).
The major difference between this policy and previous[8] S-  H.Sheu, C. M. Kuo, T.Nakagawa, Recherche

study is that the covariate we take into consideration to _ Oprationnelle27, 337-351 (1993). o

affect component failure rate is the load stress level,[9] Y- Wang and H.Pham, IEEE Transactions on Reliabil,

versus component age which is usually selected in[ 770-781 (2011). _ o

previous research work. In fact, the factor which 10] X. Zheng and N. Fard, IEEE Transactions on Reliabi#ity,

- . 237-244 (1991).
contributes most to component failure rate change can b . . o L
different at different time scale. When observation is ?11] M. Nourelfath and D.Ait-Kadi, Reliability Engineering and

. System Safety92, 1620-1626 (2007).
taken throughout the component lifecycle, wear out lead 12] Y. Liu and H. Z. Huang, IEEE Transactions on Reliability,

to continuous increase on component failure rate. For the 5g 356367 (2010).

scenario where maintenance policy should avoid earlyj13] 4, pham and H.Wang, Naval Research Logistits, 223-
replacement to maximize the usage, length of a renew 339 (2000).
cycle is decided with respect to the expected length 0fj14] M. Park and H. Pham, IEEE Transactions on Systems, Man
component life, and thus component age is taken as an and Cybernetics, Part A: Systems and Humag@s453-463
important factor in failure rate increase. While in the  (2012).
application of high reliability computer systems, [15]V. M. Dwyer, IEEE Transactions on Reliabilit§1, 170-179
maintenance is performed at the idle hour daily or weekly  (2012).
and replacement is usually executed on FRUs instead dfi6] B. Schroeder and G.Gibson, |IEEE Transactions on
repair. On the other hand, as an example, disks usually Dependable and Secure Computifig337-351 (2010).
serve for several years before replacement. The time scald7]S. V. Amari, K. B. Misra, H. Pham, The 12th Issat
of maintenance schedule is very small Compared to International Conference on Reliability and Quality in
component lifecycle. For such cases, failure rate change Design, 30-35 (2006). o -
caused by component aging can be neglected, antL8l G..Bhattacharyya and Z. Soejoeti, Communications in
vibration on load stress level has more impact on failure _Statistics - Theory and Methodt8, 1627-1643 (1989).
rate change than wear out. [19] M. T. Madi, Communications in Statistics - Theory and
The numeral examples show some typical situations[20
but not all. Everb; /g; falls into the same region, shape of
the curve may vary from one system to another. While for
a specific system, with knowledge of the required
characteristics, reward rate can also be evaluated by the
method in this paper.

Methods,22, 295-306 (1993).

] E. M. Scheuer, IEEE Transactions on ReliabilBy, 73-74
(1988).

[21]1B. Fisher and A.Kilicman, Applied Mathematics &
Information Sciences, 173-176 (2012).
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