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Abstract. This paper presents a model for designing cellular manufacturing systems (CMS) by integrating system
cost, machine reliability, and preventive maintenance (PM) planning. In a CMS, a part is processed using alternative
process routes, each consisting of a sequence of visits to machines. Thus, a level of ‘system reliability’ is associated
with the machines along the process route assigned to a part type. Assuming machine reliabilities to follow the
Weibull distribution, the model assigns the machines to cells, and selects, for each part type, a process route which
maximizes the overall system reliability and minimizes the total costs of manufacturing operations, machine under-
utilization, and inter-cell material handling. The model also incorporates a reliability based PM plan and an
algorithm to implement the plan. The algorithm determines effective PM intervals for the CMS machines based on
a group maintenance policy and thus minimizes the maintenance costs subject to acceptable machine reliability
thresholds. The model is a large mixed integer linear program, and is solved using LINGO. The results point out
that integrating PM in the CMS design improves the overall system reliability markedly, and reduces the total costs

significantly.
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1. INTRODUCTION

The cell design problem may be described as the
process of grouping the machines into a number of cells,
each capable of processing independently a family of part
types (with some parts types processed in more than one
cell), based on the machining requirements of the parts.
Interested readers are referred to Wemmerlov and Hyer
(1986), Joines ef al. (1996), Selim et al. (1998), and Man-
souri et al. (2000) for reviews of the extensive literature
on cell formation techniques. Modern production equip-
ments are capable of performing more than one operation,
and as such each part type may be processed using differ-
ent process plans. The objectives of the cell formation
have traditionally been to reduce throughput times, mate-
rial handling costs, set up times, and to simplify produc-
tion flow and control (Askin and Estrada 1999). However,
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most cell formation work has been based on the assump-
tion that the machines are 100% reliable. Machine fail-
ures, however, have a significant impact on the system
performance (e.g., due date compliance, utilization, etc.)
even if there are options to reroute the parts to alternative
machines. Often, it is not possible to handle a machine
failure as quickly as the production requirements demand.
Delays due to machine breakdowns not only impact the
production rate, they also lead to scheduling problems
which decrease the productivity of the entire manufactur-
ing operation. This issue points out the importance of
machine reliability consideration in cell formation deci-
sions and during the operation allocation process.
Generally, in a cellular manufacturing system (CMS)
the reliability configuration of the machines along a proc-
ess plan is a series structure, whereas in a job shop the
reliability structure is parallel, making it easier to reroute
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a part to another identical machine in case of any machine
failure. In a CMS, however, intercellular transportation
arrangements are needed to handle the same situation
(Seifoddini and Djassemi 2001). Thus, in a CMS a higher
level of machine reliability is needed to maintain a high
CMS performance level. Furthermore, the CMS design
process should include machine reliability consideration
to effectively anticipate and plan for the adverse effects of
machine breakdowns.

Machines are the major components which account
for a significant share of the capital investment in CMS.
Although machine reliability plays an important role in
the performance of a CMS, it deteriorates over time as the
machine ages. To stem the deterioration and to improve
the reliability of machines, preventive maintenance (PM)
plans are devised and put into effect to minimize the cu-
mulative failure probability of a machine. In the multi-
machine environment of a CMS this requirement is criti-
cal as unplanned breakdowns will halt the entire system
and adversely impact the overall CMS performance.
Thus we submit that the incorporation of appropriate PM
systems in the planning of CMS is one of the most impor-
tant requirements in the modern manufacturing sector. It
is noted, however, that PM is justified only when it is cost
effective, reduces random breakdowns, and extends the
useful life of the equipment. Further, for PM to be effec-
tive, the failure rate of the equipment must be increasing
with time (Jardine and Tsang 2006; Ebeling 1997), which
is the case for manufacturing machinery (e.g., CNC ma-
chines).

The objective of this paper is, therefore, to develop a
multi-objective CMS design model which minimizes the
system costs and maximizes the overall system reliability
along the selected process route, assuming the machine
reliability to follow a Weibull distribution. The model
also incorporates a PM plan in the CMS design process.

The paper is organized as follows. Relevant literature is
reviewed in the next section. Section 3 presents a discus-
sion of the CMS design model, along with the machine
reliability analysis, the reliability-based group PM plan,
and an algorithm to implement the PM plan. A numerical
example is provided in Section 4 to demonstrate the ap-
plicability of the model, and some concluding remarks are
given in Section 5.

2. RELEVANT LITERATURE

The number of research works dealing with the reli-
ability aspects of CMS design is fairly small. Jeon et al.
(1998) and Diallo et al. (2001) considered machine reli-
ability in their analysis and development of the CMS.
Jeon et al. (1998) considered alternative routes to develop
cell configurations to handle the problem of a predefined
number of machine breakdowns. Their model aimed to
minimize waiting costs, late and early finish costs and
machine investment costs to solve the machine break-
down problem. Diallo et al. (2001) considered the ma-

chines to be unreliable and consequently attempted to
develop a cell configuration with alternative process plans
to handle the machine failures.

Most of the machine reliability-based studies in CMS
are directed towards performance evaluation. A number of
studies (Seifoddini and Djassemi 2001; Logendran and
Talkington 1997) emphasized the importance of machine
reliability in relation to the desired output of the CMS.

In a CMS, the PM planning has to focus on the
multi-machine environment of the cell to address the in-
terdependent structure of the CMS. A number of studies
have reviewed the various PM policies in manufacturing
systems (e.g., Wang, 2002; Dekker ef al., 1997; Cho and
Parlar 1991; Valdez-Flores and Feldman, 1989). Among
the policies that may be applicable to CMS are the fixed
group planned maintenance policy outlined by Dekker et
al. (1997), or the group maintenance policy suggested by
Wang (2002). Both plans are based on the concept of re-
placing a select group of components after a fixed interval
of time, and addressing the unplanned failures of the
components during the interval through repairs or mini-
mal repairs. Another group maintenance policy studied by
Wilderman et al. (1997) concerned the maintenance ac-
tivities carried out on a group of equipment and involved
a system-dependent set up cost that was the same for all
the activities. The grouping of machines saved costs,
since the execution of a group of activities required only
one set up.

Talukder and Knapp (2002) developed a heuristic
method for grouping equipment that would allow the ap-
plication of PM in a series system with the goal of mini-
mizing the total maintenance-related costs. The Weibull
distribution was applied to represent the increasing failure
rates of the equipment. The study derived a total cost
model, and evaluated the PM intervals by minimizing the
total cost for individual equipment groups.

Kardon and Fredendall (2002) developed a mainte-
nance approach for multi-machine situations. Using the
Weibull distribution, the approach determines the PM inter-
vals such that the cumulative failure probability of a machine
stays below a specified limit set by the user organization. For
multi-machine/multi-component systems the study consid-
ered a number of maintenance policies, two of which may be
applicable to PM decision processes in a CMS. One policy is
a block replacement approach in which the components are
classified into categories or blocks, based on the similarity of
their PM intervals, so as to maintain a maximum tolerable
cumulative failure probability. The other policy is to replace
all the components by determining the shortest maintenance
interval that maintains a tolerable overall cumulative failure
probability. A comparison of the policies leads to the sugges-
tion that a trial and error approach is needed to adjust the
interval to achieve a minimum possible total cost in a spe-
cific situation.

Das et al. (2005) developed a PM planning ap-
proach centered on an ‘effective maintenance interval’ for
individual machines in a CMS. The approach has four
basic steps: in the first step the model implements the



Integrating Machine Reliability and Preventive Maintenance Planning in Manufacturing Cell Design 115

reliability based PM approach and determines a common
PM interval for the machines based on a cumulative fail-
ure probability upper bound as set by the organization. In
the next step the model computes, for each machine, the
maximum interval possible by allowing a cumulative
failure probability upper bound for each machine. In the
third step the model determines the effective interval for
each machine as an integer multiple of the common inter-
val so that the effective interval is less than or equal to the
maximum possible interval. In the final step a mainte-
nance schedule is developed depending on the effective
interval for each machine.

Recently, Das et al. (2006) proposed a CMS de-
sign model incorporating manufacturing system cost,
machine system reliability and effective PM interval
based on the PM planning approach in Das et al. (2005).
A numerical example was solved to investigate the appli-
cability of the model in the manufacturing cell design.
The results indicated that PM has the potential to reduce
the manufacturing system cost and increase the machine
system reliability performance when compared with the
results of the cell design without any PM consideration.
Extending the work of Das et al. (2006), the present paper
integrates the PM plan with machine system reliability
and manufacturing system cost in the form of a mathe-
matical model of the cell design process. A numerical
example problem is solved to investigate the CMS design
performance in terms of machine system reliability, and
maintenance cost of the CMS.

3. MODEL DEVELOPMENT

3.1 Machine Reliability Analysis in a Process Plan

To examine the concept of machine reliability in the
context of a CMS, we consider a small cell consisting of
four part types to be processed on five machines. Table 1
presents a typical routing table for the set of part types
with information about the operations of the part types,
and the machines capable of performing these operations.

In general, each part type may be processed under
various process plans, and under a given process plan
each operation of a part type may be performed on one or
more machines, giving rise to a number of process routes.
For instance, part type 1 may be processed using any of
the eight process routes listed in Table 2. Considering
process route #6 as an example, the system reliability
corresponding to the machines along this route is:

Ry_3_4(1) = Ry(DR5 (DR, (1) (M

where R;(?) is the reliability of machine j at time ¢ As-
suming that machine failures follow a Weibull distribu-
tion with the characteristic life § and the shape parameter
B, the reliability function for a machine j is:

Ry () = expl-(=)""] @
J

and equation (1) is now written as:

Ry 5 4(0)= H eXP[*( QL )ﬁ’] 3
j=12,3,4) J
Or,
t
Ry 3 4(t) =exp[- Z (9_ )ﬂ’] “)
=234 Y

After conversion to logarithmic scale may be written as:
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where LIR;; (), hereafter referred to as the reliability
index, is the natural log inverse of the reliability of the
machine sequence M2-M3-M4 corresponding to process
route #6. For the Weibull distribution we have:

MTBF,
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which, upon substitution in equation (5), results in:
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where MTBF is the mean time between failures for ma-

chine j.

In a similar fashion, the reliability indices for each
process route corresponding to each (ip) combination may
be evaluated. Since for each part only one process route
may be chosen, the objective would be to select process
routes such that the sum of their reliability indices would
result in an optimum level of overall reliability for the

Table 1. A typical routing table for a set of part types.

Part Process plans Operations
types p 7 5 5
1 M3, M4,
1 M2 M5
MZ, Ml ,
’ ma | M3 M4
M4,
2 : M2 s | M3
MI,
2 M3 M2 M5
Mi, M3,
3 ! M4 M2 M2
2 M4’ M27 M1 ,
M5 | M4 | M3
Ml, M2,
4 ! M3 M4 M5
M4,
2 M5 Ml M4
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CMS. This is in fact one of the objectives of the CMS
design model to follow.

Table 2. Process routes for part type 1 in Table 1.

Process Process | Machine Sequence in
Routes Plan Process Route

1 1 M3-M4

2 M3-M5

3 M2-M4

4 M2-M5

5 M2-M3-M1

6 2 M2-M3-M4

7 M4-M3-M1

8 M4-M3-M4

3.2 Reliability-Based Group PM Plan

A reliability-based PM planning for CMS is devel-
oped with the aim of determining the largest possible PM
interval to minimize the total maintenance cost by reduc-
ing the number of maintenance actions while keeping the
individual machine failure probabilities below a prede-
fined Upper Bound as may be specified by an organiza-
tion. To set the limit on the cumulative failure probability
of machines we have followed the approaches of Johnson
(1959) and Kardon and Fredendall (2002). Assuming that
tp is the interval at which PM is carried out, the cumula-
tive failure probability of a machine j at time #p may be
expressed as:

Fy(1p) = 1-exp[~(1p/8;)"] ®)
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Using equation (8), we may determine the PM inter-
val #p when an Upper Bound on the cumulative failure
probability of machine ; at time # is set by the organiza-
tion; that is, determine:

1

J

1/ 8. .
}} b j=1,2, ©)

such that,

F; (tp) < Upper Bound, j=I1,2, -, m (10)

Based on these equations, the following optimization
model (to be identified as Optiminterval model hence-
forth) may be proposed to determine the optimal PM in-
terval:

Optiminterval Model Maximize tp
subject to:

1

tp< Q,{ln{—
1-F, (1p)

}}”ﬁf J=12 m (1)

F; (tp) < Upper Bound,

=12 -m (12)

The solution to the Optiminterval model is illus-
trated through numerical example 1.

Numerical Example 1.
We consider an example involving 14 machines. The

Table 3. Machine data for the example problem.

Machine b p MTBF MTTR B 0 ofr cpr Co
M1 2000 185 299 117 1.64 334.29 1334 249
M2 2000 70 231 55 1.24 247.61 400 206
M3 2000 100 462 30 1.40 506.92 320 169
M4 2000 104 123 35 1.72 137.73 321 141
M5 2000 73 428 71 1.86 482.15 434 173
M6 2000 91 80 12 1.39 87.70 231 185 $150
M7 2000 103 416 127 1.94 469.04 888 237
M8 2000 70 232 72 2.00 261.48 504 249
M9 2000 135 406 106 1.87 457.58 944 228
M10 2000 105 293 31 1.19 310.94 308 147
Mil 2000 130 101 16 127 108.81 224 122
MI2 2000 53 405 126 1.37 443.25 653 317
MI3 2000 66 177 68 1.06 181.39 429 205
Ml4 2000 179 258 62 1.53 286.20 796 244

Note: b is machine capacity in hours; ¢p is the machine non-utilization penalty cost; cfi- is the failure maintenance cost; cpr is the

PM cost; C,is the fixed cost of PM, to be explained later.
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reliability data including MTBF, MTTR (mean time to
repair), as well as the cost data are displayed in Table 3'.
The MTBF, MTTR, S, and 6 values are generated ran-
domly. The f values are assumed to be greater than one to
consider increasing failure rate of machines, and an Up-
per Bound cumulative failure probability of 0.25 is as-
sumed. The solution to the Optimlinterval model is pre-
sented in Table 4.

The optimal PM interval # is 40.3 hours. To get an in-
sight into the solution, the cumulative failure probability of
each machine at #p = 40.3 hours is computed and displayed
in column 3 of Table 4.

Table 4. Solution of Optiminterval Model.

Machine | Common Interval ip | F(tp) Tmax;
M1 0.03 156.3
M2 0.10 90.9
M3 0.028 208.2
M4 0.112 66.9
M5 0.094 246.7
M6 0.25 40.3
M7 40.3 hours 0.008 246.8
M8 0.020 140.4
M9 0.010 234.9

MI10 0.084 109.0
Mll1 0.247 40.8
MI12 0.037 178.4
MI13 0.184 56.0
M14 0.048 126.9

It may be observed that only the cumulative failure
probability of machine M6 has reached the Upper Bound
of 0.25, whereas for other machines the cumulative fail-
ure probability is less than the Upper Bound. This implies
that, by implementing PM actions after every 40.3 hours,
the failure probabilities of the machines are maintained at
or below the reliability threshold set by the Upper Bound
level.

In column 4 of Table 4 the maximum possible PM
interval, Tmax;, for each machine is displayed. The Tmax;
value for a machine j is obtained by solving equation (11)
using the Upper Bound as the value of F(1p). It is evident
that for all the machines, other than M6, Tmax; > 40.3
hours. For instance, for machine M1 the cumulative fail-
ure probability at p = 40.3 hours is 0.03; however, from
equation (11), at a value of Fj(tp) = 0.25, we obtain Tmax;
= 156.3, implying that machine M1 may be maintained at
intervals of 156.3 hours without violating the cumulative
failure probability Upper Bound of 0.25.Maintaining ma-
chines such as M1 at intervals of 40.3 hours results in too

! This example will be used in the sections that follow; there-
fore, Table 3 presents the complete set of data.

many maintenance actions unnecessarily.

By defining an ‘effective’ maintenance interval for a
machine, we can avoid the unnecessary PM actions and
still maintain a threshold on the machine failure probabili-
ties. This idea underlies the development of the following
algorithm which addresses the above limitation.

3.3 Algorithm for Effective Maintenance Planning

Step 1. Specify the values of Co (the fixed cost of
carrying out each PM action), cpr; (esti-
mated average PM cost for machine ;j to
take it back to as-good—as new condition),
cfi; (estimated failure repair cost for ma-
chine j), Upper Bound, 0, and j;

Step 2. Compute the optimum PM interval # using
the OptimInterval model as described above

Step 3. Compute the maximum PM interval, Tmax;,
for each machine by setting F(tp) = Upper
Bound in equation (11):

Tmax; = ej{ln[ 1 }}”ﬁf (13)

1—(Upper Bound)

Step 4. Compute the total cost 7C(7T) over the plan-
ning period 7T using the above inputs in the
following sequence.

Tmax .
== \ (14)

effip;=w-Y;, Vj (15)

T .
N, _Lﬁ"f’jJ Vj (16)

Npax =max{N ;,j =1, 2, ---, m} 17

CPMecell = N,,,,Co + Z N cpr; (18)
j=1
m D .
crMeceli=Y N IP (19)
— 0,
Jj=1 J
TC(T)=CPMecell+CFMcell (20)

Y, N;integer

In this model, ¥;computes the equivalent number of
optimum intervals corresponding to Tmax; for machine j,
effip; represents the effective PM interval applicable to
machine j, and N;is the number of preventive mainte-
nance actions to be scheduled for machine j. CPMcell and
CFMcell represent, respectively, the total PM cost and the
total failure repair cost for the CMS machines. cpr is the
PM cost per occasion; cfr is the failure maintenance cost;
and C,is the fixed cost of PM.
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The expressions for CPMcell and CFMcell are de-
rived based on the total cost model in Jardine and Tsang
(2006). For details, the interested readers may refer to
Das et al. (2006)

It may be noted here that if the planning period T is
not exactly an integer multiple of the effective interval
effip;, equation (16) will result in the last PM interval be-
ing a partial one, and as such the corresponding failure
maintenance cost (equation 19) as well as the PM cost for
this period will be underestimated; however, this cost
decrease is, for all practical purposes, negligible and will
not affect the design outcome.

Step 5. Record CPMcell, CFMcell, TC(T), N;, Nyux
Step 6. Develop the PM schedule for the group of
machines according to V;

Numerical Example 2

The algorithm is illustrated using the data in Table 3
for numerical example 1. At the cumulative failure prob-
ability Upper Bound of 0.25, the solution of the Op-
timInterval model in Step 2 of the algorithm is the same
as that presented in Table 4. For practical considerations,
the optimum PM interval of 40.3 hours is set as i ~ 40
hours, at which the cumulative failure probability of each
machine is computed and displayed in column 3 of Table
4. As was pointed out earlier, the optimum #p corresponds
to machine M6 whose cumulative failure probability is at
the Upper Bound level of 0.25. The failure probabilities
of all the other machines computed at zp ~ 40 are less than
0.25; equivalently, the corresponding #p for these ma-
chines would be higher than 40 hours if their failure prob-
abilities are set at the Upper Bound value. This is done by
implementing Step 3 of the algorithm, which computes
the maximum PM intervals, Tmax;, for machines other

than M6, as given in the last column of Table 4.

The detailed output from Step 4 of the algorithm is
presented in Table 5. Equations (14) and (15) evaluate the
equivalent number of common PM intervals correspond-
ing to the Tmax;values, and the effective PM interval for
each machine j, respectively. For example, for machine
M3, the maximum preventive maintenance interval of
208.2 hours can be written as 208.2 > (40)(5), implying
that Y; =5, and therefore, the effective PM interval for
machine M3 is 200 hours. Equation (16) computes the
number of times PM action is carried out on each ma-
chine j during the planning period 7. In our case, 7 =
2000 hours, thus, M3 undergoes a total of 2000/200 = 10
PM actions during the planning period of 2000 hours.
Equation (17) computes N, = 50, the maximum number
of times PM is carried out in the cell.

Based on the ¥;values, a PM schedule may now be
defined. In this case there are 50 PM actions, therefore,
when Y; = 1, the PM schedule for machine j is in periods
1,2, -+, 50 . When Y; = 2, the PM schedule for machine j
is in periods 1, 3,5, -+, 49, and so on.

Equation (20) computes the total maintenance cost,
TC (T) = $108,126, for the cell over the planning period 7.
The components of TC(T) are the PM costs, CPMcell =
$73,370 (equation 18), and the total failure repair costs,
CFMcell = $ 34,756 (equation 19).

3.4 PM and Machine Reliability Analysis

We consider the CMS discussed in Section 3.1,
where there is a PM schedule defined by the organization
based on the algorithm introduced in Section 3.3. Having
determined #p, the common maintenance interval, a ma-
chine j will undergo a PM action after every Y, -#p time
units, for a total of N, times during the planning period 7,

Table 5. Preventive maintenance plan determined by the algorithm.

Machines Effective PM interval | # of PM Actions | # of PM intervals Schedule of CPMcell CFMcell
effint N) ) maintenance &) (%)
Ml 120 17 3 1,4,7, ---, 49
M2 80 25 2 1,3,5, -+, 49
M3 200 10 5 1,6,11, ---, 49
M4 40 50 1 1,2,3, -, 50
M5 240 9 6 1,7,13, ---, 49
M6 40 50 1 1,2,3, .-, 50
M7 240 9 6 1,7,13, ---, 49 73.370 34,756
M8 120 17 3 1,4,7, -, 49
M9 200 10 5 1,6,11, ---,49
MI10 80 25 2 1,3,5, -, 49
Mil 40 50 1 1,2,3, -, 50
M12 160 13 4 1,59, ---, 49
M13 40 50 1 1,2,3, -, 50
M14 120 17 3 1,4,7, -, 49
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after which its reliability may be written as:
N .
R,(T)=[R;(Y; - )" R,(T~N, - Y, -1p), (1)
assuming that the machine is restored to its original con-

dition after a PM action is administered (Ebeling 1997).
For the Weibull distribution equation (21) becomes:

ﬁ.
Y.-tp |’
- J
R, (T)=exp[ - N, 0 } 1x
J

T—N..YA.tp

B
exp[ — #J ] (22)
HJ'

Again, using process route #6 in Table 2 as an ex-
ample, we now substitute equation (22) in equation (1) to
obtain:

Y -tp i
Ry 5 4(D)= H exp[-N; 19 Ix

J=2.3,4

[T e NP (23)

j=2,3,4

which may be simplified as:

In—— N .
R234(T) Z [ {

Jje{2,3,4}

Table 6. Typical part type information for the numerical example.

Part Operations according to process plan 1

Operations according to process plan 2

(Demand) Parameters 0 5 3

4 1 2 3 4

Machine | Ml M4 | MI3 M7 | M§ | M3

M3 | M6 | M5 | MI3 | M9 | M8 | M4 | M2

1(3162) | Time(min) | 2.65 | 440 | 340 | 345 | 295 | 422

483 | 370 | 2.89 | 296 | 390 | 340 | 350 | 397

Cost($) 309 | 513 | 396 | 403 | 344 | 492

564 | 431 | 338 | 345 | 456 | 396 | 409 | 463

Machine M3 | MIO | M§ | MIl | M6 | MI3

MI2 | MIO | M9 | M6 | M8 | M7 | M8 | M9 | M§ | M9

2(2976) | Time(min) | 446 | 348 | 255 | 500 | 448 | 442

2721 350 | 3.04 | 280 | 2.68 | 492 | 290 | 3.16 | 3.92 | 462

Cost($) 520 | 406 | 298 | 583 | 523 | 5.16

317 | 408 | 3.54 | 327 | 313 | 574 | 339 | 3.68 | 457 | 5.39

Machine | MI0 | M6 | M2 | MIl | MI3 | MI2

M9 | M8 | M3 | Ml4 | M7 | Ml4

3(1881) | Time(min) | 274 | 438 | 390 | 3.15 | 3.86 | 266

415 | 327 | 420 | 385 | 3.17 | 455

Cost(S) 320 | S.A1 | 455 | 368 | 450 | 3.11

484 | 382 | 491 | 449 | 370 | 530

Machine M2 | ML | M9 | M3 | MB | MI2

MIl | MI3 | M4 | MIO | MI3 | M7 | M8 | M9

4(2202) | Time(min) | 435 | 334 | 257 | 356 | 466 | 473

390 | 418 | 352 | 3.67 | 465 | 412 | 406 | 432

Cost($) 508 | 390 | 300 | 415 | 543 | 552

455 | 487 | 411 | 429 | 542 | 481 | 473 | 5.03

Machine M3 | M3 M9 M6

M2 | M4 | M8 | M4 | M6 | MIl

5(2046) | Time(min) | 344 | 407 | 296 | 3.19

433 | 383 | 358 | 346 | 337 | 493

Cost§) | 401 | 475 | 346 | 312

505 | 447 | 418 | 404 | 393 | 575

Machine MI2 | M5 M7 M9

MI3 | Ml | M4 | M7

6(1935) | Time(min) | 321 | 458 | 263 | 273

321 | 314 | 321 | 291

Cost($) 374 ] 534 ] 306 | 318

374 | 367 | 374 | 340

Machine M9 | MI3 | M2 M9 | M6 | M5

M4 | MI2 | MI3 | M7 | M4 | MI0O | M6 | Ml

7(2388) | Time(min) | 3.53 | 275 | 452 | 364 | 258 | 345

403 | 329 | 485 | 254 | 289 | 3.06 | 3.64 | 2.62

Cost($) | 412 | 321 | 528 | 425 | 301 | 403

470 | 384 | 566 | 297 | 337 | 357 | 425 | 3.05

Machine M4 | M7 | M4 | MI2 | M2 | M4

MIO | M2 | M2 | MI2 | M3 | M4 | M4 | MI

8(2766) | Time(min) | 484 | 3.02 | 446 | 251 | 404 | 375

478 | 484 | 473 | 497 | 488 | 428 | 466 | 499

Cost(S) 564 | 352 | 520 | 293 | 471 | 438

558 | 565 | 552 | 580 | 570 | 499 | 544 | 582

Machine | MI2 | MI0 | M2 | M5 | MI3 | M6

M3 | M9 | M7 | MI2 | M8 | MIO | MIl | MI

92151) | Time(min) | 3.52 | 320 | 345 | 210 | 320 | 385

362 | 317 | 350 | 358 | 1.69 | 280 | 171 | 311

Cost($) 410 | 374 | 403 | 245 | 373 | 450

423 | 370 | 408 | 418 | 1.97 | 326 | 200 | 3.63

Machine | MI2 | M2 | M5 | MI3 | M3 | MI2

M4 | MI3 | M3 | M5 | M7 | M2

10(1986) | Time(min) | 245 | 3.51 | 3.69 | 3.04 | 3.03 | 349

284 | 287 | 190 | 328 | 379 | 206

Cost($) 285 | 410 | 430 | 355 | 353 | 407

332 | 334 | 222 | 383 | 443 | 241
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Recalling that, for each machine, the planning period
T is divided into a number of effective intervals (equa-
tion (16)), and that we ignore the last (partial) PM interval
in case the planning period 7 is not an integer multiple of
the effective interval, equation (24) now reduces to:

In— SN nop) 25)
n——= .
Ry 5 4(T) . oo,

JE(2,3, 4} J

Using equation (6), equation (25) is now written as:
5;
.[Yj “tp- r(1+1//;_’,)]

LIR 5 (M= Y N,
jel2,3,4) MTB I/:

= > LIR@p) (26)

J=2.3,4

where we have defined:

b,
- r(1+1/,3,.)J o

Y.
LIR, (ip)= N,
; (tp) ,( MTBF,

3.5 CMS Design Model

In this section, we describe the integration of the
machine reliability and maintenance planning concepts
into the multi-objective design model for a cellular manu-
facturing system.

It is assumed that there is a set of machines j = /,
2, s m to process a set of part types [ = 1, 2, "5 n
with uniform demands d; during the planning period T.
The reliability data for the machines are available in
terms of MTBE, MTIR, p, and . A part type i may be
processed under any of the process plans p = 1, 2, -
P(i). For the sake of brevity, a part type-process plan
combination will be represented by (ip) from herecon. The
operations performed on an (ip) combination are 0 = 1, 2,
-+ O(ip), and the machines that can perform operation o
of (ip) are represented by the set J;,,. The corresponding
refixturing cost and the operation cost are represented by
CR,; (ip) and CO,(ip),, respectively. The 0-1 decision
variable X(ip) equals 1 if operation o of (ip) is per-
formed on machine j in cell ¢, and zero otherwise. The
objective is to group the machines into a number of cells,
and to assign each part type to one or more cell for proc-
essing so as to minimize the total costs and maximize the
overall system reliability index as defined in section 3.4.

S. Sengupta

3.5.1 Objective Functions
The first objective function F; computes the total sys-
tem costs consisting of the variable cost of manufacturing
operations (VCM), the inter-cell material handling cost
(MHC) and the penalty cost associated with machine non-
utilization (MNC):
Minimize F;=VCM + MHC + MNC (28)
The variable cost of manufacturing operations, VCM,
may be expressed as:

P(i) O(ip)
VCM = z

Z Z Z {COOJ (ip)+ CR, @ip)}

p=l o=l jeJ

C
Z quc (lp)
c=1

The inter-cell material handling cost MHC com-
putes the cost of moving the parts from cell ¢ to cell ¢:

ipo

(28a)

n P(i) OUp)-1

MHC=2 2, 2 2.

p=1 o=l jeJ,, JEsz(oH)

z Hi/c _;éanc (ZP)X(OH)_; ¢ (lp)

1<c,c<C

where, Hjge is the cost of moving a unit of part type i from
machine j, after performing operation o in cell ¢, to ma-
chine j in cell ¢ for the next operation (o+1). It is noted that
MHC is a non-linear function, which may be linearized by
replacing the product term y g x )by a binary

oje (0+1)

linearization variable, Y .
ojc ]c

.(ip), which satisfies con-
straints (36) and (37) below. It is evident that Yoj( jé .(ip)

takes the value of 1 if and only if a unit of part type i is
moved from machine j in cell ¢, after performing opera-
tion o, to machine j in cell ¢ for operation (o+1). Thus,
the resulting expression for MHC is:

P(i) O(ip)-1
MHC = z SYyY ¥y ¥
=l p=l o=l jedy, Jed ) 1<e,<C
jeieY ojeje (D) (28b)

Finally, the term MNC computes the penalty cost for
the proportion of the time machine j is not utilized:

n P(i) O(p)
we=3ap 1-3 43
T0,;(ip) + TR ; (ip)

(28¢)

Z X oilip)

A;(T)b,;
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where b;is the capacity of machine j, 4,(7) is the inherent
avallablhty of machine j, and 4,(7)b; represents the effec-
tive capacity of machine j. In addition, TO,(ip) and
TR,(ip) are, respectively, the operation and refixturing
times corresponding to operation o of (ip) on machine j,
and ¢p; is the penalty cost of non-utilizing the capacity of
machine j.

The second objective function F,computes a meas-
ure of the inverse of the system reliability, in natural loga-
rithmic scale, over the set of all the (ip) combinations:

n_ PG O@p) c

S IIDIDID)

p=l o=l jeJ,, c=l

L[Rj (tp) Xojc (lp) (29)

where LIR;(tp) was defined in equation (27). Equation (29)
generates a composite expression by adding up the reli-
ability indices along all the feasible process routes for
each (ip) combination. During the optimization process,
the operation allocation variable X,.(ip) is compelled to
assign only one machine to each operation of the (ip) in
order to comply with constraints (30) and (31), which will
follow. Consequently, for each (ip), the solution will in-
clude the reliability indices of the machines for only one
selected process route.

3.5.2 Constraints
1. Each part type is assigned to a single process plan. The
binary variable Z(ip) equals one if and only if part type
i is processed under process plan p.
P(i)

Z Z@ip)=1, Vi (30)
=

2. For a given (ip) combination, each operation of the
process plan is assigned to one of the available ma-
chines in one of the cells.

C
DY Xylip) = Z(p),

JjeJip, c=1

Vi, p,0 31)

3. A machinej is assigned to at most one cell. The variable
M, equals 1 if machine j is assigned to cell ¢, and 0 oth-
erwise.

C
DM, <1 Y (32)

c=1

4. There is a user-defined upper limit on the number of
machines allowed in a cell.

z M, <UM Ve (33)

5. A machine j has to be assigned to a cell ¢ before any
operation could be allocated to that machine.

n_ P@) O(p)
Xoeip)2M ., Vj,c (34)
i=l  p=l o=l

6. The allocated operations to a machine will not exceed
its effective capacity.

n P(i) O(p)
z di Z z [ TOOJ (lp) + TROJ (lp) ]Xojc (lp) <
M A;(T),  Vj.c (35)

where Aj(T), the inherent availability of machine j, is ap-
proximated as (Ebeling 1997):

MTBF;
Aj(T)z

MTBF; + MTTR,

7. Constraint for linearizing non-linear function for MHC
in equation (28b) as described above:

Xojeip)+ X 15 @0) =2Y, 5. (ip) 20,

Vi, p,o€{l,2,---,0(p)-1}, je pU]er(OH),cé (36)

-(ip) <1,

O(ZP) 1} ] € po] E‘]p(o+l)’c ¢ (37)

(yc(lp) + (0+1)/c(lp)
Vi, p,oe {2,

0qu

8. The last constraint set imposes integrality on relevant
variables

Xqic (ip)7 Mjc ° Z(lp) gy (lp) € {0 l}

ojcjé

Vi, p,o,jel, . j€J, (38)

ipo> zp(0+l)’

4. A NUMERICAL EXAMPLE

To illustrate the applicability of the model, a numeri-
cal example involving 14 machines and 22 part types is
presented. The solution is obtained using the commercial
solver LINGO 9. The total number of variables, integer
variables and the constraints are, respectively, 553217,
553140, and 8216.

Table 6 displays a portion of the processing data for
the first 10 part types. The relevant machine information
for this example was already given in Table 3. As can be
seen in Table 6, each part type may be processed using
one of the two process plans. For example, under process
plan 1, part type 1 has four operations; operation 1 may
be assigned to either machine M1 or machine M4; the
operation time on M1 is 2.65 minutes, and the corre-
sponding cost is $3.09. Also, the demand for part type 1 is
3162 units during the planning period. The information in
Table 3 includes, for each machine, the machine capacity
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(b), and the penalty cost (cp) associated with the non-
utilization of the machine capacity, as well as the reliabil-
ity parameters MTBF, MTTR, 3, 0, and the related main-
tenance costs. For example, for machine M1, the capacity

is 2000 hours, the penalty cost is $185 per percentage
non-utilization of machine capacity, MTBF is 299 hours,
and MTTR is 117 hours; the parameters of the Weibull
distribution are = 1.64, and 6 = 334.29; the preventive

Table 7. Comparison of model results with and without preventive maintenance consideration.

Scenario 1 Scenario 2
Comparison Factors Integrated machine reliability and Machine reliability only, no
PM PM
CASE 1
Minimize F; (Objective function I) only
F; value $755,842.60 $755,842.60
F; components
VCM (§) $754,129.50 $754,129.50
MHC($) $950.00 $950.00
MNC($) $763.10 $763.10
F, value 376.17 1,906.25
Cell Configuration
Cell 1 MI, M2, M3, M5 M1, M9, M10, M13
Cell 2 M4, M7, M12, M4, M7, M12,
Cell 3 M6, M9, M10, M13 M2, M3, M6
Cell 4 M8, M11, M14, M5, M8, M14, M11
CASE2
Minimize F,(Objective function II) only
F; value 916,237.10 919,232.30
F; components
VCM (§) 914,203.70 917,278.20
MHC($) 1,450.00 1,300.00
MNC($) 583.40 654.10
F, value 214.61 780.83
Cell configuration
Cell 1 MI, M3, M5 M2, M3, M7
Cell 2 M8, M9 M9, M2
Cell 3 M3, M10, M14 MI, M5, M10, M13
Cell 4 M4, M7, M12
CASE 3
Minimize F, _ _
st Fr<€ €=214.61 €=780.83
F; value 915,887.10 885,651.10
F; components
VCM (§) 914,203.70 883,868.30
MHC($) 1100.00 1100.00
MNC($) 583.40 682.80
F, value 214.61 780.83
Cell configuration
Cell 1 M3, M7, M9, M12 M2
Cell 2 M4, M5 M3, M7, M9, M12
Cell 3 MI, M&, M10, M14 MI, M5, M10, M13
Maintenance Activity Costs:
CPMcell (%) 73, 370.00 -
CFMcell (%) 34,756.00 184,142.00
1) (%) 108126.00 184,142.00
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and failure maintenance costs are $249 and $1334, re-
spectively.

To evaluate the second objective function F, we
need to compute LIR; (equation (27)) for each (ip) combi-
nation which in turn depends on the values of 7, N, and
Y;. These parameters are already computed and listed in
Table 5.

To examine the effects of the PM integration on the
CMS design, the numerical example is also solved with-
out the consideration of preventive maintenance in the
CMS design. This is achieved by setting N;=1, ¥;=1 and
tp = T = 2000 hours in equation (27) and thereby trans-
forming it into the following form:

2000 - r(1+1/ﬁj)Jﬂ/ 39)

LIR; (1p) =
/) [ MTBF,

Accordingly, Table 7 summarizes the solution results
under two scenarios: scenario 1 when PM is considered,
and scenario 2 when it is not. Under each scenario, three
cases are considered. In the first case, the multi-objective
model is solved using a hierarchical approach to optimize
the first objective function, F’;, only, subject to constraints
(30)-(38), and ignoring the second objective function, F.
The solution corresponds to an F; value of $755, 842.60
(which is a lower bound on this objective function); the
value of second objective function, F,, evaluated at this
solution point is 376.17 under scenario 1, and 1906.25
under scenario 2. Furthermore, under either scenario, the
solution generates four cells, although the cell composi-
tions in the two scenarios are different. For example, un-
der scenario 1, cell 1 consists of machines M1, M2, M3,
and M5, whereas under scenario 2 cell I consists of ma-
chines M1, M9, M10, and M13.

As is evident, there is a significant decrease in the
value of the second objective function under scenario 1,
implying an improved reliability performance when PM
is considered.

In the second case, the model is solved to optimize
the second objective function, F, only, subject to the same
constraints as before, and ignoring the first objective
function F;. Under scenario 1, the solution results in an F’,
value of 214.61 (which is a lower bound on this objective
function), and the value of first objective function, £,
evaluated at this solution point is $916,237.10. Under
scenario 2, the respective values of the two objective
functions are 780.83 and $919,232.30. Once again, there
is a significant decrease in the F, value under scenario 1
compared to scenario 2, indicating that the reliability per-
formance may be greatly improved by integrating PM
planning into the CMS design process.

The solution in the second case involves four cells in
scenario 1 and three cells in scenario 2, with widely dif-
ferent cell compositions.

In the third case, the multi-objective model is solved
using a pre-emptive solution approach, placing priority on
the second objective function, and optimizing the first

objective function subject to constraints (30)-(38) and the
additional constraint:

Objective function F; < ¢

where ¢ = 214.61 under scenario 1, and ¢ = 780.83 under
scenario 2. As may be observed in Table 7, under either
scenario, the solution achieves the F, target values (i.e.,
214.61 under scenario 1 and 780.83 under scenario 2) and
results in an F; value of $915887.10 under scenario 1, and
$885, 651.10 under scenario 2. Once again, the results
indicate the CMS reliability performance improvement as
a consequence of the PM consideration in the cell design.
The solution in this case involves three cells under each
scenario, although the cell compositions are widely dif-
ferent as expected.

Finally, Table 7 compares the total maintenance cost
under the two scenarios as well. The maintenance costs
are computed by following the group PM planning ap-
proach and the corresponding algorithm in Section 3.3.
Under scenario 1, when PM is considered, the total main-
tenance cost TC(7T) for the CMS during the planning pe-
riod is: $108,126.00, which consists of the PM cost of
CPMcell = $73,370.00 (equation (18)) and the failure
repair cost of CFMcell = $34,756.00 (equation (19)).
When PM is ignored, the machines are only subject to
random failures, and there are no PM-related costs.
Therefore, CPMcell = 0, and to compute CFMcell in
equation (19), we set p = T, N; =1, and Y; = 1. The total
maintenance cost for the CMS in this case is $184,142.00.
As is evident, the integration of PM planning concepts
into the CMS design process entails substantial benefits
by improving the system reliability performance and thus
reducing the unplanned machine downtime cost to a large
extent.

5. CONCLUSIONS

We have presented a CMS design model which con-
siders machine reliability and preventive maintenance
planning assuming that machine failure times follow a
Weibull distribution with increasing failure rate. The
model is in the form of a large scale multi-objective 0-1
integer program.

This is a new approach that integrates machine reli-
ability, system costs, and preventive maintenance plan-
ning in the overall design of the CMS. The model consid-
ers the alternative process routes to process a part type,
evaluates the system reliability corresponding to the ma-
chines along a process route, and seeks to maximize the
overall reliability of the cell while minimizing the overall
system costs.

A numerical example is provided to demonstrate the
application of the model. The results indicate that the
consideration of PM planning in the CMS design process
leads to a significant improvement in the reliability per-
formance of the system, and a sizeable reduction in the
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total maintenance cost.

Finally, the model is computationally feasible, and as
is demonstrated here, it may be solved using commercial
software (e.g., Lingo 9).

ACKNOWLEDGMENT

This study was funded by the Natural Sciences and
Engineering Research Council, Canada, through a re-
search grant to the second author.

REFERENCES

Askin, R. G. and Estrada, S. (1999), Investigation of cellu-
lar manufacturing practices. In S. A. Irani (ed), Hand-
book of Cellular Manufacturing Systems , Wiley,
New York, Chapter 1, 25-34.

Cho, I.D., and Parlar, M. (1991), A survey of maintenance
models for multi-unit systems. Furopean Journal of
Operational Research, 51, 1-23.

Das, K., Lashkari, R.S., Sengupta, S. (2006), Integration
of machine reliability and preventive maintenance
planning in the design of cellular manufacturing sys-
tems, Proceedings of 7" Asia Pacific Industrial En-
gineering Management Systems Conference, Bang-
kok, Thailand, 1103 -1113

Das, K., Lashkari, R.S., Sengupta, S. (2005), A study of
preventive maintenance planning for CMS. Proceed-
ings of the I' International Conference on Opera-
tions and Supply Chain Management, Bali, Indone-
sia, 21-28.

Diallo, M., Perreval, H., and Quillot, A. (2001), Manufac-
turing cell design with flexible routing capability in
presence of unreliable machines. International Jour-
nal of Production Economics, 74, 175-182.

Dekker, R., Van Der Schouten, F., and Wilderman, R.
(1997), A review of multi-component maintenance
models with economic dependence, Mathematical
Methods of Operational Research, 45, 411-435.

Ebeling, C. E. (1997), An Introduction to Reliability and
Maintainability Engineering, McGraw-Hill, New
York.

Jardine, A. K. S. and Tsang, A. H. C (2006), Maintenance,
Replacement and Reliability, CRC Press, Boca
Raton, FL.

Jeon, G, Broering, M., Leep, H. R., Parsaei, H. R., and
Wong, J. P. (1998), Part family formation based on
alternative routes during machine failure. Computers
and Industrial Engineering, 35, 73-76.

Johnson, L. G. (1959), The statistical treatment of fatigue
experiments, Research Laboratories, General Motors
Corporation, IVA, 105.

Joines, J. A., King, R. E., and Culbreth, C. T. (1996), A
comprehensive review of production—oriented manu-

facturing cell formation techniques. International
Journal of Flexible Automation and Intelligent Manu-
facturing, 3, 161-120.

Kardon, B., and Fredendall, L. D. (2002), Incorporating
overall probability of system failure into a preven-
tive maintenance model for a serial system. Journal
of Quality in Maintenance Engineering, 8, 331-345.

Logendran, R., and Talkington, D. (1997), Analysis of
cellular and functional manufacturing system in the
presence of machine breakdown. International Jour-
nal of Production Economics, 53, 239-256.

Mansouri, S. A., Husseini, S. M. M., and Newman, S. T.
(2000), A review of modern approaches to multi-
criteria cell design. International Journal of Produc-
tion Research, 38, 1201-1218

Seifoddini, S., and Djassemi, M. (2001), The effect of
reliability consideration on the application of quality
index. Computers and Industrial Engineering, 40,
65-77.

Selim, H. M, Askin, R. G, and Vakharia, A. (1998), Cell
formation in group technology: review, evaluation
and directions for future research. Computers and
Industrial Engineering, 34, 3-20.

Talukder, M. S., and Knapp, G. M. (2002), Equipment
assignment to multiple overhaul blocks in series sys-
tem, Journal of Quality in Maintenance Engineering,
8, 319-330.

Valdez-Flores, C., and Feldman, R. M. (1989), A survey
of preventive maintenance models for stochastically
deteriorating single unit systems. Naval Research
Logistics, 36, 419-446.

Wang, H. (2002), A survey of maintenance policies of
deteriorating systems: invited review, FEuropean
Journal of Operational Research, 139, 469-489.

Wilderman, R. E., Dekker, R., and Smit, A. C. J. M.
(1997), A dynamic policy for grouping maintenance
activities, European Journal of Operational Re-
search, 99, 530-551.

Wemmerlov, U., and Hyer, N. L. (1986), Procedures for
the part family machine group identification problem
in cellular manufacturing, Journal of Operations
Management, 6, 12-147.

APPENDIX
Indices
ce{l,2,---,C} cells
ie{l,2,---, n} part types
je{l,2, -, m} machines
peil2, - P@G)} process plan for part type i
Ip a part type-process plan
combination

oe{l, 2, P(i)}
Jipo C{l, 29 ) m}

operations of (ip)
set of machines that can per-
form operation o of (ip)
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Parameters

Ai(1)

by

CO,(ip)
CR,(ip)
cpj
CPMR,
d;

I_Iijcjé

MTBF,

MTTR;
N

J
p

T OUj(ip )

availability of machine j at time ¢
available time on machine j during
the planning period

cost of performing operation o of (ip)
on machine j

cost of refixturing a unit of (ip) for
operation o on machine j

penalty cost of non-utilization of the
capacity of machine j

average cost of PM per occasion for
machine j

demand for part type i during plan-
ning period

cost of moving part type i from ma-
chine j in cell ¢ to machine ; in cell
¢ to perform the next operation

mean time between failures for ma-
chine j

mean time to repair for machine j
number of PM intervals for machine j
during the planning period

common PM interval for the ma-
chines in a cell

time to perform operation o of (ip) on

T Rq(ip)
UM

Y

Bi
o

machine j

time to refixture (ip) for operation o
on machine j

maximum number of machines in a
cell

equivalent number of common inter-
vals #p applicable to machine j (an in-
teger)

shape parameter of Weibull distribu-
tion for machine j

characteristic life of Weibull distribu-
tion for machine j

Decision variables

M

Xojc (lp)

Y yge(ip)

Z(ip)

=1 if machinej is assigned to cell c;
0 otherwise

= 1 if operation o of (ip) is performed

on machine j in cell ¢; 0 otherwise
=1 if (jp) moves to machine j in cell

¢ to perform operation (o+1) after
performing operation o on machine
jincell¢; 0 otherwise

= 1 if part type i is processed under
process plan p; 0 otherwise



