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Abstract

The maintenance industrial sector has shown an increasing interest in the performance of
the workforce in manufacturing systems. In this study, the performance enhancement of a
maintenance workforce with a multiplicity of criteria in the manufacturing system under
multi-objective decision making in a fuzzy environment is considered. The model
formulation of the problem as a weighted additive fuzzy goal programming is considered.
The applicability and efficacy of the proposed model was demonstrated using a
combination of literature and simulated datasets and solutions were generated with a
genetic algorithm (GA). The performance of the GA was analysed by comparing its results
with those of a harmony search algorithm and differential evolution. The performance of
the GA was satisfactory and we concluded that the proposed model had the capacity to
generate a Pareto solution for the case study. The novelty of this study is the presentation
of a distinctly new approach that takes care of workers’ reliability, defective product issues,
and the time-sharing between production and maintenance departments.

Keywords: Maintenance workforce, production planning, goal programming,
performance enhancement, metaheuristics

Introduction

The maintenance industrial sector has shown planning programmes, workloads and workforce
an increasing interest in the performance size determination have been controlled to aid
enhancement of the workforce in manufacturing improvement in fatigue reduction for workers,
systems. By effective and efficient workforce reduced accidents, and decreased workforce
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costs (Belmokaddem et al., 2009; Happer et
al., 2013; Mekidiche ef al., 2013). It has also
triggered an improved job satisfaction and
enhanced motivation for workers.

This study is based on performance
enhancement of a workforce in maintenance of
a manufacturing system. Treatment of the
maintenance workforce is considered with the
multiplicity of criteria in the manufacturing
system under decision making in a fuzzy
environment. Numerous quantitative and
qualitative studies have been published on the
performance of a workforce in general. The
perspectives adopted have related to workers’
productivity (Ighravwe and Oke, 2014),
workers’ reliability (He et al., 2014), workforce
effectiveness (Ighravwe et al., 2015), and cost
criterion (Safaei ef al., 2008; Mansour, 2011).
Others are concerned with fuzzy goal
programming (Mansour, 2011; Ighravwe and
Oke, 2014; Glover et al., 2015; Ighravwe et al.,
2015) and inventory metrics (Belmokaddem
et al., 2009).

Workforce performance has been enhanced
over the years by using 4 principal tools: linear
programming, non-linear programming, mixed-
integer programming, and fuzzy goal
programming (Belmokaddem et al., 2009;
Mansour, 2011; Yimmee and Phruksaphanrat,
2011; Mekidiche et al., 2013). After having
identified the workforce variables, the
manager can quantify them. The manager then
distributes the workloads among workers at
optimal thresholds. At optimal thresholds,
workers’ turnover and absenteeism from work
due to accidents would be incorporated into the
planning system. Ighravwe et al. (2015)
reached a useful conclusion that when
employees have an accident at work in the
maintenance function, there is an unintended
absenteeism that is triggered, negatively
influencing the overall performance of work.
They noted that absenteeism and accident
factors are necessities in modelling maintenance
workloads. However, the authors did not
explain how results may be influenced by
the uncertainties that naturally exist from
stocks. In developing countries with unstable
government policies on stocks, the stochastic
nature of stock supplies impacts negatively on
workers’ outputs as shortages often result in
idle times.

To compound this problem, the
maintenance workforce system has several
objectives, including workforce cost reduction,
maximisation of workforce investment, and
reduction in the number of defective products.
Thus, the workforce problem is therefore
multi-goal-oriented. Formulating the above
mentioned maintenance workforce problems
as a goal programming model would therefore
be helpful but this has not been conceptualised
for the maintenance system.

The maintenance function has several
factors that could be considered but which
have been ignored in workforce research until
the present (Safaei et al., 2008). Naturally, a
manager strongly depends on workforce
reliability for the effective management of the
system. Since this is difficult to measure, prior
studies have ignored this but a starting point is
to assign a factor to this. Furthermore, there is
usually a conflict between production and
maintenance as to who should be responsible
for defects produced by a machine. The
argument from production is that, if a machine
is returned to them in a not “as-good-as-new
state”, there is a tendency for producing
defective products. A significant factor often
ignored is the time sharing problem between
production and maintenance. There is usually
reluctance by production to release equipment
to maintenance for service. Thus, a time-
sharing policy by management is compelling.

To further enhance the optimisation
platform for contributing a novel study
on performance enhancement, the genetic
algorithm (GA) has been used as a tool. Prior
to this time, the GA has also been widely
applied both in industry and research. The GA
has the special advantage of reproducing
offsprings with improved performance metrics.
It also could solve problems that have been
described as NP-hard (Tavakkoli-Moghaddam
and Safaei, 2006; Mansour, 2011). This study
examines the effectiveness of the GA by
comparing the GA results with those of
differential evolution (DE) and harmony
search (HS) algorithms.

The remaining sections of this study are
organised as follows: The proposed model is in
section 2, while discussion on the solution
methods are in section 3. The model
application is in section 4. The discussion of
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the results is in section 5 and the conclusion of
this study is in section 6.

Methodology

This section deals with the development of the
nonlinear mixed-integer programming model
for maintenance workforce-cum-production
problems. The weighted additive fuzzy goal
programming approach (WAFGP) is selected
based on the ease of prioritising the fuzzy goal
(Ahmadpour and Chitgar, 2012). Also, the
WAFGP is considered because it has the
capacity to generate several alternative
solutions for large-scale problems (Velasquez
and Hester, 2013). Some of the assumptions
made during the development of the proposed
model are as follows:

e Tasks assigned to
performed optimally;
e Manufacturing time is deterministic
and varies from 1 period to another;

e The workers’ skills can be improved
through training programmes;

e Limits on the number of workers for a
training programme are known; and

e The effect of fatigue on the workers’
service rate is not significant.

workers are

The notations used in this study are stated
in the Appendix of this study.

Objective Functions

The first objective function in the
proposed model deals with the minimisation
of workforce cost per hour (Equation 1).
Equation (1) is used to establish the
relationship between the total maintenance
workforce cost and total workforce hour
(Parida and Kumar, 2009).

M=

230,
Min Z =20 —— (1)

N
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Minimisation of the workforce cost index
is the second objective function (Parida
and Kumar, 2009) that is considered. The
workforce cost index measures the ratio of the
total cost of the workforce to the value of the
total cost of production (Equation 2).

Mekidiche et al. (2013) defined the cost of
production as a function of the production of
product costs, which covers energy, materials,
capital, information, and the cost for the
workforce used for production activities, while
Ighravwe and Oke (2014) defined the
workforce cost as the sum of the product of the
workforce size and their unit cost.

Min Z, =

The third objective function is the
minimisation of the training cost and salaries
for the workforce (Mekidiche et al., 2013).
This objective function helps in improving the
disbursement of a maintenance fund for
training programmes.

Min Z,=3>¥(Clx, +C’y,) 3)

=l j=1 1=l

The last objective function is returns
on workforce investment, which is a function
of the ratio of the profit to the workforce
cost (Visier Inc., 2015). Improvement in
a company’s profit could be as a result of
the reduction in the cost of goods sold
(Jesswein, 2011).

22 PP,
Max Z, =550 4
222.Cx,
Model Constraints

By exposing workers to different training
programmes, the management of such a
system are interested in maximising the
workers” performance. To evaluate the
improvement in the workers’ performance
during preventive maintenance, the value of
the total workforce man-hours and workforce
size could be considered (Equation 5).

m.x,
>R
T x !

it ije

VieM;VjeN;VYteT (5)

The value of the failure rate (1) of
a system will improve by training and
re-training the workers. The benefits of
retaining a skilled workforce in a system
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include the following: early identification of
possible failure through recognition of foreign
sounds from an installed facility and prompt
diagnosis of machine failures, and reduction in
the repair time. In practice, the value of A varies
with the operating conditions of a system
(equipment age, ambient conditions, and
operators’ expertise). Thus, a near-optimal
value of A is sought for in this study. The
determination of the range of solutions for 1 is
determined using the Weibull distribution.
Given that the number of breakdowns of an
installed facility decreases following an
arithmetic progression, the value of 4 for the
system at period ¢ is expressed as Equation (6).
}’zplz < a, _(T_l)Bn

VteT (6)

The rate at which invoices for finished
goods are addressed is a function of stock
levels and the quantity of goods produced (i.e.,
product availability). Ighravwe and Oke (2015)
presented an expression for the relationships
among production volume, demand, number of
defective products, and the amount of finished
goods inventory (Equation 7). This study
considered the finished goods inventory
constraint as a supply constraint (Equation 8)
and expressed the inventory holding cost as
Equation (9).

I/H +( _d/z + d/zR/) U/P/z - I/z _D/z =0

VieT Vviel (7

I,<I., VteT (8)
L
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where d = d;U;P;; and R = Rid.

To control the quality of finished
products, a quality control department often
specifies the expected quality level (Equation
10). This policy is guided by the number of
defective products and total volume of goods
produced. Product quality is evaluated based
on the minimum (d;) and maximum (dv)
amounts of defective products allowed
(Equation 11).

id#U!P//
1-4 >0 VieT (10)
UF,
d,<d, <d, VieT (11

The workforce reliability index measures
the dependability of workers in executing the
assigned tasks. The failure of group workers in
executing assigned tasks will result in a system
failure. For example, if a maintenance team
in charge of lubricating machine parts fail in
their duty, this will affect the quality of
the maintenance activities of other teams (e.g.
welding). Thus, we assumed that the workforce
reliability of the different groups in a section is
in series. Series reliability for a team of workers
(Romeu, 2015) is expressed as Equation (12).
The reliability of the whole workforce is
considered as being parallel, because the
failure of a team of workers in the mechanical
section might not cause a shut-down of a plant
(Equation 13). By combining Equations (12)
and (13), the workers’ reliability is obtained
(Equation 14). The expected value of the
workers’ reliability is expressed as Equation

(15).

ILIRJ’” =R, VieM;VteT (12)
l‘ﬁ(l—R‘,)Zﬁ, VieT (13)
1—1£[(1—1E[R‘,f’”j21{ VieT (14)
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The enforcement of a recommended
schedule for maintenance activities is pivotal
to smooth production activities. Beyond such a
schedule, the duration that each section is
expected to spend in carrying out the assigned
maintenance tasks is equally important. This
problem (maintenance duration) is modelled
by considering the available manufacturing
time (M,) and the proportion of total stoppage
of'a machine because of maintenance activities
(). This is used in establishing the interrelationships
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among production, downtime, and manufacturing
time (Equation 16).

Zp,, +n22m,,,x,,, <M, VieT  (16)

=l j=1

With the concept of the minimum (M)
and maximum (M,) amounts of production
time, Equation (17) is used to constrain the
amount of production time. The value of the
workforce unavailability is expressed as
Equation (18) based on the proportion of the
average production time required (7). The
value of the system reliability using the
number of defective products and machine
failure rate is expressed as Equation (19).

>, ”1(M12+M~) VieT (a7
>p,
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The value of preventive maintenance
time for each section depends on the level of
the automation of a system. For a semi-
automated production system, the amount of
maintenance time that will be allocated for
preventive maintenance activities for the
mechanical section will be greater than that of
the electrical section (Equation 20).

N
Z m_, /zxi—l jt

N
>ymyx, i=23;Vtel (20)

J=1 J=1
Workforce distributions in systems have
effects on the running cost of a system
(Mansour, 2011; He et al., 2014; Ighravwe and
Oke, 2014). To manage the cost of workers in
maintenance systems, the ratio of the workers
in a section with respect to other sections is
used in controlling the workers’ costs. A
limitation on the number of workers that will
be allowed to enter training programming is
another approach of workers’ costs reduction.
Knowledge transfer among workers makes the
need for limiting the numbers of technicians
for training a good cost reducing measure. This

situation is commonly practiced in an
organisation where workers are sent for a
training programme outside their environment.
By using workers’ costs, the percentage
of the maximum number of workers (¢1) that
will be allowed to undergo training is
expressed as Equation (21). A balance in the
number of workers that will be trained at each
period is considered (Equation 22). The
expected amount of funds for training
expenses is expressed as Equation (23).

Zylj,—colZZyﬂ VieT (1)
y‘“Zqoz Vie M;VjeN;VteT (22)
X
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A change in the workforce level between
2 consecutive periods (Equation 24) and the
expected numbers of workers (Equation 25)
are the last sets of constraints considered.

X, =x,, +h,—f, VieM;VjeN;VteT (24)
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By using the knowledge gained from the
studies of Yaghoobi et al. (2008) and
Mekidiche et al. (2013), a WAFGP model
for maintenance workforce planning is
formulated. The membership functions (ux) are
obtained using Figures 1 and 2. This entails
defining the quantity of a tolerance for the
objectives (Aw or Ay) and their aspiration
level (bx).

The complete structure of the WAFGP
maintenance-production model is presented as
follows:

s 5
‘A

kL 4R

(26)

Subject to:

Z -8'<b k=123 27)
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Figure 1. Membership function for the minimisation objective functions
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Figure 2. Membership function for the maximisation objective function
+ L
Z,+6, 2b, 28) >l <INV VieT
1=1
L
lu/c + —= S 1 k = 1’2’3 (29) zthz it
" 1-4 >0  VteT
ZUI it
+ I=1
4
py+-—<1 (30)
o d<d <d, VteT
m,x, ] ) M N i —
Mt >p VieM;VjeN;veeT  1-TI|1-TIR," |=R ~ VieT
ijlxijl i=1 J=1
ﬂ“tpztgao_(T_l)Bn VieT R <R, <R, VieM:;VjeNVteT
L M N .
11:—1 +(1_dlt +dztRz)Uszt_1n_th =0 zplt+nzzmiftxijt th VteT
VieT VieL "
. . .
L<l., vier W)

2



Suranaree J. Sci. Technol. Vol. 23 No. 2; April — June 2016 97

1— il <U VieT
Mt _nzzmwxw
e " >R VteT

N N
2m X, 2 Z}mmxm i=23;VteT
=

Xy, 2exxy, Viel
Vi

VteT

VieM;Vje N;VteT

N

2x, <X

max
P

VteT

M=

X <

Solution Methods

Since the developed model is a multi-objective
and nonlinear model, the solutions from the
model are near-optimal. The near-optimal
solutions are generated using metaheuristics as
the solution methods. The performance of
these metaheuristics is evaluated using a
penalty function. The GA and DE algorithm
which have similar characteristics are
considered (Figure 3), while the results from
the HS algorithm (Figure 4) are also
considered (Engelbrecht, 2007; Mahdavi et al.,
2007). We applied metaheuristics, bounds
(lower and upper) for decision variables,
which are dependent on the system that a
model is applied on. Thus, the bounds for the
decision variables in the proposed model are
system-dependent.

Variables initialisation

L2

; Mutation operation

v

Crossover operation

v

Selection operation

Is stoppage criterion

satisfied?

Figure 3. Genetic algorithm and differential evolution flowchart
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Differential Evolution

The procedure involved in the DE
algorithm implementation is given as follows
(Storn and Price, 1997):

(1) Mutation stage: This operation involves
the combination of 3 randomly selected
vectors from the pool of parent population in
creating new off-springs (Equation 31).

= X, +MR(x,§g ~x, ) (31)

k¢ ijg

g+l
where x, #x. #x2 #x>
iig iig iig iig

(i1) Crossover stage: The decision on
whether to accept the mutant vector from the
mutation operation or target vector from a
previous generation is based on the
relationships among a uniformly generated
random number, crossover rate (CR), and the
index of the decision variable (Equation 32).
The generated vectors are called trial vectors.

Uy rnd <CR orj=1I,,
= (32)

rnd > CR and j#1,,

ijg+1

Xiig

where rnd is a uniformly distributed random
number between (0, 1), and /. is an integer
value selected randomly from the problem
dimension (j=1, ..., D).

(iii) Selection stage: The quality of the
newly created off-springs (solution) and the
parents in the population are compared in order
to select the individuals (target vectors) that
will survive to the next generation. The
selection criterion for the minimisation case is
expressed as Equation (33). For the
maximisation selection case, fitness function is
multiplied by —1.

u[/g+l If f(ui/g+l )S f(xiig)
(33)

xi/g+1 =

X Otherwise

Variables initialisation

v

; Harmony memory rate consideration

¥

Pitch adjustment operation /

¥

Harmony memory upgrading

Is stoppage criterion
satisfied?

Figure 4. Harmony search algorithm flowchart
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Genetic Algorithm

The GA is a metaheuristic modelled after
the concept of evolution. The GA was based
on the concept of survival of the fittest among
individuals in a population (Engelbrecht,
2007). The basic procedure of the GA involves
mutation, reproduction (crossover), and
selection stages (Figure 3). The early versions
of GA applications were coded using binary
strings. The application of the GA by Cormier
et al. (2001) reported an improved solution of
the real-coding method over the binary coding
method. The Cormier et al. (2001) implementation
procedures are as follows:

(1) Mutation stage: The first operation
deals with the generation of the mutant vector
(Equation 34). The decision on whether to
allow a selected parent (x;g)’ to under-mutate
is determined using the concept of flipping
an unbiased coin. This depends on the
relationships between a random number (0, 1)
and the mutation rate. The value of xjj, is
increased when a head occurs and decreased
when a tail occurs (Cormier et al., 2001).

Xijg T g (xmax - xijg)
ijg+l T

~ (34)
Xijg 4 (xtljg - xmin)

where & is a constant parameter that lies
between (0,1)

The value of 6_'t decreases with an

increase in the iteration step and it is
determined at each iteration step using
Equation (35).

5,=5,,r(1-i/T) (33)
where £ is the current iteration step value, T
is the maximum iteration step attainable, B is
a constant parameter that lies between (1,5),
and 7 is a random number that lies between 0
and 1 (Cormier et al., 2001).

(i1) Reproduction stage: Trial vectors are
generated during the reproduction operation.
To achieve this, 2 parents (x;j,) are randomly
selected from the selection pool (P;). These
parents are used in reproducing 3 off-springs
(x7¢+1), Equation (36).

0,=0.5P, +0.5P,
P,P,=0,=15P, -0.5P,
0, =—0.5P, +1.5P,

(36)

(iii) Selection stage: The determination of
individuals which will survive to the next
generation is evaluated. Two off-springs (E!

and £?) are selected among the 3 off-springs

based on an elitism approach (Cormier et al.,
2001). The selection between the off-springs
and parent is carried out using the Boltzmann
tournament selection (Goldberg, 1990). First,
the Boltzmann tournament is used in selecting
1 off-spring (E.in) between the (E! and E’)

using an anti-acceptance probability (P'),
Equation (37). Eyin is compared with a selected
parent (E,,) based on the logistic acceptance
probability (P), Equation (38).

p' = Exp(— Eé/Tg)
Exp(— Eé/rg')+ Exp(— Eg/Tg)

G37)

o Expl-E,,|T,)
Exp\-E,, /T, )+ Exp{-E, |T,)

(38)

where Ty is the temperature at generation g and
it is determined using a simulated annealing
scheme.

Harmony Search Algorithm

The implementation of the HS algorithm
(Geem et al., 2001) involves 3 basic stages:
memory consideration, pitch adjustment, and
memory update.

(1) Memory consideration stage: This step
entails the use of a random value, which is
between (0, 1), in selecting new values for

variables (xfj‘jf) from the harmony memory
(Equation 39).

e {x‘ XX x""} With probability of HMCR

Wit BT Vi VT o 0 VT
Kk
i =

xieX Otherwise

(39)

where HMCR is the harmony memory
considering rate, with a value between (0,1).
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(i1) Pitch adjustment stage: Each pitch

( xf]‘.;) is adjusted based on the pitch adjusting

rate (PAR), Equation (40).
xit rnd*bw,  Withprobability of PAR

(40)

X7 Otherwise

where bw; is the bandwidth at iteration step ¢ .

The value of (bwy) decreases exponentially
from 1 iteration step to another (Alia and
Mandava, 2011), based on Equation (41). Alia
and Mandava (2011) reported that the value of
bwmax for each variable can be estimated using
minimum  (bwmin) and maximum  (bWmax)
values for bw (Equation 42).

bw

—bw
—_ max
bw, =bw_, + —

min E

(41)

I S 42

max

bw_ =

max

(i) Memory update stage: This involves
the comparison of a new solution with the
worst solution (harmony) in the harmony
memory, Equation (43).

7)) )
sol = (43)

f (x,f?,l ) Otherwise

Model Application and Results

This section used the example provided by
Ighravwe and Oke (2014) and complemented
it with simulated data to implement the

Table 1. Initial workers level and cost

proposed model. The maximum number of
operation days/month was 29 days and the
value of n was 15%. Four periods were
considered during the proposed model
implementation. The quantities of the products
demanded for period 1 was 554,422,066 kg,
while 545,500,727 kg was demanded in period
2. For period 3, the quantity of products
demanded was 533,511,537 kg. In period 4,
542,970,466 kg of products were demanded.

The maximum amount of the inventory at
each period was 1,015,114 kg. The budget for
the inventory holding cost was a function of
the maximum inventory and the unit inventory
holding cost. The company’s profit was about
25% of the value of the goods sold.
Information on the workforce cost and
workforce limits is in Table 1. Other
conditions used in the proposed model
implementation are as follows:

e The expected range for worker’s
reliability was between 0.49 and 1 (He et al.,
2014; Glover et al., 2015);

e The minimum number of workers for
the system was 13 workers, while the
maximum number of workers was 21 workers;

e The minimum amount of production
time at each period was 70% of the available
manufacturing time;

e The number of operation days per
month was between 23 and 29 days, with an
average of 22 hours/day operation;

e The minimum quality of goods
produced at any period was 99%;

e The unit cost of hiring was 85% of
each category of the workers’ salary; and

e The unit cost of hiring was 150% of
each category of the workers’ salary.

During the implementation of the proposed
model, the population size for each solution
method was 30. Each solution run contained

Sections Cost () Worker level

Full-time Part-time Full-time Part-time
Mechanical 58,240 48,240 1-7 4-9
Electrical 52,780 42,780 1-5 1-4
Hydraulic 46,090 36,090 1-3 1-3
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100 iterations. The fitness functions at each
iteration step were estimated using the exterior
penalty function (Coello, 2002). A set of 40
solutions was generated with each algorithm
(Figure 5). The performance of the algorithms
was evaluated based on the best, worst, and
average solutions (Table 2). In addition, the 40
sets of solution for each of the algorithms were
used to establish the boundary of the
algorithms’ solutions (Equation 44) at a = 5%
(Engelbrecht, 2007). The results in Figure 5
represent the converge values of the algorithm
for 40 different runs.

Boundary = 1, 1,,.,0 (44)

solution

(45)

solution

Based on the statistical analysis of the
algorithms’ results (Table 2), the Pareto
solution (Rardin, 1998) from the GA is better
than the DE and HS algorithms. The WAFGP
problem was solved using the GA. The result
for Z; was 125.54 N/h, while 64.89 x 10™* was

1600000000 -
1400000000 -
1200000000 -
1000000000 -
800000000 -
600000000 -
400000000 -
200000000 -

0 + T

Fitness value

obtained as the solution for Z,. We observed
that maximum values for membership
functions for Z; (0.9149) and Z, (0.9888) were
not obtained. The solution for Z; was N
5,673,000.00 (Nigerian Naira) and a value of
184.61 was obtained as the solution for Zs. The
membership function for Z3(1) and Zi(1)
reached maximum values. The compromise
solutions were also generated for the
workforce variables (Table 3) and production
variables (Table 4).

Results and Discussion

At period 1, which is the starting period, the
number of workers fired from the different
workforce categories was zero (Table 2). The
combination of the number of workers for each
period showed that the company needed
between 18 and 22 workers. During workforce
planning, the expected ratio of the workforce
distribution should be about 1: 1.5: 2 for the
hydraulic, electrical, and mechanical workers,
respectively.

The quality of maintenance services that
will be expected from the different workforce

——GA
—a—DE

—a—HS

L s S B N N LI B s |

13 5 7 9 1113 1517 19 21 23 25 27 29 31 33 35 37 39

Runs

Figure 5. Fitness value for the metaheuristics

Table 2. Analysis of solution methods performance

Algorithms Fhest F. average Forst Fi boundary ((l = 5%)
GA 834,795,665 1,034,043,045 1,223,160,128 994,777,892 —1,073,308,197
DE 956,090,404 1,103,730,761 1,252,292,170  1,035,986,522 —1,171,475,000

HS 1,084,323,411  1,286,656,563

1,419,203,265  1,243,333,854 —1,329,979,271
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Table 3. Results for the workforce variables

Variables  Periods Hydraulic workers Electrical workers Mechanical workers
X1 X121 X1t X221 X310 Xyu
t=1 2 2 2 3 8 2
Workers t — 2 2 2 2 4 6 4
t=3 2 2 2 3 8 4
t=4 2 2 2 3 8 4
S Fia Soue Fy Sau Fyy
, t=1 0 0 0 0 0 0
Fired t=2
workers - 0 0 2 1 2 2
t=3 0 0 2 1 2 2
t=4 0 1 2 1 1 2
hy, hyy hy. hyy hyy. hyy
Hied ‘o 1 0 1 0
ire
workers t=2 0 0 2 2
t=3 0 0 0 0
t=4 1 1 1
Ve Vit Yaur Yo Vi V3o
Traini t=1 2 2 2 2 4 4
rainin,
& t=2 2 2 2 2 4 4
t=3 2 2 2 2 4 4
=4 2 2 2 2 4 4
it My Mo M My M
. t=1 322.51 31432 291.92 326.76 322.82 318.02
Service t=2
time (hr) = 287.84 311.53  291.17 294.46 287.43 288.23
t=3 326.53 325.64  305.36 319.57 327.56 289.53
t=4 289.82 327.14  314.36 288.67 32891 290.93
Ry R,y Ry Ry Ry Ry
W(.)rk.er. s =1 80.22 79.98 82.51 81.32 80.19 80.54
reliability
(10?) t=2 81.2 82.61 81.94 81.98 83.24 79.32
t=3 82.56 80.43 80 80.32 81.32 79.17
t=4 81.85 81.54 81.63 81.17 81.1 81.91

Table 4. Results for the production variables

Variables Period 1 Period 2 Period 3 Period 4
Production time (hr) 482.08 480.36 480.85 483.61
Inventory (kg) 1,015,115.00 828,141.30 765,685.90 638,773.20
Failure rate (per day) 58.78 x 10 60.17 x 107 58.56 x 107 60.34 x 107

Defective ratio (per month) 66.24 x 10 66.12 x 10 70.68 x 10 68.57 x 10
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distributions will generate defective products
of between 0.66 and 0.72% of the total number
of products produced in each period (Table 2).
With these limits on the percentage of
defective products, a control chart can be
designed to monitor the performance of the
company.

Based on the workforce distribution
(Table 2), the costs of workers for each section
were determined (Table 4). The company
needed about N 4,058,380.00 for workers’
salaries for the all periods. The amount of
funds for workforce training was about N
1,614,620.00 (see Table 5 for additional
information).

Table 5. Workers cost for the different periods

of hired and fired hydraulic workers for the 4
periods (Table 2). At each period, 16 workers
went for training. We observed that the total
number of workers that went for training from
the mechanical section was equal to the sum of
the workers that went for training from the
electrical and hydraulic sections.

By comparing the values of the workers’
reliability generated with the combined
sequential quadratic programming and branch
and bound solution method (He et al., 2014)
with the GA results (Table 2), it was inferred
that the GA workers’ reliability results are
reasonable. From the results in Table 2, we
observed that the full-time mechanical workers

Periods Hydraulic Electrical Mechanical
X11e X1 *a1e X X31e X3
! 92,180 72,180 105,560 128,340 465,920 96,480
2 92,180 72,180 105,560 171,120 349,440 192,960
3 92,180 72,180 105,560 128,340 465,920 192,960
4 92,180 72,180 105,560 128,340 465,920 192,960
USS$ 1 =N200

The determination of the amount of funds
for the workers’ salaries and training expenses
will help in making informed decisions on the
proportion of the organisation resources that
should be appropriate to workforce-related
expenses. For companies which are planning
to go into production, the proposed model will
serve as a guide on how much funds should be
deposited for workers’ expenses. For instance,
the interrelationship between the cost of workers
and maintenance time for all the periods
considered was about 125.54 Naira/hour. This
value showed that the company will not incur
high costs when implementing the workforce
structure in Table 2.

The range of funds that will be borrowed
from banks can be determined based on the
outputs of the proposed model. For example,
the company does not need funds for full-time
hydraulic workers’ expenses for either fired or
hired workers in period 1. The reason is that
the proposed model generated a zero number

had the lowest reliability (0.79). The highest
(0.83) worker reliability was from the part-
time mechanical workers. Further analysis
revealed that that the mechanical section had
the lowest (0.81) average sectional reliability.
The electrical section had the highest (0.81)
average sectional reliability. The results for the
average workers’ reliability for each period
showed that the combination of the different
workforce structure (Table 2) yielded about
0.81 as the average workers’ reliability.

The total amount of maintenance work in
the system for period 1 was 6056.38 h, while
for period 2 it was 5836.42 h. A total of
6,652.37 hr was obtained as the total
maintenance time for period 3, while the
period 4 total maintenance time was 6523.65 h
(Table 4), given that each of the workers was
expected to clock 280 hours/month. From the
information on the maintenance time in Table
5, the decision makers will budget funds that
will cover between 236.40 and 772.37
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hour/month as overtime. The results obtained
for the total amounts of overtime (2388.82 h),
showed that the ratio of total amounts of
overtime to regular time was about 0.1: 1 for
the maintenance system.

has some limitations. First, our model was
designed for manufacturing systems which
have separate workers for production and
maintenance activities. Second, our model
cannot be used to address space requirements

Table 6. Expected amount of overtime for each workers’ category (h)

Periods Hydraulic Electrical Mechanical
Xi1t X2 X1t X2t X31¢ X3t
! 42.51 34.32 11.92 46.76 42.82 38.02
2 7.84 31.53 11.17 14.46 7.43 8.23
3 46.53 45.64 25.36 39.57 47.56 9.53
4 9.82 47.14 34.36 8.67 48.91 10.93
2000000 4 T 12000 —e— Cost of workers
1800000 1 —a— Regular time
1600000 - T 10000 )
- —a— Owertime
E 1400000 4 + 8000
Z 1200000 - =
% 1000000 - 16000 &
S £
© 800000 - L oo F
g 600000
400000 1 2000
200000 - L
0 ‘ - ; . 0

x11 X12 x21 X22

x31 x32
Workers

Figure 6. Total cost and maintenance time for the workers

Despite the presence of overtime for
maintenance activities, the company’s ability
to meet the demand for their products was not
affected, because there was a finished goods
inventory at the end of each planning period.
To generate the various amounts of the
finished goods inventory, the average amount
of production time for each period was about
481.73 h. This implies that the company
needed to operate a minimum of 24
days/month with a daily operation time of 20
hr. The average failure rate per day was 0.059
and the expected average return investment on
the workforce was about 46.16 for each period.

Although the proposed model had the
capacity to generate useful information for the
production and maintenance departments, it

for a warehouse and the time value of finished
goods inventory manufacturing systems.

Conclusions

Workforce planning involves the analysis of
multi-objectives which is affected by many
factors. In workforce planning, performance
indices’ preferences are not equally important.
This study used nonlinear mixed-integer
programming to propose a multi-objective
APP model for maintenance workforce and
production variables optimisation. The WAFGP
was adopted in handling the multi-objectives
in the model. The WAFGP model performance
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was examined using real industry data from
literature and simulated datasets. The model
was solved using the GA, HS, and DE
algorithms. All the algorithms gave promising
results for the workforce planning problem.
The results obtained showed that the GA
results outperformed those of the HS and DE
algorithms in terms of the fitness function
value.

The maintenance system needs a
minimum workers’ reliability of 0.72, and
maximum workers’ reliability of 0.83 to
operate effectively. The implications of this
range of workers’ reliability on production
activities is that the company will have a
closing inventory of 376,341.80 kg and
machine uptime of 1,926.90 hr. However, the
maintenance department needs about 25,068
hr as maintenance time with an expected
machine failure rate of about 0.05678
hour/day.

The proposed model’s advantages over
previous models based on knowledge gaps in
the literature are:

e [taddresses the problem of workforce
reliability which was not considered in
Ighravwe and Oke (2014);

e The issue of the amounts of defective
products from manufacturing, which was not
considered in the Belmokaddem et al. (2009)
workforce model, was addressed; and

e The problem of time sharing between
the maintenance and production departments,
as well as the machine failure rate which the
Mansour (2011) study did not address, were
considered in this study.

The proposed model can be improved by
considering the effects of supply chain
management on production and maintenance
time under a fuzzy environment. There is the
possibility of applying the proposed model in
brewery, pharmaceutical, cement, and foundry
plants in future studies.
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Appendix

Indices:

maintenance section
maintenance workers category
total number of workers category
total number of sections

total number of planning periods
Goal

»»ﬂgz&’\

Zk objective function k&

Rj;  reliability of a worker in section i
belonging to worker category j at
period ¢

mi;  amount of maintenance time for a

worker in section i belonging to worker
category j at period ¢
e rate of the system at period ¢

fiit number of fired workers in section i
belonging to worker category ; at
period ¢

Iy amount of product / finished goods
inventory at period ¢

Parameters:

C,.lj unit cost of a worker in section i
belonging to worker category j

C UZ unit training cost of a worker in section
i belonging to worker category

INV; budget total cost for finished goods
inventories at period ¢

PPy profit from product / at period ¢

U  production rate of product / at period ¢

fi. expected improvement in worker

performance for workers in section i
worker’s category j at period ¢
O products’ quality level at period ¢

diy  maximum amount of defective of
product /

dy minimum amount of defective product
)
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.%)

)(max
[max,l

Ry

Vit

reliability of maintenance section i at

period ¢

maximum workforce size

maximum finished goods inventory for
product /

ratio of trained workers for a section
with respect to worker category
reliability of the system at period ¢
demand for product / at period ¢
workforce unavailability

target vector at generation g

weight for goal k&

fitness function

upper bound for fuzzy goal &

mutant vector at generation g

decision variable in harmony search

algorithm for pitch kk
constant parameter
minimum value of decision variable

maximum value of decision variable

current iteration step value
fitness value of off-spring 4

temperature at generation g

minimum value of bandwidth
mutation rate

pitch adjusting rate

maximum value of bandwidth

random number

an integer value selected randomly
from the problem dimension

unit inventory cost for product /

finished goods inventory at period ¢
budgeted maintenance time for a
worker in section i belonging to worker
category at period ¢

minimum reliabilities expected from
workers

unit cost of product / at period ¢
rework rate of product /

@,

)(min
Ry

by

rnd

iig

percentage of workers that will undergo
training with respect to worker’s
category

initial number of breakdown at period ¢
average change in the number of
breakdowns at period ¢

overall reliability of workers at period ¢
maximum amounts of production time

at period ¢

minimum workforce size

maximum reliabilities expected from
workers

total amounts of funds budgeted for
worker training at period ¢

average operation days per period
proportion of average production time
available manufacturing time

membership function for goal &
aspiration level for goal k&

solution

lower bound for fuzzy goal k&

trial vector at generation g

proportion of total stoppage of machine
because of maintenance activities
crossover rate

constant parameter

maximum iteration step

parent i in selection pool

fitness value of parent pp

generation

anti-acceptance probability

bandwidth at iteration step ¢

logistic acceptance probability
minimum amounts of production time

at period ¢
uniformly distributed random number
randomly selected variable from a pool

of parent solution at generation g



