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WORKFORCE ADJUSTMENT TO ABSORB CHANGES IN
PRODUCTION RATE IN CONTINUOUS PRODUCTION SYSTEMS
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ABSTRACT:

This paper presents some imathematical models that deal with the planning of the
workforce requirement on continuous production lines to redct with changes in production rates
in order to meet sudden changes in product’s demand. Norms for operation times and workers
production rates are normally set by management based on the design capacity of the production
line. The models presented in this paper can assist management in evaluating the workforce
needed to react to the changes in production required over the normal production volume in
order to satisfy any sudden changes in product demand, especially for short term planning. Cost
aspects and analysis are also considered to include the profitability 1mpact of workforce
scheduling according to any adopted new production plan. It is expected that these models will
provide management with powerful tools to alleviate the effect of any disturbances that may
occur due to sudden changes in production plans, and thereby maximizing profitability.
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1- INTRODUCTION:

Assembly processes play a central
role in the manufacturing of most products
and systems which people use, The final
products resulted from assembling individual
parts must function properly as intended, and
the entire assembly process has to be
performed efficiently and effectively, The
economic  importance  of  assembly

production lines in manufacturing has led to
extensive efforts for improving the
efficiency and cost effectiveness of assembly
operations. Assembly production lines c¢an
be manually operated, automated, or both
Manual assembly 1s characterized by high
labor costs, while automated assembly
requires very high investment in dedicated
equipment, tooling and feeding devices. A
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common way to achieve efficiency in an
assembly process, is to perform it on an
assembly line. An assembly line consists of
multiple workstations, in which part of the
assembly task is accomplished as the product
is moved from station to station. A key
advantage of using manual assembly lines is
the specialization of labor. By giving each
worker a limited set of tasks which are
performed repeatedly the worker is able to
perform the tasks at a faster rate and higher
consistently. For both types of systems to be
efficient, the hne must be balanced, which
means that the individual processes must be
allocated to workstations in such a way that
the total assembly time required at each
assembly station is approximately the same.
If such balance cannot be achieved,
inefficiencies in the form of idle time at
stations, or temporary blocking or starving of
stations will result.

The traditional assembly line
balancing problem considers the
manufacturing process of a single product as
a sequence of tasks which need to be
assigned to different workstations. The
distribution of tasks among the workstations
is based on the required time uis to
complete each task as well as the precedence
constraints that exist among these tasks [2].
Historically, the traditional assembly line
balancing problem scenario leads to two
groups of optimization problems: simple
Assembly line balancing  and general
assembly line balancing {3], [4], [22], [24].
The first group determines the tasks assigned
to a set of workstations with the sane cycle
time; each task has a deterministic duration
and must be performed in only one of the
workstations, either by human operators or
by robots. Two goals can be considered in
addition to the precedence relations between
the tasks; which are the minimization of the
number of workstations for a given cycle
time and the minimization of the cycle time

for a given number of workstations. Any
other variation of the problem 15 included in
the second group. 'The simple assembly line
balancing problem 15 known to be NP-hard
(not sotvable by polynomal time algorithms)
[17]. If there are m tasks and v ordering
constraints then there are m/2" possible tasks
sequences [4]. With such vast space it is
nearly 1mpossible to obtain an efficient
solution using a deterministic algorithm.
However, for the high dimension examples
found in .industry, heunstic procedures are
accepled [9]| for the simple assembly line
balancing problem [5], [28].

Many attempts have been made to
solve the assembly line balancing problem
[2]. 6], [8], [10}, [11], [16}, [19], [20), [21].
[29], |31], however none of these methods
have been proved to be of practical use for
large problems due to their computational
inefficienty. Several heuristic-based
methods for the teaditional assembly line
balancing have been developed. Abdullah et
al | 1], Baybars [3], and Mastor [23], review
and evaluate these different approaches. Erel
et al [9] cnitically examined, evaluated and
summarized heuristic procedures for the
single-model deterministic version of the
assembly line balancing problem in
sufficient.detail to provide a state-of-the-art
survey. They concluded that heuristic
procedures appear to be more promising than
the optimum-seeking algorithms due to the
complgxit’y of the problem.

“Another proposed solution considers
a five-phase method using task elimination,
decomposition and heuristics [4]. Also, a
genetic algorithm was used to obtain near
optimal solutions to the traditional assembly
line balancing problem in combination with
heuristic-based methods [22]. Miltenburg
and Wijngaard [24] adapted heuristics
developed for the traditional assembly line
and appliéd it to the U-shaped line balancing
problem. They tested thetr algonthm using
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previously studied examples and test cases
found throughout the assembly line
literature. Also, a dynamic programming
procedure has been devised. However,
results were reported for small problems (11
tasks) because of the computational costs of
the dynamic programming technique. Other
exact and optimal procedures such as branch
and bound algorithms that are only useful for
tow dimension examples have also been
applied to the simple assembly line
balancing problem [12], [14], [15], [I8].
[25], [26].[27]. [29].

As mentioned earlier, the
conventional line balancing techniques deal
with balancing the workstations in the
assembly line by distributing tasks to them to
minimize the cycle time for a given number
of the workstations, or their number for a
given cycle time. This balancing 1s done
without regard to workforce requirement
when production rate (s changed to meet
customer demand. In this paper the problem
of determining the manpower required to
adapt to new production plans caused by
fluctuating product demand in a continuous
production line is considered. Furthermore, a
set of models are suggested to balance out
the fractional manpower resulting from a
decrease or increase tn production in order to
meet fluctuations in product demand.

2- MODEL CONSTRUCTION:

In continuous production, products
flow continuously through the workstations.
Although varying number of workers may be
required at different workstations, workers
are not allowed to transfer between these
workstations. Also, any inlerchange of
workers along the line could cause an
interruption in the line production rate untike
the case in batch production where workers
may be permitted to move from one place to
another. Therefore, if production rate in a
continuous production tine is to be changed

io meet new customer demand, additional
workers should be obtained from other
sources. Thus a -workforce planning system
becomes technically and economically
essential to provide sufficient manpower in
the system to meet any unexpected change in
production. Several factors in a production
setting cause crucial problems for both
management and workers and present
himiting constraints that require sophisticated
solutions  especially for short term
production and workforce planning in
continuous production lines. Such factors are
related to: 1) vanability of operations times,
2) multiple products, 3) type of production
and facility layout, 4) production rate,
5) social factors and workforce constraints,
6) positioning constrainis; when the product
is too large for one worker to perform work
on both sides, operators are focated on both
sides of the flow line and, 7) zoning
constraints; may be either positive or
nepative. According to positive zoning
constraint, certain work elements should be
placed. near each other A negative zoning
constraint indicates that work elements
should not be located in close proximity
since they might interfere with one another.
‘Because of the technical and human
factors constraints. as mentioned above,
unlike the normal manpower planming,
workforce required can not be determined
based on exact linear refationship between
production rate and workforce. If workforce
size 1S so determined then f{ractional
workforce may result and this is impossible
to implement. Instead, the computed
theoretical value for the workforce size
required is approxiinated to the smallest
higher integer value; e.g. if the work content
at workstation / requires 1.5 mandays and
that of workstation f is 2.5 mandays then the
theoretical number of workers needed to do
the work 1n one day 1s 1.5 and 2.5 workers
for workstations ¢ and j, respectively. But
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since this can not be achieved the number of
workers 1s rounded up to the next integer
values of 2 and 3 for workstations i and J,

respectively. Thus, the theoretical and actual

total number of workers needed for both
workstations is 4 and 5, respectively.
Therefore, an idle time is created which is
equal to (5-4)=]1 mandays. Based on this
illustration and as observed in some local
manufacturing companies producing kitchen
cabinets, components, home and office
furniture the following assumptions are
considered:

1} Movement of workers between
workstations create disturbance in
production and lead to lower
production rate and therefore is
not permitted.

2} Workforce sizes with fractions at
main assembly line workstations
are not additive and are rounded
up to the next higher integer.

The production system considered,
shown in Figure 1, is a continuous
production line consisting of & workstations.

Main assembly line

Woark Work Work
—{ slalion stalion stalion

(i-1) O] [Faa)]
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part#/components/subassemblhies are fed from
subassemnbly lines with batch production

Figure! .Continuous production line.

An operation (task or work element)
is performed by one or more worker of a
certain class at each workstation. There are .J
classes (grades) of workers available to carry
out the line operations. Products flow
conttnuously from one workstation to
another along the main assembly line.

Subassembhes (or components) used in the
main fine are produced and fed to the main
line workstations by other subassembly lines
operating under batch production settings.

Consider a working day (shift) of 8-
hours from which the effective production
time expressed in hours is denoted by 7,5 . If
the normal production rate in units per day
(shtft) per worker of class j at workstation /.
(i=/..N,j=1.J) as set by management is
denoted by Ry then, the time T, in hours
required to complete an operation (task or
onc unit) by a worker of class ; at
workstation / is given by:

ly=—= (1)

In practice, more than one worker
may be required to perform an operation. If
the mmimum number of workers of class j
required to complete one unit at workstation
i 15 MNW; | then the time spent by each
worker to complete the task becomes

The thne spent

perworker =T IMNW,

=_.__Tﬁ_ (2)
(MNW, ) (R )

Now, let P be the number of units of
output'per day (or shift) of the i operation
{work element) at workstation i which is set
by management as the normal production
rate, then the theoretical wvalue of the
workforce (number of workers) of class j
required to produce P units at workstation /,

denoted by WF;T' ,1s given by:

W =(P /R, )MNW, 3)

This theoretical value of the
workforcé may contain a fraction of worker

" and thus becomes impossible to provide such

a number of workers to workstation i
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Therefore, an actual value must be
determined by rounding up the theoretical
value to the next higher integer. Defining an

operator [ X'| that rounds off the value of X
to the next higher integer value, then the
actual workforce as an integer value, Wy"",

needed is

wrze s\ wer e sr omnw, | (4)
and hence,

Wik = Wi 2 (WF,Y -1) (5)

Moreover, suppose that management
intends to change the daily production P by
an amount of =+ p units per day such that
0<p/P<1 (or expressed as a %age of P ) in
order to respond to a change in the market
daily demand for the product, then a new
production plan should be formulated for the
production of P+ p units per day (or shift),
The theoretical workforce size of workers of
class j required at workstation ¢ for the new
production is given as a function inpas
follows:

Ptp

iy

W (p) =[ ]MN% (6)

and can be written as

which shows that the theoretical mandays 1s
the multiplication of the theoretical mandays
for the normal productton (i.e. first term in
the right hand side) and the ratio of the new
planned production to the normal production
(i.e. second term in the right hand side). The
corresponding actual workforce size is

wrp (=W ]

- [ [i;:f’_] WWU—’ (8)

‘Tt'can be seen that the difference
between the theoretical and the actual
workforce expressed in mandays 1s just the
idle time expressed in mandays created by
the rounding off operator applied to the
theoretical workforce vatue required at that
workstation. Denoting this idle ume for

workers of class j at workstation i by / (p}.

then we have:
WF!;JC (p) = WE}”' {(p)

or,

WEM (p) = W () +1,(p) (9)
The total 1dle time (mandays) of class j

workers over all workstations in  the
production [ine, 7, (77), can be written as

1,(p)= ,”Z.” P—[ii}f’—],\‘nw-te;}[%];uwg}

| . {10)

- Symming up the actual workforce for
class y workers over all workstations in the
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production line we obtain the total actual
workforce (mandays) of class j workers,
WI ¥ (p), required for the whole production

line.

WE*(p)y= 2 IWE (py+1:(p)]

N
= YHEN L) (1)

Note that because of the rounding off to the
next higher integer done in Eq. (10) for the
total 1dle time, the total workforce

WF (p), presented in Eq. (11}, 1s a step

function with respectto p.

Assuming all workers on the line of
the same class j, then the total actual
workforce required for the whole production
line, WF™ (p). and the total workforce idle

time. / , can be expressed as follows:

WIS ()= 2,0 WF () (12)

=l =l

I(py= >.31.(p) (13)

i=l j=I

3- COST ASPECTS AND ANALYSIS:

In a general sense, the objectives of
the production function are (1} to produce
the desired product, (2) to achieve the
desired rate, and (3) to minimize cost,
Different types of costs are involved in the
production process. These costs include
direct labor  cost, inventory  cost,
administrative cost, maintenance cost, setup
cost,..etc. Since the models derived above
are pertinent to workforce adjustment to
balance changes in preduction, the fabor cost
is considered as the major cost n this
analysis and other costs are assumed to be of
minimal effect and therefore are considered
constant regardless of the production output.

Obviously, increasing the size of the
workforce 1o absorb any changes in the
production volume will increase the direct
labor cost. Therefore, it is more effective to
consider the impact on profit achieved by
setting up a new production plan to respond
to changes in product demand rather than
just considering the costs accrued by the new
plan. The sumplus or profit, defined as the
difference between revenues generated and
labor cost for the new production plan will
be considered in this analysis as the criterion
upon which management decision should be
based to adopt any new production plan due
to changes in production volume.

Le:t the wage rate for a class j worker
be ¢, dotlars per day (shift), then the tota
fabor cost per day accrued by the /* class of
workers for the new plan with a change of
p umts in production (or can be expressed as

a Yage of P), denoted by T7LC (p), s
given by |
! A ~de . -
JLC,(p) =W} (p) <, (14)

but since WF [ (p) is a step function with
respeci to p , as mentioned earlier,
then77.C",(p) is a step function as well with
respect to p . Therefore, to simphfy the
application of the model the total actual
workforce function WF:" (p) is simplified

to a linear function as follows. From Eq. (11)
and Eq. (6) we have

Wr ’“(p)—z ’1*”’(;) +1,(p)

N
i=}
=1

i[ '——]WW +1, (m
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or,

» AN M MNIV,
wr“_,"(p){[ R "'}“.«Z[ = ’]pu,,(p)
il ¥ i=t i
(15)
N MNW,
The quantity Z{ R fj]!’ is assumed to
=] u

be a constant value and 7 (p), in real life
situations, could be approximated by a
constant for large number of workstations
and work elements in the production line.
Denoting the sum of these two values by a
constant A , then Eq.(15) is approximated by

i=1 R.;,'
or,
Ae —
WE(p)= A, % B,p (16)
¥ [ AMNW,
where, B, = Z .
' i=1 RU

Substituting in Eq. (14), the approximated
total cost becomes

TLC,(p)= A, ¢, £ (B, c,)p

The approximated total labor cost for
the whole production line, TLC(p) , is given
by

TLC(p) =D TLC,(p)

sl

J J

ZA-J‘ CJ t Z (B-f C} )P
J=l Al

1

or

TLO(p) = K, £ Kyp (17)

¥
where, K=Y A ¢

| AR
. =

!
K.=3(8,¢)
1=

Thus, ,the total labor cost function s

approximated by a linear function.

‘Usually, warkers are paid according
to their skills and job characteristics and
therefore, different wage rates are paid to
different classes (grades) of workers. Let
worker wage rates, dollars per day {or shift),
paid 1o different ./ classes of workers be
¢, .j=L.J such that 6<e . .2 ¢
Because of the behavior of the step function
TLC(p) the total lahor cost does not increase
lincarly with the changes in production, + p |
and therefore, if having two changes in
production, say p,and p,such thatp, s

greater than p, by a very small amount, then

‘the total labor cost for these two changes

may remain the saime and not necessanly
preater for p.. This can be generalized for »
values of p,,i=1,..#, in the neighborhood
of the required p by

TLC(p)STLC(py) < . STLO(p,)

Based on this argument, management
should determine the required actual
workforcé for the new production plan to
absorb the change of p units in production

by searching for the optimal or near optimal

value p’,'in the neighborhood of p, that
optimizes the generated profit from the new
plan. To do so, a step-by-step neighborhoo
search pracedure is outlined below:

Step 1. For a given p units change
(increase/decrease) over the daily normal
production of P units, select a set of
p, .1 :=1... n n the neighborhood of p such
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that p is included n the set. Thus, »
production levels are selected (ie.
(Ptp,),i=l..n).

Step 2. Establish an estimated revenues
R(p),i=\..,n corresponding to each of
the selected production levels.

Step 3. Calculate the total labor cost
TLC(p,), i =1,..,n accrued for each of the
sefected production levels using Eq. (17).
Step 4: Calculate the surplus (i.e. profit)
S(p,), i =1,..,n resulted from each of the

selected production levels using

N(p)=R(p,)-TLC(p,) fori=1,...n

*
Step 5: Set the best change as p =p,
such that:

S(p") =max (R(p)~TLE(1,))

fori=1}. ,n
This s the maximum surplus achieved
amongst the selected production levels, and
the best production level to be considered is

* . .
(P £ p ) for either an increase or a decrease

in normal production.
Step 6: Calculate the corresponding actual

workforce Wi (p*).j= l,...j required
for the new production plan using Eq. (16).

4- CONCLUSIONS:

Productivity is one of the main
elements of success for any organization, as
well as profitability. Therefore, for any
production plan adopted by management to
be profitable, a surplus must be generated as
a result of implementing such a plan. A set
of mathematical models are constructed and
presented in this paper to help management
in selecting the most profitable production
plan by smoothing the workforce
requirement  to  absorb  unexpected
fluctuations in production volume due to

changes in product demand in confinuous
production lines. Surplus (or profit) is
defined as. the difference between generated

total revenue and tetal actual workforce cost

accrued, and hence the most advantageous
outcome of the application of these madels is
the optimal or near optimal scheduling and
assignment of different classes of workers at
different workstations on the production line
to maximize profit (surplus) generated by the
production operations.
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