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An expert system to minimize operational costs in mixed-model

sequencing problems with activity factor

One of the major issues in industrial environments is currently maximizing
productivity while reducing manufacturing cost. This can be seen clearly
reflected in mixed-model assembly lines based systems, where obtaining
efficient manufacturing sequences is a key to be competitive in a dynamic
and globalized market. However, this continuous cost reduction and
productivity growth should not penalize the welfare of employees. This
work is intended to address this lack of compatibility between the economic
and social objectives through the study of the mixed-model sequencing
problem from both the business and labor perspective. This is done by
considering the possibility of reducing or increasing processing times of
operations by varying the work pace of line’s operators within the
permissible legal boundaries. Thus, depending on this flexible activation
time of operators, the amount of completed work and idle time will be one
or the other and, consequently, the productivity of the line will also improve
or get worse. In this regard, we propose new approach to the sequencing
problem without incurring cost increases and providing a safe working
environment, in accordance with applicable law. This new approach leads to
obtain efficient manufacturing sequences, in terms of both productivity and
labor conditions. Specifically, the objective of the new problem is
minimizing the unproductive costs of the line by incorporating the
possibility of increasing production through the variation of the work pace
of line’s operators. Increasing the work pace of operators, the amount of
non-completed work or the preventable idle time can be reduced and
therefore, their associated costs too. In addition, and without losing sight of
the effort involved in working with a work pace above the normal, we
propose several economic criteria to compensate the activation of workers

where necessary.

Keywords: Activity factor; Idle time; Economic compensation; Mixed-model assembly

lines; Sequencing; Work overload; Work pace.
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1. Introduction

Since the first assembly line, the automobile industry has undergone a constant
evolution. This evolution has not based only on production methods but also on
management ideologies. The mass production and the increase of flexibility thanks to
the Toyota Method together with the Just in Time ideology (JIT), and the synchronous
manufacturing thanks to the Douki-Seisan philosophy (DS), are some of the innovations
that the sector has suffered in the last 100 years.

All these changes have shared the same basic objective: offering a wide range of
products while reducing costs and increasing productivity.

Even today, this objective continues to govern any improvement in production and
management systems where flexibility is an essential requirement.

A clear example is the Mixed-Model Sequencing Problem (MMSP) in assembly lines,
whose objective is to determine the best sequence of products in terms of some
productive criterion, such as the amount of completed work or the idle time of the line.
While it is true that almost any manufacturing sequence is technically feasible,
differences between product types lead to not all sequences have the same economic
impact. Indeed, workload distributions and the consumption of components will be one
or another depending on the sequence (Boysen et al., 2009).

As an example (see Figure 1), sequencing product units with high workload,
consecutively, might make workstations require a greater time the cycle time, C, to
complete all workload. If this extra time is not available, workstations might not
complete the work and generate work overload. This may occurs even though there is

the time window, |, , which allows an extra time (I, —¢>0) to complete the work on a

product. Obviously, the consumption of this time by any workstation supposes the
reduction of the available working time for the next product at the said station and for
the said product at the next station.

On the opposite side, there is the idle time that appears when units with low workload
are consecutively sequenced. In this case, processors of workstations might finish the

work before the cycle time ends and, therefore, they have to wait for the next unit.

Fig.1. Impact of the sequence on the work overload and idle time or useless time.
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Both situations, work overload and idle time, involve an extra cost for the assembly
line. The first generated by the loss of non-completed products and the second one by
the inefficiency of the line. Accordingly, reduction of both work overload and idle time
has been the focus of numerous sequencing problems in literature (Yano and
Rachamadugu, 1991; Scholl et al., 1998; Bautista et al., 2018).

Obtaining sequences with null work overload and idle time is obviously the ideal
situation. However, this situation is hardly achievable due to characteristics of assembly
lines and production mixes. Nevertheless, both negative factors may be minimized
simultaneously by considering variable work pace of operators and, therefore, the
unproductive cost may be reduced.

Processors of workstations are operators; therefore, they can work more or less quickly
at certain times of the workday by means of the variation of their work pace. In this
way, operators will be able to complete more or less workload in accordance with needs
of products.

Accordingly, we propose, in this paper, a new variant for the MMSP, whose objective
aims at minimizing the unproductive costs. The proposal addresses simultaneously the
minimization of the work overload and the minimization of the idle time through the
assessment of their costs. Thereby, the efficiency of the line and the amount of
completed work will increase and, therefore, manufacturing sequences with the lowest
possible cost in terms of loss of production will be obtained.

This minimization of unproductive costs is achieved by the relaxation of the
determinism of processing times of operations that will vary in regard with the work

pace of operators.
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Specifically, we incorporate the flexibility concept into the processing times of
operations. This flexibility is subject to the workers of the line, those who must regulate
their work pace, within the legal limits, in order to reduce or increase the processing
times and so reduce work overload concentrations or the idle time, respectively.
Contrary to other works on this topic (Bautista et al., 2015a,b), this paper does not
consider a synchronized work pace for all workstations of the line.

The studied variant allows unsynchronized workstations. Processors will be able to
modulate their work pace to their production needs, independently of the work pace of
processors of other workstations. This ensures that no processor works more quickly if
not necessary, thus avoiding unnecessary efforts.

Obviously, in order to ensure security and to prevent worker injuries, this flexible
activation is subject to the legal limitations for the activation.

Furthermore, considering the effort that supposes the increase in work pace to workers,
we also define different compensations metrics to ensure a good working environment
in terms of job satisfaction. Specifically, we define different ways to compensate
economically the excess effort of operators when they work at faster pace than the
normal rate, in order to complete their workload and to avoid production loss or work
overload.

Accordingly, the problem proposed in this paper does not only considers economic
gains for the company, but also takes into account workers' rights and suggests
compensating operators’ effort from the company’s gains, either through premiums or
extra payments.

Briefly, the main originalities of our research are (i) the minimization of operational
costs by work overloads and idle time in mixed-model sequences, (ii) the bounded but
flexible activation of operators of assembly line in order to improve productivity, (iii)
the economic compensation of excess effort of operators, (iv) the economic gains for
the company and operators because of the recovery of production drop, and (v) the
computational experience linked to the Nissan’s powertrain plant in Barcelona.
Having regard to the above, this paper is organized as follows: section 2 describes
briefly reference models for this research, and then, presents two mathematical models
for the proposed variant of the MMSP. In section 3, we define the metrics to calculate
the economic compensation of the excess effort of processors by increasing their
activity factor and we expound some properties of these metrics. Section 4 addresses the

computational experience and the result analysis, comparing the results of the proposed
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models with the reference ones through a case study linked with Nissan’s Engine Plant;

and finally, section 5 shows the conclusions of this research.

2. Minimizing the costs of idle time and work overload

Flexibility is a key feature in industrial environments where varying models of a
common base product must be assembled or manufactured. However, this desire to
implement mass customization leads to a large complexity arising from product variety
on assembly lines. Indeed, differences between product requirements, such as different
use of resources and component consumption, may result in productivity and quality
losses, which can then be translated into economic losses.

Because of this issue and focusing on the automotive sector, next we present a small
literature review on mixed-model sequencing and, specifically, on the MMSP. Finally,
we present the reference models from literature and the variant proposed for the MMSP
with the objective of obtaining manufacturing sequences that minimize the detrimental

effects of product variety.

2.1. Preliminaries

In literature, there are many variants of sequencing problems in regard with the
optimization criteria. A classification of these criteria can be the following: (0.1) to
maximize the productive time by completing the maximum number of product units and
reducing the idle time (Yano and Rachamadugu, 1991); (0.2) to maximize the
satisfaction degree of a set of constraints related to special components of products
(Parrello et al., 1986; Siala et al., 2015; Bautista-Valhondo, 2016); (0.3) to maintain, as
constant as possible, the rate of production for the different product types (Miltenburg,
1989) and the rate of component consumption (Aigbedo and Monden, 1997; Aigbedo,
2009; Monden, 2011) in order to reduce the maximum stock levels, and to asses the
impact of maintaining constant the product manufacturing rate concerning the
consumption components rate (Bautista et al., 2013).

Since the first work by Thomopoulos (1967), Macaskill (1973) and Okamura and
Yamashina (1979), the variety of perceptions that exist on the controllable factors and
production policies are shown. Specifically, in these researches it is possible to
appreciate the range of criteria to define objectives: the minimization of costs of
inefficiency, such as the idle time, the extra-effort, the workload concentration, the

utility work minimization, the length of the line, are some examples. However, all of
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these criteria pursue the same fundamental objective that is to maximize the line
efficiency and the cost reduction.

Many authors formulate objective functions that are associated with some of the above
optimization criteria but with an economic approach. Among them, Sarkera and Panb
(1998) and Fattahi and Salehi (2009) introduced the minimization of the costs from the
idle and utility times considering launch intervals. Giard and Jeunet (2010) formulated a
cost function associated with hiring temporary/utility workers to avoid line stoppages
and with setup times. Lin and Chu (2013, 2014) minimized the total cost, considering
labour, warehouse capacity and order fulfilment rates. Avni and Tamir (2016) studied
how to share costs between machines using game theory in scheduling problems.
Nevertheless, there are not many works, in literature, that consider human aspects in
order to improve the line efficiency. Bautista at al., (2015a,b) formulated two

equivalents models, M3uw4 _al and M4 U3 _al , whose objective is to minimize the

overall work overload of the line or maximizing the completed work.

To achieve this objective, authors promote increasing the line productivity by means of
the modulated activation of workers of workstations. Specifically, the authors relied on
increasing the work pace of workers according to linear function consistent with the
periods of adaptation, routine and fatigue typical of the workday. In contrast to these
studies, this work relies on allowing workers a free activation in regard with the
production needs.

The functions used in previous works (Bautista et al., 2015a,b) fixed the activity level of
operators following different linear functions that were defined on the basis of the
Yerkes-Dodson Law (Muse et al., 2003). In this way, a moderate activity was
established at the beginning and end of the workday while a high activity was required
at the intermediate periods. Therefore, the adaptation and fatigue periods -when
operators present less level of stress-, and the routine periods -when operators increase
their level of stress-, were respected for all operators at the same time.

While it is true that activation models proposed in previous works facilitate their
implementation in real industrial environments, they can result in increasing the level of
stress and fatigue of operators, injuries and production drops. The synchronous
activation of workers of all workstations could be done through modifying the cycle
time of the assembly line -that is by increasing or decreasing the speed of the conveyor
belt. However, this type of activation can suppose an unnecessary extra effort by some

operators.
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This work aims to avoid the above problem. Specifically, we present a new activation
model that allows operators to activate their work pace factor according to production
needs. Obviously, this flexible activation is limited by the minimum enforceable and
optimal work pace established by companies through collective agreements.
Companies, and more specifically automotive companies belonging to the Organization
for Economic Cooperation and Development (OECD), determine the processing times
of operations by the Method and Times Measurement system (MTM) by considering as

normal activity level the one established in the collective agreement. This normal

activity corresponds to the normal work pace factor (" =1.00) that any operator can
support throughout effective working hours without suffering any injury.

However, operators can work more or less quickly at some moments of their workday
but respecting the minimum and maximum activity levels that are fixed by the
collective agreement. In case of automotive companies, these values usually imply
working at 90% and 120% of the normal activity, respectively, and therefore, they
suppose a minimum work pace factor of 0.90 («° =0.90) and a maximum one of 0.120
(a”=1.20).

Having said that, the problem proposed in this paper allows workers to increase their
work pace whenever required by the workload. However, they will work at normal
work pace when not necessary to avoid work overload.

Furthermore, unlike models proposed by Bautista et al. (2015a), in this research, the
problem has an economic approach. Specifically, the model is focused on minimizing
the unproductive costs of the line, either by production drop (or work overload) or

unproductive time (or idle time).

2.2. Mixed-Model Sequencing Problem with cost minimization
and bounded activity factor

With the goal of obtaining manufacturing sequences that reduce the economic impact of
incomplete products or workloads and favor both the efficient use of the line and the
performance of operators, we formulate two mathematical models from the

M3u4_oal and M4U3_al models (Bautista et al., 2015a). The models incorporate

the possibility of increasing freely the work pace of processors of the line as far as the

production needs require (e.g. to minimize the work overload). Notwithstanding, this



Bautista J, Alfaro R (2018) An expert system to minimize operational costs in mixed-model sequencing problems
with activity factor. Expert Systems with Applications. Postprint 20180319.

flexible activation must respect the minimum and maximum permissible limit values for
the activity factor, which are fixed by the collective agreements. Obviously, this flexible
activation will lead to unsynchronized workstations regarding the work pace and,
therefore, processors shall be given all facilities necessary for them to work more or less
quickly in accordance with the obtained sequence.

The parameters and variables used in the models for the Mixed Model Sequencing
Problem with Cost minimization (MMSP_T) are the following:

Parameters

K Set of workstations (k =1,..., |K|)
b, Number of homogeneous processors at station k (k = 1,...,|K|)
I Set of product types (i =1..[l |)

d; Partial demand programmed for each product type i(i =1.., | I |)

Pik  Processing time required by type of product i(i =1..., |I ), for each

homogeneous processor of station k (k = 1,...,|K|) (at normal activity, a" =1).

P Processing time (at normal activity, " =1) required by the demand plan
programmed for each homogeneous processor of workstation k (k =1.., | K|):
P =2t pixd;

T,D Total demand; it is equal to the number of productive cycles of any station.
Obviously, ¥ d, =T =D

t Position index in the sequence (t = 1|T|)

c Cycle time; time (measured at normal activity) assigned to each workstation
(k = 1|K|) for processing any product unit.

I Time window; maximum time that each processor at workstation k (k = 1,...,|K|)
can work on any product unit, let |, —c >0 be the maximum time that one

product unit can be held at workstation k , once the cycle time is over.

Ly Physical presence time of processors at workstation k (k = 1,...,|K ); it is equal to

the workday of operators assigned to the processors of workstation
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ay,  Upper limit of dynamic activity factor associated with the t" operation of the
product sequence (t =1,...,T) at the station k (k = 1,...,|K|). It must fulfil
&, <a" =120(Vk =1,..,K; Vt=1..,T)

a,  Upper limit of dynamic activity factor associated with the t (t =1..T+ |K| —1)
period of the extended workday. This extended workday includes T
manufacturing cycles at the first station (total demand) and |K| —1 additional
cycles that are needed to complete the required work at the last station. Here it is
assumed all stations have the same upper limit and it must
fulfilg,” <a" =120 (Vt:1<t<T +|K|—1) .

a, . Lower limit of dynamic activity factor associated with the t" operation of the
sequence (t =1,...,T) at the station k (k :l,...,|K|).

o, Lower limit of dynamic activity factor associated with the t (t =1.. T+ |K| —l)
period of the extended workday. Here it is assumed all stations have the same
lower limit (¢, =, , Vk=1,..,K) and it must
fulfilla; <a®=0.90 (Vt:1<t<T +|K|—1) .

T Cost per work overload unit. It is associated with the production drop that is
measured through the work overload.

b Cost per unit of time of a processor.

7u Cost per unit of idle time. Here it is assumed y, =7 .

Variables

Xij;  Binary variable that is equal to 1 if a product unit i (i = 1,...,|I |) is assigned to the
position t (t =1,...,T) of the sequence, and 0 otherwise.

St Absolute start instant for the t™ unit of the sequence of products at
workstationk (k =1,...,[K]).

S Relative start instant. Positive difference between the start instant and the earliest
start instant of the t™ operation in station k € K . St = max(O, S —(t+k- 2)0)

Pt Processing time required (at normal activity) by the t™ unit of the product
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sequence at each homogenous processor of station k (k = 1,...,|K|).

Vit Processing time applied to the t™ unit sequenced at workstation k (k = 1,...,|K|)

for each homogeneous processor (at normal activity). It is equivalent to the

completed work with regard to the required work (pk t )

Vkt  Processing time applied to the t™ unit of the product sequence at workstation

k (k = 1,...,|K|) for each homogeneous processor (at activity, ¢ ).

Wt Work overload generated for the t™ unit of the product sequence at station k for
each homogeneous processor. It is measured in units of time (at normal activity).
Vv Total processing time applied at normal activity. Total completed work.

Total work overload, or production drop.

U, Idle time by each processor at station k (k = 1,...,|K ), measured at normal

activity. This time is considered and penalized in accordance with the presence
time, L, .

@ Dynamic work pace factor associated with the t" operation of the product

sequence (t =1,...,T) at workstation k (k = 1,...,|K|). This factor is calculated

from the normal and actual processing times: ¢y = V¢ /Viy = Viq = Vi (okk t )
Vkt  Processing time recovered by each homogeneous processor on the t™ product

unit sequenced at workstation k (k = 1|K|) This time is measured at normal

activity.
r Total operational cost: costs by production losses resulting from both the total

work overload (T}, ) and the idle time (I}, ).

Note that, in this paper, we consider seconds as units of time. Therefore, the processing

times, the work overload, the cycle time, and the idle time, are measured in seconds.

Model M1_T:

K]

. T K|
MinT =T, +T, =, kzl(bkzt=lwk,t)+7u b, (1)

Subject to:

ZtT:lXi,t :di V| :1,...,||| (2)
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SV x, =1 Vt=1..T 3)
P =0 P X vk =1,... K[ vt =1,..,T (4)
Vi W, = Piy vk =1..,|Kvt=1..T (5)
Ve = en Vi <0 vk =1..,|Kvt=1..T (6)
Ve = G Vi 20 vk =1..,[Kvt=1..T (7)
St = Sk Vi vk=1..,|Klvt=2..T (®)
St = Sicae Vi vk =2, |Kvt=1..T 9)
See +V, S(t+k=2)-c+l, vk =1...|K[ vt =1,..,T (10)
S >(t+k-2)-c vk =1..,|K[vt=1..T (11)
U, +Z;\7k,t =L, vk =1,...,|K]| (12)
U Vi Ji o W 20 vk =1..,|Kvt=1..T (13)
X, € {01} Vi=1..,|ljvt=1..T (14)

In M1_T" model, objective function (1) represents the minimization of total operational

or unproductive costs arising from production drop (work overload) and idle time
(unproductive work time). Constraints (2) — (5) and (8) — (11) are equal than the
constraints from reference models. Specifically, constraints (2) force the demand
satisfaction. Constraints (3) force the assignment of only one product unit to each
position of the sequence. Constraints (4) establish the processing time required by each
product unit sequenced at each workstation. Constraints (5) establish the relation
between the applied processing time, the generated work overload, and the processing
time required by each product unit sequenced at each workstation. Finally, constraints
(8) — (11) define the start instants of each product unit sequenced at each workstation.
On the other hand, the new equation (12) determine the idle time at each workstation,
considering the total available processing time and the total applied processing time.
Meanwhile, the new constraints (6) and (7) limit the maximum and minimum work pace
allowed for processors of stations at each cycle, considering that the limitative profiles

of the activity factor are synchronized between workstations.
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Finally, constraints (13) and (14) force the non-negative and binary conditions for
variables, respectively.

It should be noted that M1_T" model is useful in determining the most appropriate

activity factor to reduce the production drop at each station and period (15), as well as

the processing time recovered by each activated homogeneous processor (16).

i =Vier Vs vk =1,..|Kvt=1..T (15)

Vk,t :Vk,t _\7k,t Vk :1!)|K|1 vt =1)---1T (16)

An immediate variant of the model M1_T" is the one that considers the S, variables
(relative start instants) instead of the s, variables (absolute start instants); we call this

variant, M 2_T"model (see Bautista et al., 2018).
Objective function (1) as well as blocks (2) - (7) and (12) - (14) of constraints from the
M2 _T" model coincide with the M1_I"model. Nevertheless, the M2 T variant

requires the following set of constraints, (17) - (20), to determine the relative start

instants of each product unit sequenced at each workstation.

Sit =Skt Ve —C vk =1,..,|K[vt=2..T (17)
Sit = Skt + V1 —C vk =2, |Kvt=1..T (18)
St HVr <y vk =1,..|K|vt=1..T (19)
§,=0 (20)

3. Economic compensation by productivity increase

Obviously, increasing the work pace factor above the normal activity (c, , > a" =1.0)
leads to reduce the cost due to production drop or work overload. In addition, the
reduction of idle time, through the penalization of its cost (I},), should be reflected in a

better balance of the work. This balance of workload throughout all workday can help
prevent work-related injuries and disorders and therefore, costs arising from sick leaves,

rehabilitation and training of replacement personnel may be eliminated.
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Accordingly, we suggest compensating the excess effort from processors through gains
that company may obtain. This compensation may be carried out by setting aside part of
the gains from the recovered production, to premium fund or salary bonus for operators.
Obviously, on the assumption that processors are homogeneous, we propose an

egalitarian compensation system for all operators of the same workstation.

3.1 Metrics for the economic compensation

We present two metrics to calculate the economic compensation.
(a) Sharing a common fund out proportionally, in regard with the excess effort of
each workstation.
(b) Establishing an economic value to the excess effort unit (e.g. », =7, ) and thus,
changing individual and/or collective effort in monetary units.
In addition, considering the second metric (b), we propose two ways to measure the
excess effort of operators by workstation and cycle:
(1) Activity above the normal.
(2) Recorevered processing time (transformation of work overload in completed
work).
In supporting the (b-1) option, the economic compensation by extra activity at the

k (k =1,...,|K|) workstation and the t (t =1,...,T) cycle is determined as follows:

| _{Vb'bk(dk,t—l)-c, ift=1.T-

1
“ 71y, bla, —1) 1, ift=T } vk=1..[K[vt=1..T 1)

Therefore, the economic compensation, according to the (b-1) option, per workstation

(k =1,...|K)) and workday (T) must be:

G, = Zthl gi,t =7 'bk((c_(k _1)C'T +(dk,T _1X|k _C)) vk Zl’""|K| (22)

Where @, is the average of dynamic activity factors at station k e K :

R

A = ? thlak,t :

On the other hand, the economic compensation by processing time recovered
(Vit =Vit =V ;) (b-2 option) at the k € K station and the t (t =1,...,T) cycle is

calculated as follows:
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Yo By (Vk,t _Vk,t)
92, =7 b U =1 7 b lay, —1)-9,, vk =1,... K vt =1,..,T (23)
Vb 'bk (1_]/dk,t)'vk,t
Accordingly, the economic compensation by active workday at the workstation k € K
must be:
R\ ( -V )
Ztlgkt Vb bztlvktz Vb ( )V
k( _]/ak)' k

vk =1,..,|K]| (24)

WhereV, is the completed work, \7k is the processing time applied at the

k € K workstation, and ¢, is the average of dynamic activity factors (¢ ,) weighted
, o . A T, 5

by the applied processing times (V, ,); thatis, @, = (thlak’t ‘Vk,t) V,

Figure 2 shows the relationship between these variables and parameters together with

the economic compensation rate assignable to one processor:

RGZ(Zk):GkZ/(%'bk'Zk);Zk E{\/kivk} szl""’|K| (25)
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Fig. 2. Economic compensation rate RGz (\7k) according to criterion (b-2) that corresponds with the
processing time recovered depending on the average of dynamic activity factors (&, ), the completed

work (V,) and the applied processing time (\7k)

04p R.»(X;) Economic compesation Rate by processor

RG: (Vk) Economic compesation Rate by processor
depending on the Applied Processing Time

g R .(V,) Economic compesation Rate by processor
depending on the Completed Work

@, Weighted Activity Factor

=

"
53

1,02
1,06
1,075
1,125
1,1p
1176
1
1,225
1,26
1275
1
1,325
136
1,375
1425
1475
1

Obviously, economic compensations given by the criteria (b-1) and (b-2) will not be
equal in all cases. Indeed, the (b-1) criterion takes into account the time of presence of
operators of the line throughout a workday -without considering the penalization by idle
time- and the activity levels at each production cycle. Meanwhile, (b-2) criterion only

considers the active time of operators and the activity factor of operators.

3.2 Properties of economic compensation

It should be noted that the criteria defined for calculating economic compensations of

excess efforts of operators present a set of properties.

Theorem 1: If the dynamic activity factor (c,,) is homogeneous in time at one

workstation (k € K), the economic compensation provided by the (b-1) criterion will be

greater than, or equal to, the compensation provided by the (b-2) criterion.
Proof:

Let ¢, , be homogeneous in t(vt=1..T),ie., a. =a ,then a, =a, =a,
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A

() & =a, =G =y,-b, (& -1V, =7, b (¢, -1)-V,
i)V, <(c-T+l, —c)=G2 <y, -b (&, -1)-(c-T +I, —c)
(iii) &, =&, = Gt =, -b, - (@ —1)c T + (&, ; -1)1, —¢))=
Gl =7, -b(a —1)c-T +I, —c)

Therefore, G, > G?.

Theorem 2: If the dynamic activity factor (¢ ) is homogeneous in time at one

workstation (k € K) and the idle time (U, ) is null at the said station, the

compensations provided by (b-1) and (b-2) criteria will be equal.
Proof:

(U, =0V, =c- T+l —c
(i) o, = a, :>Gk2 =7y - by '(dk _1)'\;k =7 " by '(dk _1)'(C'T+Ik _C)
(i) @, =&, =G, =7, -b (¢, —1)c-T +1, —c)

Therefore, G, =G?.

Theorem 3: 1f |, =c at one workstation (k € K) (no time window), the compensation

provided by (b-1) is greater than, or equal to, the compensation provided by (b-2) at the
said station.

Proof:

() I, =c=V,, <c(vt=1..T)

i) S (e ~1)-c2 7 (e ~1)-9,,

(ii1) e 'bk 'ZtT:l(dk,t _1)'C 27 'bk 'ZtT:l(dk _1)'\7k,t

Therefore, G, > G/ .

Theorem 4: 1f |, =c at one workstation (k € K) (no time window) and the idle time is

null at the said station, the compensations provided by both criteria are the same.
Proof:
() (I, =c)AU, =0)=V,, =c(vt=1..,T)

(i1) GE =7 Dy 'Z;rzl(dk,t _1)'C =7 'bk(ak _1)'C'T
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(iii) G¢ =7, by 'Z;r:l(dk,t _1)'\7k,t = 7o by 'Ztll(dk,t _1)'\7k,t =7 - by (C_lk _1)'C'T

Therefore, G, =G/ .

Theorem 5: 1f work overload (W, ) at one workstation (k € K) is null, the maximum
economic compensation, according to (b-2) criterion, will be reached whether the
applied processing time (\7k) 1S minimum.

Proof:

HW,=0=V, =P,

(i) G2 =7, -b, -V, =V, )=7, -b - (P, =V, )

(iii) G2 =cte—y, -b, -V,

Therefore, max G2 < minV, .

Theorem 6: 1f work overload (W, ) at one workstation (k € K) is null, the maximum

economic compensation, according to (b-2) criterion, will be reached when the

weighted average activity (¢, ) is maximum.

Proof:

HW,=0=V, =R,

(i) G¢ =7, -by '(1_]/&k)'vk =7 -0y '(1_]/6%)' P
(iii) G2 =cte-(1-1/a, )

Therefore, max G} <> max &, .

4. Assessment of operational costs of a mixed-model assembly
line.

To assess the new models, M1_T"and M2_T", for the MMSP_T" we use a case study

linked with the Nissan’s powertrain plant in Barcelona.

The variant proposed, in this paper, for the MMSP T can be studied under two different
perspectives. On the one hand, from the free perspective, MMSP_I'(free), that considers
the possibility of interrupting operations at any time between the end of the cycle and

the limit given by the time window. And on the other hand, from a forced perspective,
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MMSP_I'(forced), which only allows to interrupt operations when the time window
ends (Bautista and Alfaro-Pozo, 2018).

As can be seen in the mathematical models proposed in section 2.2., in this paper, we
study the MMSP TI'(free), which corresponds with the general case of interruptions of
operations.

Referring the resolution procedures, there are many options described in the literature.
Among them, we have the following five alternatives: the Mixed Integer Linear
Programming (MILP), the Greedy and Randomized Adaptive Search Procedure
(GRASP), the Bounded Dynamic Programming (BDP), the hybrid procedure that
combines GRASP with the Linear Programming (GRASP-LP), and the hybrid
procedure that combines the BDP with the Linear Programming (BDP-LP).

These procedures present a set of strengths and weaknesses in the following five
qualities: (i) guarantee of achieving optimal solutions, (ii) memory requirement, (iii)
ease of implementation, (iv) quality of solutions, and (v) the CPU time. Specifically:

- GRASP offers high quality solutions in reduced CPU times. It is an easily
implementable procedure and requires low memory but it does not guarantee
optimal solutions. It is efficient in the forced variant, while it requires the
assistance of LP to solve the free variant (GRASP-LP).

- BDP offers high quality solutions with CPU times similar to those used by the
MILP. Its implementation is very laborious and requires more memory than
GRASP but less than MILP. In addition, it can guarantee optimum results and
offer lower bounds. Like GRASP, the BDP is efficient for solving the
MMSP _ TI'(forced) variants but it requires LP to solve the MMSP T'(free)
variants (BDP-LP).

- MILP offers high quality solutions in reasonable CPU times (two hours). It is the
procedure easier to implement, but it requires more memory than GRASP and
BDP. It can guarantee optimal solutions and give lower bounds for instances. It
solves efficiently the free variant, while it is inefficient for solving the forced
one.

For the above reasons, we decide to use MILP to solve the variant for the
MMSP I'(free) studied in this paper, leaving the others procedures to future works.
This gives us reference solutions for future researches and lower bounds for the forced

version.



Bautista J, Alfaro R (2018) An expert system to minimize operational costs in mixed-model sequencing problems
with activity factor. Expert Systems with Applications. Postprint 20180319.

4.1. Nissan’s Case Study. Data set.

As already stated, the models proposed in this paper, M1_T"and M2 _T", are assessed

through the Nissan-9Eng.I, which is a case study linked with the Nissan’s powertrain

plant in Barcelona.

The Nissan’s case study is focused on sequencing different production plans of

vehicle’s engines that must be manufactured into an assembly line. The basic features

for the powertrain line are the following:

Assembly line composes by 21 workstations arranged in series QK| = 21).

Each workstation has only one homogeneous processor (bk =1Vk e K). This
homogeneous processor is equivalent to a team of two operators with the same
abilities and tools and the same requests for auxiliary equipment.

The effective cycle time is ¢ =175s and the time window is identical for all
workstations, I, =195s.

The Consolidated Operating Profit (COP) of the line is the 10% of the profit of
one engine (i.e., the 10% of 4000€). Therefore, the loss of one engine supposes
an economic cost of 400€. This together with the consideration that the line
produces an engine each 175 seconds, allows us to know the cost by unit of

work overload or production drop, 3, = 2.28€/s.

The production plant, where is the assembly line under study, is in Barcelona,
therefore, the horary cost is around 20€/h per operator (considering the
automotive sector in Spain). On the other hand, each processor of the assembly
line consists of two operators; then, we establish the cost by idle time unit in

7 =7, =0.011€/s.

For reference models with pre-fixed activity profiles, we use the stepped
function (¢° ) (Bautista et al., 2015a). This function adjusts the work pace of
operators of the line to different moments of workday (adaptation — activation —

fatigue) (see figure 3). Specifically, after an adaptation period (t, = 45 for the
first shift and t;, =180 for the second one) working at normal work pace
(a™ =1.0), the activity factor is increased to 1.1 (¢™ =1.1). This activation

corresponds with the maximum activity factor considered in this computational

experiment to ensure compliance with the maximum activity established in the
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collective agreement (o™ =1.1<a" =1.2). The activation period finish in
t, =91 and t, =226 for both shifts, respectively, and then the activity factor

becomes normal again.

Fig. 3. Stepped function given the Nissan’s data.

a; Shift1 ‘ Shift 2 TJlr \K‘I-l
I [ |
a™x =11
aV¥ =10
(10
45 91 135 180 226 270290 I

Additionally, we consider the linear function equivalent to the stepped function,
i.e., a constant function with value equal to the average activity that corresponds

to the stepped function (¢ —6%=1.033,vk e K;vt:1<t<T +|K|-1).

In case of M1_T"and M2 _T models, where the activity level is free within an

upper and lower limit, we consider the stepped function for the work pace factor.

Thereby, the normal activity is considered as the minimum activity factor
allowed (¢ = " =1.0,vt:1<t <T +|K|~1) and the upper limit corresponds
with the maximum activity for the stepped function

(dt+ =™ =11Vt:t, <t< too). Therefore, the minimum work pace considered
in this computational experience is greater the minimum prescribed by collective
labor agreement (° = 0.90) and the maximum one is less than the maximum

activity prescribed by collective labor agreement («” =1.20). These limits
involve a maximum increase of operators’ activity by 10% throughout one third
of their effective workday, as it i1s determined by the stepped function.

In case of the linear function, the upper limit is equal to the average value of the

activity factor (c'zt+ = d_s =1.03§,‘v’t A<t<T+ |K| —1).

Referring demand plans, the main features are the following:

We have a set E of 23 different demand plans (see Block I of Table 6 in Bautista
and Cano, 2011). All of them correspond with production for a workday, which
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is divided into two shifts of 8 hours each one. This means 13.125 effective hours

of work per day, after discounting the statutory breaks and rest periods.

e FEach demand plan, ¢ (8 = 1,...,.|E ), consists of a total demand of T =270

engines. This demand is divided into nine types of engines that are grouped into
three families, according to the type of vehicles: (1) crossovers and Sport Utility

Vehicles (SUVs) (p;, p, and p3), (2) vans ( p, and pg), and (3) medium
tonnage trucks ( pg,..., Pg ). In turn, each type of engine requires different

processing time at workstations (piyk Vi=1,... ,|I |;Vk =1..., |K ), and it can vary

between 89s and 185s (see Table 5 in Bautista and Cano, 2011). Figure 4
shows an engine that belongs to the SUVs - Sport Utility Vehicle family.
e The partial demands by types of engine (di’ Vi=1,.. .,|I |) differentiate the 23

demand plans. Thus, we have demand plans that are very balanced (30 engines

per type) and plans more or less unbalanced (Bautista et al., 2012a).

Fig. 4. Nissan Pathfinder Engine. Characteristics: (i) 747 parts and 330 references, (ii) 378 elemental
assembly tasks grouped in 140 production line tasks.

Following, you will find tables with the processing times of operations by type of

engine and workstation (table 1), and with the detail of the 23 demand plans (table 2).
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Table 1. Processing times (in seconds) at normal activity (p; ) for the 9 engine types (i< l) in the 21
workstations (k € K) of the set of instances Nissan-9Eng.l.

k/i M1 M2 M3 M4 M5 M6 M7 M8 M9
1 104 100 97 92 100 94 103 109 101
2 103 103 105 107 101 108 106 102 110
3 165 156 164 161 148 156 154 164 155
4 166 175 172 167 168 167 168 156 173
5 111 114 114 115 117 117 115 111 111
6 126 121 122 124 127 130 120 121 134
7 97 96 96 93 96 89 94 101 92
8 100 97 95 106 94 102 103 102 100
9 179 174 173 178 178 171 177 171 174
10 178 172 172 177 178 177 175 173 175
11 161 152 168 167 167 166 172 157 177
12 96 106 105 97 101 100 96 104 96
13 99 101 102 101 99 101 96 102 99
14 147 155 142 154 146 143 154 153 155
15 163 152 156 152 153 152 154 156 156
16 163 185 183 178 169 173 172 182 171
17 173 179 178 169 173 178 174 175 175
18 176 167 181 180 172 173 173 168 184
19 162 150 152 152 160 151 155 148 167
20 164 161 157 159 162 160 162 158 157
21 177 161 154 168 172 170 167 149 169

Table 2. Daily demands by product and for the 23 instances Nissan-9Eng.I (d; ., Ve €E).
ceE M1 M2 M3 M4 M5 M6 M7 M8 M9 SUV Van Truck Total

#1 30 30 30 | 30 30 | 30 30 30 30 90 60 120 270
#2 30 30 30| 45 45 | 23 23 22 22 90 90 90 270
#3 10 10 10 | 60 60 | 30 30 30 30 30 120 120 270
#4 40 40 40 | 15 15 | 30 30 30 30 120 30 120 270
#5 40 40 40 | 60 60 8 8 7 7 120 120 30 270
#6 50 50 50 | 30 30 | 15 15 15 15 150 60 60 270
#7 20 20 20 | 75 7 | 15 15 15 15 60 150 60 270
#8 20 20 20 | 30 30 | 38 38 3r 37 60 60 150 270
#9 70 70 70 | 15 15 8 8 7 7 210 30 30 270
#10 10 10 10 | 105 105 | 8 8 7 7 30 210 30 270
#11 10 10 10 | 15 15 | 53 53 52 52 30 30 210 270
#12 24 23 23 | 45 45 | 28 28 271 27 70 90 110 270
#13 37 37 36 | 35 3% | 23 23 22 22 110 70 90 270
#14 37 37 36 | 45 45 | 18 18 17 17 110 90 70 270
#15 24 23 23 | 55 5, | 23 28 22 22 70 110 90 270
#16 30 30 30 | 35 35 | 28 28 27 27 90 70 110 270
#17 30 30 30 | 55 5, | 18 18 17 17 90 110 70 270
#18 60 60 60 | 30 30 8 8 7 7 180 60 30 270
#19 10 10 10 | 90 90 | 15 15 15 15 30 180 60 270
#20 20 20 20 | 15 15 | 45 45 45 45 60 30 180 270
#21 60 60 60 | 15 15 | 15 15 15 15 180 30 60 270
#22 20 20 20 | 90 90 8 8 7 7 60 180 30 270
#23 10 10 10 | 30 30 | 45 45 45 45 30 60 180 270
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4.2. Nissan’s Case Study. Model results.

To solve the set of instances (table 2) we have used MILP. Specifically, both models

have been implemented on the LP Solver of the Gurobi Optimizer v5.0. and they have

been run on an Apple Macintosh iMac computer with an Intel Core 17 2.93-GHz

processor, 8 GB of RAM memory, and a MAC OS X 10.6.8 operating system, with a

maximum CPU time of two hours.

After 92 executions (23 instances, two models and two upper limit functions for the

work pace of operators) the unproductive costs from the obtained sequences have been

the following (Table 3):

Table 3. Unproductive costs, T, givenby M1_T and M2_T models and best bound found by the

solver for each demand plan ¢ € E . Optimal solutions are marked with this symbol *.

M1 T M2 T
@ @

g r B]?)isgd r B]?)isgd r B]?)ii[d r B?)isr:d
41 10907 10234 10248 10234 12317 10235 10248 10234
4 12945 10249 10259 10249 12672 10249 10260  1024.9
43 10805 10266 10269 10265 11354 10266 10268 10265
44 12572 10240 10250 10239 12431 10240 10250  1023.9
45 15395 10810  1027.8 10267 14455 10805  1027.7  1026.7
46 13971 10244 10260 10243 14088 10244 10258 10243
47 13136 11308 10286 10281 13363 11307 10285  1028.1
48 12543 10238 10248 10237 12013 10238 10248 10237
49 16455 10930 10268 10257 16525 10876 10268 10257

410  2081.6 20517 10317 10316 20840 20517  1031.6* 10316
411 11641 10237 10244 10237 11116 10237 10244  1023.7
412 12779 10249 10257 10248 12553 10249 10259 10248
413 12959 10242 10254 10241  1321.8 10242 10254  1024.1
414 12245 10250 10263 10250  1389.2 10250 10262  1025.0
415 12630 10260 10267 10259 13091 10260 10267  1025.9
416 12500 10239 10253 10239 11293 10239 10252  1023.9
417 13205 10260 10270 10260 13365 10260 10270  1026.0
413 15997 10722 10263 10251 15992 10713 10265  1025.1
419 15956 15386  1029.9  1029.8 16000 15388 10299  1029.8
w0 11059 10234 10243 10234 11649 10234 10243 10234
41 14825 10250 10260 10250 14731 10250 10260  1025.0
4o 16852 16289 10301 10299 17105 16292 10301  1029.9
43 10551 10241 10247 10240 11555 10241 10246  1024.0
Avg. 13508 11300 10265 10256 13723 11297 _ 10265 10256
Min. 10551 10234 10243 10234 11116 10234 10243 10234
Max. 20816 20517 10317 10316 20840 20517 10316  103L6
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Likewise, in order to evaluate the quality of solutions, table 4 shows the average,
maximum and minimum values of the gap between the costs given by the sequences

obtained with each model and the best bound for the solution found by the solver.

Table 4. Gap between solutions given by M1_T" and M2 _T" models, and the best bound found by the
solver for each demand plan ¢ € E and for each activity profile.

M1 T M2 T

£ s s oS o5
Avg. 16.68% 0.09% 17.67% 0.09%
Min. 1.43% 0.01% 1.55% 0.00%
Max. 33.57% 0.16% 34.18% 0.14%

The analysis of results on unproductive costs (table 3 and table 4) confirms the
following points:
- Given the CPU limit of 7200 seconds, the solver can only reached the optimal solution

for the demand plan number #10 when the maximum possible activation is equal to

1.033 throughout all workday (average stepped function).

- When the stepped function is considered for establishing the maximum permissible
work pace factor, M1_T" overtakes slightly M2 _T" in the average gap (16.68% versus
17.67%), although difference between both models is quite insignificant.

- Considering the average stepped function as the maximum possible activity, both
models are equal in terms of average gap (0.088% versus 0.087%).

- It is very difficult to improve solutions given by M1_T'and M2 _T", for the 23

demand plans and for the average stepped function. Indeed, ranges of gap values for

M1 _T'and M2 _T are [0.006%, 0.162%] and [0.004%, 0.144%] respectively.

Accordingly, solutions are very close to optimal solutions.

- Solutions given by M1_I" for the demand plans #3, #10, #19, #22 and #23 in case of

stepped function are acceptable for us because their values are at less than 5% of the

best bound. Similarly, solutions given by M2 _T" for the demand plans #10, #19 and

#22 are also acceptable.

- Obviously, solutions not commented in the above point are susceptible of
improvement in future researches. Our proposal is based on using others resolution
procedures, such as GRASP-LP. Accordingly, first the MMSP_I'(forced) version will
be solved through a GRASP and, then, we will use LP in order to reduce the work
overload, the activity factor and the cost, allowing the free interruption of operations

(MMSP _I'(free) version).
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On the other hand, in order to quantify the effect of the new considerations (the idle
time and the flexible and non-synchronous activation of operators) the obtained results
are assessed in terms of work overload and idle time (table 5).

Table 5. Work overload values, W , and idle time, U , given by M1_T and M2_T models, for each

S

demand plan, ¢cE, and considering the stepped function &° and its linear function &° for

establishing limits of work pace factor of operators.

Work overload: W Idle time: U
o @ a s
& M1 T M2 T M1 T M2_ T M1 T M2_ T M1 T M2 T
#1 28.0 90.0 0.0 0.0 185804.0 185705.0 185695.4 185689.4
#2 117.0 105.0 0.0 0.0 185911.0 185894.0 185890.4 185907.4
#3 23.0 47.0 0.0 0.0 186043.0 186075.0 186064.4 186043.4
#4 101.0 95.0 0.0 0.0 185760.0 185724.0 185711.6 185724.0
#5 223.0 182.0 0.0 0.0 186369.0 186323.0 186203.8 186218.4
#6 162.0 167.0 0.0 0.0 185819.0 185921.0 185902.5 185862.4
#7 124.0 134.0 0.0 0.0 186426.0 186387.0 186380.2 186350.2
#8 100.0 77.0 0.0 0.0 185662.0 185626.0 185684.5 185674.2
#9 270.0 273.0 0.0 0.0 186117.0 186124.0 186051.5 186025.3
#10 459.0 460.0 0.0 0.0 186810.0 186836.0 186915.8 186918.6
#11 61.0 38.0 0.0 0.0 185526.0 185514.0 185617.7 185619.8
#12 110.0 100.0 0.0 0.0 185807.0 185817.0 185844.3 185886.4
#13 118.0 129.0 0.0 0.0 185759.0 185852.0 185787.8 185797.5
#14  86.0 158.0 0.0 0.0 186041.0 186059.0 185948.4 185950.5
#15 103.0 123.0 0.0 0.0 185997.0 186049.0 186032.5 186031.6
#16  98.0 45.0 0.0 0.0 185722.0 185811.0 185773.6 185764.5
#17 128.0 135.0 0.0 0.0 186044.0 186048.0 186081.6 186088.4
#18 250.0 250.0 0.0 0.0 186045.0 185962.0 185959.6 185994.6
#19 247.0 249.0 0.0 0.0 186576.0 186544.0 186613.4 186601.8
#20 35.0 61.0 0.0 0.0 185706.0 185632.0 185591.4 185601.4
#21 199.0 195.0 0.0 0.0 185945.0 185960.0 185901.4 185906.3
#22  286.0 297.0 0.0 0.0 186643.0 186660.0 186638.5 186639.6
#23 13.0 57.0 0.0 0.0 185632.0 185606.0 185668.4 185653.4

The results show how models cannot eliminate the work overload completely when the

maximum allowed activation is in line with the stepped function. However, when

operators can work freely with an activity factor between 1.0 and 1.0333 (¢, =1.0 and

a, = 1.033) throughout all workday, the work overload is null. Regarding idle time,

both bounded functions for the activity factor offer similar values. Indeed, the
maximum difference between the idle time given by considering one or the other

bounded function for the activity factor, is 165.2s (M1_T", demand plan #5).
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When the maximum activity follows the stepped function, model with absolute start
instants, M1 _T", gets slightly better results than model with relative start instants,

M2 T (i.e. M1_T achieves better work overload values in 14 of all 23 demand plans
and it ties in plan #18). Despite this, we cannot state any conclusion about it, because
the average difference between the values of work overload from both models is
negligible (5.48 seconds in favor of the M1 _T" model).

Finally, taking into account solutions from reference models (shown in tables 12 and 13
of Appendix): (1) models without both activity increase and idle time penalization,

M3uU4 and M4 U3 (Bautista et al., 2012b); and (2) models with pre-fixed activation
profiles but without idle time penalization, M3U4_al and M4U3_al (Bautista et
al., 2015a), we can determine the following:

(1) the work overload reduction (given as a fraction of unity) achieved by models
with activation (M3u4_al , M4u3_aol, M1_T and M2_T')in
comparison with the work overload values given by original reference
models (M3uU 4 and M4 U 3) without activation of operators (table 6);

(i1) the increase of idle time that supposes the activation of operators in the

M3u4 al, M4u3 _al, M1 T and M2 T models, versus the non-

activation of M3uU4 and M4 U3 models. In this way, we can denote the
positive effect of activating operators freeform but controlled, and the effect

of considering the idle time in the optimization (table 6).
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Table 6. Work overload reduction (AW/W) and idle time increase (AU/U) given by M3uw4_al and
M1_T versus M3u4 (M), and M4U3_al and M2_T versus M4uU3 (). V.gr. plan #5 and
a° stepped function: AW /W = Wyy5 4 ~Wiy1 )Wy a4 = (709 —223)/709 = 0.69.

AW /W AU/U
M3u4_dl M4uU3_dl M1 T M2 T M(:)_al M(:) T
¢ a as a® as a® as a® as a® as a6
#1100 .00 1.00 100 091 .00 071 1.00 -0.13 -0.14  -0.00
# 096 1.00 097 100 0.73 .00 075 1.00 -0.13 -0.14  -0.00
#3100 .00 1.00 100  0.95 .00 091 1.00 -0.13 -0.14  -0.00
#4100 .00 1.00 100  0.75 .00 078 1.00 -0.13 -0.14  -0.00
#5  0.74 1.00 071 100  0.69 .00 077 1.00 -0.13 -0.14  -0.00
#6083 1.00 084 100 0.70 1.00  0.68 1.00 -0.13 -0.14  -0.00
#7085 1.00 087 100 0.84 .00 0.83 1.00 -0.13 -0.14  -0.00
#8 100 .00 1.00 100 0.6l .00 0.67 1.00 -0.13 -0.14  -0.00
#9  0.75 .00 071 100  0.67 .00 0.67 1.00 -0.13 -0.14  -0.00
#10  0.62 .00 062 100 0.62 .00 062 1.00 -0.13 -0.13  -0.00
#11  1.00 .00 1.00 100 0.64 1.00 078 1.00 -0.13 -0.14  -0.00
#12 0.98 .00 1.00 100 0.70 .00 073 1.00 -0.13 -0.14  -0.00
#13  0.93 .00 095 100 0.74 .00 067 1.00 -0.13 -0.14  -0.00
#14  0.89 1.00 091 100 0.83 .00 0.69 1.00 -0.13 -0.14  -0.00
#15 095 .00 098 100 0.1 .00 075 1.00 -0.13 -0.14  -0.00
#16  1.00 .00 098 1.00 0.71 1.00 086 1.00 -0.13 -0.14  -0.00
#17  0.92 .00 090 100 0.77 1.00 074 1.00 -0.13 -0.14  -0.00
#18  0.66 .00 070 100  0.63 .00 0.62 1.00 -0.13 -0.14  -0.00
#19  0.74 .00 075 100 0.74 .00 074 1.00 -0.13 -0.13  -0.00
#0  1.00 .00 1.00 100 0.84 1.00 074 1.00 -0.13 -0.14  -0.00
#1  0.86 1.00 085 100 0.70 .00 071 1.00 -0.13 -0.14  -0.00
#2072 .00 070 1.00  0.72 .00 070 1.00 -0.13 -0.13  -0.00
#3  1.00 .00 1.00 100 093 .00 070 1.00 -0.13 -0.14  -0.00
Avg. 0.89 1.00 089 100 0.75 .00 073  1.00 -0.13 -0.14 -0.0009

From Table 6, we can comment on the following observations:

When the maximum activity factor is fixed in accordance with the stepped

function, reference models, M3Uw4_al and M4U3_al , get a greater

reduction in work overload than M1_I' and M2 _T". Specifically, reference

models with fixed activity profile reduce the work overload by 89% on average,

while reduction from the proposed models is by 75 - 73%, on average.

When activity factor follows a linear function with value equal to the average

activation of the stepped function, all models are able to complete all required

work.
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e On the other hand, reference models, M3U4 _al and M4U3_al , get worse
values for the idle time than reference models without activation. Indeed, a pre-
fixed activation profile increases the idle time by 13 — 14% on average.
However, when the activation is flexible between an upper and lower limit, this
increase does not exceed the 0.2% in any case.

e The variation in the product mix has an insignificant effect on the new models.
However, models with fixed activation (M3uw4_al and M4U3_al ) achieve
lower reduction of work overload when the presence of engines for trucks is
minority (demand plans #5, #9, #10, #18, and #22).

It is important to highlight the low average activation required by sequences given by
M1_T and M2_TI models. Specifically, the average activation of the assembly line
given by all sequences from the new models does not exceed under any case the 0.15%.
This does not occur with reference models, M3uw4 _al and M4 U3 _al , where the
average activity is 3.33% in all cases. Therefore, we can say that new models encourage

the non-increase of idle time.

4.3. Comparative analysis of gains for company

Once it has been checked that new models may generate gains for company, as
compared to the original sequencing models (M3U4 and M4uU3), we calculate next

the magnitude of these gains in terms of costs by both production loss (I}, ) and idle
time (I}, ). In this way, we can compare the results obtained by the new models with
those obtained with reference models, which present a synchronous activation of
processors. Then, considering the operational costs ( y, = 2.28€/s,

Vo =Ju = 0.0116/ s) and taking as reference the total costs (I’ =T,, + T}, ) from the

models without activation (M3uw4 and M 4 3) we calculate the cost reduction

achieved by models with pre-fixed and free activation (Table 7).
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Table 7. Reduction (fraction of unity) of total operational costs (I' =Ty, +1T}, ) given by M3U4_al and

M1_T versus M3u4 (), and M4U3_al and M2_T versus M4U3 (V). V.gr. plan #10,

¢° linear function: AT/T =(Ty 408 — Tz r)/Twaos = (4836.07 — 2076.87)/4836.07 = 0.571.

Reduction of total operational costs (fraction of unity): AI'/T

M3u4d _al M40U3_al Ml_F M2_T
£ S as aS as aS S aS S
#1 0.152 0.145 0.156 0.150 0.225 0.249 0.178 0.253
#2 0.226 0.233 0.224 0.227 0.238 0.326 0.241 0.320
#3 0.259 0.253 0.271 0.266 0.326 0.343 0.320 0.354
#4 0.224 0.219 0.232 0.226 0.236 0.313 0.248 0.319
#5 0.254 0.363 0.259 0.389 0.300 0.439 0.353 0.461
#6 0.227 0.286 0.222 0.276 0.260 0.372 0.245 0.363
#7 0.327 0.392 0.344 0.401 0.390 0.464 0.394 0.472
#8 0.119 0.113 0.100 0.093 0.134 0.221 0.136 0.203
#9 0.293 0.407 0.277 0.410 0.321 0.477 0.323 0.480
#10 0.299 0.514 0.300 0.514 0.354 0.571 0.353 0.571
#11 0.049 0.042 0.050 0.043 0.102 0.159 0.125 0.160
#12 0.190 0.190 0.201 0.195 0.201 0.288 0.214 0.292
#13 0.219 0.238 0.193 0.203 0.243 0.330 0.199 0.300
#14 0.239 0.273 0.245 0.273 0.299 0.360 0.248 0.360
#15 0.270 0.283 0.260 0.262 0.297 0.369 0.262 0.350
#16 0.179 0.173 0.159 0.160 0.194 0.273 0.224 0.261
#17 0.268 0.294 0.244 0.277 0.291 0.379 0.268 0.363
#18 0.208 0.348 0.220 0.343 0.267 0.426 0.261 0.421
#19 0314 0.445 0.320 0.446 0.377 0.510 0.378 0.512
#20 0.086 0.079 0.104 0.097 0.159 0.191 0.153 0.207
#21 0.290 0.342 0.287 0.349 0.293 0421 0.303 0.427
#22 0.321 0.465 0.307 0.462 0.379 0.528 0.370 0.525
#23 0.072 0.065 0.065 0.058 0.167 0.179 0.121 0.173
Avg. 0.221 0.268 0.219 0.266 0.263 0.356 0.257 0.354
Min. 0.049 0.042 0.050 0.043 0.102 0.159 0.121 0.160
Max. 0.327 0.514 0.344 0.514 0.390 0.571 0.394 0.571

Based on the obtained gains, we can state the following:

e Synchronous activation of operators throughout all workday with ¢° (linear
function) reduces non-productive costs (plan #11: minimum reduction of 4.22%

that means a daily minimum saving of 103.38€/day; i.e. Al'=Ty3,, ~Tys04 w:

2451.76 — 2348.37 =103.38). These savings are mainly due to reduction of
work overload. Indeed, the increase of costs by idle time is offset by the

improvement in cost by production loss.
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e M1 T and M2_T models get slightly better results than reference models,
M3uU4_al and M4U3_al in all cases. Obviously, difference is in cost by
idle time because models proposed in this paper only increase the activity factor
of operators when it is necessary to avoid work overload.

As we can see in Table 7, the new models have similar results to M3uU4 _al and
M4uU3_al models (average saving of 36% versus 27%). However, the activity levels
are not equal. Therefore, if we maintain our idea of economically rewarding the excess
effort of operators when they work with an activity greater than the normal, the
compensation costs should be added to the operational costs. For that purpose, we
calculate the metrics defined in section 3, b-1 and b-2, formulas (22) and (24)
respectively, for each production plan (see tables 14 and 15 in Appendix).

Figure 5 shows the distribution of compensation costs from each model, in accordance

with the two profiles for the maximum work pace and the two defined metrics.

Fig. 5. Box-Plot of compensation costs per day and assembly line.

€/Day
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25
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G' G G' G’ G' G’ G' G

Briefly, tables 8 and 9 show the average, maximum and minimum cost that the
company would have in case of compensating the excess effort of operators of the

assembly line in accordance with the b-1 metric and the b-2 one, respectively.
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Table 8. Daily cost by compensating the excess effort of operators (G* = Zw G,% ). Average, minimum

and maximum values considering all demand plans studied.

Daily cost of the line by compensating the excess effort: G*

M3U4_dd M4U3_dd M1 T M2 T
S as S as S as S as
Avg. 367.50 367.62 367.50 367.62 6.46 8.34 6.37 8.35

Min. 367.50 367.62 367.50 367.62  1.76(#11) 3.88(#11) 1.86(#11) 3.90(#11)
Max. 367.50 367.62 367.50 367.62 10.21(#22) 15.98(#10) 10.27(#22) 16.07(#10)

Table 9. Daily cost per line by compensating the work recovered by operators when they work with an

average activity greater than the normal activity (G2 :Z‘Nka2 ). Average, minimum and maximum

values considering all demand plans studied.

Daily cost of the line by compensating the excess effort: G 2

M3U4_dd M4U3_dd M1 T M2 T
S @S S @S S @S S as
Avg. 272.02 289.38 272.01 289.38 6.34 7.85 6.26 7.85

Min. 271.62 289.29 271.63 289.29  1.72(#11) 3.42(#11) 1.84(#11) 3.44(#11)
Max. 27238 289.46 27239 28946 10.02(#22)  15.34(#10) 10.09(#22) 15.37(#10)

Based on tables 8 and 9, it is worth noting the following points:

e Obviously, reference models, M3U4 and M4uU3, do not mean any
compensation cost because they do not consider the activation of operators.

e Models with a pre-fixed activity profiles, M3uU4_al and M4U3_al,
involve greater costs of workers' compensation in all cases. These models force
all processors of workstations to work with the same activity regardless an
activity greater than the normal is necessary. This leads to a greater effort by
operators even though the activation is not required to reduce the work overload.
In addition, this activation generates idle time.

e The new models, M1_T"and M2 _T', reduce costs of workers' compensation
significantly. With these models, operators only work with an activity above the
normal one when necessary. Indeed, the average activation, considering all
production mixes, does not exceed 0.1%. Furthermore, when maximum activity
follows the stepped function, the new models only activate the five workstations

(k € {9,10,16,17,18}) where work overloads were concentrated in previous works

(see section 5 from Bautista et al., 2012a).
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e Taking into account the M3uw4_al and M4U3_al models and the linear

function, as = 1.033(Vk, Vt), the conditions for the Theorem 1 are met and,
therefore, the theorem is demonstrated (G, > G}).

Finally, taking into account the overall costs (costs by production loss, costs by non-
productive time and costs of workers’ economic compensations) of the assembly line
per each manufacturing sequence, we can conclude that models proposed in this paper
achieves the best results (minimal costs).

Allowing activation inside a minimum and maximum limit favors the reduction of idle
time of the assembly line, as well as reduction of excess effort of operators. Thus, new
models result in a decrease of costs and, therefore, in an increase of savings for
company.

As an example, analyzing the first production plan, #1, we can see how the new models,

M1 T"and M2 _T, get the best results regarding overall costs (see table 10) when the

maximum activity factor is constant and equal to the average value of the stepped

function (approximate cost of 2068 €/day).

Table 10. Plan #1: Work overload, W , useless time, U , cost by production loss Ty, , cost by non-
productive time T}, , compensation costs according to G* and G? metrics, overall costs considering both

compensation metrics T'+G* and T+ G?2.

Model Activity W U Ty Iy G! G2 r+ct +G?2
M3u4 aN 300.0 185550.0 685.7 2061.7 0.0 0.0 2747.4 2747.4
M43 aN 306.0 185556.0 699.4 2061.7 0.0 0.0 2761.2 2761.2
M3u4_al a’ 0.0 209745.0 0.0 2330.5 367.5 2722 2698.0 2602.7
d_s 0.0 211295.5 0.0 2347.7 367.6 2894 27153 2637.1

M4U3 al 4 0.0 2097344 00 23304 3675 272.0 26979  2602.4
d_s 0.0 211295.5 0.0 234777 367.6 2894 27152 2637.1

M1 T a_s 28.0  185804.0 64.0 2064.5 6.0 5.8 2134.4 21343
- as 0.0 185695.4 0.0 2063.3 54 4.9 2068.7 2068.2
M2 T a_s 90.0 185705.0 205.7 2063.4 4.1 4.1 2273.2 2273.2
h as 0.0 185689.4 0.0 2063.2 53 4.9 2068.6 2068.1

Finally, to briefly analyze the effect of operators’ compensation, we calculate the
reduction of overall costs achieved by models with activation, regarding original models
without activation (M3 U 4 and M4 U 3). For that purpose, we consider the possible

compensation metrics. Therefore, considering all demand plans, table 11 shows the
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average and extreme values of overall cost reductions (operational costs and

compensation costs).

Table 11. Overall cost reduction A(T'+G)/(I'+G),G e{Gl,Gz} achieved by M3U4_@l and M1_T
versus M3u4, and M4u3_al and M2_T models versus M4uU3. Negative values mean that

reference models (M3uw4 and M4 3) get better results.

Overall cost reduction: A(+G)/(I'+G),G < (',

M3U4_d M4U3_dl M1 T M2 T

G as @ S as S as S as
Avg. G1 0.11 0.15 0.10 0.15 0.26 0.35 0.26 0.35
Min. Gt -0.10 -0.11 -0.10 -0.11 0.10 0.16 0.12 0.16
Max. Gt 0.24 0.44 0.25 0.44 0.39 0.57 0.39 0.57
Avg. G2 0.14 0.18 0.13 0.18 0.26 0.35 0.26 0.35
Min. G2 -0.06 -0.08 -0.06 -0.07 0.10 0.16 0.12 0.16
Max. G? 0.26 0.45 0.27 0.45 0.39 0.57 0.39 0.57

Results reinforce the performance of the models proposed in this research. Although
both the flexible or forced activation of operators decreases, on average, the overall
costs, new models get more savings. Moreover, in some cases, (plans #8, #11, #20 and
#23) gains obtained by M3uU4_al and M4U3_al models, in terms of work
overload, do not offset extra costs by idle-time increase or by compensation of
activations of operators. Therefore, allowing operators of the assembly line to increase
their work pace when necessary, in order to complete the required work, and within
limits established by law, brings greater profits to the company and maintains the

operators’ working conditions.

4.3. Conditions for the implementations of solutions

To implement a solution that is represented by a manufacturing sequence with its
attributes at all workstation k(k € K) and all cycle t(t =1,.,T), the following conditions
must be fulfilled:

C1. Solution must be legal: the manufacturing sequence must meet the standards
established pursuant to the collective agreement between the employee and the
company. Thus, no operator shall be subject to an activity factor above the
maximum factor legally allowed. This condition should be given in all workstation

k(k € K) and all cycle t(t =1,.,T), throughout the two working shifts. M1_T"and

M2 _T" models meet this condition through the set (6) of constraints.
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C2. Operators must be economically compensated in accordance with their productivity:
we think that it is important to compensate the overexertion of operators when they

work with an activity above the normal established by company. We have two

alternatives, G, and G/, to calculate the compensation of each workstation
k(k € K) of the assembly line.

C3. Operators must be trained for met the requirements from Production Management:

operators shall be aware the activity factor, ¢, , , needed at their workstations and

each manufacturing cycle.
C4. Operators must be kept informed about the rthythm and the progress of production

at their workstations: an operator assigned to workstation k(k € K) shall know at
all manufacturing cycle t(t = 1,.,T) the following main data: (i) the type of product
i(i e 1) that reaches the workstation; (ii) the subset of tasks J(k,t) that makes up

the operation in progress (K, t); (iii) the start instant (s, ,) of the operation in
progress; (iv); the processing time ( p, , ) required to complete the operation in

progress with a normal activity; (v) the time available to carry out the operation in

progress, that coincides with the applied time, V, ,, at activity «, , ; and (vi) tasks

that can remain unfinished whether it is desirable to generate work overload
(W, >0).

In the Nissan-9Eng’s case, we can state the following:

1. Compliance with C1 condition is ensured in Spain and it is a common practice in
the member states of OECD.

2. C2 condition is easy to meet through collective bargaining in member states of
the European Union and other western countries.

3. C3 condition is a common practice in the western automotive industry. In
addition, taking into account that the cycle time for the engines’ assembly line is
3 minutes and one operation is composed, on average, by 6 elemental tasks,
operators have enough time to adapt their activity at each cycle in accordance
with the requirements of Production Management.

4. C4 condition can be easily achieved using technologies of Internet of Things
(IoT) in the context of industry 4.0.
Our proposal consists of applying the industry 4.0 through implanting an

information system. This system will be assisted by wireless connection
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between the central computer from production management and the set of
customized tablets (42 tablets to cover the 21 workstations). Thereby, tablets
will report, visual and acoustically, on the production on progress to each
workstation.

Accordingly, each operator will have all production information at any moment.
Operator will receive through its tablet and for each manufacturing cycle, the
following automatic signals: (i) audible and visual warning that indicates the
beginning of an operation; (ii) accelerated audible and visual warning when the
time available to complete an operation is ending (dynamic takt time), (iii)
visual warning of the dynamic list of pending tasks on a manufacturing cycle,
with the possibility that operator validates the concluded tasks and actualizes the
list of tasks; and (iv) visual warning of the list of tasks that can be ignored by the

operator whenever it is convenient to generate local work overload.

5. Conclusions

We have proposed two equivalent mathematical models for the MMSP-W, the M1_T"
and M2 _T'. Unlike reference models presented in previous works, the new models are

focused on minimizing the operational costs of a production sequence of mixed
products. Specifically, models minimize costs by both production drop (or work
overload) and idle time (or non-productive time) simultaneously. Additionally, models
allow processors of workstations to increase their activity factor in order to complete
more amount of required work in less time. Indeed, operators’ work pace is not
subjected to a specific profile, and it can vary over time and from one workstation to
another within a maximum and minimum limits. These upper and lower limits for the
activity factor of operators are in accordance with the maximum and minimum
performance values allowed in the pertinent collective labor agreement.

Operators’ activation leads to complete more required work and therefore, company
obtains profits. Accordingly, we have provided two metrics to compensate the excess
effort of operators. Obviously, these compensations are in line with the amount of
recovered work and with the average activity of processors. For this reason and with the
objective of reducing the excess effort of operators, the proposed models also consider

the idle time concept. Specifically, the effective work time not used by processors to
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work on any product unit is economically penalized. This favors that operators’
activation is the minimum necessary and therefore the injury risk is reduced.

To assess the new models, a case study linked with the Nissan’s powertrain plant in
Barcelona has been used, such as was used at previous papers (Bautista et al., 2012a,b
and 2015a,b). This allowed us to compare the performance of new models against the

reference ones with pre-fixed profiles for activity (M3 W4 _al and M4U3_al ) and

those without activation (M3 4 and M4 U 3). Thus, we have been able to measure
the effect of new contributions, the incorporation of variable activity factor and the
penalization of idle time, as well as, the impact of both concepts on costs by
unproductive work time, production drop and economic compensation of excess effort
of processors.

Results show how models without activation, M3 4 and M4 U 3, lead to greater
values of work overload but less idle time. Obviously, these models do not suppose any
compensation cost. However, the production sequences given by these reference models
involve higher operational costs because the cost by production drop is greater than the
cost by non-productive time. Thus, we can state that allowing or forcing activation to
processors leads to increasing productivity and therefore, gives rise to an economic
saving for the company.

Regarding reference models with activation profiles, M3uU4 _al and M4U3_al ,
and the new models with bounded activation, M1_TI" and M2_T", although both get

equal values for the completed work when the maximum activity is linear and constant
(work overload equal to 0 in all cases), the firsts involve greater idle time and greater
average activation. Therefore, the cost by operators’ compensations and the costs by
idle time are higher and sometimes, costs are not offset by the work overload reduction.
In short, models proposed in this paper reduce costs by production drop, idle time and
operators’ compensation, simultaneously. Thus, new models obtain the lower overall
costs of the production sequences. Indeed, in terms of average values, M1_TI" and

M2 _T models achieve an approximate reduction by 26% of overall costs in regard
with the M3uU4 and M 40U 3 models, when the maximum activity factor only is
greater than the normal throughout a third of workday (stepped function); and by 35%
when the maximum activation is linear and constant throughout all workday. This
supposes savings greater than 250 €/day in the worst case, reaching even 2759 €/day for

the demand plan number #10. Similarly, the M1_T"and M2 _T reduce costs from
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M3u4_cal and M4U3_al by 14% and 21% on average, considering the minimum

compensation (G?).

Furthermore, results have also allowed us for observing the following: (i) the economic
compensation obtained from the average activity level of processors is more likely to
favor operators, while compensation obtained from recovered work time, favors to
company; and (ii) models with activation must reduce the work overload such a way as
to offset the extra costs by both compensation of activation and increase of idle time.
Logically, reference models, M3 w4 _al and M4 U3 _al , require more amount of
recovered work to bring profits to the company, favoring the excess effort of operators.
Indeed, solutions from M3 U 4 and M 4 U 3 for some production plans involve less
work overload, and therefore, forcing the activation of operators leads to greater costs.

However, this does not occur when a free but bounded activation is allowed. M1_TI" and
M2 _T models require a negligible minimum reduction of work overload.
Accordingly, it is clearly shown that M1_T" and M2_T" models bring more profits to

the company and operators simultaneously, because company can compensate their
workers and still get profits from the initial situation.

However, although we have obtained good results from the new models through MILP,
in future works we want to develop the following lines: (L1) design and implementation
of new procedures to solve the MMSP _T", such as GRASP and GRASP-LP; (L2)

design an d explorations of new models and procedures for the MMSP _T" with the bi-

objective of maximizing productivity and minimizing operators’ activation.
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Appendix 1

Table 12. Work overload values (W) for all the demand plans (¢ € E) given by the reference models,

M3U4 , M4U3 , M3u4_al(a®), Mau3_alla®), M3u4_dl(o’zsj and M4u3_dl(o’zs).

Values with the symbol “*’ are optimal solutions.

Work overload for all the demand plans: W

Normal activity: a" Stepped function (& S ) Linear function (¢° )
& M3u4 M4uU3 M3u4d4d ol M4U3 ol M3ud al M4uU3 o
#1 300.0 306.0 0.0* 0.0* 0.0* 0.0~*
#2 437.0 426.0 17.0 12.0 0.0* 0.0*
#3 473.0 496.0 0.0* 0.0* 0.0* 0.0*
#4 412.0 424.0 0.0* 0.0~* 0.0* 0.0~*
#5 709.0 776.0 182.0 225.0 0.0* 0.0*
#6 536.0 515.0 93.0 84.0 0.0* 0.0~*
#7 785.0 810.0 116.0 105.0 0.0* 0.0*
#8 256.0 231.0 0.0* 0.0~* 0.0* 0.0~*
#9 827.0 837.0 204.0 239.0 0.0* 0.0*
#10 1208.0 * 1208.0 * 459.0 458.0 0.0* 0.0~*
#11 171.0 172.0 0.0* 0.0* 0.0* 0.0*
#12 366.0 374.0 7.0 0.0~* 0.0~* 0.0~*
#13 446.0 387.0 33.0 21.0 0.0* 0.0*
#14 510.0 509.0 55.0 46.0 0.0* 0.0*
#15 530.0 489.0 27.0 10.0 0.0* 0.0*
#16 340.0 320.0 0.0* 8.0 0.0* 0.0~*
#17 552.0 517.0 46.0 53.0 0.0* 0.0*
#18 672.0 659.0 228.0 198.0 0.0~* 0.0*
#19 945.0 * 951.0 249.0 242.0 0.0* 0.0*
#20 214.0 236.0 0.0* 0.0~* 0.0* 0.0~*
#21 657.0 673.0 89.0 104.0 0.0* 0.0*
#22 1014.0 1004.0 282.0 301.0 0.0~* 0.0~*

#23 197.0 189.0 0.0* 0.0* 0.0* 0.0*
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Table 13. Useless time (U) for all the demand plans (s € E) given by the reference models, M3U 4,
M4U3, M3u4_alla®), Maus_al(a®), M3u4_dl(d_5) and M4u3_dl(d_sj. Values with

the symbol “*’ are optimal solutions.

Useless time for all the demand plans: U

Normal activity: o Stepped function (& s ) Linear function (¢° )
& M3u4 M4uU3 M3ud ol M4U3 ol M3Uu4d al M4U3 al
#1 185550.0 185556.0 209744.96 209734.4 211295.5 211295.5
#2 185737.0 185726.0 209798.34 209773.8 2113439 211343.9
#3 185883.0 185906.0 209884.65 209878.6 211450.4 211450.4
#4 185582.0 185594.0 209675.91 209657.7 211218.0 211218.0
#5 186004.0 186071.0 209986.29 210019.5 211339.0 211339.0
#6 185701.0 185680.0 209744.85 209721.2 211213.2 2112132
#7 186190.0 186215.0 210022.12 210012.5 211445.5 211445.5
#8 185561.0 185536.0 209774.39 209820.1 211348.8 211348.8
#9 185882.0 185892.0 209705.00 209740.7 211106.6 211106.6
#10 186743.0 186743.0 210472.36 210470.9 211571.3 211571.3
#11 185481.0 185482.0 209770.15 209771.8 211353.7 211353.7
#12 185676.0 185684.0 209830.99 209786.1 211353.6 211353.6
#13 185689.0 185630.0 209774.70 209743.2 211288.7 211288.7
#14 185778.0 185777.0 209798.70 209804.4 211312.9 211312.9
#15 185865.0 185824.0 209833.17 209824.9 211377.8 211377.8
#16 185615.0 185595.0 209745.50 209748.9 211319.7 211319.7
#17 185877.0 185842.0 209840.83 209873.6 211368.1 211368.1
#18 185807.0 185794.0 209833.58 209810.3 211184.1 211184.1
#19 186430.0 186436.0 210204.63 210205.9 211523.0 211523.0
#20 185469.0 185491.0 209734.52 209749.8 211300.4 211300.4
#21 185742.0 185758.0 209625.27 209648.5 211135.7 211135.7
#22 186469.0 186459.0 210238.12 210259.3 211493.9 211493.9

#23 185532.0 185524.0 209825.84 209810.3 211377.8 211377.8
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Table 14. Daily cost by compensating the excess effort of operators working with an average activity
greater than the normal activity (G' = ‘kKlei ) given by the models: M3uU 4 _al , M4U3_al,

M1 T and M2_T.

Daily cost of the line by compensating the excess effort: G

M3uU4 _d M4U3 4l M1 T M2 T
£ a’ as a’ oS a’ as a’ as
#1 367.50 367.62 367.50 367.62 5.96 5.40 4.11 5.34
# 367.50 367.62 367.50 367.62 5.59 7.05 5.62 7.25
#3 367.50 367.62 367.50 367.62 7.01 7.80 7.09 7.56
#4 367.50 367.62 367.50 367.62 5.47 6.47 5.14 6.60
#5 367.50 367.62 367.50 367.62 9.65 10.61 9.61 10.82
4#6 367.50 367.62 367.50 367.62 5.53 8.64 6.62 8.13
#7 367.50 367.62 367.50 367.62 10.19 1131 9.58 11.09
48 367.50 367.62 367.50 367.62 291 4.68 276 4.56
4#9 367.50 367.62 367.50 367.62 8.96 11.57 9.01 11.19
#10 367.50 367.62 367.50 367.62 9.19 15.98 9.52 16.07
#11 367.50 367.62 367.50 367.62 1.76 3.88 1.86 3.90
#12 367.50 367.62 367.50 367.62 4.45 6.43 4.63 6.90
#13 367.50 367.62 367.50 367.62 4.45 6.53 5.40 6.62
#14 367.50 367.62 367.50 367.62 7.79 8.03 721 8.08
#15 367.50 367.62 367.50 367.62 6.40 8.21 6.74 8.26
#16 367.50 367.62 367.50 367.62 3.93 6.00 5.52 5.89
#17 367.50 367.62 367.50 367.62 6.75 8.94 6.66 8.99
#18 367.50 367.62 367.50 367.62 7.43 9.61 6.47 9.99
#19 367.50 367.62 367.50 367.62 9.53 13.16 9.15 13.06
#20 367.50 367.62 367.50 367.62 4.67 4.19 3.53 4.30
#1 367.50 367.62 367.50 367.62 7.44 9.48 7.67 9.56
#22 367.50 367.62 367.50 367.62 1021 13.67 1027 1378
#23 367.50 367.62 367.50 367.62 3.24 4.19 2.43 4.00
Ave. 36750 367.62 367.50 367.62 6.46 8.34 6.37 8.35
Min.  367.50 367.62 367.50 367.62 1.76 3.88 1.86 3.90

Max. 367.50 367.62 367.50 367.62 10.21 15.98 10.27 16.07
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Table 15. Daily cost by compensating the recovered work by operators working with an average activity
greater than the normal activity (G? = ZLK:LGKZ )given by the models: M3uw4_al , M4U3_al,

M1 T'and M2 _T.

Daily cost of the line by compensating the excess effort: G°
M3u4 _al M4u3_dal M1 T M2 T

.S . - S . .S . - S .
g a aS a CXS a aS a aS

#1 272,17 28939  272.05  289.39 5.84 4.95 4.06 4.88
#2 272.01 289.38  271.80  289.38 5.49 6.56 5.43 6.75
#3 27194 28934  271.87  289.34 6.78 7.27 6.87 7.04
#4 27229 28942  272.09  289.42 543 6.02 5.10 6.16
#5 27233  289.38 27222  289.38 9.46 10.10  9.40 10.26
#6 272.08 28942 271091 289.42 5.47 8.19 6.54 7.75
#1 27223  289.34 27225  289.34 9.97 10.84  9.42 10.50
#8 271.88 28938 27239  289.38 2.86 4.22 2.71 4.10
#9 271.62  289.46  271.63  289.46 8.80 11.07  8.84 10.78
#10 27198 28929 27198  289.29 9.07 1534 934 15.37
#11 271.78  289.37  271.80  289.37 1.72 342 1.84 3.44
#12 27238  289.37 27196  289.37 4.30 5.94 4.52 6.40
#13 272.21 289.40 27199  289.40 4.42 6.05 5.33 6.16
#14 27195 28939 27212  289.39 7.63 7.56 7.03 7.58
#15 27190 28936  272.00  289.36 6.21 7.75 6.57 7.74
#16 271.89  289.39  271.84  289.39 3.88 5.54 5.46 5.44
#17 271.89 28937 27217  289.37 6.57 8.41 6.53 8.48
#18 271.90 28943 27197 28943 7.33 9.16 6.41 9.55
#19 27190  289.31 27199  289.31 9.38 12.54  9.00 12.41
#20 271.99  289.39  272.16  289.39 4.62 3.74 3.51 3.85
#21 271.68 28945  271.77  289.45 7.34 9.07 7.56 9.13
#22 272.23 28932 27226 28932 10.02 13.15 10.09 13.16
#23 272,12 28936 27195  289.36 3.16 3.70 2.38 3.54

Avg. 27202 28938  272.01 289.38 6.34 7.85 6.26 7.85
Min. 271.62  289.29  271.63  289.29 1.72 3.42 1.84 3.44
Max. 27238 28946 27239 28946 1002 1534 10.09 15.37




