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Productivity improvement, considering legal
conditions and Just In Time principles in the
mixed-model Sequencing problem

Bautista J, Alfaro-Pozo R, Batalla-Garcia C

Abstract A new mathematical model to solve the Mixed-Mode&qg&encing
Problem with Work overload minimization is formwddt The model incorporates
productive, social and legal aspects in order toartbe theory problem closer to
the actual industrial environments. Specificalhgre are considered the variation
of work pace of workers throughout the workdayrtoréase the completed work;
the conditions of occupancy level of workers immbsby the collective
agreements; and the idea of keeping constant tbduption mix through the
sequence leading both to a balance between th&edguorkloads at stations and
regular consumption of components. Indeed, by meérss case study linked to
Nissan, a gain of over 98% is achieved in termsegfilar cumulative production
and required work, while performing the 100% ofuiegd work and following
legal restrictions of operators’ saturation.
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1 Introduction

The flexible assembly systems, such as the MixediéloAssembly Lines
(MMALSs), are characterized by the manufacturing of a Iseft products types.
Althought products are from the same family, thegymequire different material
consumption and resource use, such as differenepsing times of operations.
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In the MMALS the product units are moved from one workstatmthe next by
means of a conveyor system with a constant speathdfmore, all products keep
the same distance between them so that each wioksteas the same time (at
normal activity) to perform its workload. This timeamed cycle time,, may be
smaller o larger than the processing time of opmratdepending of the product
type and therefore the station may be under orloaged. For this reason, it is
necessary to sequence the units of the demanduyiiathe aim of minimizing the
unproductive time or the work overload of the line.

In this work, the Mixed-Model Sequencing Problenstisdied, considering the
general optimization criteria proposed by Boysef0&): (1) to minimize the
work overload or uncompleted work; and (2) to eyedistribute the material
requirements on planning horizon. This variant atexdudes working conditions
for human resources working on the stations in $esfroccupancy and activity.

Specifically, it is proposed and evaluated a newheraatical model for the
Mixed-Model Sequencing Problem with Work Overloathivhisation MMSP-W)
with serial workstations, with variable activity evork pace of workers, with
saturation limitations and with regularity of curative production. The model is

an extension of thé’I 403_dl _n model proposed by Bautista et al. (2015).

2 The sequencing of mixed-model in JIT systems

Since the success of Japanese companies afterrigie of the seventies,
production systems known as Just In Tirdid), whose origin is in Toyota, have
boomed spectacularly. Indeed, th& philosophy, also called Douki SeisdbS)
by Nissan, governs most of actual flexible produtsystems witthMALS.

This production philosophy translates into a systhat produces just what is
needed, when is needed, with excellent quality witldout wasting the resources
of the system. Therefore, one of its general ppilesi is to keep as regular as
possible the consumption rates of components istations. Principle that also
promotes the balance of workloads required to thigosis (Pinedo, 2009).

Hence, to satisfy the industrial need of keepingcasstant as possible the
component consumptions, we use the properties fraintaining the production

mix over the manufacturing of products (Bautisteaaket 2012). LetXEt be the

number of units of product typell , of a total oft units that should ideally be
manufactured to maintain the production mix:

Xﬂ:%[ﬂ (=1..)ijt=1...7) (1.1)

Cumulative production, which must be integer, canifmited between closest
values tothe ideal cumulative production that nairg the production mix.
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Specifically, whent units have been sequenced, the cumulative produofio
product types is limited to the proportion of edagpe in the production plan.
Thereby, the production mix will be kept throughdhe sequence as far as
possible and both the component consumption anét vequired will be regular.
Thus, theMMSP-W will be in line with another classic problem dkliature, such
as the Product Rate VariatioRRV) proposed by Miltenburg (1989).

3 The MMSP-W with Labor Conditions and Production Mix
Restrictions

From the MaD 3 _al _n , (Bautista et al., 2015), and tﬂ\éA'D 3_pnr (Alfaro,
2015) models, a new model to improved both progitgtand working conditions
is proposed. This model incorporates limitationgalelished by collective
agreements on the level of occupation or saturationperators; the chance to
complete more required work by increasing the #gtifactor of operators; and
the cumulative production limitation to keep protioic mix along the sequence.
The parameters and variablesd#4 0 3_pmr _al _n are the following:

Parameters

K Set of workstations, arranged in series, that makete line(k :l...,|K|) .
b, Number of homogeneous processors at workst k (k :1...,|K|) .

| Set of product types that must be manufacturetigrine ( =1....[1]) .

d;  Programmed demand of the product type=1....|1]) .

ik Processing time (at normal activity) required by amit of a product typé ( =l‘..,|l|) at

workstationk (k =l...,|K|) for each homogeneous processor.

T Total demand. ObvioustZ‘iTz‘ldi =T.

t  Position index in the sequendge=1...,T) .

¢ Cycle time. Normal time assigned to each homogempoacessor in the workstations
(k=1...|K|) to process any product unit.

I, Temporal window. Maximum time that each homogenewosessor of workstatiok
(k= l..‘,|K|) is allowed to work on any unit of product; once ttycle has been completed,

the maximum time that a unit of product can beinein stationk is I, —¢>0.

@y Dynamic factor of the work pace or activity assteiawith thet™ operation of the product
sequenceft=1...,T) at the workstatiok (k=1....,|K|).




d; Dynamic factor of the work pace or activity asstedawith periodt (t=1....T +|K| -1) of
the extended workday. This extended workday indudie manufacturing cycles (to
demand) aan| -1 additional cycles, which are required to complégtequired work k

the production units in all the workstatiordote that if we associate the same dyn:
factor with each moment of the workday in all ofethvorkstations, we will have:

digr = Grg-y k=1 K[ t=1..T).
Neeq Allowable average saturation by the processorsoh evorkstation(k = 1,| K|) .

Neax Allowable maximum saturation by the processorsamheworkstation(k =l..‘,|K|) .

Variables

Xt Binary variable equal to 1 if the product unif =l...,|l|) is assigned to the positidn
t=1...,T) of the sequence and O otherwise.

§.; Relative start instant. Positive difference betwtenstart instant and the earliest start
instant of thet™ operation at workstatiok (k =1...|K|) . It is fulfilled

St = [Sk,t ~(t+k- 2)C]+

Vit Processing time applied by each homogeneous prarcggsiormal activity) to the!”
product unit sequenced in the workstakai =1,...|K|) .

Vit Processing time reduced by the dynamic factoctiity &, . It is established that
Vier = Ay Dy (k=1 |K[;t=1...T).

W: Work overload measured in units of time (at norawiivity) generated by thé" product

-

unit sequenced in each homogeneous processor wiitkstatiork (k=l...,|K|) .

And the mathematical modé&#,40 3 _pmr_dl 7, is the following:

min W= ZLK:ll(bk Zthlwk,t) = maxV = Zt(:ll(bk Zthlvk,t) 1.3)
YT % =d (=2...)1) (1.4)
X, =1 (t=1..7) (1.5)
Vi HWiee = X0 P O (k=l...|K|1=l...,T) (1.6)
Grakr iy ~Vi =0 (k=1 |K|t=1...T) (1.7)
ST Gyt < BT (k=1...JK|) (1.8)
G S8 (k=1 |K|t=1...T) (1.9)
zl:xirz{ﬂ[ﬂJ (=1 i|t=2...7) (1.10)
r=1 T
T x ,s[%[t—‘ (=2.]it=2...7) (L.11)
=1
Ser 2 8ia +Vpa —C k=1..|k[t=2...7T) (1.12)




S 2 S Vi —C (k=2 |K|t=1...7) (1.13)
S i <l (k=1..[K|t=1...7) (1.14)
S Vit Vi e Wi 20 (k=1..[K|t=1...7) (1.15)
% {01} (=1.]1t=1....7) (1.16)
8220 (1.17)

The objective function (1.3) denotes the equivadeletween the minimization
of the total dynamic work overload\() and the maximization of the total
completed work ¥ ). The sets (1.4) and (1.5) make sure the satisfadif the
demand plan and the assigment of each productdgoosition of the sequence.
The set (1.6) establishes the relationship betwhenrequired processing time,
P,k » the applied processing time at normal work pgcg, and the work overload

generated at workstationsy, ;, considering the same work pace factor for all

workstations. The set (1.7) reduces the procedgings, Vi, by the work pace
factor, a,. Constraints (1.8) and (1.9) limit the average amakimum saturation

values of processors. The sets (1.10) and (l.l1gplake the cumulative
productions by product types to preserve the pridluanix. The sets (1.12)-
(1.14) determine the relative start instants of dperations at workstations.
Constraints (1.15) and (1.16) establish the noratieity and binarity of the
variables and (1.17) fix the start instant of tipemtions.

4 Computational Experience

To assess the impact of production mix restrictionsthe MMSP-W when the
saturation limitations and activation of processars considered, a case study
linked to the engine assembly line of Nissan ind8krna is used. Specifically, a
production plan corresponding with a total dailyr@dad of 270 engines, which
are grouped into 9 types depending on the typeebfcle: 4x4, vans and trucks.
The line has|K|=21 workstations, with a cycle time of =17%and a time
window? of |, =195 by station and processor

Besides, taking into account the collective agragré Nissan it is possible to

set the allowable values for the saturation levelsch as/.,, =120 and
NMred = 095; and the values for the minimyay', = 090) , normal (aﬁ‘k =100 and

maximum(a'Ek =120 work pace factor allowed by the company.

2Maximum time that a unit may be retainedfor a wtaien.
3Team of two workers with identical skills and taols



The above together with the relationship betweendperators’ performance
and their level of activation has allowed us toimefthree functions for the
dynamic work pace factor (stepped, triangular anagiezoidal) (Bautista et al.,
2015). Figure 1 shows the stepped function forsthdy case in question.
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Fig. 1 Stepped function for the work pace factar> , considering the case study from Nissan.

The M403_pmr_al _npmodel was running in the Gurobi v4.6.1 solver, on a

Apple Macintosh iMac computer with an Intel Cor@.93 GHz processor and 8
GB of RAM using MAC OS X 10.6.7., limiting the CPtwne to 2 hours.

Once the results have been obtained, these werpareth with the results
given by: theM 403 model that does not consider activation nor stituranor
regular production; theM4[ 3 _pmr model that only considers the regular
production; theM 403 _adl model that considers the variable work pace factor
the M40 3_n model with saturation constraints; and te40 3 _dl 7 model
that is a combination between the above two.Therkeisypossible to evaluate the
influence of the labor conditions and the regulardpiction constraints within the
MMSP-W. To do this,the following indicatorsare defined:

_W(Swans) ~¥(Sy a1z prr)

RPD, = T 100 (pow) (1.18)

RPD, = ¥ (S @3;;%(22)‘“3‘“ ®) 100 (pow;f o) (1.19)

RPD, = YiSy @;z;aw;?)a 2.0 5o (yow) (1.20)

RPD, _ Y “DS);QD?ZS”‘””) 100 (pOw;fOD) (1.21)
RPD; = ¥ w) _ﬁ:g E;p“f"" ©0) 00 (yow;foD) (1.22)
RPD; = VS wga110) W (Sw s ow 1) 19 (wow;foo) (1.23)

w(sy o3 d(f)n)



WhereW :{W,AQ(X),AQ(P)} is the set of functions evaluated for each sotutio
obtained by a specific model; ; andd={a°5,a",4%} is the set of functions for
the dynamic work pace factor.

Table 1 Comparison between the work overload valuggs), obtained with the proposed
model, M40 3_pmr _dl _n, and those obtained with the reference models fitenature.

M403_dl M4O3 d _n  MAO3_pmr_dl 7
M403 M403 por —————— M403

=P as, da’, a* ad as a" a? @S a  d?
187 186 0 12315 4602 798 4669 839 O

Table 2 Relative percentage deviations (%) of work overlq@@t) and non-regularity of both
cumulative productionag (X)) and required workAq(P)) .

RPD, RPD, RPD RPD,
¢O¥ RPD— = RPD,
as &' d? as &' &t as d" & dSda’ @

z

W 0.5 100 100 100 -6485.€360.8-325.7 100 -2396.7348.7100 -1.5 -5.4 0.0
Aq(X) 97.7 145 31.2 434 274 -83.5 -213.836.7 97.797.7 97.7 98.899.3 98.3
W 964 -61.8-75.4 -56.8 -19.5 -193.3-467.5224.9 95.495.7 96.3 98.499.2 98.9

Tables 1 and 2 show the results. First, Table leratthe overall work
overloads values are collected, clearly shows thgative effect of saturation
limitations on the work overload. Indeed, when #dauration constraints are
added into the model the work overload considerahbrease (18¥ versus
1231%). However, when the activity factor is increased %133% (stepped
function), 5% (triangular function) and 6.66% (teapidal function), on average,
the work overload is reduced. The incorporatiomegfularity does not produce an
important increase of work overload.

On the other hand, Table 2 shows the relative p¢aige deviations in regard
with the work overload, the cumulative productioiscdepancy (1.24) and the
required work discrepancy (1.25).

AQ(x)=§E(xm -x1f = ilz[(i xiv,)—(t B‘i—ﬂz (1.24)

t=li=1 t=1i=1| \r=1
T K T ] ?
AQ(P) = tglkz:l(Pk,t - PkD,t )2 = EE‘HWE pi,k(rzzlxi,rj] _(t [‘t%é P [ ]:l (1.25)

The incorporation of restrictions to regulate thieduction mix improved the
regularityof sequences in terms of cumulative potidn and work required to the
line by more than 95%,. This gain in regularityseffs the overload increase of



M4O3 pmr_al _n model in regard with M40 3 _dl 77 model, with values
of 1.5% and 5.4%, when the stepped or triangulactfan are considered.

5 Conclusions

Simultaneous integration JfT concepts and human resources aspects has led to
M40O3 pmr_al _n model. This model, in addition to complying witaghl

provisions, contained in the collective agreemeotsthe level of occupancy of
the workers, can eliminate the work overload byeéasing the factor of normal
activity of the workers at certain moments of theiorking day. This makes
possible to respect working conditions without coompising the line
productivity. Moreover, the properties of maintaigiconstant the production mix
favour the decrease of non-regularity of cumulapiveduction and required work
and therefore the regular comsumption of comporisritssoured.

Specifically, with an average increase of 6.66%afmal activity, the overall
work overload is completely eliminated while thetusation conditions are
satisfayed. In addition, the regularity of cumulatproduction and required work
improve by 98.3% and 98.9% respectively the sotutfiven by the reference
model M403 a -,

In future research the gains will be economicallgleated in order to verify if
the gains in regularity are compensated with tlss o completed work when the

.S . 2T . .
steppedd ", or triangular,? , functions are considered.
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