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1 Preliminaries

Flexibility is the paradigm othe vast majority of theurrent production systems.
Today production systems must be ablenemufature different versions of a product
without physical changest modules or workstatiorend with negligible setup times
between differentype consecutive unit§urthermore they must respond quicklyo
any variation in the production plaRor this reasoffilexibility is what makes itm-
portant the sequencing problem.

This flexibility is crucial at many manufacturing sectors, such as the Automotive,
where production is carried on mixetbdel assembly lineand the product mix
changes frequently. This leads to the two main problems oftythes of assembly
lines: the balancing problem and the sequencing problem.

Balancing problem appears in first place and it consists of assigning efficiently the
set of assembly tasks for a product into the set of workstations arranged in series. The
resuting lineOs configuration must meabe coherent order of taskand the set of
restrictions linked with the tasttributes, such as the processing time, the required
space and the involved rigk].

Once the line is configured and tdemandplan is defined, the sequencing Ipro
lem appearsThis problem focusesn determiningthe manufacturing order qfrod-
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ucts according talifferent criteria,such as the production maximization given the
available time to carry out ¢rall demandplan([2].

As has already been evoked, the sequencing problem can respond to difi@rent pr
ductive concerns [3]; among the most common, we find the following:

0l. Maximizing the completed product units at the assembly, liaducing sin-
ultaneously, the useless time of oaers, the unnecessary waiting and the
production loses caused by the over workloads at the workstations [4].

02. Minimizing the number of brokemestrictions by the sequendésolutionb
given several determinants of technological and ergonomic naturendtyat
affect some especial components of the assemfiing

03. Maintaining the manufacturingroduct and componegbnsumption rates as
constant as possible in order to minimize the maximum stock levelsysf co
ponents [6].

In view of the most common objectives f@quencing problem and taking ab re
erence the work by Bautista, AlfaRpzo and Batalla (2®) [7], this paper lies in a
specific sequencing problem, the MMSWP (Mixed Model Sequencing Problem with
Workload Minimzation).

The probém aims to establishkdjective applicatiorbetween the elements of a set,
named , of manufacturing cycles (which are enumeratéd! !!!!,1)), and the
elements of a set, nam#y of products (witH products). The elements bfcan be
grouped inexclusive classes that are denoted!asand they meet the following:
W=U,, !, and! ;! ! ! 111 {111'}el; where! is the set of product types (which
are enumerated asi! 1!.!Inl).

To complete ach product typd,! !, it is requireda processg time,! ;,!(! €
1,1 €11, that is measured at normal activity or work pace (activity fdctor: 1),
at each workstatignt, from the set of workstatiorsf the assembly liné , (which is
enumerated ais!!! =1,1.Iml).

Obviously, differences between classgs, (SUVsBGport Utility Vehicled, vans,
trucksE) mean heterogeneous processing tinpes, However, the time allowed for
processors (operators and robots) to perform any operation corresponding to any
producttype and carried out at any workstation is always the same. This time is
named cycle time, it is denoted!aand it is also measured at normal activity.

Discrepanciebetween the cycle time and the processing tieas to two possible
situations for tk processorsf workstations:

sl. Standby status with useless tintwntimebetween the finalization instant
of one operation and the start of the next operation because the product is not
ready.

s2. Lock status by work overloagirocessors do not have enoughdito con-
plete the operation.

The last situation, s2, may be occasionally moderated atlthe=!,!.Im! work-
station bygrantinga time greater than the cycle tineg,to each processor, i.e., by
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allowing a time window!, (I, >!!, to complete the product uni©bviously, the

said concession will reduce the available time of the operator to work on the next
product unit. And, accordingly, the available time to work at the next workstation
Il 4+ 1) on the retained product unit, aftes release, will decrease

Despite processodispose otthe time windowthe time may not enough to e
plete the operation and therefore, the operation should be interrupted. Thispinterru
tion on an unfinished product unit can be made in two ways:

i1. Forcedinterruption: it occurs when the operator reach the time window limit,
l, , at its workstation without completing the corresponding processing time.

i2. Free interruptionit occurs when the product unit is released even though the
operation is not compled, before the operator reaches the limit of the time
window. Obviously, if the time window limit is reached the operation is also
interrupted.

In either case, forced or free interruption, the final purpose of the MW S® to
obtain a sequence of prodsi¢hat minimizes the total work overload of the assembly
line or, alternatively and equivalently, maximizes the total completed work (see The
rem 1in [3]).

In addition to the heterogeneous processing times of operatiensix of product
typesor modelsalso produces variations in the consumption of componértiese
variations are an undesirable aspect in production systems governed by the Just in
Time RJITD [6] ideology, as occurs inthe automotive sectpwhere manufacturing
sequences with regular carmpton of components are desirabléhis desirable rag
larity property in JIT environments favored bythe objetive (03) of sequencing
problems, which focuses on reaching sequences with constant production amd comp
nentconsumption rates.

Based inthis premisewe address a variant of the MMSI that combines thebs
jectives ol and o8 order to adapt the problem to real world environmeftsod-
ingly, we study a mixeanodel sequencing problem with the objective of maximizing
productivity, reducinghe useless time of operators and regularizing the production
by means of preserving the production mix in the manufacturing sequencke
Besides, unlike [7], in this paper tbperations can be freely interrupted (i8pecif-
cally, the objective 0.1s represented by the objective functions (work overlbad,
and useless timé)), the objective 0.3 is incorporated into the problem by production
mix restrictions gmr) and, finally, the condition i2 is considered by the introduction
of some inequalitiesThis variant of the sequencing problem is called MMSP
W/pmr/free.

Keeping in mind the application of the MMS®/pmr/free problem through a case
study that is inspired in the BCN NissanOs Engine Plant, a linear progessistgd
hybrid algorithm is imfemented. Particularly, a GRASP algorithm (Greedy Ramdo
ized Adaptive Search Procedure) to obtain sequences with minimum work overload
and a linear program to include regularity and free interruption of operationg-are d
signed and implemented in this pap@esides, in order to assess the performance of
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the proposed hybrid procedutee results are compared with those obtained iniprev
ous researches that are the state of art of the problem under study: the Boynded D
namic Programming with linear programiagsistance (BDR) [10] and with Mixed
Integer Linear Programming (MILP3].

Accordingly, the paper is structured as follows: the MM8Rmr/free is fornu-
lated in section 2; section 3 describes the GRASP algorithm and the linear program
that assists GR8BP and improves the solution given by the first; the case study is
presented in section, 4howing the results given by the three assessed procedures;
finally, the conclusions are collected in section 5.

2  The MMSP-W with production mix preservation and free
interruption of operations

Given:

a. The sets type of products:! ! !'1.11]!]) and workstationg! !! | 11,111 )!

b. The cycle time!, the temporal windowd, !'! | 1 the number of processors
assigned to each workstatidp!!! ! K!, and the processing timdsg, !!! !'!
k! K! of operations, at normal activity.

c. The demand plah! (1,!! 11,), where! ; is the amount of units of typec !;
and the production mix vectdr,= (! 11, 1,), where! ; is the proportion of the
model! ! ! in the planfulfilling: 7 =1 /Dyt 1 1 1 ¥,,1,.

We formulate the basieIMSP-W/pmr/freeas follows:
PO o a0 o
M) 2 S N e () (2
01 1y ()t max(1, 1) Ly ! ()i nrer @)
! 1) (T[|) =S il (' !) ! !!’!_] (T[” |)”|” k! Kivt 1] (4)
Lttt (M Ok e 2)t) v b (5)
LD YD) oot wip (@) D KVl € (6)
Lg(m)<@ e 2t pmrrr el T (7
Py S gMltell el T 9)
The problem consists on obtainingsaquenceof products)! (! ) ! !!,,! 1.1,

with the following properties (i) minimum work overload , (i) minimum useless

time! , (iii) demand plarsatisfactior,\cf, (iv) production mix preservation constraints
satisfactionand (v)free interruption obperations.

In the formulation, defiitions (1) and (2) determine, respectively, the work mve
load,! , and the useless tim#, generted by the sequertég! ). The inequalities
(3) bounds the partial work overload at all workstationand all cyclet, allowing
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the free interruption of any opmron between its start instant and its completion i
stant or the instant that is fixed by the temporal windgw: !! 2)! +!,. The
equalities (4) define the partial useless time at each workstation and cycle regarding
the sguence! (! )IIEquations (5) detrmine the minimum start instants,., while

6), (7) and(8) determine the minimum finish instants,, for the! ! ! operations.
Finally, conditions (9) force to preserve the productiom miall cycle and to meet

the demanqblan,!q.

In order to formulate the production mix preservation, we use the varlaplésat
symbolize the amount of units of type ! contained in the partial sequences:

L@ (1) (O LT,

3 Hybrid algorithm GRASP-LP

GRASP is a multstartmetaheuristic algorithni11] whose procedure is based on the
construction of an initial solution and the improvement of this solutioough the
iterative application of an embedded local search, whose objective is to reach a local
optimum in a specific neighborhood.

On the other hand, the linear programming is a classic optimization technique that
allows modeling and solving problewith linear objective functions and constraints,
by means of exact algorithms [12].

The nature of the MMS®V/pmr/free problem leads to the application of botlo+es
lution techniques: GRASP is centered on the combinatory aspect of the prdblem o
taining tre best sequenck(! ) =!m,;,! !l ;!, with forced interruptions; and the LP
is focused on the optimization of the continuous variables, minimizing the functions
(1) and (2). Specifically, the procedure GRASP, proposed by us to solve the
MMSP-W/pmr/free poblem consigt of two different stages: the first corresponds to
the GRASP angrovides the best sequence with forced interruptions after-tixpre
number of iterations (construction and improvement phases); and the secand corr
sponds to a linear progratat minimizes the overall work overload and useless time
given by the sequence resulting from the first stage but considering free interruptions.

3.1 Phasel: Sequence construction

A sequencer(!)! (,!' 11! is progressively built by assigning, at each
thl 1 11 1) stage a product from thestiof candidates to occupy theposition of
the sequencé&his list is named" (1)B Therefore, when thestage is reached, a
producti € CL!t! is incoporated into the(! ! !')! (m,! !, ,)!secuence already
consolidatedsee scheme in table 1).

The product € CL!'t! must meet two conditions to access the list:

(c.1) The amount of unitsX,,, ,, of typei ! !, in the sequencé,(! ! 1), must
be lower than its demand in the production planp;, ! !,.
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(c.2) The production of théproductuntil the period (X;; ! !y_, ! 'l of the
sequence must satisfy the production mix restrictigns{ ! !, ! [A,t].
That is, the ' unit of typei ! ! (!,) must be manufactured at cycle of
the interval [t,,;,,(n)!yy 1] fulfilling: tey (n) <t 0 Doy (1)1
CENIRAD)
If the!" 111 list becomes empty by imposing the conditions, (c.1) and (c.2), the

condition (c.1) will be maintain while (c.2) will be relaxed.

Subsequenyl the candidate products! !" (!)!at the stage are sorted. This sbr
ing responds to two hierarchical priority indices

The first one related to the work overload generated by the seque(loé,
(1! 1) u{l}, which results from adding the produdt C! (!! at the sequence
a(l! ). Thatis:

LT Wy =1 (@ D)L S byw
(il 1" (D) vt (10)
where! (i) is the partial work overloadurdenborneby theprocessoof the wok-

station ! € K when the''' product unit is typé. This work overload, with forced
interruptions is determined according to equation (11):

W (D (1, @Oy =4 Del ) (12)

In (11),!, ,(DNlis the start instant of the operation at theorkstation when a
product type occupies theé? position of the sequence. Thisstantdepends on both
the start of thé'' manufacturing cycle at tHeworkstation and the finish instant of
operatios in progress at theandk ! ! stations. Considering the rule for the forced

interruption and the initial condition (!) =! ! i! !, the start and finish instants of
operations are determined as follows:
Lotit =% (e o (g 1y DNRY £ D)D) (12
ey tmoy)! S!,!!!(! 1 !)"'!1,_!,! I RTTRRANTEY (13
ey p!th! 5!—!,!(i)! ST TR NI () (14

The second index (dependent to the first) attends to obtain sequences that minimize
the useless time at workstations. That is:

RN (MO IR AR I I O]
Qrrm e avi ram 19

where! | | (1) is the useless time available for the processor of #tation between
the instant®, , {(! , 1) and!, .(!). Consequently:

il s DY e M) (16)

The indices!l(’) and! i([) dlow sorting in ascending ordethe elements of the
I" (1) list resulting in thé™ (1) list. It should be noted that the useless tifh¢®),
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only affects this sorting of elements whether there are tie in the work overload values,
(£“)), because the indicese hierarchically applied.

After the sorting, th&€L(!)llist is reduced by the admission factofpercentage of
products that will be sorted among the best candidates). This reduction gives rise the
restricted list!"# (t!! ), thatis equal than tH& (1) listwhen! ! 100%!

The table 1 shows the scheme for the implemented GRASP constructive phase.

Table 1. GRASP constructive phase for a sequence with forced interruption of operations, with
minimum work overload and useless time and with production mix preservation.

0. Initialization:
Input 1T L rr( i ) i et
Initialize: 1 1 DILL O ()L {1 014 L d /1 IVl
1. Creation of the set of candidate product types:
let! 1
Let!" ()1 { ettty b Lt gy 00 E DL Ly 111 1D
S @ (@} cL)={elin ! 1}
2. Assessment of candidate product types:
111 CL(Y), by: (10) - (16), determine
LOT w ) e o) 3 b w0
gl(t) Lr@m)r et n)e Z!!:l! by!tyy()
3. Sorting of candidate product types:
LetCL(1)! (!1!! e ”)|) be the sorted list of candidate products,
- It will be met:I"# (NCL()) < !# ("1 ()W {L,1'31 T (), if the
condition is satisfied:

(G A0 ) a2 6l

4. Selection of the product type from the restricted list "# (t!1) ! T (1):
-Let "¢ 1 —I"#(=! - [ ()| !!"# ) be the selected position, then, it
selected the product typethat is in the said position:
i1 gt DRCLCLY) = (W gy M T QL)L T (D
5. Update:
Pl Dy Diglet o 1y 4y

6. Finalization test:
if t <! gotostepl
else END

The sequence of tasKs(! ), resulting from the GRASP constructive phase, can
break the preservation condition of the production mix whet'tt{e) list is empty at
the step 1 of any execution stage of the algorithm. When this occurs, all products with
pending demand are considered. IndesdExchange procedure is activated in order
to solve a maximum constraint satisfaction prob[ém D)<t <)
L1, =111, 1] that transforms the original sequenké!, ), in other sequence,
'), that satisfieshe preservation constraints.
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3.2 Phase2: Solution improvement by local search

Similar to [7], the local improvement phase begimith thel'!! ! sequence, which
satisfies the conditian(9). This phase consists ekecutingfour descent algorithms
on four neighborhoodsonsecutively and repetitively until none of thenproves the
bestobtained solution while the iteration.

The descent algorithms are based on exchange and inseftimmoducts (see [7])
and they are address to explorisgguenceyclesin both increasing and decreasing
direction. Such procedures are: {orward exchangdfigure 1) (ii) backward &-
change(figure 2) (iii) forward inserton (figure 3), and (iv) backward insertio¢fig-
ured).

Figure 1. ForwardexchangeGiven thet position of the sequendq! ! is searched the next
position with the same product typélt' > 1! or, otherwise!' ! | I 1 defined the range
[¢! 11171 1] the contained product types are exchanged from one position to another in the
upwards direction in order to improve the solution. The example shows how product type 9 can
be exchanged with product type 3 or 4.

Figure 2. BackwardexchangeThis procedure is like the forwaekchangéut in downwards
direction. In this case the range of exchange elements is defifédiby,! — ! ], wheret'
may be!’ ! 0 whether there is no previous product type. In the examglean see o
product type 2 is exchanged with product tygbd is in a previous position in the sequence,
andsimilarly, product type 6 with the 3 one.
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Figure 3. Forward insertion.Similar to the forward exchange, once the rajide!,!’! !]

with I’I1* 111 js defined the intermediate elements are inseécé@chprove the solutiom
otherlaterpositions of the sequence but within the range. If solution improves, the insertion in

consolidatedin the scheme, product typddtated in position ! ! is insertel in position

I'' — 4, causing the movement of product type 7 from posttien to! ! I,
1 s
9 9
13 5 7 9 2 4 6 8 1 —7 5 3 8- 6 4 2 1 2 3 4
t t'
Figure 4. Backward insertion.Given the rang¢! ' ! 1!!'! ] the intermediate elements are

inserted in previous positions from the partial sequence in order to improve the solution. In the
example, it is show how product type 6, initially located in2 is moved to positions' ! !
or!'! 5to asses if there is impvement.

To select the best solution it should be noted that in case of two sequences with
production mix preservation, the sequence with less total work overlo(ac(T)),
will be preferred, and,ni the event of a tie in the work overload, the sequence with
less useless time,(! (1)), will be the selected.

Finally, the results of this second phase will belth@ ) ! (! {!! ,!{! sequence.

3.3 Phase3: Overall Work Overload Minimization by Linear Progr amming

After the GRASP improvement phase, thg! ) ! (1/,! ,!}) sequence withthe
least amount oWork overload isused as inpufor a linear program, LRV, whose
objective is to minimize the overall work overload by means of allowing the free
interrupton of operations.

Let LP-W be 0 Y w n
Subject to

vty = LEL T iyl =110 (19)
L ! (11 N LEL LI Iyl =11 (19)
S P VI IHml bel 200 (20)
R vio= iy 10T (21)
sl vy SO+l =De! L V=1, T (22
!y = ! PE=1,0mry T (23
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where!,,, !, , andw, , are real variables that represent the start instant, the demple
ed work and the work overload of thé operation at thé& workstation respectively.

By using the LPW, the GRASFLP hybrid procedure iplace on a equal footing to
compete on the problem resolution with other procedures from the literature: MILP
[9] y BDP-2 [10].

4 Computational experiment. Casestudy

The computational experience is focused on analyzing the performance of GRASP
LP against dier procedures in regard with the quality of the solutions and CPU times.
Specifically, we compare the results obtained by:

I BDP-2: BDP algorithm with production mix preservation. We take into account
the two versions of this algorithm according to the geedominances of vertices,
the 2/1 and the 2/2, (see [10]).

I MILP: ' 1 I"# model(see [9])

I GRASRLP: procedure presented in this paper.

Like [7], this comparison between the performances of all procedures is made
through a case study linked with thésshnOs Engine Plant in Barcelona.

The case study consists of an assembly line where different types of engines are a
sembled and where 42 operators work with a cycle time of 175 seconds. The line
assembles nine types of engines, which are grouped i&e thmilies (SUVE£Sport
Utility Vehicleb, Vans and Trucks).

Specifically, the main characteristics of the case study are the following:

Number of workstationd: | ! m ! 21.

Number of product typesfI| ! 9!!1'! 111,

Cycle time:c ! !"# Il and temporal window}; =!"# 1. (11 1 11 )l
Number of homogeneous processors (considering each processor as a team of two
operators with the same skillg): ! ! (1! 1 e )l

I Processing timek,, ! 1! Iyl €1 )by product and workstation. The set
processing times are compressed betwéén and185!s! At normal activity (see
[3]: Table 5).

' Number of demand planf:| = 23!(! ! !,1.123). All plans have the same daily
demand (see [3]: Table 6, Block I, NISSANENG).
I Dailydemand:T! ! ! I"# units(!! ! i),

Once the codeof procedurewere compiled, they have been run on an iMac (Intel
Core i7 2.93 GHz, 8 GB de RAM). Mainly, the three procedures have the following
characteristics:

I BDP-2: (i) maximum number of transitions from each vertex eduah the nm-
ber of products typeH|! !; (ii) there are different window widths, !
(1136!811126), for all 23 demand plans (which implies running 184 the-alg

10
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rithm, taking into account the two versions); (iii) initial solutibp, for! , equal

to best slution obtained with ., ,, except fol , ! 1, and wher&, ! ! ; (iv)

the average CPU time by demand plan is 5026.@nd (v) the production mix
preservation and the free interruption of operations have been introduced by the
linear programming assistam¢Gurobi solver).

I MILP: (i) mathematical model compiled and run on the Gurobi solver v4.5.0; (ii)
maximum CPU time available to run each demand plan equal tos72P8 exe-
cutions), and average time used by demand plan equal to 660&rid (iii) pio-
duction mix restrictions and free interruption of operations.

' GRASRLP: (i) maximum number of iterations by demand plan equal to 10; (ii)
three possible values for the admission fatter ! 25%!!"# 1100%! (690 sou-
tions in 69 executions); (iii) average CPith¢ per demand plan consumed by the
two GRASP phases equal to 425.3(iv) production mix restrictions and free-i
terruption of operations are introduced through the use of linear programfing a
ter the GRASP execution; (v) linear programming run on aacintel Core 2
Duo 2.33 GHz, 3 GB de RAM) with only one processor and on the CPLEX solver
v11.0.

Table 2 provides the best results given by BDgee table 3 in [10]), MILP (see
column4 u! _I"# in Table 3from [9]) and GRASHL.P (this paper), in regards with
the work overload, , of the 23 demand planis! ! . The table also shows the alg
rithm that wins at each demand plan and the unity gains of GRARS&yainst BDF2
("'!"# ), GRASRLP against MILP 4GvM) and BDR2 againsMILP (! I"# ). These
unity gains are determined as follows:

| WOy =1 O,
PO o o)
rrrrrrr g 3wt 't {B, M} (29

From the analysis of table 2, we can state:

I Regarding the best solutiorthe winning procedure is BDP with 12 best soi-
tions out of 23 demand plans; the second best procedure is GRASFhich do-
tains best solution in 7 occasions (demand plans: 1, 7, 8, 10, 12, 17 and 23), while
MILP is in the last position with 5 best sdturts (3, 10, 19, 21 and 22). MILP and
GRASRLP obtain the same solution in plan 10, and MILP demonstrates the opt
mum solutions for the demand plans 10 and 19.

I GRASRLP wins BDR2 on 10 occasions out of 23. The average unity gain of
BDP-2 against GRASRP is 15%, when BDR2 is the winner. On the other hand,
when GRASPLP wins, the unity gain of GRASEP against BDF2 is 11%. On
global average, the unity gain of BE?Pagainst GRASRP is only by 4%.

' GRASRLP wins MILP in 12 plans and ties in plan 10. Theal average unity
gain of GRASPLP against MILP is around 6%. At length, GRAEP wins
MILP with a partial average unity gain of 22%, and MILP wins partially GRASP
LP with a gain of 12% approximately.

I BDP-2 wins MILP on 16 times out of de 23. The partigkrage unity gain when
BDP-2 wins MILP and vice versa, is equal to 13% and 1%, respectively. On ove
all, BDP-2 wins MILP with a gain of 9%.

11
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I BDP-2, MILP and GRASH.P required 5026.6, 6605.1s and 426.6s, on ave-

age, respectively, to confirm their baestution at all demand plans.

Table 2. For each plah ! !, work overload! , given by each procedure
¢ Mg, W), ,! () !, unity gain between pair of procedurésg'# ! 1"# 11 BuM), best

solution,! (1)', in termsof work overload and winning algorithm.

tel L), ), I (&), !'GuvB AGuM '!"# 1 (1) I"##$%

1 166 186 98 069 090 0.2 98  GRASRLP
2 318 383 342 -0.08 012 0.20 318 BDP-2

3 444 423 430 0.03 -0.02 -0.05 423 MILP

4 305 307 419 -0.37 -036 0.01 305 BDP-2

5 633 661 662 -0.05 -0.00 0.04 633 BDP-2

6 428 478 525 -0.23  -0.10 0.12 428 BDP-2

7 740 731 728 0.02 000 -001 728 GRASRLP
8 112 160 92 022 074 043 92  GRASRLP
9 739 751 911 -0.23  -021  0.02 739 BDP-2

10 1209 1208 1208 0.00 000 -0.00 1208 GR/MILP
11 92 122 96 -0.04 027 033 92 BDP-2

12 293 287 268 0.09 0.07 -0.02 268 GRASRLP
13 277 336 294 -0.06 0.14 021 277 BDP-2

14 381 423 397 -0.04 0.07 011 381 BDP-2

15 422 442 429 -0.02 0.03 005 422 BDP-2

16 216 251 227 -0.05 0.11 0.16 216 BDP-2

17 466 488 464 0.00 005 0.05 464 GRASPLP
18 610 619 698 014 -013 0.01 610 BDP-2

19 949 945 948 0.00 -0.00 -0.00 945 MILP

20 129 150 169 -0.31 -0.13 0.16 129 BDP-2

21 565 561 725 -0.28 -029 -0.01 561 MILP

22 991 984 987 0.00 -0.00 -0.01 984 MILP

23 111 121 107 0.04 0.13 0.09 107 GRASPRLP
Average - - - -0.04 0.06 0.09 - -

It should be noted that all sequences given by the three procedure2(BDEP
and GRASLP) satisfy the production mix preservation propepy:), which has
been established through the restrictions (9) from the MM@gnr/free model. &-
cordingly, all sequences fulfill[!, e[V 1y, ! [y t], Vi, =M nnn
T'v! ! E, where:

I I',y!is the demand of units typd [ in the plan € !

I 1,,!the proportion of units typk! Iin the plan! ! !'!lthat is:!, ! !;./!

Pil el E

' X,uy: Real production associated with the partiajisnce .(!). That is: he units
of type! € ! that contains the partial sequencg!) = (! 1,,! !'my ) S! (1) of

the plan' ! 1.
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Therefore, all sequences have the same quality in regard with the production mix
preservation criterion defined by tpe:r restrictions (9). For that reason, we resort to
the nonregularity functions from typical problems of the manufacturing ideology JIT
[6, 8], such as the Product Rate Variation Problem (PRVP) or the Output Rade Vari
tion Problem (ORVP). This allows us tdtain a metric that enables to discriminate
solutions regarding the production regularity.

Specifically, to measure th@oductionnon-regularity of a sequendg (! ), we use
the sum of the quadratic discrepancies between the ideal production of eagdtt ptod
each manufacturing cycle and at each demand plan! @&t !! 1l el ,l gl E)
and the real production of the partial manufacturing sequence (j.g): Accordirg-
ly:

Iy

1
Ay 1e) =ZZ(X””! I A t) Mel E (25)
o=l
Table 3. For all demand plah € E, value ofA,! X!e! function by procedure
(et 1 el £), unity gain between pair of procedures
(PI"g 1A% 1 1'% ) and thebest solution valug, ' T,

11 AL I A XLl TIg Al'E K 1o 1xlel™ I"##$%
1 400.0 400.0 400.0 0.00 0.00 0.00 400.0 All
2 327.9 423.5 397.0 -0.21 0.07 0.29 327.9 BDP-2
3 340.7 408.5 380.6 -0.12 0.07 0.20 340.7 BDP-2
4 333.6 421.3 396.4 -0.19 0.06 0.26 333.6 BDP-2
5 352.1 394.7 429.0 -0.22 -0.09 0.12 352.1 BDP-2
6 388.5 420.0 395.7 -0.02 0.06 0.08 388.5 BDP-2
7 423.6 396.0 403.4 0.05 -0.02 -0.07 396.0 MILP
8 347.6 448.1 4140 -0.19 0.08 0.29 347.6 BDP-2
9 360.7 411.2 3948 -0.09 0.04 0.14 360.7 BDP-2
10 330.8 381.1 4155 -0.26 -0.09 0.15 330.8 BDP-2
11 384.1 447.3 429.0 -0.12 0.04 0.16 384.1 BDP-2
12 385.5 410.2 416.2 -0.08 -0.01 0.06 385.5 BDP-2
13 334.5 436.4 419.8 -0.25 0.04 0.30 334.5 BDP-2
14 353.9 414.9 408.9 -0.16 0.01 0.17 353.9 BDP-2
15 378.1 445.2 401.1 -0.06 0.11 0.18 378.1 BDP-2
16 340.0 404.9 388.1 -0.14 0.04 0.19 340.0 BDP-2
17 370.2 415.3 3916 -0.06 0.06 0.12 370.2 BDP-2
18 336.3 419.6 4026 -0.20 0.04 0.25 336.3 BDP-2
19 412.2 412.3 373.5 0.10 0.10 0.00 373.5 GRASRLP
20 342.6 393.6 386.5 -0.13 0.02 0.15 342.6 BDP-2
21 384.8 404.2 409.8 -0.07 -0.01 0.05 384.8 BDP-2
22 317.7 395.8 3827 -0.20 0.03 0.25 317.7 BDP-2
23 309.2 385.6 377.1 -0.22 0.02 0.25 309.2 BDP-2

Average - - - -0.12 0.03 0.16 - -
Table 3 smmarizes the values of thedgularity functionl | ' ,1) for the best s-

lutions from the set of Nissa@ingOs instances, in regard with the work overitgad
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I I, 11, o Production en-regularity of best solutions in work overlgdd, given
by BDP-2 for the! demand plan

I 1! Xlely: Production on-regularity of best solutions in work overlodd, given
by MILP for the! demand plan

I A, (M I, 2 Production on-regularity of best solutions in work overload, given
by GRASRLP for the! demand plan

Table 3 also indicates the winning algbnit for each demand plan and the unity
gains obtained by GRASPP versusBDP-2 (! GvB), GRASRLP versusMILP
('!"# ) and BDR2 versusMILP (! I"# ). These gains are calculated in accordance
with:

1" |I(|)| A! (IH'|'| !Q!X!E!p |
(A (1T I X el )
Pty eftinynpre{tn} 26

From table 3, we can denote:

I BDP-2 is the winning procedure with 20 best solutions out of the 23 demand
plans.

I GRASRLP reaches one best solution (plan 19).

I MILP obtains one best solution (plan 7).

I BDP-2, MILP and GRASH.P give the same solution in plan 1.

I The average unity gain from BBPagainst GRASRP is by 15%, when BDR
is the winner. However, when GRASIP wins, the gain of GRASEP versus
BDP-2 is by 8%. ©nsidering the overall average the unity gain is 12 % in favor
of BDP-2 and against GRASEP.

I The overall average unity gain of GRASP against MILP is only 3%. Spetif
cally, GRASRLP wins MILP with a partial average reduction of the fon
regularity by 5% and MILP wins GRASR.P with a partial gain around 4%.

I In terms of partial averages, when BRRvins MILP, and vice versa, the unity
gains are 17% and 7% respectively. On the other hand;B®irs MILP with a
gain by 16%, in overall terms.

I Finally, in accordance with the hierarchy criteria and subordinating the minimum
nonregularity to the minimum work overload, the tie between MILP and GRASP
LP in the demand plan 10 is broken in favor of MILP; in particulag ,!" ), =
"# Land!  Ixmt Lo

To summarise the above results (tables 2 and 3) we analyse statistically by a box
plot (Figure 5)the variation range of the unity gain function8# ,!!"# and
ABvM, both for the work overload functioh, (¢) (equation (24)), and for the fan
tion of nonregularity of productionj, !'! ! (equation (26)).
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Figure 5. Box-plot for unity gains between two different procedute$® !! GvM!Al"# )
regarding the work overloa@/) and the nomregularityof production(! (! !) functions. The
abbreviationsg ,! and! indicate the GRASRP, BDR2 and MILP procedures respectively.
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From the Boxplot we can state the following:

' Concerning the noregularity of production ,!!), all unity gain values
(Ar# 1 GuvM!A"# ) are between the normal boundaries established by 1.5
times the interquartile range or the minimum and maximum values of @ach d
taset. Therefore the unity gains (colunawgt Il I"# 11 1"%#  from Table 3) do
not present outliers for no comparison between BDRILP and GRASH.P.

I According theA, !'I'! metric and assessing GRA®P against MILP (column

AGvM in Table 3), we can see a very narrow the interquartile range and a clearly
biasedvalue distribution.

I The!,!X! metric when the BDR procedure is assessed against MILP and
GRASRLP has made evident the superiority of BRRgainst the other two @
cedures. In this case the value distributions are centred and the interquartile ranges
are similar (columns!"# and! !I"# in Table 3)

I Regarding work overload, (columns! GvB,! GvM!land!A"# in Table 2) the
Box-plot shows outliers at all the procedure comparisons. Indeed, comparing
GRASRLP versus BDF2 we have the outlie®.69 that corresponds to demand
plan #1; comparing GRASEP versus MILP we have two outliers, 0.9 and 0.74,
for the demand plans #1 and #8, respectively; and comparing2B2Psus MILP
we have the outlier 0.43 that corresponds to the plan #8.

I Finally, the comparison between BEfPagainst the other two procedures presents
similar ranges and opposed biased distributions in accordance with the work ove
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load values. However, the gain of GRASP against MILP offers a centredsdi
tribution of values but with greater range that the previous two.

5 Conclusiors

This paper presents the mixaetbdel sequence with work overload minimization
considering that processors can interrupt operations at any time before the end of the
time available to work on the product uifiemporal window). Together with the
work overload minimization, the problem proposed in this paper seeks to obtain reg
lar sequences in terms of production by addressing the principles fromdtia-J
Timeideology.

As resolution procedure for tiproblem, we present a hybrid procedure thamh-co
bines a GRASP metaheuristic with a linear program, LP. This procedure together with
two other procedures, MILP and BER are assessed by means of a case study linked
with a real manufacturing environment.

After the computational experience, we have able to highlight the strengths and
weaknesses of all procedures used (GRASP, BDP and MILP). To that end we focus
on five qualities: (I) Guarantee of achieving the optimum, (iij) memory requirement,
(i) ease of inplementation, (iv) quality of solutions and (v) speed.

As for the guarantee of optimal solution, MILP has an advantage over GRASP, b
cause it is an exact procedure that explores the whole set of solutions. The weakness
of MILP is the time required to comgike the exploration of highly combinatory pro
lems with industrial dimensions, such as our case study. For its part, BDP, in its ve
sion as an exact procedure, is also an exploration algorithm (in stages), therefore it
presents the same advantages anddd@a#ages that MILP. Finally, GRASP is a
heuristic procedure, whose purpose is not to guarantee optimum, but to obtain quality
solutions in acceptable time.

In accordane with the memory requiremer®RASP is undoubtedly the mogt-a
propriate procedure: GR3P allows to treat instances of industrial dimensionh-wit
out great difficulty. Something similar happens with BDP when we limit the number
of vertices to be explored in each stage, but in this case BDP becomes a heuristic and
loses its strength. By itseitative performance, MILP needs in memory all therinfo
mation of the mathematical model and it may be out of memory when the dimension
of set of vertices to explore is very large. Accordingly, MILP is the worst procedure
in regard with the memory charadggic, and it should be noted that GRASP is the
simplest method to implement, and that both GRASP and BDP are more versatile
than MILP.

Given the quality of solutions, the winning procedure, and therefore, state of art of
the problem, is BDP with assistanof linear programming, in terms of work ove
load values. The second position is for GRASP, also with linear programmisg assi
tance, with only a difference by 4% in regard with the overall unity gain of BDP.
However, GRASH.P wins MILP by a work overloadnprovement of 6%. Coni
ering the production regularity criteria and subordinating this to the work overload,
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the winning procedure is also BDP. GRASP continues in second position worsening
the regularity of sequences by 12% on average, with respe@Ro IB this case, the
difference between quality of results given by MILP and GRASP is only by 3% being
worst MILP.

Regarding CPU times, GRASP is the fastest, being 11.8 and 15.54 times faster
than BDP and MILP, respectively; this is important in our cstsely because one
minute of line stop means a cost of 137.14!.

Finally, as a general conclusion, the great strength of GRASP procedure studied in
this paper has been to achieve higlality solutions using the twelfth of the time that
BDP used.

As futureworks, it is our goal to extend the proposed method to Beam Search and
Ant Colony Algorithms. Similarly we want to compare results in case of prioritizing
the regularity criteria against the work overload.
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