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ABSTRACT: The research work presented in this paper dealk vésources allocation in a production system in
order to meet a given production specification. B@recisely, we focus on human resources optirisati design
phase of a manufacturing system. We consider thatators may have different qualifications. A higlajualified
operator is more expensive, but it is more efficien. Firstly, we propose a linear programming bdsapproach to
calculate the appropriate number of operators ahd tequested level of skills in order to minimiakdr costs for a
given productivity. The result is used to geneeseheduling which minimizes the work in process.
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minimizing WIP is not a priority. Besides, the dgcl
1 INTRODUCTION aspect of the problem is only partially considesitce
scheduled operations are not allowed to overlapyote
Managing the resources to meet given productioeabj time.
tives with reasonable costs is one of the maingyadiile
designing production systems. Several researchee wéKorbaa and al., 2002) defined a cyclic schedubigp-
conducted in order to bring methods able to briragg-  rithm to minimize WIP within the cycle time. Cycligne
cal solutions to these problems. Interesting apgres. overlapping is allowed. As a result, they obtairmgbd
were proposed in (Hillion and Proth, 1989), (Vaient solutions that, generally, tend to the optimum alvehys
1994), (Proth and al., 1997), (Korbaa and al., 2002generate an admissible schedule. Although the ctedpu
(Sauer, 2003), (Hsu and al., 2007). heuristic is inefficient for complex problems, illcavs
In (Hillion and Proth, 1989) the authors proposedag- significant time savings compared to the methods pr
proach to solve an optimization problem which cetssin  vided in (Hillion and Proth, 1988).
minimizing the work in process (WIP) maximizing
throughput in a flexible manufacturing system FM®&is  (Hsu and al., 2007) deals with cyclic schedulingroza-
approach is based on analyzing the elementary £yale tion problem for FMS. Allowing some flexibility ioper-
the event graph modeling the FMS. By proving scheduating sequences and in the use of transportat&murees,
ing feasibility at minimal cycle time, they definemh this publication proposes an algorithm to minimizgP
exact method for event graph marking optimizatiod a Wwhile maximizing throughput based on genetic algo-
scheduling heuristic to reach a given productivitiyile  rithms.
minimizing WIP.
(Sauer, 2003) proposes an algorithm intended fokimg
The approach proposed in (Proth, Sauer and Xie7)19%ptimization of weighted marked graphs. This maugli
deals with minimizing the number of AGV (Automatedtool is convenient to represent systems with batchelk
Guided Vehicle) in the design phase of a FMS. Tine aservices etc. Based weighted marked graphs preperti
thors solve a strongly connected event graph markithe author develops a fast heuristic that provigese
optimization problem using Branch and Bound aldgonit near optimal solutions. Moreover, she establishescas-
Thus, they reduce the complexity regarding the oubth sary and sufficient condition to obtain a feasifddution
defined in (Hillion and Proth, 1988). The greedgal for any marking optimization problem concerning
rithm they propose allows controlling the gap betwe weighted marked graphs with deterministic times.
computed solutions and optimum in order to get &ast
proximated results. Recent research work takes into account human messu
and their skills in scheduling problems (Bellenguez
(Valentin, 1994) improves the scheduling approasery Morineau and Neron, 2007), (Bellenguez-Morineau and
in (Hillion and Proth, 1988) by associating availip ~ Neron, 2008), (Drezet and Billaut, 2008a), (Dreaat
intervals to each machine when scheduling the ¢ipesa  Billaut, 2008b). These approaches deal with project
This approach focuses on productivity optimizatiamile  scheduling problems, which are typically not cyclic



MOSIM’10 - May 10-12, 2010 - Hammamet - Tunisia

A Petri net marking is represented by a functidn
To our knowledge, researches conducted on FMS optinfP - IN that associates a non negative integer number of
zation and based on events graph modeling, sau$ar, tokens to each place.
ally, aimed to minimize transportation resource. (i
minimize WIP) cost while maintaining a desired leg€ An event graph is particular class of Petri net ieheach
productivity in more or less different contexts.eTlabor place has exactly one input transition, one outparisi-
cost minimization criteria was not taken into aauou tion and all arcs are weighted to one. An evenplyria
strongly connected when there is a directed pa#tt th
In this paper, we enhance the optimization probgger connects each node to another one.
sented in (Hillion and Proth, 1988) by considerdmgnan The following event graphs properties are important
resources allocation. We suppose that each maokie#s our work:
the intervention of an operator. Therefore, onehinigave 1) The number of tokens in an elementary circuit is
to take labor costs in designing the productiortesys. invariant during its evolution.
Operators may have different skills defined by dbdity
to operate several machines. However, it is obvibasa
highly qualified operator is more expensive. The af
this research work is to develop an exact methotbte
figure the manpower needed to achieve given a pgrodu ) o )
tion objective for the production system presented We consider that the temporizations associatedagtst

(Hillion and Proth, 1988). The approach that weppse durations are modeled by deterministic temporizetio
is based on linear programming technique. Thislrésu associated to transitions and the event graph rimadiie

then used to compute a feasible schedule which-mifiMS is live and strongly connected. Transitions fanel
mizes the WIP. as soon as possible. Under these assumptionsetaye

can be calculated for each elementary cirgait a steady

The paper is structured as follows: context andiraps ~State. It is computed based on this formula:
tions are presented in section 2. The problem ftatioun c(y) = H(Y) Oy0r

2) A strongly connected event graph is live if and
only if each one of its elementary circuit has at
least one token.

is given in section 3, and some applications aesemted M ()

in section 4. Concluding remarks are given in sec. where /” is the set of elementary circuits in the event
graph; u(t) is the firing time associated to transititn

2 CONTEXT AND ASSUMPTIONS u(y) is the sum of all firing times such that

Our study is concerned with flexible manufactursygs- Hn = ZtDy’u(t) andM(y) is the number of tokens of an

tems (FMS) which consist of cyclic production sysse elementary circuit, i.e. M(}) :Z M(p).

and where several types of products are proceddes. pdy

products are brought to each machine by transpamtat A circuit is critical if it has the biggest cyclente:
resources (pallets, AGV...). Those FMS are representeC()*) = Max,or C(¥)

by flow shops, job shops and assembly systems. &e c
sider that tasks are not preemptive and each mach
performs operations in conformity with given opergt
sequences. As stated in the previous section,ethearch
work presented in this paper adds a new dimensidhet
problem considered in (Hillion and Proth, 1988)don-
sidering the optimization of labor cost.

iwherey* is a critical circuit andC(y*)=C* is the event
Eraph cycle time.

In the literature, deterministic timed event graphk gen-
erally used to solve optimizing problem under thkofv-
ing assumptions:

- The market demand is static and it is describeprby

The analytical approach that we build to solve tirigb- duction ratios. ) .
lem is derived from the event graph model of the§M - The number of transportation resources is large

Therefore, we recall the definition of this modeldathe enough to reach desired productivity.
properties we relied on. - The transfer times from one machine to another are
insignificant.

A Petri net is a directed graph consisted of twwesyof
nodes called places and transitions. Met(P, T, F, 3 be
a Petri net, wher® = {py, p,, ..., R} is the set of places;

- A given transportation resource is dedicated to one
type of products and one process circuit and caty ca

T={ty, t, ..., t} is the set of transitions arith P =0; F only one product atatime. _

is the set of directed arcs which connect the gladoe - A free transportation resource is reused as soon as
transitions and vice versa such tiat] (PxT) O(TxP) possible.

anda is the function of arcs weights. Further, we wibte - Operations times are deterministic and there is no

te (resp. #) the set of output (resp. input) places of transi- setup time.

tip_n t andpe (resp. p) the set of output (resp. input) tran- _ Operations are performed as soon as possible.

sitions of placep. - Operating sequences, machines characteristics and
their number are known.
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3 PROBLEM FORMULATION modeling FMS using event graphs can be found i (Hi
lion and Proth, 1988).

The optimization problem that we address deals with

FMS characterized by resources with different skilhd The characteristics of the mathematical model veppse
costs. Most of the approaches dedicated to resoumre given in the sequel:

allocation in FMS focus on optimizing transportatio

resources because they are usually more expensNetations:

compared to other resources. However, in western g: number of machines.

countries, the cost generated by human resourcashisr
important. Therefore, our aim is to compute thehtrig
number of operators with the appropriate qualifara in
order to reduce the production cost. Then, theriné&tion
about the available human resources is used tadsthe
tasks in order to minimize transport resources.

Indeed the manpower may vary between two extreme

configurations. In the first one, the productionsteyn
may function with one highly qualified operator whiis
able to operate all machines. The second one

characterized by a number of operators equal to the

number of machines, each operator being able tmnse
machine. The right configuration is to be chosétinta
into account the cost structure and the produgtivit
requirements.

The level of skills (i.e. qualification) is defineay the
number of machines an operator is able to use.,Tdus
operator with a level of skills (qualification) egjuo 3 is
able to use 3 machines. If the level of skills jgsh&n the
operator is practically not used in the producsgstem.

Based on that specific goal, we set the limits wf study
by introducing additional assumptions besides usnak.
In fact, we assume that:

- there are at most as many operators as machines;

- C: desired cycle time such th& > C*. C* is the
minimal cycle time that is the shortest time itdako
manufacture a product in the system. It is defibgd
the operating time of the critical(s) machine(s).

- p: number of processes which are illustrated by {proc

ess circuits of event graphs (see figure 2). Wesiclen

that there are as many manufacturing processes as
process circuits in the event graph.

- O: biggest number of operations a process may have.

is For all the processes, we $@tas the default number

of operations. Also, we assume that all the opanati
are distinct even when processes are duplicated for
production ratios requirements (see an example of
process duplication in figure 2)
- ((0y): duration of operatiof belonging to procesis

An operation is represented by a firing a transitfior

illustration, see figure 2)

_ |1 taskj of process isallocatedo machinen

- {0,0therwise

- §: cost of an operator which was a level of skitisi@
to | (i.e. can be assigned tomachines). We sdt=
1,..9 ; | = 0 means that the operator is not actually
used in the system and does not generate any cost.

jn

- a referred operator in our model is not necessasly Variables:

signed in the production system. An operator with a

level of skills equal to O is calledrtual. Virtual op-
erators may be referred to for the needs of thénenat
matical model.

- an active operator (not a virtual one) is qualifiedat
least one machine;

- each process consists of at least two operatiods an- Yi, =

operating sequences are not defined.

Taking any job shop system into consideration, we& p
pose a method in two steps to solve the optimingtiob-

lem. Firstly, a linear programming optimization apgch

is used to compute a lower bound for the numbespaf
erators. This information is used in the secong ste

minimize the work in process (WIP).

3.1 Mode for labor cost minimization

The following model gives a lower bound of the nemb
of operators needed to obtain a cycle time lowanth

given value.

We build the linear program to solve our optimiaati
problem based on the event model of a FMS. Details

W= {l operatok musthavealevelof skills equaltol
M 0,otherwise
_ |1, operatok isassignedo task j of process
Kk = {0,0therwise

1, operatok is assighedo machinen
{0,0therwise
_ |1, skillslevelof operatok is notgreater tanl
o {0,0Iherwise

_ |1 skillslevelof operatok is notlessthanl
M {0,0therwise

where: i=1,...p (p =number of processesj)s1,...q;
k=1,...0;n=1,...g; I=1,...0.

Objective function

Min zzququsxvg,

k=1 I=1

@)

We point out that, according to their definitiorariables
vy andz, can not be equal to 0 simultaneously.
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We assume that any operator’s cost is determinedidy
level of skills. The cost of an operatkrwhose compe-

tence level isl{1,...q} is given by zlqzls XWy . In

order to get the cost of all the operators assigireaot,
we use the expression (1). The labor cost is miechi
under the following constraints.

Constraints

M-

X =1 )
k=1

* Yin 2 Xijk Mjn 3

p
i=1 j=1
q

z Ykn =1
n=1

q

* 7y <1 )

q
Z Ykn -1
n=1

. -z, <0

q ki

q

zykn_I

AR <1 (7)
q
q
I_Zykn
q+1 (8)

* Wy =V tzy -1 ()]

where:i=1,...p; j=1,...0; k=1,...0; I=1,...g; n=1,...,9

Constraint (2) shows that a task is done by only op-
erator. It ensures that all tasks are assignechbrogpera-
tors have disjunctive tasks. In expression (3)pperator
k is assigned to a machimeif he performs at least one
task using this machine. In (4), we make sure tyate
time is not violated by forcing all tasks assigriedany
operator to be done within cycle time. Constra(B)s (6),
(7) and (8) oblige variableg, andz, to take values ac-
cording to their definition when we compare theuatt
skills level of an operatdk to all possible values df As
shown in equation (5%q = 0, if the number of machines

which operatok is assigned (i.eZﬁzlykn) is less than

the value ofl into consideration, otherwisg, = 1 as
shown in(6). On the other hand, in equation )= O, if

the number of machines which operakois assigned is
greater than the value binto consideration, otherwisg

=1 as shown in (8). The equation (9) applies tbend

tion of wy to its mathematical expression. From the equa-
tion, it results that:

* wg=1 if operator k is required to have a level of
skils equal td;

e w,=0, otherwise.

Property: The solution provided by this model is admis-
sible.

O
zxijkﬂ(olj)SC (4) Proof: First of all, the model is based on event graph

mathematical properties. For a given job shop,sthle-
tion we search for is intended for determining coint
circuits which allow the human resources utilizatieith
the lowest cost possible. By requiring mutual egidn of
operators on the same task, obtain control cirauftch
can be fully illustrated by event graph formalism.

In fact, in (Hillion and Proth, 1989), it is provéldat it is
always possible to achieve the minimum cycle timdeu
a functioning where transitions fire as soon ag thee
enabled. Let us assume that there are enough tndasp

6) tion resources. The necessary and sufficient cioamdfor

reaching minimal cycle time is that, at least, oieuit is
critical after scheduling. Thus, in any event grapsult-
ing from our mathematical model, it is possiblesadurate
at least one control circuit. Furthermore, by riiveing
any control circuit cycle time to be greater thasiced
production cycle time through constraint (4), wesuge
that, in the most extreme case, even for the mimimu
cycle time, we can barely saturate all the contiauits.
Indeed, we infer that any solution from our modehd-
missible since, with enough transportation resajregen
in case of minimal cycle time, scheduling is febesib

3.2 Maodel for scheduling and WIP minimization

The human resources configuration obtained at tbeip
ous step is used to compute an optimal task scimgdul
which minimizes the work in process. The methoduse

to solve this point is based on the approach given
(Bourdeaud'Huy and al., 2006). This approach deils
cyclic scheduling problems which aim to minimize RVI
The WIP is calculated based on two binary variablé®
first one, a;, is set to 1 if the task succeeding taskf
process starts before the end of it. In other words, for
each pair of consecutive operations in a process ith
considered, this variable reflects whether or no¢ t
precedence constraint is violated. An example tWutat-
ing aj is given in table 1, based on the scheduling-illus
trate in figure 1. It is admitted that, even if apperations
of a process are sequenced in the order definethdy
process routing, there is a violation of the precee
constraint between the last and the first tasksisThach
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routing needs at least one transport resourceofi@.unit Objective function
of WIP). By associating starting times of all ogaras to

the same cyclic time interval [@], we observe that the p O
first task which is considered to be preceded gy l#st Min Z'=ZZ(£¥H +5;) (10)
one starts before the ending time of its predeceBssed i=1 j=1

on the principle of precedence constraint violgtitme
model will generate a sufficient number of WIP ttsere  Constraints:
that the processes execution satisfy the giveredytle.

Furthermore G; is used to take into account WIP due to
precedence constraint violation when an operatiggr-o
laps the cycle time. A cycle time overlapping oscwhen

ti + 4(05) 21+t (jo50)41 + Blay —1) (12)

the starting time of a task added to its duratiemms a G ~ti.(j%0)+ ~ Baj < —4(0y) (13)
higher value than cycle time that means. In thsecghe t; =t (jwo)s1 ~ BB 2C+1-B~u(0;) (14)
task is completed in the next cycle. Then, if thd &me

of the overlapping task is preceded by startingtofithe  t;, —t, 40),1 ~ BB, <C - (o)) (15)

successive one, a precedence constraint is violSiasl-
ing this problem consists in increasing the WiPhvahe O X o+ My My o) (bt +61C) <

unit. (see table 1 for illustration). (16)
(=41(05) + C) (K % i + Myjn M)
Process example  Two consecutivey; | 5; | WIP .
tasks (g X+ Mjn M) @~y =651 C+ 4(0;:1)) £0(17)
Figure, cycle 011~ 012 where:i,i’ =1,...p; j,j’' =1,...0; (i,)<(@",)")
time C=8 017 O13 a 1
013~ Oyg Constraint (11) shows that all tasks start withia tycle
017— Op2 X time interval. According to constraint (12); is set to 0
Figure 01— Oi3 5 when precedence constraint between opera@rend its
015— O14 X successor is respected. Otherwigg,is set to 1 by con-
O14— Oq1 straint (13). In constraint (14); is set to 0 when tagR;
011— Opp x | x overlaps cycle and precedence order between t@gks
Figure 01— O3 2 and Oyjuo)+1 iS respected. But, when there are cycle over-
0O13— Op1 lapping and precedence order violatigh), is set to 1
Table 1: WIP size determination for some scheduling through constraint (15). Constraints (16) and (&rg
examples effective only when two operations; and o; are af-

fected to the same operator and/or to the sameingch

The notation (j%0O) +1 represents the operation which

succeedso; in the process. This notation was proposed4 APPLICATIONSTO JOB SHOPS

in (Bourdeaud'Huy and al., 2006) and the symbos%& For applications purposes, we adopt a cost strectur

operator “modulo”. which defines the cost associated to each operator
according to his qualification. Specifically, forkiks
Data levels ranging from 1 tq, the associated salary is defined

- Xk - human resource allocation calculated previouslypy multiplying given coefficientsff,..., f;} with a base
- B22C-1: a constant used to make sure that some Salary, denotedct,, We assume that the salary of an
inequality relations are verified (Bourdeaud'Huglan Operator with a level of skills equal to 1 is aibasalary.

al., 2006) Thenf, is equal to 1. Let's emphasize that in our context
salary stands for the total cost of using an operay a
Variables company. For followings applications we considerfefi
ti i : Starting time of Operationij !eVelS of Ski||52f2 = 1.2,f3 = 1.4,f4 =1.55 and5-: 17 To
] illustrate the results of our method, we appliethibugh
a. = Lif & 5 +p(05) 2 ti(josoyr1 several job shops examples.
Y| 0,otherwise
s :{lti,,— +(0,)2C O, + 10, )%C 2 (ins0y01 41 Eé?g:ﬁlt(elggé)ob shop inspired from Hillion and
Y] 0,otherwise

Let’s consider a job shop (job shop 1) running desired
cycle time of 8 minutesd = 8) with three machines and
{l if t <t three types of products. The different routings are
- PrOdl: Ml(l), M2(3), M3(3) )
- PrOdz: M3(1), M2(2) )

i'j’ =
” 0, otherwise
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- Prods: My(2), M5(1).

Concerning procesB;, the operations are represented on

Values between parentheses correspond to machirsssmany lines as WIP needed by process. WIP aig-des

processing times (in minutes) for each type of potsl

The production ratios are thus given: 25% prodtge
Prod;, 25% product typeProd, and 50% product type

Prods. An event graph model of job shop is shown below A

(figure 2). Through the figure, only the processuits
must be considered because, control circuits wiepine-
sent tasks execution order on the machines arknootn.
In fact, the control circuits correspond to a giveained-
ule. Operations are represented by transitions\he by
placesp, and the transportation resources by plgees

Each process circuit corresponds to the routingcated
to a given type of product. Process circuits anglidated
in order to respect production ratios. During onele
must be produced twice more products t®red; than

Prod; andProd,. Thus, the model of the production sys- Ops

tem contains two production circuits for producypet
Prods, one for products typ@rod, and one for product
typesProd,.

We implement our optimization method using Xpred3-M

solver to solve this problem and we obtain theofelhg
results in terms of human and transportation ressur
optimization, assignment and scheduling.

Human resources optimization:

Cycletime:8 | Labor cost : 2at,
Assignment by machine Required
operator #| M; M, Ms skills level
1 xt X 2
2 X X 2
3 0

Table 2: results obtained for human resources dgdim
tion (job shop 1)

Scheduling and transportation resources optimization
(seetable 2)

Regarding human resources optimization, we noticg t
the number of required operators is less than theber
of machines. In this configuration, two polyvaleera-
tors with a level of skills equal to two are enoughreach
the desired cycle time.

Based on the results obtained after applying thst fi
mathematical model, we determine operations scheglul
while maintaining a level of WIP as low as possibife
deed, using the second model in the case of jop &ho
we obtain an optimal schedule illustrated in Gati#t-
gram given in figure 1. Through this figure, in batia-
gram, the sequencing is shown at three differevilse
process level (upper section), machines (middi¢éis®c
and operations (lower section).

! Cells with “x” symbol show tasks operators are assigto

nated byEC,. The WIP defines the number of transporta-
tion resources needed to achieve the requested tigad.
One can see that a WIP equal to 4 is needed fgcla c
time CT=8.

P EC, 01.v(i-1) ] 01.3(i-1)§ { ‘ O1,1G) | ©O1,2G)
P, EC, | 0216 022
Py H -
- EGs 03,1¢) 03.2(i)
Pi g, O4i16) 0426)
machines i
M, 04i15) ‘ 03,16) \ O116)
M, O1,3(i-1) ] 1 022) 01,2()
M; 02,1() ( 01.3(i-1)§ l 04.2G) 03.2G)
operators H
OP] 02.1G) 04:1G) ‘ 03.'](i) ‘ 0426) | O116) | 93.26)
Op, 01,2(i-1) ‘ 01.3G-1) ( O226) 01,2()
»

»

0

(]

3 4 5 6 7 8
»

Time
h Cycle time C =8 "
Figure 1: An example of cyclic scheduling for opignas
of job shop 1

In order to summarize results for job shop 1, Wesitate
them through an event graph (figure 2). In thispgra
through the control circuits shown in dotted linge
clearly visualize the number of operators (tokensgd
and the order in which they perform their respectasks.
The number and the distribution of transportati@n r
sources across process circuits are also given.

Furthermore, two more examples are considered.

4.2 Example of job shop inspired from Proth, Sauer
and Xie (1997)

Let us consider a job shop (job shop 2) runningti-
mal cycle time (20 minutes) with four machines émete
types of products. The different routings are devs:

- Prod; : My(6), My(8), M3(10), My(5) ;

- PrOdZ . M4(10), M3(4) )

- Prods : My(10), M3(4).

Production ratios are 25% type produeted;, 25% type
productsProd,, 50% type productBrods.

Human resources optimization:

Cycle time : 20 | Labor cost :e;
Assignment by machine | Required
operator skills
# M, M, M; My level
1 X 1
2 X 1
3 X 1
4 X 1

Table 3: Results obtained for human resources @M
tion (job shop 2)
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Pr @ ,,,,,,,,, Scheduling and transportation resources optimization

(e (seefigure 4Figure)

Process.

®) ‘ Concerning job shop 3, through the results, we mkse
Prod, : particularity. Even with the minimum cycle time,eth
minimum required number of operators may be leas th

the number of machines. This becomes possible thank
/ vy | a particularly uneven distribution of loads on the-
( > chines which allows compensation of one operater re
moval. In other words, a great value of standardatien
Process; : . . . . .
P2) 5 of machines loads allows allotting idle time intels/ of
Prod, : t (1) /”3\ 6@ @ operators to other machines.
Ms U v Through the schedule shown in figure 4, we notleat t
”””” pﬁ® even with a number of assigned operators (4) hess the
O 'y number of machines only one operator is saturated.
® ¢+ . .
Process, 1 such a case, an assignment of one operator by neachi
(Ps) T would be inefficient in terms of resources utilinatsince
Prods 'j?,),,,} /p"\ 7 | there would be significant gaps among the operators
ey ’\J v assignments times. As a consequence, that exahpless
C'> ""Q C)"'S that benefits of polyvalent operators.
Pra
o e 4.4 Senstivity analysis
Process, U
o v m | oem In previous examples, our model is tested in sjmecif
O L conditions. We aim to apply some flexibility to pare-
7y ", e ters in order to assess our model performance.,Tes

_ o ) make a sensitivity analysis for each one of thegbbps
Figure 2: Event graph model of scheduling illugtctin  ajready taken into consideration.

figure 1
] ] o 4.4.1 Scheduling and resources optimization of Job
Scheduling and transportation resources optimization shop 1
(seefigure 3)

We observe in table 5 that the minimum number ef re
quired operators decreases as the cycle time w&esedn
some cycle time ranges (ranges [8, 10 [; [10, 1l6of;

In figure 3, it is obvious that for minimal cyclene there
is almost no resources utilization flexibility. Eaopera-

tor is assigned and qualified to one machine. example), the number of operators remains unchanged
. while the cost amount varies. This is explainedtiy
4.3 Another example of job shop labor costs scale defined for different skill leszeln our

) _ ) ) case, the growth rate in wage costs tends to deualith
Let us consider a job shop (job shop 3) running de- jncreasing skills levels.

sired cycle time of 15 minutes with five machinesla
three types of products. The different routings are

- Prody : Ms(5), My(3), Ms(4), Mx(2) ; Cycle time [6,8[ | [8,10[ | [10,16[| [16¢[
- Prody: Ms(4), My(9), Ms(3) ; range
- Prods : My(7), Mo(4), My(6), M3(3), Ms(2). Minimum re- 3 2 2 !
Production ratios are 1/3 products typeod,, 1/3 prod- | duired number
ucts typeProd,, 1/3 products typ@rods. of operators

Labor cost 3 2.4 2.2 1.4

Human resources optimization (factor ofcty) _
Cycle time : 15| Labor cost : £4 Table 5: Labor costs and required number of opegato

operator| Assignment by machine| Required for different cycle times
# Mi | Ma | Mg | My | Ms | skills level Figure 5 illustrates the variation of the WIP faffetent
1 X X 2 values of cycle time. We observe that when theectiote
2 X | X 2 is increased from 6 to 8, the WIP decreases frotm %
3 X 1 while the number of assigned operators is reduged b
4 X 1
5 0

Table 4: Results obtained for human resources @M
tion (job shop 3)
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Cycle time C =20
Figure 3: An example of cyclic scheduling for jdiop 2
A
Py EC, 01.2G-1) 1 01.3G-1) O1.4G-1) 1 O1.1G)
- EC, O1id2)
ECy 02.1G-2) : 02_2(a~2)§
- ECs 03.5G-2) 03.14) 03.2G)
" ECs 03.2G-1) ! 03.3G-1) [ 03.4¢-1) |
M O3.26-1) 02.26i-2) : [ 0306)
oMs O1.1G-2) } | 02,3G=1) I N ,T - JLoua |
M"‘ : 03.16i) : R
M; 02,1G-2) 01.5%41—2) 01.3G-1) @
°Pe'58rgl . 02,1G-2) 01.5“-z> O1.3G-1) 03,4¢-1) @
Op2 OLid-2) f:om(;,n 03.16) ] | oL
Ops 01261 93.3G-1)
Opa4 03.2i-1) 02_2(a~2)§ l O1.4¢-1) [ 0326
Ops :
0‘ 1 2 3 4 5 7 8 9 10 11 lé 13 14 J 5 Ti:"ne
- Cycle time C =15 o
Figure 4: An example of cyclic scheduling for jdiop 3
we ble by varying operators’ qualifications. For_ exdenpn
table 7, we illustrate two cases of assignment. We
5 —0 choose two values for the cycle time: 36 and 38uteis.
. In the first case, the cycle time is 36 minutes #mel
s labor cost of 2.6 timest;. This performance is obtained
, with two operators: one assigned to three mach(kigs
) Ms, My) and the other one to two machines, (M,).
The second case is characterized by a cycle tin&8of
O 1 2 % 45 8 T8 9 10 A1 021 s 16 T8 minutes at the labor cost is reduced to &4 Two op-
ycle time

Figure 5 : WIP evolution curve

4.4.2 Scheduling and resources optimization of Job

shop 2

Table 6, shows a more important variation of tHsofa
cost. This is the result of the fact that more cimvations

are possible to assign operators when the number o

erators are needed. Each of them has a level 8§ ski
equal to 2, i.e. each one is assigned to two mashin

4.4.3 Scheduling and resources optimization of Job
shop 3

Trough table 8, we observe that the number of dpesa
nd labor cost decrease more or less regularly ayitke
ime increase.

machines and the number of tasks are higher. We als
notice that, with the same number of operatorsethee
different costs in some cycle time ranges. Thatossi-
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Cycle WP
time [20, | [24, | [26, | [32, | [36, | [37, | [71,

range 24 | 26[ | 32[ | 36[ | 37[ | 71[ | o 5 — 9

Minimum
required 3
number 4 3 3 3 2 2 1 2
of opera-
tors
Labor 0 4 8 12 16 20 24 28 32 36 40 44 48 52 56 60 64 68 7276
cost(fac-| 4 | 36| 34| 32 26 24 155 Cycle ime
tor of cty) Figure 7: WIP evolution curve
Table 6 :Labor costs and minimum numbers of required

operator for different cycle times

Cycle time : 36 | Labor cost : 2a8 | Average number of operators / machine : 0.5
Assignment by maching Assignment by taskof process (Oij) Required

operator skills

# M1 | M2 | M3 | M4 |0O11]| 012| O13]| O14| 021 | 022 031 | O32| 0O33]| 041 | O42| 0O43| level

1 0

2 X X X X X X X 2

3 0

4 X X X X X X X X X X 3
Cycle time : 38 | Labor cost : 2c4 | Average number of operators / machine : 0.5
Assignment by maching Assignment by taskof process (Oij) Required

operator skills

# M1 ] M2 | M3 | M4 |0O11]012| O13] O14| 021 | 022 031 | O32| O33] 041 | O42| 0O43]| level

1 0

2 X X X X X X X X 2

3 0

4 X X X X X X X X 2

Table 7: Assignment matrices (job shop 2)

Cycle time| [15, | [16, | [18, | [19, | [26, | [37, | [52, The results regarding WIP minimization can be olesgér
range 16[ | 18[ | 19[ | 26[ | 37[ | 52[ | o through the curve in Figure 7. It appears thatr&la-
Minimum tively small variations of the cycle time in thetérval
numper of 4 4 3 3 2 2 1 [1E_>, 26], the WIP decreases three times, form & to
required units.
operators
Labor cost 45 ANALYSIS
(factor of| 44| 42| 3.6/ 3.4 26§ 255 1f
Cty) The results obtained show that in FMS optimization,
Table 8:Labor costs and minimum numbers of required labor cost can be efficiently managed by payingecsl
operator for different cycle times attention to operator qualifications. The examplaest
we considered that beyond the flexibility introdddey
WIP polyvalent operators, choosing the right qualifimas
6 o for a company’s manpower may be an important factor
s Lo to reduce production costs.
4 —0 We also found out that labor cost structures plays
3 important role and it seems to be the best wayitous
2 late operator’s polyvalence.

It turned out that the human resources cost alrabst

0 4 8 12 16 20 24 28 32 36 40 44 48 52 56 60 64 ways decreases with the ratio of average numbepof
_ Cycle time erators per machine which is illustrated by table 5
Figure 7: WIP evolution curve Hence, polyvalence is an effective optimizing fadtar

labor cost.
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