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Abstract: Generally, each member of a supply chain (SC) dpéis
his own individual objective and accordingly, plams activities (e.g.
production operations, inventories) without consitg a global
perspective. The goal of this work is the developmef a multi-
objective  optimization model for cooperative plarmbetween
different manufacturing plants belonging to the ea8C. The
model aims at minimizing simultaneously the totedquction cost and
the average of inventory level for several itemd awer a multi-period
horizon. To solve this problem, a non-dominatedisgrelitist genetic
algorithm (NSGA-Il) is developed to derive the Rarefront
solutions. Several tests are developed to show the
performance of the solution method and the behaidhe cooperative
planning model with respect to differesémand patterns. The proposed
model shows high performance in the tested castsosimparison to
the literature.
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1 Introduction

Planning the operations across supply chains (S@pnsidered in the literature as a
major task of supply chain management (SCM). Copiser (1998) defined the SC as
“the network of organizations that are involved,otigh upstream and downstream
linkages, in the different processes and activitiest produce value in the form of
products and services in the eyes of the ultimatesemer”. In other words, a SC is
composed of two or more organizations that areelinby materials, information and
financial flows, with the aim to fulfil customer geest /demand. According to Stadtler
(2005), ‘Supply chain management (SCM) is the task of intewy organizational units
along a SC and coordinating materials, informatemd financial flows in order to fulfil
(ultimate) customer demands with the aim of imprgwompetitiveness of the SC as a
whole”. SCM is turning into one of the major activitiektbe management, which has
great importance in competitive markets (Ganjawlgt2015).

Planning tasks are classified into three plannegls, depending on the corresponding
planning horizon: strategic, tactical and operailolevels. In this work, the tactical
planning (mid-term planning), that is concernedhwibhe productions decisions, the
resources utilization and the material flows manag, is considered.

Many works addressed the issue of coordination éetmpartners and its impact on SC
performances ((Xu & Meng, 2014), (Shukla et al.120 (Chan & Zhang, 2011), Lyu et
al. (2010), Li & Wang, (2007) , Dudek & Stadtlel0@5, 2007), Schneeweiss & Zimmer
(2004), Ertogral & Wu, (2000)). The collaboratioptlveen partners and the ability to
exchange information are important entities that lba adopted by SC to enhance their
competitiveness (Mishra et al., 2014). CoordinationSCs depends on the decision-
making nature, which can be either centralized exedtralized. Independent decisions
characterizing decentralized planning benefit sqragies of the SC, while the aligned
decisions benefit all parties and maximize the ifgof(Cardenas-Barrén & Trevifio-
Garza 2014), (Cardenas-Barron et al., 2012). Tarengood coordination, one approach
is the implementation of centralized decision-mgk{(Hu et al. 2010), (Kumar et al.,
2014)). Li & Wang (2007) provided a review of comation mechanisms of SC systems
based on the demand nature and the SC decisiootwstu To improve the SC
performances, cooperative planning is one of theomant levers of action. In this case,
the decision makers planning tasks are intercoedetd achieve a global objective.
Centralization occurs by considering the whole esysts one entity, while coordination
appears from the information exchange between tenmg domains: information on
demand as well as manufacturing and inventory dagai@re provided to each others.
Erenglg, et al. (1999) and Jaber & Zolfaghari (30@®vided a review of mathematical
programming planning models within centralized S&scording to Axsater & Rosling
(1993), Lee & Billington (1993), Haehling von Lamerier & Pilz-Glombik (2002), and
Rudberg (2004), centralized management offers betist-effectiveness, possibilities of
higher resources utilization and avoidance of aapion of activities, due to a better
coordination than in decentralized management.

According to Sobhani & Wong (2013), in SCM, a serof organizations integrate and
cooperate in order to improve the competitive céji@ls of the whole chain. In this
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context, they developed a mono-objective model, ciwvhaims to minimize the
transportation cost and inventory holding cost,onder to optimize the distribution
quantity of products in a three-stage SC systeneyTdeveloped a robust elitist genetic
algorithm (GA), which outperforms the EXCEL SOLVERIimpe & Kallrath (2000),
Berning et al. (2002) and Schrépfer et al. (2008@sented different models and
algorithms for centralized master planning in cheghiindustry SC that show the
advantages of cooperation between partners in 3Ghése proposed models aimed at
minimizing a total cost function, which is compos#dproduction costs, shipping costs,
and holding costs. Manimaran & Selladurai (2014)vetlgped a mixed integer
programming model, which aims to minimize the tatistribution cost of the multi-stage
SC network by selecting the optimum numbers, locatiand capacities of plants and
distribution centers to open in order to satistycatomer demand. In considering total
profit maximization, Alemany et al. (2010) develdpa deterministic mixed-integer
linear programming, for multi-period centralizedphing problem of SCs in the ceramic
sector. The objective of the model is to maximize total net profit. Kim et al. (2009)
developed an equitable mechanism of sharing thétprachieved due to cooperation
between a single manufacturer and a single refail@SC.

From a technical perspective, the problem consitié@rethis paper is the deterministic
multi-period, multi-level, multi-item capacitatedotisizing problem (MLCLSP).
According to Ertogral & Wu (2000), MLCLSP in a miple tier SC context can be
defined as follows: Given external demand for @edhs over a time horizon, a bill-of-
material structure for each end item where the ypetdn of sub-assemblies may be
spread across multiple facilities, the problemoidihd a production plan over multiple
facilities that optimizes specific objectives. TM&CLSP represents a major decision in
production planning by defining the appropriate &tes under capacity restriction
constraints (Jans & Degraeve, 2008). The MLCLSPorgd to the production
management area and it can represent real sitsationcenarios in different industries
(Toledo et al. 2013). Maes (1991) proved that theCMSP is NP-complete problem.
Sahling et al. (2009) proposed a dynamic multideeagpacitated lot sizing problem with
setup carry-overs, which aims to minimize the sunowertime costs, setup costs and
inventory holding costs. They solved the problemam iterative heuristic called the fix-
and-optimize algorithm. To solve the same probl&oren et al. (2012) developed a
hybrid approach by combining GAs and a fix-and-4mite heuristic. Furlan & Santos
(2015) addressed the MLCLSP to find a producti@mphat satisfies the demand on time
and minimizes the sum of inventory holding cosetug costs and overtime costs. To
solve the problem, they proposed a hybrid heuribised on the bees’ algorithm
combined with the fix-and-optimize heuristic. Taghur & Frayret (2013) proposed a
dynamic mutual adjustment search heuristic, in otdecoordinate the operations plans
of two independent SC partners, linked by matexial non-strategic information flows.
Each partner solves a local MLCLSP taking into actdhe local capacity constraints of
his partners. Almeder (2010) combined an ant colopgmization algorithm with the
exact solver CPLEX, to solve the MLCLSP based om fibrmulation proposed by
Stadtler (1996). The metaheuristic fixes the bingayiables, and the mixed-integer
programming finds the continuous variables. Thesdije is to minimize the total cost,
which consists of the sum of the setup, inventory avertime costReil’} & Buer (2014)
proposed a coordination mechanism based on a aégati approach to enable
collaborative planning in the context of an n-t®€, where agents jointly solve a
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distributed MLCLSP in order to minimize the joindtal cost. Kim & Shin (2015)
proposed a production planning algorithm for the@®ISP in a SC that takes back order
into account, aiming to minimize the sum of theeintory holding, setup, and back-order
costs. They developed a hybrid heuristic algorittamed greedy rolling horizon search
to solve the problem.

The common objective of the papers dealing withNheCL SP is the minimization of a
total cost function, with some differences in tlensidered assumptions or the structure
of the SC system. According to Deb (2001), decofimgoan original single-objective
function into multiple, conflicting objectives gisemore flexibility in exploring the
solution space. Thus, unlike standard models, waider in this paper the MLCLSP as a
multi-objective model. In fact, inventory is crukia the success of many activities and is
a part of the effective management of a firm (Kumiaal., 2013). It is considered as one
of the most important and essential issue in probolucand operations management
(Elsayed, 2014). Moreover, the inventory level fsadamental measure in SC planning
and particularly in MLCLSP. In order to control tireventory more effectively, avoid
diluting it in a total cost function and considémiith its adequate weight, we consider
the inventory level as a separate measure to benmed rather than a cost component
from the total cost function as considered in ttexdture. The considered MLCLSP is so
modelled as a bi-objective model, which aims toimire the total production cost and
the average inventory level.

The literature of SC planning presents some mublfgctive models, but not in the
context of MLCLSP. Cheng et al. (2009) proposedutimbjective optimization model
for the manufacturing of complex products in SCe Tinst objective is to minimize the
total cost, which is the sum of the processing,dasted cost between manufacturing
units and penalty cost. The second one is to madntie whole production load. They
solved the problem using the non-dominated sowiitist genetic algorithm (NSGA-II),
which show its performance compared to three oB¥s. Paksoy et al. (2010) proposed
a mixed integer linear programming model composkthiee objective functions. The
first one aims to minimize the total transportatemsts between partners, the second one
aims to minimize holding and ordering costs inriisition centres (DCs), and the last
objective function aims to minimize the unnecessamgl unused capacity of plants and
DCs. Kébé et al. (2012) modeled an industrial S&hpihg problem, which aims to
determine the flows between DCs and the supplignde minimizing the total cost. A
Lagrangean heuristic is developed to solve thelprobBandyopadhyay & Bhattacharya
(2013) proposed a modified version of NSGA-II tsmmiize first, the transportation and
inventory holding costs and second, the bullwhifeaf of a two echelon serial SC.
Sazvar et al. (2014) developed a multi-objectivelehdn a two-echelon centralized SC.
The first objective is to minimize the total coathich consists of the inventory holding
costs, the purchasing costs, the ordering costsrebycling costs, the transportation
costs, the backordered costs and the lost sale nostus revenues. The second objective
aims to minimize the expected greenhouse gas peddincthe SC. Ivanov et al. (2014)
developed a multi-objective, multi-period plannimgpdel for a multi-stage centralized
SC. The model aims to maximize the service levdl mmimize the total cost composed
of the fixed, the transportation, the storage,rétarn and the sourcing costs. Ganjavi et
al. (2015) developed a goal programming model, whams to minimize the total
deviation cost from the selected target. The puwp®$o determine appropriate lot-size to
procure in each period, which meets the total ab&l periodic budget and the buyer’s
maximum acceptable quality, and minimizes the syt To solve the model, they
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developed a differential evolutionary algorithm,igfhoutperforms GAMS software and
the GA. For an overview of various mathematical goasnming models for SC

production planning, one may refer to Mula et 2D10), Steeneck & Sarin (2013) and
Esmaeilikia et al., (2014).

We contribute to the literature on SC planning veloping and solving a multi-
objective multi-level, multi-item, multi-period adptization model for cooperative
planning. In fact, cooperation between partners lead to the generation of a global
optimal production plan. To solve the multi-objeetimodel, we design and develop an
elitist based on the non-dominated Sorting Gerdtjorithm -1l (NSGA-II).

The paper is organized as follows. The MLCLSP icoaperative scheme is modelled
and formulated in section 2. The resolution methogy is presented in section 3,
followed by the computational results in sectionSéction 5 provides a comparative
study to evaluate the performance of the proposedeim Finally, a conclusion and
discussion of future research directions closeptpzer.

2 Problem statement and proposed methodology

Consider a multi-echelon SC planning problem ovdixad number of periods with a
finite capacity of personnel and machines. Prodamdsinterconnected by successor and
predecessor operations according to the bill oenels and the sequences of operations
that increase the problem complexity. The demamdet@ry finished product or semi-
finished product is assumed to be given and hae tilly met in time and quantity. The
deadline to satisfy the customer’'s demand corredptmthe end of the planning period.

The following assumptions are considered in thetirolljective optimisation problem:
* Raw materials are always available.
¢ Periodic external demand of each item is known.
* Inventories at the starting planning period are tymp
* Several resources, with limited availabilities, gaacess several items.

* The sequence of operations required to producetan is fixed, and any
alternative routing is forbidden.

* Overtime is allowed to extend the main productiapacity availability.

* Setup time is neglected.

* [tems can be only produced if all their predecessonponents are available.
* Backlogging is not allowed.

* Inventory is calculated at the end of each planpi@agod.

The cooperative SC structure considered is reptedeim Figure 1, where different
production sections or manufacturing plants codpetagether in order to generate a
global optimal production plan, which satisfies @ileé concerned parts. The plant that
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produces the finished product requested by theomest receives orders from his
customers and transmits them to the other plantsid®s the inherent nature of SC
actors, these plants share different informatiothwéach other, such as production
capacity and production costs. Products are moveth fan upstream plant to the
downstream one until reaching the last plant, wileeefinished products are stored and
delivered to the customer. To generate the proolugtians, within the whole SC, the
mathematical programming of the MLCLSP is usedsTdtioice is motivated by the fact
that it is a standard problem which is well knowrdalocumented in the literature. In
fact, it depicts the important decision in prodootplanning of determining adequate lot-
sizes from final products onward, to subassembfiags and raw materials. Moreover, it
captures the essential planning issues presente¢babeveral final products, a multi-
level process structure, limited capacities, asdrate setup decisions.

Figurel Cooperative supply chain planning structure

Information flow

Production Material Production

Material Production 1 Material Customer
plant plant plant -
flow flow

flow

A

Information flow

Material

Storage Storage Storage

||
»
>

The following notations are considered:
. Indexes sets
set of planning periods
set of operations

set of resources

N R v B |

set of direct successor operation$ of

. Indices

—

planning periodt=1I,..., T.

j» K operationj=1,...,J;k=1,...,J
r resourcer=1,...,R

* Data

cy, unit cost of operatiofn



7 W. BEN YAHIA et al.

cf; fix setup cost of operatign

cor unit cost of overtime (capacity expansion) at veser
Dj: (external) demand for operatipm periodt

Crt Capacity at resouraein periodt

L Large constant

a Unit requirement of resourceby operatiorj

lik Unit requirement of operatigrby successor operatidén

. Decision variables

C total production cost

I moy average of inventory level for all operations

Xt output level of operatiojin periodt (lot size)

it inventory level of operatiopat the end of periotl
Vit setup variable of operatigrin periodt

(y;:=1 if operatiorj is set up in periot y;; =0 otherwise )
Ort overtime at resourcein periodt

. Formulation

Min(C,|moy) (1)
T T
St C=Y > [(cvx)+(gfm)+> > cora (2)
t=1 j0J t=1r0OR
1 T
|moy:—22ij,t (3)
T t=1 j0J
et X0 = Dy X * gy 0 oJ ot 4)
zjar,j.)q,tSG,t-F@t 0joJ,0t0r0R (5)
Xt < Lyt 0jaJ ,0ot (6)
%.t20, it=0 0joJ Ot (7)
ort=0 Ot, Or OR )
yi.t0{0,3 OjoJ Ot (9)

The purpose of this model is to determine the aatgproduction plan, which minimizes
simultaneously the total production cost and therage inventory level of the whole SC.
The objective functions are represented by equsiti@ and (3). The first objective
function considered is the total production costtteess sum of operations costs, setup
costs, and overtime costs. The second functidmeisaverage inventory level with respect
to the number of planning periods. The second dbgives to the inventory level its
importance as a fundamental measure by considériag a separate quantity to be
minimized and not as a component of a total casttfan. This formulation favours the
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inventory level optimization, especially in the eawhere the storage cost is low or
negligible. The first decision variable consists of the opersi levels X;;), which
presents the units of operatipto be produced at periddin other words the lot-size to
be produced in order to fully satisfy the exterb@mand. The second decision variable is
the inventory levelsif) for all operations considered, which represehts wnits of
operation j in the inventory at period t (Any ambemnceeding the demand is stored for
future use). The third decision variable is theugebinary variable, which indicates
whether a setup for the operation j occurs in gktid-inally, the last model output is the
expansions of resource capacity through overtimg, (which presents the overtime
needed for resource during the periodt to finish production. Operations represent
production or other value-adding activities. Eqomti(4) provides the constraints
capturing the flow balance between output, inventand consumption by external
demand or successor operations. In fact, extewrabdd has to be fulfilled at any stage
and any time using the items either produced dtpgheod or stored. The constraint (5)
ensures the capacity restrictions in using theuess to produce the different items.
This limitation in capacity is a representationreél-life SC situations, where overtime
could be used as a means to extend the capacityptéint at any period. The setup
constraints are expressed in (6), forcing the lisatup variabley;) to be set to 1 when
the operation j is performed in period t. The damaof the different decision variables
are specified in the constraints (7), (8) and (9).

Formulating the MLCLSP with a bi-objective represtion fosters the innovation and
presents the advantage of considering the inveniergl as a dissociated objective
function. This allows giving the inventory leves iteal importance rather than artificially
converting it into a cost component within a totalst function.The developed bi-
objective optimization model allows finding a comprise between two contradictory
phenomena, which are the inventory level and tt& poduction cost.

3 Theresolution method

The original MLCLSP is a NP-hard mixed integer peogming (MIP) problem with
binary and integer variables, which means thast ihard to solve. In this paper this
problem is transformed to a multi-objective problemhich increases the complexity of
the resolution.

In multi-objective optimization problems, the oljge functions conflict with each
other. In other words, improving one of the objeeti leads to sacrifice on another.
Unlike mono-objective problems, there is no singi¢imal solution that can optimise all
objective functions simultaneously. But rather,réhexist a set of trade-off solutions,
called the Pareto-optimal solutions. To solve suciiti-objective optimization problems,
some researchers transformed the objective problatosa series of mono-objective
problems.For this purpose, an order of importance on theahjes could be given, and
the objectives are optimized separately withoutraeigg the values already obtained for
the priority objectives. Another approach in optimg a linear aggregation target, each
objective may have a weight representing its ingraré. However, in a real multi-
objective context, it is not always possible talfam order of importance of the criteria. It
is then necessary to look for best compromise ketvtlee objectives solutions.
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According to Vanchipura & Sridharan (2014), it iffidult to get an optimal solution for
even small size NP hard problems; thus, Metahdesjsand more specifically GAs
represent suitable solution approaches in suchtgins. According to (Bandyopadhyay
& Bhattacharya, 2013) the mathematical techniquese Himited search ability to find
optimal solutions for SC planning compared to bjidal methods such as GAs. GAs
have a high potential in solving varieties of NReheulti-objective problems and show
good performances in finding near-optimal solutiémrsmulti-level lot sizing ((Dellaert
et al., 2000), (Dellaert & Jeunet, 2000), (Xie &mdp 2002), (Guner Goren et al., 2010)).
In the case of multi-objective problem, no singfgimal solution can optimize all the
objectives, especially when the objectives arelatimfg. GAs are able to provide a set of
compromised solutions called Pareto optimal sotufi©oello et al., 2007) that answer to
the optimization model. For this reason, we sligitlodified the well established NSGA-
Il (Non-dominated Sorting Algorithm II), initiallgeveloped by (Deb & Agrawal, 2002),
to make it suitable for use in cooperative SC plagrwith integer decision variables.
This algorithm is chosen for the following reasons:

. The use of elitism: A comparison made by Zitzleakt(2001) on a set of test
problems shows that elitism is an important fadtorconsider in evolutionary multi-
objective optimization.

. The low computational complexity: According to (D&b Agrawal, 2002),
NSGA-Il has a computational complexity equal to O@# (M is the number of
objectives and N is the population size). Compaoesther Multi-objective Evolutionary
Algorithms (MOEAs), where the computational comjiigxs equal to O(MN), NSGA-
Il'is an efficient algorithm.

. Its wide use: NSGA-II is one of the contemporaryltimbjective evolutionary
algorithms that demonstrates high performance. alperithm was successfully used in
various problems (see for instance (Bekele & Niekl8007), (Kanagarajan et al., 2007),
Cheng et al. (2009), (Bensmaine et al.,, 2011), gkimo & Liangyou, 2013),
(Bandyopadhyay & Bhattacharya, 2013), (Pasanditiah,&2015)).

. Its good convergence features: Deb (2001) showsatiility of NSGA-II to
maintain a better spread of solutions and to cajesdvetter than two other elitist
MOEAs: Pareto Archived Evolution Strategy and Sgtbn Pareto Evolutionary
Algorithm.

A population in NSGA-II is a set of possible sotuts that may produce Pareto fronts (set
of optimal solutions with equal performances). fjrsa random parent populatid® is
created, the population is formed by different fielesand infeasible solutions called
individuals. From N parents, N new individuals ggffing) are generated in every
generation by the use of the Simulated Binary Gremss(SBX) and Polynomial mutation
(Agrawal & Deb, 1995). The selection is made usitogirnament between two
individuals. Both parents and offspring competehwétach others, which ensures the
elitism and forms a population of 2N individualdheTpopulation is then sorted based on
the concepts of domination and the crowding distan&n individual x dominates
another individual x if all the objective functions ofpare better than those of,>or at
least x is strictly better than xfor one objective function. Each solution is assigj a
fitness value (or rank) equal to its non-dominatievel. Individuals in the first front are
given a fitness value of 1, individuals in the satdront are assigned a fitness value of 2,
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and so on. In addition, the crowding distance &tar iscalculated for each individual.
This parameter allows estimating the density ofutsmhs surrounding a particular
individual in the population. The solution locatieda lesser crowded region is selected.
Finally, if the stopping criterion (which can beetlygeneration number) is reached, the
first front obtained represents the Pareto optise#itions. Otherwise, a new population
is formed and the procedure is repeated.

Relying on the features of the considered problam proposed algorithm operates with
two fithess functions: the total production cost dhe average of inventory level. The
decision variables representing the genes in therithm arex, y;, 0, andij. All the
genes represent integer variables. To ensurenelithke best chromosome obtained,
corresponding to the current optimal solution isluded in the population of the next
generation.

In the proposed model, there are J*T equality cairgs and (2*R*T+4*J*T) inequality
constraints as well. To generate the Pareto optimiaitions, the constrained-domination
principle, proposed in Deb & Agrawal (2002), is disll the constraints are then
normalized, and the equality constraints are tanséd into two inequality constraints.
Hence, all the resulting constraint functions &&)> 0. In the initiation phase of the
algorithm, the difficulty is to obtain a feasiblelgtion. The initial generated solution
must at least satisfy the non-negativity constraiifter that the constraints violation is
calculated for each constraint. If the sum of tlmstraints violation is null, so the
constraints are satisfied and the solution is BasiOtherwise, if the solutions are
infeasible, the solution that has a smaller ovetaltstraint violation is chosen to be
included in the new population. After the selectminthe feasible solutions, they are
ranked in accordance to their non-domination Iéaded on the fitness function values.
Finally, the solutions that belong to the first rlominated front are chosen.

4 Experimental results

4.1. Test description

Consider a linear SC constituted of two productioits (2R). The demand is given and
has to be fulfilled, while the SC is facing finitapacities of personnel and machines.
Three types of items necessitating three typegefaiions (3J) are produced: product 1
made from one unit of operation 1, product 2 madenfone unit of operations 1 and 2,
and product 3 made from one unit of operationsdn@® 3. Two tests are designed, where
the objective is to find the optimal production ml& he first test considers a planning
horizon constituted of two periods (2T), whereas skcond test considers three periods
(3T).

The genetic parameters shown in Table 1 are sdlesiag trial and error methodology,
to solve the proposed model. The algorithm is rwegal times with different parameters
combinations. They correspond to the best comluinatiat is selected for running the
different tests.
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Tablel Genetic parameters

NSGA-II N, G, Pe, P, Nes Nrmy r,
(parameterspopulatior generation crossover mutation Crossover Mutation controlled
size number probability probability  Index Index elitism
Parameter 150 1000 0.99 1/n 50 100 0.123
values (n=numbe
of
variables)

In the first test “2R.3J.2T", two examples are gddwith two different demand trends.

As shown in table 2, in the first example, the exaé demand increases from the first to
the second period, to exceed the main productipaaity. For the second example, the
very high demand in the first period decreasefiénsecond period. The demand profile
of the second test “2R.3J.3T", dealing with thréanping period horizon, is presented in
table 3. Three cases are generated. In the fisgt, ¢the demand is triangular: low in the
first and the third period and very high in the @®t period until exceeding the main

available capacity. In another words the exterrahand has triangular shape. In the
second case, the demand increases from the firgidpto exceed the main available

capacity in the third period. In the last case, deenand follows a “V” shape (inverted

triangular), thus overtime is only expected to @danuthe first and the third period.

Table2 Customer demand features in the first test “2R.3J.2T"

Example 1 Example 2
Demand of Tl T2 T1 T2
Product 1 20 140 90 15
Product 2 15 70 40 5
Product 3 10 70 50 5

Table3 Customer demand features in the second test “ZR.3J.

Example 1 Example 2 Example 3
Demand of T1 T2 T3 T1 T2 T3 T1 T2 T3
Product 1 5 140 15 5 35 140 90 15 140

Product2 15 70 10 15 25 70 40 10 70
Product3 10 70 10 10 20 70 50 10 70

4.2 Testresults

The developments of NSGA-II algorithm for the drffat designed tests are coded in C-
language. The execution time does not exceed 5tesrfar all the examples tested. The
results of tests are shown in Table 4 and Tab{@ere can notice that at the convergence
of the algorithm, only one compromise solution i®vided at the Pareto front. In
particular, the problem presents many equality tamgs and integer decision variables,
which imply discontinuities in the solution domaamd limit the search space for the
algorithm.
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4.2.1. The “2R.3J.2T" test results

The first example of the “2R.3J.2T” test considaigh demand during the second period
that exceeds the main capacity. If the plants predine items needed (to fulfil the
demand) in the same period, the first plant requir®00 minutes of overtime and the
second plant requires 620 minutes of overtime. &foee, a solution as given in Table 4
is to produce in advance the products needed arstor@ them in the first period.
Consequently, there is no need for overtime to nfeetdemand, since overtime is more
expensive compared to nominal capacity utilisatimsts. Besides, at the end of the
planning period, the inventory level is null. Nodigato meet the exact demand in every
period, the plants have to achieve 45 operatiorpefation 1 in the first period, 35 units
of the operation 2 and 10 units of the operatioB@® in the solution provided by the
algorithm, the production exceeds the needs byn@8 for the product 1, 50 units for the
product 2 and 48 units for the product 3. Thus,laats have to complete the products
needed to satisfy the customer’'s demand in thenseperiod. The total production cost
for this plan is about 2669 [MU] and the averageeintory level is equal to 34 units.

In the second example, the demand increases sgtdrtim the first period. To meet the
demand of that period, the first plant needs 60uteis of overtime, whereas, the main
capacity of the second plant is sufficient. Desping the same genetic parameters, the
algorithm does not provide good solutions as exqgkedn fact, the solution provided by
the algorithm proposes that the production plantglypce the exact quantities needed to
satisfy the demand of the first period and usendbeded overtime only in that period.
Hence, there is no storage at that period. At doeisd period, the production quantities
are higher than the demand. This explains the n&wdstorage of the second and the
third operation at the end of the planning horizdhe total production cost of this
example is equal to 3130 [MU] and the average lef/@ventory is equal to 33.

Table4 Results of the first developed test “2R.3J.2T”

Examplel Example 2

X1.1 113 180
X21 85 90
X31 58 50
X1.2 212 91
X2 80 76
X3.2 22 36
011 0 60
021 0 0
012 0 0
022 0 0
i1 8 0
P 12 0
i31 48 0
i1 0 0
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i 0 31
C 2669 3130
lmoy 34 33

Figure 2 shows the optimisation process from thr& fieneration until the convergence
of the two examples of 2R.3J.2T. For both exampkdsleast 75 generations are
necessary to find feasible solutions. During thstfB00 generations, both objective
functions are simultaneously optimized, where tbkitons Pareto contains up to five
solutions. Afterwards, the curve shows that theeimery level stabilizes around a certain
value. In the last generations, only the total é@shinimized, by minimizing the use of
overtime, until its convergence to a unique optisalution. During the optimization
process, the total cost is reduced by more than, 9@%reas the reduction of the average
inventory levels does not exceed 50%.

Figure2 The optimization evolution for example 1 and examlfor “2R.3J.2T"

Generation number

= Example 1
® Example 2

Total cost

In the case of the proposed model, to find a Papétmultiple optimal solutions the
NSGA-Il parameters must be varied. Thus, the aflgoriis run several times with
different parameters combinations and the Paretimap solution is obtained with
respect to the non-domination concepts.

The search strategies of the examples are diffeterthe first example, the solutions
region is larger and conflict between the considaybjectives occurs especially in this
case. In fact, for an increasing demand case,daraninimize the total production cost;
the use of the overtime must be avoided. However, groduction must be made in
advance because the demand exceeds the availgideitga which will increase the

average inventory level. The contradictory phenomneallows obtaining a Pareto of
multiple optimal solutions, as shown in Figure 3ieTPareto contains seven solutions.
The decision maker can choose the suitable pramtuplan according to his preferences.
Moreover, we notice that, NSGA-II provides multipbeoduction plans for the same
objective functions, which gives a wider range bbice to the planners. However, for
the second example, the demand has a decreasitegnpathich does not exceed the
available production capacity of the planning peridherefore, there is no need for
storage and the objective functions are not cdiitic The NSGA-II provides one global
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optimal solution as shown in Figure 3. Finally, thice of the most suitable production
plan is made by the partners according to theifiepeaces.

Figure3 Pareto optimal solution of “2R.3J.2T"
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4.2.2. The “2R.3J.3T" test results

The results of the different examples of the “2838J test are shown in Table 5. In the
first example, the demand is very important ingbeond period. So the production of the
first and the second operation is done in advahstead of producing 30 units of the
first operation, which is the necessary quantitgt thatisfies the demand, the solution
provided by the algorithm is to produce 135 uniithaut use of overtime in the first
period. So, taking the two first periods, the althwn reacts in the same way as in the last
test of the first example. The production of thé&suneeded to fulfil the second period’s
demand is completed in that period. Overtime isithsed by 802 minutes for the first
resource and 18 minutes for the second one. Howi\erevery period the production is
done to satisfy the demand of that period, the fitant would need in the second period
1600 minutes of overtime and the second plant woaktd 620 minutes of overtime. But
in this case, storage is required at the end osé¢lwend period. In the third period, there
is no need of overtime. At the end of the planriogizon, there are only 14 units in the
inventory, 7 units each of product 3 and 2. Thaltptoduction cost of this example is
equal to 11400 [MU] and the average level of ineepis equal to 44.33 units.

For the second example the demand increases gtémim the first to the last period.
There is no need to use overtime at the two fiestogls. But, at the third period, the first
plant will need 2060 minutes of overtime and theosel plant will need 1990 minutes of
overtime, if they produce the quantity asked at teriod. However in the proposed
compromise solution, shown in column 2 of Tablett® third plant uses only 878
minutes of overtime and the second plant uses ®&hlgninutes of overtime. In this case,
the solution optimizes the SC production cost byimizing the use of overtime. The
produced quantities in the first and the secondodeexceed the quantities needed to
satisfy the external demand. For the second operatie SC produces 46 items instead
of 25 items at the first period, and 53 items iadt®f 45 items. At the end of the
planning horizon, the inventory level of all protkiés null. The total production cost of
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this example is equal to 13043 [MU] and the averagel of inventory is equal to 25
units.

Considering the third example, the solution is shamvthe third column of Table 5. The
demand has an inverted triangular shape. The depfahe first period exceeds the main
capacity only of the first plant by 60 minutes. Fatisfy the demand of the third period at
that period, both plants will need overtime; 160thutes for the first plant and 620
minutes for the second one. To minimize the useveftime, which is very expansive,
the demand size has to be fulfilled at an earlierigqu. But, to satisfy the second
objective, which is minimizing the average of intay level, does not allow a high
minimization of overtime. In the first period, iesid of producing 180 units of the first
operation, the plants produced 230 units and 4% unobre for the second operation.
There are then 5 units of the first operation stprs units of the second operation and
no inventory of the third operation. At the secqretiod, only 38 units of the second
operation and 12 units of the third operation amesl. At the end of the planning
horizon, there are only 6 units of the third opierain the storage. For this example, the
proposed compromise solution consists on a totadymtion cost equals to 21876 [MU]
and an average level of inventory equals to 35unit

One can note that when the demand is importanthensecond or the third period and
exceeds the available main capacity, the algoritiimmizes the total production cost by
the minimization of the use of overtime becausisofiigh cost. The average of inventory
level then increases as production is done in azbzafit the end of the planning horizon,
the inventory level is very low or null. Generallyjs noticed that when the number of
planning periods horizon increases, a better custa®rvice is provided with high cost
saving. The generated solutions consist on com@m®ietween the both contradictory
objectives.

Table5 Results of the second developed test “2R.3J.3T”

Example 1  Example 2 Example 3

X, 135 51 230
X, 32 46 135
X3, 10 10 50
X, 189 113 35
X, 133 53 25
X3, 70 20 22
X3 35 226 236
Xos 34 111 96
Xss 17 70 64
0, O 0 910
0, 802 0 0
03 O 878 736
01 0 0 80
0, 18 0 0
03 O 64 0
i, 98 0 5
i, 14 25 0
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s O
i 7
i, 0
iy 7
i1 0
s, O
iy 7
C 11400
lmoy ~ 44.33

0
21
29

0

0

0

0

13043

25

0

45

38

0

0

12

6
21876
35.33

In order to generate the Pareto of multiple optis@utions of the developed examples,
the NSGA-II is run several times with different pareters combinations. The Pareto
optimal solutions are obtained with respect tortbe-domination concepts, as shown in
figure 4. The Pareto optimal set contains six ogtisolutions, for the first examples,
where the demand has a triangular shape duringldming horizon. For the second
example, where the demand is increasing duringpthaning horizon, the algorithm
provides seven optimal solutions. In this casagtli®the highest number of compromise
solutions due to the contradictory objectives. Bfor, the third example where the
demand has a “V” shape, only two optimal soluti@me found. The three extracted
Pareto have different shapes, which shows diffeérepacts of the demand pattern on the
evolution of the objective functions. In fact, il studied examples the demand shape
influences the optimization process behavior. Ie ttase of an increasing external
demand, the contradictory phenomena between obgscfunctions rises, the algorithm
provides more optimal solutions. Finally, the parthcould choose the appropriate

production plan to follow according to their prefaces.

Figure4 The Pareto optimal solution of “2R.3J.3T"
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5 Model Performance analysis

To evaluate the proposed model and the solutiorlitquprovided by NSGA-II, a
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benchmark is created with respect to a mono-objectnodel of MLCLSP in a
cooperative SC. The latter is a well known andldstaed model (cf. (Dudek & Stadtler
(2005), (Stadtler, 2003), (Almeder, 2010)). Theeakiye function of the mono-objective
model is to minimize the total costs, composed h& bperations cost, the inventory
holding cost, the setup cost and the overtime castpresented in Equation (10).
Inventory levels are transformed into costs andiporated in the objective function.
Hence, for this model, the average inventory leséhdirectly optimized using the flow
balance constraint presented in Equation (4). Hewein the proposed model, the
inventory is not treated as cost but kept as atifyan be minimized. In order to obtain
the same total cost function for a comparison psepave assume that the inventory
holding cost is neglected in the mono-objective elodhe other constraints of both
models are the same. Two tests are designed andsinm NSGA-II.

T T
C=> D l(cux)+(ch.j )+ (cfy)l+D. > co o (10)

t=1 j0J t=1 rOR

5.1 First set of tests: 2R.3J.2T

In these tests, the notation 2R.3J.2T indicatestti®aSC consists of two manufacturing
Plants (2R) and the planning is done over two @sri(2T) for three types of products
that require three kinds of operations (3J). Th& firoduct requires one unit of operation
1. The second product needs one unit of operatiofs2. And the third product needs
one unit of operations 1, 2 & 3. The external dednBy of each product is represented in
Table 6.

Table6 External demand of different items

Dii Doi D31 Dip Do Dsp
90 40 50 80 60 70

To satisfy the external demand for each period tdwersame period, the first plant needs
60 minutes in the first period, and 940 minuteswrtime in the second period; whereas
the second plant does not need any overtime.

To solve the standard mono-objective model as thell multi-objective MLCLSP, the
NSGA-II algorithm is used. In each test, the popafasize N varies, while keeping the
other NSGA-II parameters unchanged. In terms ofveogence, the proposed multi-
objective model needs only 1000 iterations to cogedo the optimal solution, whereas
the mono-objective model needs about 2000 genemti€onsequently, in order to
objectively compare the models in their best caodd, the maximum generation number
used in the tests is limited to 2500 generatiom® flesults are visualized in Table 7 that
contains the quantities produced, the binary setapable, the overtime used, the
inventory levels and the objective functions, fatihbthe mono-objective model and the
proposed multi-objective model.
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Table7 Results of 2R.3J.2T test for the proposed model laadnbno-objective model

N 60 100 150 200 300

The

The

The

The

The

The

The

The

The

The

Model MONO- proposel MONO- PropoSe MONO- Proposer MOoNo- OrOPOSE MONO- Propose!
objective model objective model objective model objective model objective model

model model model model model
Vit 1 1 1 1 1 1 1 1 1 1
X1 302 300 227 231 244 236 235 233 283 282
X2.1 158 157 127 137 117 117 114 114 134 134
X3,1 101 101 67 65 60 60 64 64 88 88
X1,2 138 135 265 199 176 178 250 210 170 168
X2.2 108 108 150 123 133 127 159 159 149 146
X32 40 40 71 65 60 60 96 96 85 85
0,; 2328 2303 1010 1118 962 898 908 892 1780 1772
021 600 580 0 0 0 0 0 0 242 236
01, 0 0 1608 722 578 534 1862 1542 990 944
02 0 0 206 0 0 0 276 36 0 0
i11 54 53 10 4 37 29 31 29 59 58
i21 17 16 20 32 17 17 10 10 6 6
i31 51 51 17 15 10 10 14 14 38 38
i12 4 0 45 8 0 0 42 0 1 0
i22 25 24 39 30 30 24 13 13 10 7
i32 21 21 18 10 0 0 40 40 53 53

C 36372.935799.7 33585.722343.419178.418043.2 36269 2916235798.935141.3

86

Imoy

82.5

74.5

455

47

40

75

53

83.5

81

From these results, one can note as an importsmé,ighat the production level of the
mono-objective model is higher than the productievel of the proposed model by
100%. This difference between the produced quaestiteflects the fact of adding the
inventory level as a separate objective. For dffiempopulation sizes, the performances
reached by the proposed model are better than tifos® mono-objective model in all
the tested cases. For example, for a populatianegjpial to 60, we save 573.2 [MU] in
the production costs compared to the mono-objeatieelel. Moreover, the inventory
level (82.5) is lower than the mono-objective mog#8). Besides, for a population size
equal to 100, the total production cost is equad3885.7 [MU] in the mono-objective
model, whereas the proposed model solution prov&#33.4 [MU]. This difference is
due to the high use of overtime during the secaemibgd for the mono-objective model.
In fact, for the mono-objective model, the firstoerce uses 1608 units of time compared
to only 722 units of time in our case, and the sda@source uses 206 minutes, while no
overtime is used in the proposed model.

One can note that the average of inventory levéhénproposed model is always lower
than that in the mono-objective model. For instaficea population size equals to 100,
the average inventory level is equal to only 45#sy for the proposed model, compared
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to 74.5 units in the mono-objective model case.gegnently, considering the inventory
level as an objective function and not as a coimtcdéearly improves the results.

At the last planning period, the inventory leveltioé first operation is null in 80% of the
tested cases of the proposed model. For the segpadition, the inventory level is
always higher in the case of the mono-objective eholinally, for the third operation,
one can note that the inventory levels for both el®dre almost the same in 80% of the
tests. The best result is found using a populasiae equal to 150. For the proposed
model, the total production cost is equal to 1824B1U] (respectively vs. 19178.4 [MU]
for the mono-objective model). And, the averageeirtery level is equal to 40 units, for
the proposed model, compared to 47 units providethe mono-objective model.

5.2 Second set of tests: 3R.2J.3T

In these tests 3R.2J.3T, the cooperative SC censfsthree manufacturing Plants (3R)
planning over three time Periods (3T) to provid® tiypes of Products requiring two
kinds of operations (2J). The production startthim first plant, followed by the second
plant where parts are manufactured and transmitbettie third plant from where the
finished products are stored and delivered to fkiemate customers. In these tests, the
production plan is optimized over three periodsereithe demand for products is known
and has to be fulfilled while facing finite capae#t of personnel and machines. The
product 1 requires one unit of operation 1 to lmpced. The product 2 requires one unit
of operations 1 &2. The demang, s visualized in Table 8.

Table8 External demand for different items for the 3R.Z1&st

Dii D21 Dip Dz2 Dis Dags
40 50 60 30 55 55

For this test, the external demand of each periogsa't exceed the main available
capacity of each planning period and for the ttpkeners. Thus, there is no need of
overtime. The generation number used for the festgiual to 1300 and the population
size N varies. Both models are coded and solveld MBGA-II algorithm. The results are

shown in Table 9; the produced quantities, theryisatup variable, the used overtime,
the inventory level and the objective functionslfoth the mono-objective model and the
proposed model.

Table9 Results of 3R.2J.3T test for the proposed modetlamdono-objective model

N 100 150 200 300

the The the The the The the The
Model mono- proposed mono- proposed mono- proposed mono- proposed
objective  model objective model objective model objective model

model model model model
Vit 1 1 1 1 1 1 1 1
X11 144 152 106 100 137 135 136 128
X2.1 53 66 54 50 65 60 68 60

X1,2 70 50 87 103 90 98 117 81
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X0 46 36 27 41 37 53 44 36
o3 113 117 99 102 75 57 72 81
Xo.3 63 62 56 59 33 22 58 39
011 0 0 0 0 0 0 0 0
01, 0 0 0 0 0 0 0 0
013 0 0 0 0 0 0 0 0
021 0 0 0 0 0 0 0 0
02 0 0 0 0 0 0 0 0
023 0 0 0 0 0 0 0 0
031 0 0 0 0 0 0 0 0
03 12 0 0 0 0 0 0 0
033 0 0 0 0 0 0 0 0
i1 51 46 12 10 32 35 28 28
10 3 0 12 12 15 20 18 13
i1a 15 0 0 25 0 41 0
s 19 16 4 0 22 10 32 10
2 10 22 1 11 12 33 0 16
in3 27 29 2 15 0 0 35 0
C 3086.7 30561  2699.7 28713 27417 26733 31353 26733
lmoy 4166 37.66 10.33 16 35.33 32.66 51.33 22.33

For the different population sizes, the performanckthe proposed model are better by
75% than those provided by the mono-objective moHet instance, for a population
size equals to 200 the proposed model saves 684 fidmpared to the mono-objective
model. Additionally, the average of inventory le8b6.3 units) in the mono-objective
model is higher compared to the proposed modeb(B8its). Besides, for a population
size equal to 300, the total production cost isaétmu3135.3 [MU] in the mono-objective
model, whereas for the proposed model it is equab73.3 [MU]. The cost difference of
462 [MU] is due to the high production level in th@no-objective model. The mono-
objective model provides an inventory level of 5lu3its compared to the proposed
model where it is equal to 22.3 units, a reductb29 units, which shows the influence
of addressing the inventory level as a second tikgedunction on the performance
improving. Both models do not use overtime to futfustomer demand, except once for
the mono-objective model.

At the last planning period, the inventory of tliestfoperation is empty in 100% of the
tested cases for the proposed model. For the mbjezttve model, the inventory is

empty only in 25% of the tested cases. For thersbaperation, the inventory level is

null in 50% of the tested cases of the proposedeiadd 25% of the cases using the
mono-objective model.

In running both tests, the proposed model is faktan the mono-objective model despite
of its complexity. The time needed to provide ausoh by the proposed model does not
exceed 5 minutes, whereas the mono-objective modeds about 10 minutes to
converge and a very large number of iterations€mgmons).
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6 Conclusion and futurework

The main contribution of this paper consists on edi@ping a cooperative tactical
planning framework for a multi-objective determiidasmulti-period, multi-level, multi-
item capacitated lot-sizing problem in SC. Unlikee standard MLCLP, the developed
optimization model is a bi-objective model, whidgma at minimizing simultaneously the
total production cost and the average inventorglledaking into account capacities and
demand constraints. The developed formulation densithe case of several production
plants are planning together in order to generaggobal optimal production plan. The
proposed model shows different advantages oveettizssussed in the literature. Indeed,
compared to simplistic mono-objective models, theljective model considers not only
costs but also inventory levels as separate medsuve optimized. This represents an
interesting issue since inventory optimization ifuadamental concern in SCM and its
consideration as a cost component as in the literatan neglect it, especially when it is
characterized by lower costs than other consideostlcomponents. Therefore, it allows
assessing the real needs of inventories in eaéhdpeith respect to the demand.

The developed model gives to the inventory lexeintportance, especially in the case of
low or negligible inventory holding cost. The modsl solved using the developed
NSGA-II, coded with C language. The advantage afgisuch multi-objective method is
avoiding aggregation and transformation of the inabmulti-objective problem into a
mono-objective one. Actually, this method seeksdédine compromise between the
considered objectives rather than choosing annatiee over another, it provides a set of
efficient solutions.

The proposed model is tested on several examplés different demand patterns.
Results show that when the number of planning gerimcreases, the planning task
becomes easier, balancing the workload betweererdiif periods, and the use of
overtime decreases. At the convergence, the P&mtb surprisingly contains only one
optimal solution. This is due to the complexitytloé problem and particularly to the flow
equality constraints between SC tiers. The mairtdition of using NSGA-II, is the
presence of large number of integer variables gualéy constraints simultaneously. In
fact, it is hard to handle efficiently integer mgstfons on decision variables and satisfy
equality constraints. Thereby, it is hard to mamtpolutions on the Pareto optimal front.
Indeed, equality constraints severely restrict $harch space; each equality constraint
absorbs one degree of freedom. In addition, thalédgwconstraint becomes harder when
considering the connection between manufacturingeraifpns (successors and
predecessors). Thus, to obtain a Pareto of multiplietions, the NSGA-Il parameters are
varied during optimization, and the optimal solnScare kept with respect to the non-
domination concept. The demand shape shows itseinfle on the optimization process,
especially in the case of the increasing demandadty in that case the contradictory
phenomena between objectives functions rises, hadnumber of optimal solutions
increases.

To evaluate the performances of the proposed naukthe solution quality provided by
NSGA-II, the model is compared to a mono-objectinedel of MLCLSP for several
cases. The results show that the total productish &nd the average inventory level are
lower in all the cases tested in the setting “2RBJand in 75% of the cases tested for
the setting “3R.2J.3T". The results show how coasity the inventory level as an
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additional performance measure, decreases bedtdeviel and offer better production
plans that satisfy the SC planners. Furthermoreppetational time is significantly
reduced at least by a factor of two, which provesdfficiency of the proposed approach.

The proposed model is used in the case of cooper&€C, where partners are sharing
pertinent information, e.g. production costs. Insineeal-world cases, this access cannot
be accepted by all partners. Thus, in the futune, model proposed can be further

developed for SC with decentralized decision-makinghis case, the approach is useful
to coordinate SCs, particularly when asymmetriorimfation is shared and opportunistic

behaviours take place. In such a situation, mauglthe negotiation process between
echelons using a decentralized planning systenonisidered as an interesting future

research topic.
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