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Mathematical programming model for centralised master planning in 

ceramic tile supply chains
∗∗

 

 

 
 
Abstract 

 The object of this article is to develop a centralised replenishment, production, and distribution 
model for ceramic tile supply chains. These supply chains are assumed to be multi-item, multi-
supplier, multi-facility, multi-type and multi-level distribution centres. The model deals with multi-
period master planning where sourcing considerations for replenishments, production facilities, and 
distribution centres are important to maximise an objective function involving the total net profit. This 
model is deterministic and has been formulated as a mixed-integer linear programming (MILP) 
model. An example based on modifications of real-world industrial problems is presented. 

 
Keywords: Master planning, supply chain, ceramic sector, mixed-integer linear programming model 

. 
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1 Introduction 
 

Many firms have attempted to optimise different functions separately (e.g., replenishment, 
production, and distribution), but this approach limits any possible increase in profit. Therefore, an 
approach based on the integration of different functions in the supply chain (SC) into a single 
optimisation model has proved significantly relevant for companies that have adopted it (Park, 
2005). This approach is also known as centralised modelling. Reviews of centralised mathematical 
programming planning models within the SC context are provided in Bhatnagar et al. (1993), 
Thomas and Griffin (1996), and Erengüç et al. (1999).  

 
In this article, we consider the master planning problem for replenishment, production, and 

distribution in ceramic tile SC. The objective is to maximise the total net profit in SC characterised 
as multi-item, multi-supplier, multi-facility, multi-type and multi-level distribution centres. The 
problem addressed originates from a work carried out in a research project framework with an 
important ceramic tile SC. The project has developed a conceptual framework (Alarcón et al. 2007) 
comprised of five views (physical, organisational, informational (Boza et al. 2007), decisional (Pérez 
et al. 2007), and functional) that characterise the collaborative planning process within a 
hierarchical context. The hierarchical aspects of this framework are mainly based on a methodology 
for the design and operation of hierarchical production planning systems proposed by Vicens et al. 
(2001). This research project examines centralised and distributed decision-making in a 
collaborative context. However, this work is restricted to the centralised approach. In this context, a 
generic mixed-integer linear programming (MILP) model, dubbed MP-RDSINC, has been developed 
to support the decision-making process related to the master planning of replenishment, production, 
and distribution in ceramic tile SC. The main contribution of this article to the field of production 
research is a practical application of mathematical programming to the ceramic tile SC using a 
numerical example based on a real-world SC production planning problem. The ceramic tile SC 
presents a series of peculiarities characteristic of the sector, some of which may be reviewed in 
Alemany et al. (2008). Other mathematical programming applications for SC planning may be found 
in von Lanzenauer and Pil-Glombik (2002), Keipl and Pinedo (2004), and Peidró et al. (2007). 
Readers may also refer to Section 2 of this article. 

 
The rest of this article is arranged as follows. Section 2 presents a literature review about the 

research topic. Section 3 describes the problem being studied. In Section 4, we present a 
deterministic MILP model to solve the replenishment, production, and distribution problem. Section 
5 reports a detailed example based on a real-world problem to validate and evaluate the model 
proposed. Section 6 offers conclusions and further research. 
 
 
2 Literature review 

 
This section reviews mathematical programming models from two approaches: first, those 

developed for centralised SC master planning in general, and second, those designed for the 
master planning of firms in the ceramic sector in particular. The latter have been taken from either 
an SC or a single-firm perspective.   

 
McDonald and Karimi (1997) developed a multi-product, multi-stage and multi-period MILP 

model for chemical supply chains within the block of centralised mathematical programming models 
for SC master planning. Grouped into families, the products compete for the limited capacity of 
resources. Demand uncertainty is addressed through safety stocks. Escudero et al. (1999) 
formulated a multi-product, multi-stage and multi-period linear programming (LP) model that 
included multiple demand sources, alternative bill of materials, substitution parts, effective usage 
dates, capacity constraints, and different methods to obtain components (standard and expedition). 
These authors also proposed a stochastic version of the problem. Timpe and Kallrath (2000) 
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described a multi-product, bi-stage MILP model that considered production, distribution, and 
marketing aspects and also assumed varying time periods for production and distribution. 
Jayaraman and Pirkul (2001) described a multi-product, multi-stage and multi-period MILP model. It 
included strategic decisions (warehouse and plant localisation) and tactical decisions (product mix, 
shipments, etc.) and used a heuristic technique based on Lagrangean relaxation to solve the 
problem. Lavoie and Abdulnour (2003) described an MILP model that considered four first-tier 
suppliers and a factory to contribute to coordination at a tactical level. This model was multi-period-
based and minimised the total production, inventory and distribution costs. It also used a simulation 
model to analyse costs at the distribution level by considering vehicle routing, direct shipping, and 
an intermediate consolidation centre. Lin and Chen (2004) developed a multi-product, multi-stage 
and multi-period integer linear programming (ILP) model that considered different time periods, i.e., 
days and months. Wu and Golbasi (2004) proposed an MILP model to solve a multi-item, single-
stage, multi-facility lot-sizing problem. It employed Lagrangean decomposition to achieve the model 
resolution. Park (2005) presented an MILP model to jointly solve the production and distribution 
planning problem in a multi-plant, multi-retailer, multi-item and multi-period logistic environment 
whose objective was to maximise the total net profit. Although production capacity was assumed to 
be known, it was necessary to determine the number of vehicles required for distribution from plants 
to shops. Spitter et al. (2005) proposed an MILP for capacity-constrained supply chain operations 
planning that used planned lead times with multi-period capacity consumptions where items may be 
allocated to multiple resources. Schulz et al. (2005) presented a multi-product, multi-stage and 
multi-period mixed-integer nonlinear programming (MINLP) model applied to a petrochemical SC to 
consider different types of delivery. Ekşioğlu et al. (2006) formulated a uni-product model for 
transport and production planning as a graph associated with MILP formulation. Ekşioğlu et al. 
(2007) extended this model to a multi-model product and used Lagrangean decomposition to solve 
it. Lim et al. (2006) presented a hybrid model that comprised not only an MILP model for the 
decision-making process in the production and inventory capacities in each SC node, but also a 
simulation model for production and distribution planning. Oh and Karimi (2006) presented an LP 
model for the production and distribution planning of a global chemical company. Bilgen and 
Ozkarahan (2007) developed an MILP model for bulk grain blending and shipping. Meijboom and 
Obel (2007) developed an MILP model for production planning in an SC that was applied to a 
pharmaceutical company.  

 
With regard to mathematical programming models for ceramic SC planning, Liberatore and 

Miller (1985) proposed a hierarchical production planning model with two decision levels based on 
mathematical programming models for planning in a ceramic SC. This model focused on production 
and distribution stages. It did not consider lot sizing, percentage of first qualities and defects, and 
part supplying limitations by suppliers. Furthermore, and unlike this article, it considered a single 
level for the distribution stage. Other works on production planning in the ceramic SC were 
Özdamar and Bozyel (1998), Özdamar and Birbil (1998), and Özdamar and Birbil (1999). These 
works addressed the problem known as the Capacitated Lot Sizing and Loading Problem (CLSLP) 
and mainly focused on the production stage without considering the replenishment of raw materials 
and components (RMs), or the subsequent distribution of finished goods (FGs). After reviewing the 
literature, we were unable to find studies on mathematical models for the master planning of 
replenishment, production, and distribution for a ceramic tile SC, which is the main objective of this 
article. 

 
 

3 Problem description 
 
SCs belonging to the ceramic sector present a series of peculiarities, which are described here. 

Figure 1 provides an overview of the problem resources in terms of replenishment, production, and 
distribution (physical view). It is assumed that the possibilities of flow between the nodes of the 
various stages (arcs), as well as the parts, components, raw materials (RMs), and finished goods or 
articles (FGs) that might circulate through them, have been considered beforehand. The existence 
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of several production plants situated in various geographical locations is also assumed. These 
production plants are supplied with various RMs provided by different suppliers with a limited supply 
capacity. This represents the total capacity of the supplier assigned to the SC under study because 
it is assumed that RM suppliers may supply production plants belonging to other SCs.  

 

…

…

…

…

ProductionLine
RAW MATERIALS, ITEM, 
COMPONENT SUPPLIER

…

CENTRAL 
WAREHOUSES

LOGISTIC 
CENTRES

SHOPS

FINISHED GOODS 
SUPPLIERS

… …

END 
CUSTOMERS

PRODUCTION 
PLANTS

…

 
 

Figure 1: Multi-supplier, multi-plant, multi-type-multilevel-distribution centres, multi-item and multi-period 
logistic model. 

 
Each production plant has one or several production lines (processors in parallel) with a limited 

capacity. Different FGs can be processed by each production line. There are FGs with high added 
value that are manufactured only in production plants; others may be partly subcontracted, while 
some may be totally subcontracted to external suppliers (normally products with a low added value). 
FGs are grouped into product families for production and commercial reasons. A product family is 
defined as a group of FGs of identical use (flooring or coverings), format (size), grout (white or red), 
and whose preparation on production lines is similar. This is done to minimise setup times and 
costs. Changeovers from one product family to the next incur setup costs owing to the time spent in 
changing, for instance, moulds (Özdamar and Bozyel, 1998). Lines may not be standardised, in 
which case, each product family can be processed according to specific facilities with the 
appropriate technical features. Therefore, not all production lines are capable of processing all the 
product families, although the product families that may be processed on each line is known. Given 
the important setup times between product families on production lines, production within a 
minimum number of consecutive time periods should be carried out whenever a production line is 
set up for a specific product family (minimum run length). Item setups among the products 
belonging to the same product family also exist. Because of technological factors involved in the 
production process itself, when a certain product is manufactured on a specific line, it should be 
produced in an equal or greater amount than the minimum lot size. This is partly because a certain 
percentage of defects occurs during the production process, and only a percentage of the 
manufactured items may be sold as first quality FG. 

 
In the majority of the production planning models developed at the tactical level, the capacities at 

each stage are aggregated and setup changes are not explicitly considered. However, if at this level 
the setup times involve an important consumption capacity and have been completely ignored, this 
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may lead to an overestimation of the real capacity availability which, in turn, may lead to unfeasible 
events during the subsequent disaggregation of tactical plans. Considerable savings may be also 
be achieved through optimum lot-sizing decisions. However, accounting for setup times at the 
tactical level would mean simultaneously including decisions about the allocation and lot sizing of 
production. This problem is known as the Capacitated Lot-Sizing and Loading Problem (CLSLP) 
(Özdamar and Birbil, 1998). Given the lengthy setup times involved in the manufacturing of ceramic 
floorings and coverings, these setup times need to be considered at the tactical level. This work 
aims to solve this problem within the CLSLP framework. 

 
The distribution of several FGs (multi-item) from production plants to end customers is carried 

out in various stages (multi-level) by different types of distribution centres (multi-type), such as 
central warehouses, logistic centres and shops. Neither manufactured nor subcontracted FGs can 
be stored in manufacturing plants. So they are sent to the first distribution level, which is made up of 
a number of central warehouses with a limited storage capacity. Outgoing FGs from central 
warehouses are designed to not only cover the demand of certain end customers (for instance, 
independent distributors that do not belong to the firm, construction firms, etc.), but to also supply 
logistics centres. Logistics centres, unlike warehouses, do not have the required storage capacity 
and only supply FGs to shops that have been previously assigned to them. Finally, shops, which do 
not have storage capacity, attend to end customers’ demands. Although this type of SC attempts to 
achieve a maximum customer service level, backorders are permitted in both central warehouses 
and shops. However, backorders quantities are limited to a certain demand percentage to ensure 
the accomplishment of an objective customer service level defined by the SC. This is a usual 
situation in the ceramic tile sector, given its limited production flexibility owing to setup costs and 
times.  

 
 
4 Model formulation  
 

A centralised MILP model has been developed to solve the planning problem of replenishing 
RMs in production plants, producing and subcontracting FGs, and distributing FGs. This model 
assumes that the decisions made about FGs and product families, which may be manufactured on 
each line, and those decisions made about establishing distribution routes for the different FGs 
throughout the network, have been previously made and are known for certain. The objective is to 
maximise the total net profit over the time periods of the planning horizon by: (i) optimising the total 
SC network starting with replenishment and going through production on to distribution; and (ii) 
optimising the production in the production nodes. To accomplish the latter, production planning in 
plants will have to simultaneously deal with not only the allocation of FGs to production lines with a 
limited capacity, but also with the determination of lot sizing.  

 
The following MILP formulation, MP-RDSINC, provides a deterministic model for both multi-

supplier, multi-plant, multi-type, multi-level distribution centres and multi-item and multi-period 
logistic problems when product demands are known with certainty. The indices, sets of indices, 
model parameters, and decision variables are described in Tables 1-4, respectively. With the 
proposed definition of the sets of indices, the model is able to capture any flow of materials among 
the nodes belonging to the various stages of the physical overview (Figure 1).  

 
 
[Insert Table 1 about here] 
 
[Insert Table 2 about here] 
 
[Insert Table 3 about here] 
 
[Insert Table 4 about here] 
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Iw(w),tw,i                     dtkDIFTKDIFTKVETK iwt1iwtiwtiwt ∈∀=−+ −      (29) 

Iw(w),tw,i                                        dtk*2DIFTK iwtiwt ∈∀≤α       (30) 

MPFflpt, MPilpt, CTPcrpt, CTAipat, INAiat, INCcpt,  CTCLiaqt, CTTKiqwt, VEAiat, DIFAiat, VETKiwt, DIFTKiwt, CSCibat ≥ 0 and, 

{ }1,0S,ZI,ZF,Y ,X ibtilptflptflptilpt ∈              (31) 

TtB,bR,rW,wQ,qA,aP,pL,lC,cI,iF,f ∈∀∈∀∈∀∈∀∈∀∈∀∈∀∈∀∈∀∈∀∈∀      

 
The objective function (1) expresses the total net profit over the time periods that have been 

computed by subtracting total costs from total revenues. Total revenue is included in the income 
produced by sales in central warehouses and shops. Total costs include transport and purchases 
costs of RMs, production costs of FGs and setup costs of product families and FGs in production 
plants, the cost of transport from production plants to warehouses, storage costs, backorder costs in 
warehouses, costs of subcontracting the FG in the warehouses, transport costs from warehouses to 
logistics centres, and from logistics centres to shops, and, finally, the costs of backorders in shops.  

  
Constraint (2) is the inventory balance equation of the RM required to manufacture various FGs, 

of which it forms part. Constraint (3) establishes that the RM inventory does not fall below a 
minimum value assigned by the safety stock that has been established for each RM, so that a lack 
of supply does not disrupt production. Constraint (4) ensures that the amount of each RM supplied 
to all the production plants in each time period does not exceed the capacity of the supply available 
for each supplier of each RM.  

 
Constraint (5) ensures that the capacity required for the setup of product families and articles in 

each time period, and the processing of the lots assigned to each line, do not exceed the capacity 
available on each line at each time period. Constraint (6) ensures that the amount to be produced 
per product family on each production line in each time period equals the sum of the amounts of the 
articles belonging to each product family to be manufactured on each particular production line. 
Constraint (7) guarantees that should a certain amount of an article be manufactured on a 
production line, it is equal to or above the minimum lot size established for the article on that line. 
Constraints (8) and (9) ensure that only a certain amount of an article or product family could be 
manufactured on one line, provided that the production of this product or product family, 
respectively, has been assigned to this line. Parameters M1 and M2 are large enough integer 
numbers.  

 
Constraints (10)-(14) guarantee the control of the setup of articles and families. Constraint (10) 

relates the setup variable (ZIilpt) to the production scheduling variables in the current and previous 
periods (Xilpt and Xilpt-1, respectively). A changeover to product i on line j occurs in period t, and only 
if Xilpt=1 and Xilpt-1=0. If the line was inactive in period t-1, and only a certain amount of i was 
produced in time period t, the model would calculate a setup for this product. If products were 
produced on the same production line in time periods t and t-1, Constraint (11) enables saving a 
single changeover by consecutively sequencing production of one of them, i.e., it is possible to save 
a changeover for one of the products if its production on the line was done at the end of time period 
t-1 and continued to the start of time period t. Constraints (12) and (13) are similar to Constraints 
(10) and (11), respectively, but refer to product families. Constraint (14) ensures that a production 
line is setup for a product family at least during the minimum run length of that product family on 
that particular line (tmfflp).  

 
As this model focuses only on first quality FGs planning, Constraint (15) ensures that part of the 

non-faulty production of a given FG, which is first quality, is transported to the central warehouses 
that can be supplied by this plant.  
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Constraints (16) and (17) guarantee that the minimum amounts to be subcontracted to external 
suppliers of partly and completely subcontracted products, respectively, are met should a decision 
be made to subcontract them during a specific time period. Constraints (18) and (19) indicate that 
the subcontracting binary variable takes the value of one when a decision is made to subcontract a 
certain amount of FGs that can be subcontracted partly or completely, respectively. These 
constraints also ensure that the amount of FGs subcontracted and transported to warehouses, at 
each time period and for each FG, that can be subcontracted partly and completely, do not exceed 
the amount that the corresponding FG supplier has available. As it is possible to meet a certain 
independent demand through warehouses, Constraint (20) maintains a certain amount of safety 
stock for each FG to meet any demand variability. Constraint (21) is the limitation in the 
warehouses’ capacity that is assumed to be shared by all the FGs.  

 
Constraints (22)-(24) are inventory balance equations corresponding to FGs that cannot be 

subcontracted, those that are usually subcontracted partly and when applicable, and those that can 
only be subcontracted. As Constraint (22) indicates, FGs that cannot be subcontracted and that 
arrive at the warehouses only come from production plants. Constraint (24) shows how the entry of 
subcontracted FGs only comes from FG suppliers. Finally, Constraint (23) contemplates the entry of 
those FGs that can be subcontracted partly in the warehouses, from both production plants and FG 
suppliers.  

 
As backorders are permitted in both central warehouses and shops, sales may not coincide with 

the demand for a given time period. Backorder quantities are calculated using Constraint (25). 
Constraint (26) limits the backorder quantities in each period in terms of a percentage of the 
demand of each time period.  

 
Constraints (27) and (28) are the inflows and outflows of FGs through each logistic centre and 

shop, respectively. Constraints (29) and (30) are similar to Constraints (25) and (26), but refer to 
shops.  

 
The model also contemplates non-negativity constraints and the definition of binary variables 

(31). Finally, some decision variables can be defined as integers, but could change depending on 
the real-world problem where the model is applied. 

 
The model is easily adapted to cases wherein backorders are not allowed (with a value of zero 

for both 
1α  in Constraint (25) and 

2α  in Constraint (30), or by omitting the corresponding backorder 

decision variables), and when inventory in both the production plants and shops may be held. By 
defining the different sets, the model is capable of not only representing situations in which all the 
products may be distributed via all the routes, but also those situations in which this product flow is 
restricted: for instance, cases in which only certain products may be supplied by certain nodes, 
and/or the limitations with which the nodes supply others. All this can be achieved without having to 
introduce additional constraints. Although the minimum run lengths for families (tmfflp) and minimum 
lot sizes for manufacturing articles (lmiilp) are considered in industry practice, another possible way 
to extend the model would be to consider minimum lot sizes or run lengths for both. 

 
5 A detailed computational example  

 

5.1 Input data description 

 

We describe in detail an example to validate the described model. The SC physical 
configuration, cost data, and SC operation characteristics are inspired by a real SC in the Spanish 
ceramic sector. The model data are based on historical SC information (demand data) and on the 
mean real values provided by this SC (times and costs). While the physical configuration has been 
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slightly modified for reasons of confidentiality, it respects the structure described in the article. 
Additionally, we decided to consider an example problem of a size that represents the main relevant 
sector characteristics, but not excessively large so that it could be described in detail here. 
Nonetheless, a real industrial problem would be on a larger scale than that considered in this work 
and would require more data that are beyond the validation purpose of our proposal.  

 
The model’s planning horizon is assumed to be six weeks (which is usual in the ceramic sector), 

but excludes the frozen horizon length (usually two/three weeks). In the example considered, 4 
FGs, labelled i1 through to i4 and 3 FG families, f1 , f2, and f3, were included in such a way that i1 and 
i2 belong to f1, i3 belongs to f3, and i4 belongs to f4. The FGs, i1 and i2, have the same format (30*30) 
and are innovative products chosen from the SC catalogue with high added value. They belong to 
the PFNS set and cannot therefore be subcontracted. The FGs, i3 and i4, have the same format 
(20*20). The FG, i3, belongs to PFSP, so it may be partly subcontracted. i4 belongs to PFST, 
meaning that it has to be totally subcontracted. Other relevant FGs data for the model can be 
consulted in Tables 5-8. The FG demand in warehouses (daiat) and shops (dtkiwt) was obtained from 
the SC historical data, and the sale prices in warehouses (paia) and shops (pwiw) were provided by 
the SC. Characteristics of central warehouse customers and shop customers differ greatly. Typical 
examples of central warehouse customers are independent distributors not belonging to the firm 
and construction firms; meanwhile, those who intend to do house renovations are typical examples 
of shop customers.  

 
Three production plants exist, p1, p2, and p3, with two production lines per plant, so: l1 and l2 

belong to p1, l3 and l4 belong to p2, and l5 and l6 and belong to p3. All the product families may be 
manufactured on the production lines at the various plants. The production capacity assumed to be 
available on each line for each time period (caflpt) is 50 hours. It is usual in the ceramic sector that 
production lines work on a two-shift basis of 8 hours per shift (80 hours/week). Because our 
example only deals with the demand of four FGs, which is obviously only one part of the real 
demand for the time horizon considered, the production line capacity has been reduced to be more 
realistic.  

 
The SC considers a mean total production cost of 9 €/m2 where around 50-60% corresponds to 

productive costs (direct labour and energy), excluding setup costs, and where around 50-40% 
corresponds to replenishment costs (RMs and corresponding transport costs). This information has 
been used to obtain the FG productive costs (costpilp), as seen in Table 6. A mean value of an 8-
hour setup time (tsetupfflp) is assumed for all the product families, while a 4-hour setup time is 
assumed for all the FGs within their product family (tsetupiilp). In the ceramic tile sector, setups are 
usually carried out by maintenance personnel. The corresponding setup costs (costsetupfflp, 
costsetupiilp) mainly include the costs of maintenance personnel and the material used for the setup. 
Table 6 provides the data of the minimum lot size (lmiilp) and the unit processing time (tfabilp). The 
minimum product family run length (tmfflp) is three periods for all the families and lines, and the FG 
unitary inventory holding cost per period (costinaia), were set to €0.16 for i1, €0.14 for i2, €0.1 for i3, 
and €0.09 for i4. All these information were obtained from the ceramic SC. 

  
Some of the most common RM of ceramic FGs are glazes and clays. We only consider the RM 

clay (c1) with a supply cost per kilogram (costtpcrp) of €0.24. The supplier of this RM (r1) is able to 
supply it to any production plant with a total supply capacity (cacrt) of 180000 kilograms. A safety 
stock (ssccp) of 2000 kilograms of c1 is taken into account for each production plant. Each m2 of FG, 
i1, i2, and i3 will require 12.2, 12.2, and 11.1 kilograms of c1 (vic), respectively. There is also an FG 
supplier (b1) capable of supplying all the products that can be subcontracted (i3 and i4) to all the 
warehouses up to a limit of 850 m2 (cascibt). There are two central warehouses (a1, a2) with a 
storage capacity (capala) of 200000 m2, three logistics centres (q1, q2, and q3) and six shops (w1, 
w2, w3, w4, w5, and w6). A safety stock (ssaia) of 2000 m2 for i1 and i2 and 1600 m2 for i3 and i4 is 
contemplated for each warehouse assigned. All the production plants may supply all the products to 
all the warehouses, and all the warehouses may supply any logistics centre. Nonetheless, each 
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logistics centre (q1, q2, and q3) only supplies two shops, i.e., logistics centre q1 supplies shops w1 
and w2, logistics centre q2 supplies shops w3 and w4, and logistics centre q3 supplies shops w5 
and w6 with any product. Unitary transportation costs for each FG have been calculated based on 
their corresponding weight and the distance for transport.  

 
The percentage of faults and defects of all the FGs is 10% (cmi). Likewise, 98% of the 

production can be sold as first quality (cqi). Both percentages are mean values provided by the SC. 
A cost of €100 per m2 of FG backorder and the time period in warehouses and shops is also 
contemplated. All initial inventories have been set to their corresponding safety stock level. Details 
on the data used are presented in Tables 5-12.  

 
[Insert Table 5 about here] 
 
[Insert Table 6 about here] 
 
[Insert Table 7 about here] 
 
[Insert Table 8 about here] 
 
[Insert Table 9 about here] 
 
[Insert Table 10 about here] 
 
[Insert Table 11 about here] 
 
[Insert Table 12 about here] 
 
The proposed model has been done in the MPL language, V4.2. The resolution has been carried 

out with optimisation solver CPLEX 6.6. Finally, the input data and the model solution values were 
processed with the Microsoft Access database (2007). The experiment was run on a PC with a 2.40 
GHz processor and 4 GB of RAM. 

 

5.2 Evaluation of results 

 

Before evaluating the model, Tables 13–17 show the most representative values of the decision 
variables that lead to the optimum model solution and used to evaluate the model.   

[Insert Table 13 about here] 

[Insert Table 14 about here] 

[Insert Table 15 about here] 

[Insert Table 16 about here] 

[Insert Table 17 about here] 

It is worth highlighting that the value of the decision variable sales in the optimum solution of the 
previous example coincides with the demand data because backorders do not exist in either the 
central warehouses or shops at any time period.  

The assessment method used consisted in analysing the MP-RDSINC model operation 
according to a set of indicators: computational efficiency, level of service, levels of inventory, and 
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the total net profits in terms of planning. Evidently, any other parameter that is characteristic of the 
setting in which the method has been applied could be included as an indicator. In particular, such 
parameters are of interest for the example, which is the objective of the application. All the four 
indicators selected are explained in detail as follows: 

The computational efficiency parameter measures the computational effort required to solve 
models. The indicators are: the number of iterations needed by the solver and used to reach the 
optimum solution, the number of model variables, the number of integers in the model, the number 
of constraints in the model, the number of non-zero elements in the constraints matrix that the 
model contains, the density of the constraints matrix that the model contains, and the CPU time 
required to obtain the model solution. 

The level of service parameter, expressed as a percentage, is 100% when no delay in demand 
occurs. If a delay in demand occurs, the level of service could be determined for each planning 
horizon time period as follows: 

Level of Service (%) = 1001 ×






 −
eDemandCummulativ

Backorders
                        (30) 

To evaluate the inventory parameter levels, the total mean amount of the products inventory 
(FGs and RMs) for all the planning horizon time periods is calculated.  

Alternatively, the inventory maintenance costs are considered in the total net profits parameter. 
These are the sum of all the incomes less the costs generated in each planning horizon time period 
considered, i.e., the costs incurred by the production plans provided by the model: replenishment 
costs, inventory maintenance costs, costs involved in backorders, set up costs involved in the 
production of a product family and FG, fluctuating production costs, and costs of deliveries among 
the SC nodes.  

Table 18 summarises the computational effort of the model. The Iterations column indicates the 
number of iterations needed to reach an optimum solution. The number of Variables also appears, 
these being the Integers, Constraints, and Non-zero elements of the constraints matrix that the 
model contains. In addition, the Density of the matrix appears. The Solution Time column indicates 
the time taken to reach a solution in seconds. 

[Insert Table 18 about here] 

A 100% level of service was achieved with data in the proposed model. Table 19 shows the 
mean inventory levels of FGs and RM.  

[Insert Table 19 about here] 

Finally in Table 20, the value of the net profit, incomes, and total costs are shown. Given the 
simplifications assumed in the example, these results are an approximation of the reality. The real 
SC scenario includes a wide variety of production mix and other additional costs (for instance, the 
replenishment costs of other RMs). In our example, the model generated a total net profit of € 
368,232.45. The different components of the MP-RDSINC objective function appear in Table 20: 
the incomes are those produced by sales in the central warehouses and shops, replenishment 
costs include transport costs, and the purchases of RMs. Production costs are those incurred in 
manufacturing FGs in plants. Inventory costs are the storage costs throughout the SC. Setup costs 
include those related to the setup of product families and FGs in production plants. Outsourcing 
costs represent the costs of subcontracting FGs in the warehouses. Transport costs include FGs 
distribution costs throughout the SC from production plants to warehouses, from warehouses to 
logistics centres, and from logistics centres to shops. Finally, backorder costs reflect the SC penalty 
in case of deferred demands in warehouses and shops. The total net profit is calculated as the 
difference between incomes and total costs.  
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[Insert Table 20 about here] 
 
 

6 Conclusions  
 

This work presents the MILP model that has been developed to solve the master planning 
problem for the replenishment-production-distribution of SCs in the ceramic sector for the purpose 
of maximising the total net profit in multi-supplier, multi-plant, multi-type, multi-level distribution 
centres with a multi-item and multi-period logistic environment. The model contemplated was 
inspired by an actual case and includes the most relevant characteristics of the ceramic sector, e.g., 
those related to setups, minimum lot sizes for articles, and minimum product family run lengths, 
faults, and first quality products. This model also considers the several distribution levels integrated 
by nodes of various types. This model was validated by a real-world case example, but one on a 
smaller scale for the purpose of providing details of all the input data and of the solution obtained.  

Many firms in the ceramic sector only work with planning overviews based on spreadsheets. 
However, given the increasing complexity of product catalogues and current market pressure to 
reduce supply times, more rigorous methods are needed to optimise resources. The model 
presented here offers advantages, such as better coordination and communication among the 
various departments and SC nodes to substantially lower replenishment, production, and 
distribution costs, and to improve customer service. Furthermore, given the dramatic increase of 
end products, the possibilities for assigning and establishing lots on production lines multiply. 
Therefore, the expected reduction of production plan costs on production lines stands out as the 
model establishes the product families and articles and the corresponding amounts produced on 
each line in an attempt to save changeovers as far as possible, this being an important objective in 
the ceramic sector. This model may also assist managers in evaluating the financial impact of the 
modification of certain data, e.g., the capacities of plants and warehouses, minimum manufacturing 
times of product families, and so on. 

It is crucial to highlight that demand uncertainty is a major challenge for the ceramic SC in 
particular and for SCs in general. In this context, we are currently conducting research on managing 
uncertainty in parameters such as demand, based on our previous works (Mula et al. 2006, and 
Mula et al. 2008). However, some customers in the ceramic sector only purchase first quality FGs, 
while others would accept inferior quality. This involves using the nomenclature of first, second, and 
third quality. Although the production capacity in our proposed model has been developed to take 
all the qualities into account, the distribution of only first quality FGs has also been planned. One 
way of extending the model would be to include all the qualities of the products in the proposed 
model, which would impact the distribution of these products to customers, and to consider not only 
cost, but also other service parameters. Another alternative way of extending the model would be to 
consider uncertainty in relation to product quality. We may again consider a centralised view of the 
problem, which this study has done, because as the analysis was carried out, work was being done 
with an SC of a firm that formed part of a group of firms working in a centralised manner. However, 
it would also be interesting to consider a collaborative view of the model and to compare both 
views. Finally, another line of research would be to study the collaborative decision-making 
processes between RM suppliers and the ceramic tile SC presented in this article.   
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Table 1. Indices. 

Indices 

c Raw materials, items, and components (c=1…C) q Logistic centres (q=1…Q) 

i   Finished goods (i=1…I) w Shops (w=1…W) 

f Product families (f=1…F) r 

l Production lines (l=1…L)  

Suppliers of raw materials, items, and 

components (r=1…R) 

p Production plants (p=1…P) b Suppliers of finished products (b=1…B) 

a Warehouses (a=1…A) t Periods of time (t=1…T) 

 
 

Table 2. Sets of Indices 

Sets of Indices 

Il(l) Set of FGs that can be manufactured on 

manufacturing line l 
Lp(p) Set of manufacturing lines that belong to 

production plant p 

Fl(l) Set of product families that can be manufactured 

on manufacturing line l 
Pa(a) Set of production plants that can send FGs to 

warehouse a 

If(f) Set of FGs that belong to product family f Aq(q) Set of warehouses that can supply logistics centre 

q 

Ip(p) Set of FGs that can be produced in production 

plant p 
Rc(c) Set of suppliers that can supply RM c 

Ia(a) Set of FGs that can be stored in warehouse a Rp(p) Set of suppliers of RMs that can supply 

production plant p 

Ic(c) Set of FGs of that RM c form part Cr(r) Set of RMs that can be supplied by supplier r 

PFNS Set of FGs that cannot be subcontracted Qa(a) Set of logistics centres that can be supplied by 

warehouse a 

PFSP Set of FGs that can be subcontracted either 

partially or completely 
Wq(q) Set of shops that can be supplied by logistics 

centres q 

PFST Set of FGs that are compulsorily subcontracted 

completely 
Qw(w) Set of logistics centres capable of supplying shop 

w 

Iq(q) Set of FGs that can be sent to logistics centre q Bi(i) Set of suppliers of FGs i to which the FG may be 

subcontracted   

Iw(w) Set of FGs that can be sent to shop w Ba(a) Set of suppliers of FGs that can supply warehouse 

a 

Lf(f) Set of manufacturing lines that may produce 

product family f 
Ab(b) Set of warehouses that can be supplied by the 

supplier b of FGs  
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Table 3. Model parameters 

Model Parameters 

cacrt Capacity (units) of supplying RM c of 

supplier r in period t 
M1,M2 Very large integers 

costtpcrp Cost of purchase and transport of one unit 

of RM c from supplier r to production plant 

p 

capala 
Storage capacity (m2) in warehouse a 

caflpt Production capacity available (time) of 

production line l at plant p during  time 

period t 

costtcliaq 
Cost of transporting one m2 of FG i from 

warehouse a to logistics centre q 

cmi Loss ratio of FG i. It represents the 

percentage of faulty m2 obtained due to the 

intrinsic characteristics of the production 

process in the ceramics sector. 

costinaia Cost of making an inventory of one m2 of 

FG i in the warehouse during a time period  

cqi 
First quality coefficient of FG i. It 

represents the percentage of m2 that can be 

sold as first quality.  

costdifaia Cost of backordering one m2 of demand of 

FG i in warehouse a in a time period  

costtaipa 
Cost of transporting one m2 of FG i from 

production plant p to warehouse a 
paia 

Sales value of one m2 of FG i in warehouse 

a 

costpilp 
Cost of producing one m2 of FG i on 

production line l of production plant p 
daiat External demand (m2) of FG i at the 

warehouse a in period t 

costsetupfflp 
Setup costs for product family f on 

production line  l of production plant p 
ssaia 

Safety stock (m2) of FG i at warehouse a 

costsetupilp 
Setup costs for FG i on production line l of 

production plant p 
1α  Maximum backorder quantity permitted in 

a period in warehouses expressed as a 

percentage of the demand of that period 

tfabilp 
Time to process one m2 of FG i on 

production line l of production plant p 
costscib Cost of subcontracting one m2 of FG i to 

FG supplier  b 

tsetupfflp 
Setup time for product family f on 

production line l of production plant p 
minscib 

Minimum amount (m2) of FG i to be 

subcontracted to FG supplier b 

tsetupiilp 
Setup time for article i on production line l 

of production plant p 
costttkiqw Cost to transport one m2 of FG i from 

logistics centre q to shop w 

lmiilp 
Minimum lot size (m2) of FG i on 

production line l of production plant p 
costdiftkiw 

Cost to backorder one m2 of the demand of 

FG i in a time period at shop w   

tmfflp Minimum run length (expressed as 

multiples of the time period used) of 

product family f on production line l of 

production plant p 

pwiw 
Sales price of one m2 of FG i in shop w 

vic 
Units of RM c needed to produce one m2 of 

FG i 
dtkiwt 

External demand (m2) of FG i in shop w 

during the time period t 

ssccp 
Safety stock of RM c in production plant p 2α  Maximum backorder quantity permitted in 

a period in shops expressed as a percentage 

of the demand of that period 

  cascibt 
Supply capacity (m2) of FG i of supplier b 

in time period t 
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Table 4. Decision Variables 

Decision Variables 

CTPcrpt 
Amount of RM c to be purchased and transported 

from supplier r to production plant p in time 

period t 

INAiat 
Inventory (m2) of FG i in warehouse a in time 

period t 

INCcpt 
Inventory of the RM c at plant p at the end of 

time period t 
CSCibat 

Amount (m2) of FG i subcontracted to 

supplier b for warehouse a in time period t 

MPFflpt 
Amount (m2) of product family f manufactured 

on production line l of production plant p in time 

period t 

Sibt 
Binary variable with a value of 1 if FG i is 

subcontracted to supplier b in time period t 

MPilpt 
Amount  (m2) of FG i manufactured on 

production line l of production plant p in time 

period t 

VEAiat 
Amount (m2) of FG i sold in warehouse a 

during time period t 

Xilpt 
Binary variable with a value of 1 if FG i is 

manufactured on production line l of production 

plant p in time period t, and with a value of 0 

otherwise 

DIFAiat 
Backorder quantity (m2) of FG i in warehouse 

a during time period t 

Yflpt 
Binary variable with a value of 1 if product 

family f is manufactured on production line l of 

production plant p in time period t, and with a 

value 0 otherwise 

CTCLiaqt 
Amount (m2) of FG i transported from 

warehouse a to logistics centre q in time 

period t 

ZIilpt 
Binary variable with a value of 1 if a setup takes 

place of product i on production line l of 

production plant p in time period t, and with a 

value of 0 otherwise 

CTTKiqwt 
Amount (m2) of FG i transported from 

logistics centre q to shop w in time period t 

ZFflpt 
Binary variable with a value of 1 if a setup takes 

place of product family f on production line l of 

production plant p in time period t, and with a 

value of 0 otherwise 

VETKiwt 
Amount (m2) of FG i sold in shop w during 

time period t 

CTAipat 
Amount  (m2) of FG i to be transported from 

production plant p to warehouse a in time period 

t 

DIFTKiwt 
Backorder quantity (m2) of FG i in shop w 

during time period t 

 

 

Table 5. Data of FG in warehouses 

daiat

Family FG Warehouse t1 t2 t3 t4 t5 t6 costinia costdifia paia

f1 i1 a1 1011 1264 1516 1264 627 783 0,16 100 17,86
a2 544 680 816 680 337 1200 0,16 100 17,86

i2 a1 1524 1906 2287 1906 1021 1277 0,14 100 15,74
a2 1863 2329 2795 2329 1248 1560 0,14 100 15,74

f2 i3 a1 443 554 664 554 242 303 0,10 100 11,65
a2 823 1028 1234 1028 450 1300 0,10 100 11,65

f3 i4 a1 229 286 343 286 121 152 0,09 100 9,73
a2 187 234 280 234 99 124 0,09 100 9,73  
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Table 6. Data of FG in plants 

Family FG Line Plant costpilp costsetupilp tfabilp lmiilp costsetupfflp

f1 i1 l1 p1 5,76 459,43 0,021 1500 930,46

l2 p1 5,76 459,43 0,019 1500 930,46

l3 p2 5,76 459,43 0,019 1500 930,46

l4 p2 5,76 459,43 0,021 1500 930,46

l5 p3 5,76 459,43 0,019 1500 930,46
l6 p3 5,76 459,43 0,019 1500 930,46

i2 l1 p1 5,28 351,16 0,015 1500 930,46

l2 p1 5,28 351,16 0,017 1500 930,46

l3 p2 5,28 351,16 0,017 1500 930,46

l4 p2 5,28 351,16 0,017 1500 930,46

l5 p3 5,28 351,16 0,015 1500 930,46
l6 p3 5,28 351,16 0,015 1500 930,46

f2 i3 l1 p1 4,8 322,29 0,014 1500 798,32

l2 p1 4,8 322,29 0,012 1500 798,32

l3 p2 4,8 322,29 0,014 1500 798,32

l4 p2 4,8 322,29 0,014 1500 798,32

l5 p3 4,8 322,29 0,012 1500 798,32
l6 p3 4,8 322,29 0,014 1500 798,32  
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Table 7. Data of FG in shops 

dtkiwt

FG Shop pwiw t1 t2 t3 t4 t5 t6

i1 w1 20,54 87 109 131 115 82 103

w2 20,54 124 155 185 167 116 146

w3 20,54 160 200 240 212 151 188

w4 20,54 95 118 142 124 89 111

w5 20,54 109 136 164 147 103 128

w6 20,54 153 191 229 202 144 180

i2 w1 18,11 116 145 174 154 109 136

w2 18,11 170 212 255 225 160 200

w3 18,11 131 164 197 172 124 154

w4 18,11 162 203 243 216 153 191

w5 18,11 100 125 151 132 94 118

w6 18,11 93 116 139 129 87 109

i3 w1 13,4 321 401 482 413 457 572

w2 13,4 190 237 285 241 270 338

w3 13,4 219 274 328 283 312 390

w4 13,4 248 327 372 310 353 442

w5 13,4 306 383 460 396 436 546

w6 13,4 175 219 263 228 249 312

i4 w1 11,2 20 25 30 34 75 94

w2 11,2 29 36 43 49 106 133

w3 11,2 25 31 38 42 94 117

w4 11,2 25 31 38 39 94 117

w5 11,2 35 44 53 57 131 164

w6 11,2 37 46 55 61 138 172  

 

 

Table 8. Data of FG in suppliers 

FG Supplier costscib minscib

i3 b1 10 100

i4 b1 7,1 100  
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Table 9. FG transport costs (1) 

FG Plant Warehouse costtaipa

i1 p1 a1 0,054
a2 0,05

p2 a1 0,05
a2 0,054

p3 a1 0,088
a2 0,08

i2 p1 a1 0,054
a2 0,05

p2 a1 0,05
a2 0,054

p3 a1 0,088
a2 0,08

i3 p1 a1 0,054
a2 0,05

p2 a1 0,05
a2 0,054

p3 a1 0,088
a2 0,08  

 

Table 10. FG transport costs (2) 

FG Warehouse Logistics Centre costtcliaq FG Warehouse Logistics Centre costtcliaq

i1 a1 q1 0,305 i3 a1 q1 0,77

q2 1,06 q2 2,7
q3 1,24 q3 3,15

a2 q1 0,305 a2 q1 0,77

q2 1,06 q2 2,7
q3 1,24 q3 3,15

i2 a1 q1 0,305 i4 a1 q1 0,77

q2 1,06 q2 2,7
q3 1,24 q3 3,15

a2 q1 0,305 a2 q1 0,77

q2 1,06 q2 2,7
q3 1,24 q3 3,15  

 

 

 

 

 

Page 23 of 28

http://mc.manuscriptcentral.com/tprs  Email: ijpr@lboro.ac.uk

International Journal of Production Research

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review
 O

nly

              24 

 

Table 11. FG transport costs (3) 

FG Logistics Centre Shop costttkiqw FG Logistics Centre Shop costttkiqw

i1 q1 w1 0,081 i3 q1 w1 0,206
w2 0,09 w2 0,229

q2 w3 0,072 q2 w3 0,183
w4 0,081 w4 0,206

q3 w5 0,068 q3 w5 0,172
w6 0,09 w6 0,229

i2 q1 w1 0,081 i4 q1 w1 0,206
w2 0,09 w2 0,229

q2 w3 0,072 q2 w3 0,183
w4 0,081 w4 0,206

q3 w5 0,068 q3 w5 0,172
w6 0,09 w6 0,229  

 

Table 12. RM transport costs  

RM Supplier Plant costtpcrp

c1 r1 p1 0,24

p2 0,24

p3 0,24  

 

Table 13. Amount (m2) of product i manufactured on production line l of production plant p in time period t 

Mpilpt

FG Line Plant t1 t2 t3 t4 t5 t6

i1 l3 p2 1500,00 1500,00 1500,00 1800,45 2456,85 2631,58
l4 p2 1500,00 1500,00 2204,08 1500,00 0,00 0,00

i2 l1 p1 2533,33 3333,33 3333,33 3333,33 1896,82 2746,03
l6 p3 2182,08 2971,65 3333,33 2633,78 1500,00 1500,00

i3 l2 p1 3158,73 4166,66 4166,66 3914,96 3738,09 4166,66  

Table 14. Amount (m2) of subcontracted FG i subcontracted to supplier b for warehouse a in time period t 

CSCibat

FG Supplier Warehouse t1 t2 t3 t4 t5 t6

i3 b1 a1 100 0 0 0 0 0

i4 b1 a1 397 616 570 616 751 726
a2 286 234 280 234 99 124  
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Table 15. Amount of the RM c to be purchased and transported from supplier r to production plant p in time 

period t 

CTPcrpt

RM Supplier Plant t1 t2 t3 t4 t5 t6

c1 r1 p1 67968,57 86916,66 86916,66 143268,25 85240,25 0,00

p2 38600,00 36600,00 48723,58 36731,74 62078,91 0,00

p3 73431,42 56483,33 44359,75 0,00 0,00 0,00  

 

Table 16. Inventory (m2) of FG i in warehouse a in time period t  

INAiat

FG Warehouse t1 t2 t3 t4 t5 t6

i1 a1 2363 2156 2000 2000 2517,94 2000
a2 2000 2000 2000 2000 2000 2000

i2 a1 2000 2361 2000 2000 2000 2000
a2 2000 2000 2000 2000 2000 2000

i3 a1 1761 2013 1600 1600 1600 1600
a2 1600 1600 1600 1600 2128 1600

i4 a1 1696 1813 1783 1831 1823 1600

a2 1600 1600 1600 1600 1600 1600  

 

Table 17. Inventory of the RM c in plant p  

INCcpt

RM Plant t1 t2 t3 t4 t5 t6

c1 p1 2000,00 2000,00 2000,00 61145,46 81751,58 2000,00

p2 2000,00 2000,00 5533,78 2000,00 34105,26 2000,00

p3 46809,97 67039,11 70732,19 38600,00 20300,00 2000,00  

 

Table 18. Computational efficiency  

Model Iterations Variables Integers Constraints Non-zero Density(%)

Solution 

Time 

(seconds)

MP-RDSINC 440992 1584 1320 1650 4889 0,19 49,02  

 

 

 

 

Table 19. Inventory level  
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Item

Inventory 

Level

i1 4172,82

i2 4060,16

i3 3383,66

i4 3357,66

c4 74002,89  

 

Table 20. Total net profit  

MP-RDSINC

Incomes 1059935,65

Replenishment costs 208156,59

Production costs 381360,54

Inventory costs 11259,79

Outsourcing costs 36024,3

Set-up costs 6463,63

Transport costs 48438,35

Backorder costs 0

Total costs 691703,2

Profits 368.232,45 €  
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Figure Captions 

 

Figure 1: Multi-supplier, multi-plant, multi-type and multi-level distribution centres, multi-item and multi-period 

logistic model.  
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