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ABSTRACT: We consider a supply chain network design problem featuring a 3-level structure, which uses intermedi-
ate distribution centers, the number and location of which are to be determined. A facility location model is proposed, 
including a special type of constraints called flow consolidation constraints in addition to maximum covering distance 
and limited capacity constraints. Our study is based on a concrete application in the automotive industry, namely, the 
outbound supply chain of a carmaker. Computational experiments are carried out on industrial data under different 
versions of the model. Our results show the benefits of integrating a clustering approach and several potentialities in 
terms of managerial scenarios analysis, such as the trade-off between distribution cost decrease and delivery time limit. 
 
KEYWORDS: network design, flow consolidation, clustering, automotive 
 

1 INTRODUCTION 

In order to be competitive on the market, any company 
has to improve its supply chain management in order to 
satisfy its customers at the best service level and the 
lowest possible cost. It is therefore of key importance to 
optimize the logistics flow at different levels: strategic, 
tactical and operational. At the strategic level, network 
design problems have been widely studied by OR re-
searchers, especially using facility location theory. Over-
views of the related literature are provided among others 
by (Owen and Daskin, 1998), (Daskin and al., 2003) and 
(Melo and al, 2009). However, due to their various pos-
sible applications in real life, there are still many inter-
esting research issues to explore within facility location 
problems (FLP). In this context, we are studying some 
shipment consolidation strategies in connection with 
facility location issues arising from a real life application 
in the automotive industry. The network under study 
(Figure 1) consists of three layers: assembly plants at the 
first one, distribution centers (DCs) at the second one 
and customers or car dealers at the third level. 

Plants

Distribution 
Centers

Dealers

Plants

Distribution 
Centers

Dealers  
Figure 1: Outbound supply chain network of an  

automotive company 
 

Vehicles are produced at assembly plants and are then 
transported to intermediate distribution centers (“primary 
transport”) where they are held for a short transit time 
(typically a few days) before being sent by truck to the 
car dealers (“secondary or last-mile transport”). As ex-
plained in (Eskigun A. and al., 2005), who discussed a 
similar application, intermediate DCs are created in or-
der to “consolidate and distribute vehicles from different 
plants to dealers”. The company chose this organization 
to benefit from economies of scale for long-distances 
transport from manufacturing sites to DCs. Namely, cars 
are voluminous products, which can be transported only 
by specific, dedicated trucks of small capacity. Hence, 
while designing the logistics network, it is of primary 
importance to ensure that the use of full truckloads is 
possible at the tactical and operational levels.  Our main 
focus in the present study is thus on designing the net-
work so as to enable transport flow consolidation. Given 
the Supply Chain network described above and the aver-
age annual demand of each dealer, we aim at answering 
the following questions: 
(1) How many distribution centers (DCs) should be in-
stalled, and where should they be located 
(2) To which DC should each dealer be assigned and for 
which product? 
 
In order to provide an answer, we propose a multi-
product facility location model considering explicitly 
flow consolidation constraints together with distance and 
capacity constraints. The remainder of this paper is or-
ganized as follows. In section 2, we provide a review of 
the related literature. In Section 3, we discuss the model-
ing of costs and constraints before formulating the prob-
lem in section 4. Section 5 is devoted to the analysis of 
some computational experiments. Finally, Section 6 
summarizes our conclusions and provides possible re-
search perspectives. 
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2 LITERATURE REVIEW 

(Melo and al, 2009) listed different kinds of FLP appli-
cations in the context of supply chain management. 
However, research works applied to the automotive in-
dustry appear to be rather scarce. For instance, (Eskigun 
and al., 2005) implemented a capacitated network design 
model using a non- linear waiting time whereas (Lin and 
al., 2006) modeled economies of scale in a context of 
vehicle distribution. Other works like (Grangeon and 
al., 2010) and (Nozick and Turnquist, 1998) proposed 
resolution methods and some results for integrated mod-
els. This consists in integrating tactical/operational deci-
sions like inventory management or vehicle routing 
problems with the main strategic decision, which is the 
network design issue. The major purpose in this case is 
to study the trade-off between interdependent logistical 
components. This body of work includes the location 
routing problem (LRP) defined by (Nagy and Salhi, 
2007) as “an approach to modeling and solving loca-
tional problem” where “we simultaneously need to solve 
a vehicle routing problem” in addition to the global loca-
tion problem. The authors proposed an extensive litera-
ture review about LRP and classified the LRP heuristics 
according to a scheme of three classes based on how the 
location and the routing problems are related. Among 
these works, we find those using clustering-based meth-
ods such as (Srivastava and Benton, 1990), (Min, 1996) 
and (Barreto and al., 2007). The clustering approach that 
we are using in the present paper is similar to the one 
studied in the latter work. However, the majority of these 
works were in a mono-product context: see e.g. (Sajjadi, 
2008), (Gunnarsson and al., 2006) and (Yi and Ozdamar, 
2007) for multi-product examples. Furthermore, trans-
port flow consolidation was seldom considered in the 
facility location literature. Authors usually presented 
concave cost functions to show economies of scale, see 
e.g. (Shen, 2005), (Lin and al., 2006), (Bucci, 2009), but 
few of them mentioned the trade-off between time and 
cost. Two papers (Guha and al., 2000) and (Karger and 
Minkoff, 2000) introduced the facility location problem 
with lower bound constraints in the context of internet 
access network design problem using caching strategies. 
They presented essentially the same approximation algo-
rithm, which was improved by (Svitkina, 2010). In a 
supply chain management context, we found only one 
paper considering volume constraints in a transportation 
problem. (Lim and al., 2006) presented indeed a model 
where decisions involve allocation of cargos from cus-
tomers to carriers taking into account an American regu-
lation enforcing Minimum Quantity commitments 
(MQC) for carriers, if chosen. 

3 MODELING COSTS AND CONSTRAINTS 

As our different decisions are based on a concrete case 
study, explaining the main assumptions underlying the 
model is essential before presenting the problem mathe-
matical formulation.  
 

3.1 Product representation 

As explained in the introduction, we deal here with a 
multi-product network design problem: around 40 vehi-
cle types, without considering colors and options, have 
to be distributed through the network. However, assem-
bly plants are mostly specialized, i.e. they can manufac-
ture various vehicle types but a given type is usually 
produced in a single plant. Moreover, transport decisions 
starting from plants are taken according to the final des-
tinations of the vehicles and not to their types. It is thus 
meaningful to use an aggregate representation of the 
product types based on their sourcing plants: in what 
follows, we will consider the different types produced in 
a same plant as a single product.   
 
3.2 Modeling primary transport and transit costs 

3.2.1 Modeling primary transport costs 
As mentioned in the introduction, primary transport con-
cerns the products moved from assembly plants to distri-
bution centers (DCs). It is easy to compute the cost of a 
truck starting from a given plant and going directly to a 
DC, using fixed and kilometric components. However, 
the evaluation of the unit delivery cost is less straight-
forward as it strongly depends on the truckloads on the 
considered link and thus on the given volume and the 
targeted waiting time at the plant. Indeed, increasing the 
waiting time to improve the truck loading rates leads to 
transport costs decreasing but results in an additional 
inventory cost and a poor service time. Figure 2 shows 
the unit delivery cost on a plant-DC link as a function of 
the average daily volume to be distributed on this link. 
We assume a truck capacity of 10 vehicles and a maxi-
mum waiting time (delivery frequency) of 5 days. 
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Figure 2: Primary transport unitary cost as a function of 

daily volume 
 

Using the numerical data from our case study, we notice 
that the inventory cost (in grey) is insignificant com-
pared to the transport cost (in bold black), that is why we 
do not consider it in the remainder of this paper. We also 
point out that the transport cost is steeply decreasing for 
volumes less than the volume limit and then becomes 
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constant. This volume limit consists in the minimum 
average daily volume needed to consolidate a full truck-
load within the maximum waiting time of 5 days. For a 
daily volume greater than this limit, deliveries are made 
using a full truckload. The unit delivery cost is thus 
equal to the cost of a truck divided by the truck capacity 
equal to 10 (crosses curve value equal to 10). Neverthe-
less, in reality, trucks never leave the plants unless they 
are completely full. Therefore, to achieve a trade-off 
between the two conflicting objectives, namely having 
full truckloads (to decrease costs) and meeting the deliv-
ery time, it is necessary to have much volume. The dis-
tribution network has thus to be designed so as to guar-
antee at least a volume equal to the volume limit for each 
primary transport link. This is done in our mathematical 
formulation by assigning a minimum volume constraint 
to each plant-DC link.  
 
However, as this kind of constraint can be difficult to 
meet (it can lead to an infeasible problem if combined 
with other constraints), it was necessary to introduce 
artificial variables allowing, only in case of infeasibility, 
to fall under the volume limit. A penalty parameter, us-
ing these variables, is added to the objective function in 
order to measure the violation of the minimum volume 
constraints (see the model presented later in 3.4). Thus, it 
is possible to detect sources of infeasibility in order to 
adjust the volume limit, and therefore the maximum 
waiting time, per plant. In fact, in order to fill the trucks, 
it is tolerable to increase the waiting time at some plants, 
namely those manufacturing low volume. 

3.2.2 Modeling transit costs 
In the situation under study, most of the distribution cen-
ters and all the related activities (loading, unloading, 
etc.) are outsourced. Hence, there are no fixed opening 
costs to be incurred before using a distribution center. 
However, each time a vehicle goes through a DC, which 
is not belonging to the carmaker, a unitary cost called 
transit cost is paid to the third-party logistics. This cost is 
usually mentioned in a contract between the company 
and the third-party logistics where the two parties agree 
upon a minimum and a maximum transit volume during 
the planning period. We thus impose in our mathemati-
cal formulation minimum and maximum values for the 
annual transit volume through each DC if we decide to 
use it. We assume that the transit cost is constant for a 
value situated between these two bounds. 
 
3.3 Modeling secondary transport costs 

Secondary transport covers the transport of goods, by 
truck, from distribution centers to the final customers 
over distances usually shorter than primary transport 
distances. A given truck starting from a distribution cen-
ter may have to visit several customers, as one customer 
has not necessarily enough demand to receive a full 
truckload within the allowed delivery time. Figure 3 il-
lustrates the combination of primary and secondary 
transport.  

 
Figure 3: Combination of primary and secondary trans-

port 
 

As for primary transport, the main challenge, in this 
case, is to optimize the truckloads without increasing 
delivery times. We have though an additional difficulty 
related to the vehicle routing problem (VRP) described 
in Figure 3. This is an operational issue that we do not 
deal with in the present work but we have to consider it 
while designing the network as it could have a signifi-
cant impact on location and assignment decisions. 
Namely, as was shown by (Shen and Qi, 2007), there 
could be a total cost reduction of more than 8% com-
pared to a sequential approach (i.e. network design then 
routes calculation), if using an integrated routing dis-
tance approximation method in an uncapacitated loca-
tion-inventory problem. (Javid and Azad, 2010) proved 
that calculating the routes without approximation leads 
to a cost improvement of 9-27% compared to Shen and 
Qi’s model.  In classical facility location problems, sec-
ondary transport costs are usually linear from source to 
destination and no effort is spent on how to get or to 
evaluate the unitary cost. In location-routing problems, 
the route decisions are explicitly modeled in the optimi-
zation problem, which results in large sized problems 
usually heuristically solved. The clustering-based 
method (Barreto and al, 2007) is a way to approximate 
the route lengths while keeping a simple and mid-sized 
model using linear costs. Accordingly, we have chosen 
this method for modeling our network design problem.  

3.3.1 The clustering-based method 
The idea of the clustering-based method is to form 
groups of customers, which will be allocated to the same 
routes. In other words, we suppose that each time a truck 
leaves a distribution center to transport products in-
tended for a group G, it stops at each customer of G to 
deliver a part of the truckload. Although this is not ex-
actly what happens in reality, as routes are dynamic and 
not fixed for all the planning period, we consider that 
this static method provides us with a good estimate of 
secondary transport distances. Figure 4 illustrates the 
clustering-based method that we can summarize in four 
steps: 

(1) Construct clusters of customers with a mini-
mum volume limit and other constraints. 

(2) Solve a Traveling Salesman Problem for each 
distribution route from DCs to clusters. 

(3) Compute the unitary cost per transported prod-
uct for each route. 

(4) Solve a facility location problem using clusters 
as customers instead of original dealers 
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Figure 4: The clustering-based method 

 
In step 1, we consider as input of the clustering algo-
rithm the total demand of each customer, including all 
the product types. This is due to the possible combina-
tion of different car models in a same secondary trans-
port truckload. In step 2, we use a simple enumeration to 
determine the shortest route starting from a DC, visiting 
all the customers of a cluster then coming back to the 
DC. In fact, a particular feature of vehicle distribution is 
that a route consists of a small number of customers 
(usually between one and four). This makes solving the 
TSP problem through enumeration possible. The specific 
trucks dedicated to cars transport can carry up to 8-10 
products, according to the load factor of the vehicle type. 
Thus, it is theoretically possible to visit up to ten cus-
tomers but from experience, the number is almost always 
less than or equal to four. In step 3, we use the same 
truck cost formula used for primary transport cost calcu-
lation in addition to a stop cost for each customer of the 
cluster. 

3.3.2 The Clustering algorithm 
The algorithm consists in clustering the close customers 
in a way to group those who have low demand with 
those who have important demand. The total demand of 
a cluster has to be sufficient to fill in average at least one 
truck within the allowed waiting time on the distribution 
center (transit time). The clustering algorithm has to 
meet, as far as possible, three constraints: 
- A maximum distance between two customers (but if we 
have no other choice, we ignore this constraint) 
- A maximum number of customers per cluster  
- A minimum and a maximum total demand for each 
cluster 
Input distances between customers are calculated using a 
Geographic Information System (GIS) to form a point-
to-point distance matrix. 
 
At the beginning of the algorithm, the cluster list is 
initialized to single-element clusters (i.e. each customer 
corresponds to a cluster). Let m be the current number of 
clusters remaining in the clustering algorithm, Figure 5 
illustrates the first phase of the implemented algorithm. 
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Figure 5: First phase of the clustering algorithm 

 
We chose the following distance definition between two 
clusters p and q: 
 

( ) ( ){ }p q

p

Distance p,q Min Distance i,j ,  i C , j C

C  is the set of customers of the cluster p.

= ∈ ∈
 

 
This is a proximity measure called the “single linkage” 
measure; see (Barreto and al, 2007) for a discussion of 
other possible measures. 
 
After the first phase, a second phase has to be applied in 
order to consider the clusters discarded in the first phase 
due to different constraints. In the second phase, only the 
minimum volume and the maximum number of points 
constraints are  imposed. We check that each cluster has 
a total demand greater than the minimum demand 
required. If it is not the case for some cluster q then we 
attach each of its customers to the nearest cluster having 
fewer customers than the maximum allowed number of 
customers.  

3.3.3 Difficulties due to the multi-product, multi-
sourcing aspects 

 
The main objective of a clustering algorithm according 
to a minimum volume limit is to ensure full truckload 
routes for secondary transport. As mentioned before, we 
consider as an input of the clustering algorithm, the total 
demand of each customer, including all the product 
types. Thus, if we choose a single sourcing scenario, i.e. 
each cluster is assigned to exactly one DC, the criterion 
of minimum volume will be met as done in (Barreto and 
al, 2007). Nevertheless, if we consider a multiple sourc-
ing scenario, then the total demand of each cluster could 
be assigned to more than one DC. Thus, the minimum 
volume limit could not be met and trucks would not be 
full. As we are concerned by the second case, the solu-
tion that we chose to implement in our model is to add a 
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minimum volume constraint to each of the DC-Cluster 
links. This will limit the number of DCs associated to 
each customer and will therefore guarantee a sufficient 
volume ensuring full truckloads within the maximum 
waiting time fixed by the user.  
 
3.4 Constraint analysis 

In addition to the minimum volume constraints for 
transport and transit flows, other constraints have to be 
added in order to properly fit our concrete application. 
For instance, a truck driver delivering vehicles to car 
dealers has to go back to his distribution center at the 
end of the working day. The traveled distance per 
delivery trip should not thus be greater than a given 
limit, allowing him to respect the legal daily driving 
time. This leads to a maximum covering distance 
constraint: assignment of customers to DC are forbidden 
if the corresponding distance is larger than a given value. 
Considering this additional constraint, together with the 
lower bounds for primary transport flows makes the 
location problem more difficult. Clearly, while the 
volume constraint pushes for limiting the number of DCs 
linked to each plant, the distance constraint tends to the 
opposite decision in order to be as close as possible to 
customers. If we also use volume constraints for 
secondary flows, the problem becomes even more 
complex as each of the two volume restrictions (primary 
and secondary) result in different decisions as far as the 
network structure is considered. Targeting a minimum 
quantity for secondary transport links encourages the 
decision of decreasing the number of DCs per cluster 
while the same constraint for primary transport leads to 
increasing this number. The former observation is 
intuitive but the latter is not, it was suggested by 
computational experiments and a possible explanation 
was deduced. In fact, increasing volume on each plant-
DC link leads to decreasing the number of DCs 
associated to each plant. This means that all the DCs 
opened due to the distance constraint cannot deal with all 
the products. In this case, a cluster has to look at many 
centers in order to satisfy all its demand and this fact 
results in a higher number of centers per cluster.  
In the field of logistics, there are also other rules that 
could be forced by third-party logistics or carriers. In our 
case, the vehicle distribution team has to cope with a 
“districting constraint”, that is, assignment decisions are 
made on the basis of a given decomposition of the 
territory into districts and not for each single customer. 
This leads to a slightly different version of the 
mathematical model, which will be explained in 
paragraph 4.2. 
 
3.5 Statement of the proposed model 

One of the contributions of this paper consists in 
providing an approach to consider shipment 
consolidation within a network design problem. Two 
important ideas are studied in this context: introducing 
minimum volume constraints for transport and transit 

flows, and using a clustering method for grouping 
customers. As far as transport is considered, to achieve a 
trade-off between two conflicting objectives, namely 
maximum delivery time limits and distribution cost 
decrease, it is necessary to have much volume; hence the 
idea of lower bounds for the primary and the secondary 
transport volumes. We also include this kind of 
constraint for the flows going through DCs instead of 
using fixed costs as usually done in the literature. The 
manufacturer does not pay fixed costs but the third-party 
logistics managing each DC asks for a minimum 
guaranteed volume to provide a transit area with a given 
tariff.  
The clustering of customers into groups could also be 
viewed as a way for flow consolidation because it results 
in full truckloads in secondary transport. To the best of 
our knowledge, the clustering method in a multi-product, 
capacitated context with a multi-sourcing option (a 
customer is not necessarily associated to exactly one 
DC) and minimum volume constraints has not been 
addressed in the literature yet.   
We provide also a concrete application dealing with a 
facility location problem in a supply chain context, a 
field for which application papers are scarce, as pointed 
out in (Melo and al., 2009). 

4 PROBLEM FORMULATION 

Using the modeling decisions detailed in paragraph 3, 
we formulate the mathematical model. 
 
4.1 Mathematical model 

Here we provide the problem formulation that will be the 
basis for other modifications. 

4.1.1 Data sets  

I set of plants (i=1..I) 

J set of potential DCs (j=1..J)  

Q set of clusters (q=1..Q) 

4.1.2 Parameters 

Dqi: Yearly demand of a cluster q for the product manu-
factured in plant i 
minCapj: Yearly minimum volume of vehicles going 
through DC j if it is chosen 
maxCapj: Yearly maximum volume of vehicles going 
through DC j if it is chosen  
PTCij: Primary transport cost for a truck going from 
plant i to distribution center j 
STCjq: Secondary transport cost for a truck route starting 
at DC j and visiting all the customers of cluster q 
TCj: Unitary transit cost for the distribution center j (con-
stant for a volume between minCapj and maxCapj) 
Wi: Average truck capacity for a truck starting its route 
from the plant i (primary transport) 
W: Average truck capacity for a truck starting its route 
from any distribution center (secondary transport) 
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M: Big value  
NWD: Number of working days in a planning period 
Tmax(i): Maximum waiting time at the plant i before 
shipping is made to distribution centers 
T: Maximum waiting time at a distribution center before 
shipping is made to dealers 
Max_cap_distance: Maximum route distance between a 
distribution center and a cluster q 
PI: Plant-DC low volumes penalization amount 

4.1.3 Decision variables 
We introduce the following decision variables: 

Binary variables: 

j

1 if distribution center j is selected
y =

0 if not





 

 
[ ]

ij

1 if route i,j from plant i to DC j is selected
z =

0 if not





 

jq

1 if cluster q is allocated to DC j for at

a = least 1 product

0 if not







 

Continuous variables: 

jqix = Proportion of the cluster q demand for the product 

manufactured in plant i and delivered by DC j.
 

 
xjqi is defined only if: 

( )Route j,q max_cap_distance≤  

 
ij ijV' ,V'' : Artificial variables used to write minimum volume 

constraints for primary transport links.

ij minV' V (i)≥  

ij minV'' V (i)≤  

( )
min

max

With V (i) equal to the minimum yearly volume ensuring 

a full truckload within T i  from plant i to any DC.
 

( )
i

min

W
 V (i) NWD

Tmax i
⇒ = ×  

4.1.4 Constraints 
 

Demand satisfaction constraint: 

J

qi jqi
j=1

i I q Q such as D >0 x =1∀ ∈ ∀ ∈ ∑   (1) 

 
Constraints (1) state that the demand of the cluster q for 
the product manufactured in plant i is satisfied. 
 
 
 

Minimum volume constraints in primary transport links: 

Q

jqi qi ij ij
q=1

i I j J x D =V' -V''∀ ∈ ∀ ∈ ∑    (2) 

 

min ij ij ijV (i) z V' M z× ≤ ≤ ×      (3) 

 

ij min ijV'' V (i) z≤ ×         (4) 

 

( )( )jWith M=min maxCap ,Total Demand i 

 
Constraints (2) state that the total volume going from 
plant i to distribution center j is expressed as a difference 
between two continuous variables. Constraints (3) and 
(4) mean that: 
 

♦ If ijz 0= , then the link [ij] is not selected, thus 

ijV' 0= and ijV'' 0=  

♦ If ijz 1= , then the link [ij] is selected, thus 

( )ij minV' V i≥ , ijV' M≤ and ( )ij minV'' V i≤  

 

ijV'' is the allowed decrease of [i,j] volume compared to 

the volume limit ( )minV i . It will be minimized, null if 

possible, as it is strongly penalized (see objective func-
tion). In fact, variables ijV'  and ijV''  are created to de-

tect the possible sources of infeasibility. 

Distribution center maximum capacity constraint: 

 
QI

jqi qi j j
i=1 q=1

j J x ×D y ×maxCap∀ ∈ ≤∑∑     (5) 

 
Constraints (5) stipulate that if the DC j is selected 
(yj=1), then the flows transiting by j must not exceed its 
maximum capacity but, if the DC j is not selected (yj=0), 
then there is no flow transiting by it (all the xjqi are null). 

Distribution center minimum capacity constraint: 

 
QI

jqi qi j j
i=1 q=1

j J x ×D y minCap∀ ∈ ≥ ×∑∑     (6) 

 
Constraints (6) stipulate that if the DC j is selected 
(yj=1), then the flows transiting by j have to be greater 
than its minimum volume limit but if the DC j is not 
selected (yj=0), then the quantity is positive or null. 

Minimum volume constraints in secondary transport 
links: 

 
I

jqi qi jq
i=1

W
j J q Q x D NWD a

T
∀ ∈ ∀ ∈ × ≥ × ×∑    (7) 
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I

jqi jq
i=1

j J q Q x I a∀ ∈ ∀ ∈ ≤ ×∑       (8) 

 
Constraints (7) ensure that secondary transport volume 
between warehouse j and cluster q is greater than a mini-
mum volume (guaranteeing a full truckload within the 
maximum waiting time T) if the link between j and q 
exists (ajq=1). Constraints (8) stipulate that all of the xjqi 
are zero if the link between j and q does not exist (ajq=0). 

Logical constraints: 

 

ij ji I j J z y∀ ∈ ∀ ∈ ≤         (9) 

 
Constraints (9) stipulate that route [i, j] cannot be se-
lected if the distribution center j is not selected. 
 

Integrity and non-negativity constraints: 

{ }jj J y 0,1∀ ∈ ∈  

 
{ }iji I j J z 0,1∀ ∈ ∀ ∈ ∈  

 
{ }jqj J q Q a 0,1∀ ∈ ∀ ∈ ∈  

 

[ ]jqij J q Q i I x 0,1∀ ∈ ∀ ∈ ∀ ∈ ∈  

4.1.5 Objective function 
 
Min f(x)=Primary transport costs

+ Secondary transport costs

+ Distribution centers transit costs

+ Penalization of low plant-DC volumes

 

With: 
 

QI J
ij

jqi qi
i=1 j=1 q=1 i

PTC
primary transport costs x D

W
=∑∑∑  

 
QJ I

jq
jqi qi

j=1 q=1 i 1

STC
secondary transport costs x D

W=

=∑∑∑  

 
QJ I

jqi qi j
j=1 q=1 i 1

Transit costs x D TC
=

=∑∑∑   

and  
I J

ij
i=1 j=1

penalization costs= PI V''×∑∑  

ijV"  are artificial variables. 

4.2 Other versions of the model 

4.2.1 Adding the districting constraints 
In the present work, we are dealing with a concrete ap-
plication where the transport activities are outsourced 

and the carrier imposes to divide the geographical area 
into districts using the zip codes. Assignment decisions 
as well as prices are thus given per district and not per 
single customer. It is therefore necessary to test another 
version of the model, considering a “districting con-
straint” which consists in applying three modifications to 
the modeling approach already described above. On the 
one hand, we have to use assignment variables x for dis-
tricts instead of clusters and hence to constraint custom-
ers of a same cluster to belong to the same district. On 
the other hand, we must write the maximum distance 
condition in such a way that the distance between a DC 
and all the clusters of a district is less than the maximum 
allowed distance. 

4.2.2 Using the sequential approach 
In order to study the contributions of the clustering ap-
proach, we also implement a sequential method where 
we first solve a facility location problem without regard 
to any clustering. We suppose that customers simply 
correspond to districts (demand aggregation) and use a 
unique reference location as representing each district 
when calculating distances from DCs. Then, using the 
location and assignment decisions, we apply the cluster-
ing algorithm to evaluate the route lengths for the deliv-
eries allocated to each opened DC. Thus, we can review 
the secondary transport costs considering the obtained 
routes. Figure 6 summarizes the sequential approach: 
 

 
 

Figure 6: The sequential approach 

5 COMPUTATIONAL TESTS 

5.1 Case study description 

Computational tests were carried out for one data set 
related to the concrete application we are studying, with 
17 plants, 52 potential DCs and 563 customers. We con-
sidered a specific truck capacity (load factor) for each 
plant while calculating primary transport costs. On the 
contrary, we used the same truck capacity for all the sec-
ondary transport flows, as there is usually a mix of vehi-
cle models in each truckload. This truck capacity was 
evaluated as the weighted average load factor using 
product volumes as weights. After applying the cluster-
ing algorithm according to the chosen grouping parame-
ters (two truckloads as minimum volume, three truck-
loads as maximum volume and four as the maximum 
number of customers per cluster), we obtain 307 clusters 
(294 clusters if the districting constraint is applied). For 
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all the tests, the target waiting time at each plant was set 
to 5 days and the minimum volume on each DC-cluster 
link to one truckload.   
 
5.2 Numerical results 

The program was implemented in C++ and solved using 
ILOG Cplex academic version 12.1. All the tests were 
carried out on a Pentium Core 2 Duo (2.53 GHz) with 
1.92Go of RAM, running under Windows XP. We em-
ployed a free batch (Batch géocodeur) to obtain the geo-
spatial coordinates of the different points and a well-
known Geographic Information System (GIS) to calcu-
late route distances. We used the default settings of 
CPLEX solver for optimization. In the following subsec-
tions, we present the results of the computational ex-
periments carried out to evaluate time, cost and manage-
rial insights. 

5.2.1 Time analysis 
We intend here to study how the computational time 
depends on the value of the maximum covering distance 
constraint.  Although we are able to reach the optimality 
in all the tests, we preferred to stop the algorithm at a 
gap equal to 1%. In fact, proving the optimality, in some 
cases, is very hard and the computational times exceed 
the limit of a manageable duration (3hours). Figure 7 
illustrates the results obtained for the case study defined 
above. 
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Figure 7: Time and variables number as a function of the 

maximum distance constraint value 
 

It is seen that as the maximum distance value increases, 
the computational time increases. This observation 
seems to be obvious as increasing the distance results in 
a greater number of assignment variables x and thus in a 
problem of a larger size. However, it is worth pointing 
out that, in the case of our specific application, the prob-
lem becomes hard to manage starting from a distance 
constraint equal to 580km. It is noticeable also that, for a 
distance between 460 and 580km, the computational 
time is fluctuating and not regularly rising. It depends 
indeed on the potential links added due to the distance 
constraint relaxation.   

5.2.2 Cost analysis 
The decisions issuing from the three versions of the op-
timization model have different implications on the total 
distribution cost. For instance, considering that the as-
signment decisions have to be identical for all the clus-
ters of a same district is very constraining. Thus, there is 
an additional cost to pay if the manager chooses (or is 
obliged to choose) this alternative. This cost increase is 
evaluated to 3.7% if testing the two model versions with 
a maximum distance constraint equal to 460KM and the 
same volume and waiting time constraints everywhere 
else.  
 
As far as the clustering approach is concerned, we chose 
to compare the economic outputs of the integrated and 
the sequential method, considering the districting con-
straint. However, we face here a modeling difficulty 
concerning the maximum distance constraint formula-
tion. In fact, in the integrated clustering approach, it is 
possible to include the distance constraint using the route 
distances between DCs and clusters, whereas in the se-
quential method, this is not possible, as clusters are not 
integrated in the optimization step. Thus, we have to use 
distances from DCs to the reference locations represent-
ing the districts, in the two cases, in order to compare the 
two models under the same hypothesis. Moreover, we 
add to the objective function two weighting factors, one 
for the primary transport cost and the other for the sec-
ondary transport cost. This aims at detecting the influ-
ence of the two costs proportions on the clustering bene-
fits, the results are summarized in table 1. 
 

Primary transport cost 
factor

Secondary transport cost 
factor

Secondary transport cost 
proportion*

Gain**

1 1 17.2% 1.68%

0.8 1.2 22.4% 2.08%

0.4 1.6 39.1% 4.60%

0.2 1.8 54.7% 6.02%

0.1 1.9 65.9% 6.96%

0.08 2.2 71.2% 7.24%

0.06 2.4 75.3% 7.31%

0.03 2.6 80.3% 8.02%  
Table 1: The economic impact of using an integrated 

clustering approach 
* Calculated using the outputs of the integrated approach as secondary transport 
cost/objective function value 
** Calculated using the objective function value as (sequential model value -
integrated model value)/sequential model value 

 
As we can see, using an integrated clustering-approach 
leads to savings in the total distribution cost which be-
come more significant when secondary transport costs 
account for the major part of the total cost. This could 
occur, for example, if distribution centers become closer 
to plants and farther from customers.  

5.2.3 Managerial insights 
As the network design model that we are studying is a 
decision-aid tool for supply chain managers, it is impor-
tant to analyze some of the related managerial insights. 
In this context, we carried out a second test to compare 
the results obtained with the integrated and the sequen-
tial methods, this time formulating differently the maxi-
mum distance constraint (we use DC-clusters route 
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lengths for the first and DC-districts round-trip distances 
for the second). We consider then the results shown in 
table 2 (in the sequential case, maximum route lengths 
are calculated after the network optimization, using a 
clustering per DC). If a black entry is associated to a 
given DC, it means that this DC is not opened by the 
optimization approach corresponding to the considered 
line.  

1 2 3 4 5 6

Integrated approach 444.86 440.79 434.18 381.34

Sequential approach 625.299 406.854 626.452 361.55 570.908

7 8 9 10 11 12

Integrated approach 456.82 409.88 451.37 354.26 444.29

Sequential approach 616.29 571.041 592.601 496.906 467.554 583.127

13 14 15 16 17 18

Integrated approach 382.12 380.40 454.91 232.01 395.62 457.08

Sequential approach 697.19 510.228 692.756 293.53 608.777 465.976

19 20 21 22 23 24

Integrated approach 458.29 385.03 340.35 420.48 41.08 432.51

Sequential approach 626.02 486.199 507.496 483.734 41.08 534.413

25 26 27 28 29

Integrated approach 456.89 382.36 435.79 450.52

Sequential approach 687.9 399.583 526.896 798.205

DC

Maximum 
route (KM)

DC

Maximum 
route (KM)

DC

Maximum 
route (KM)

DC

Maximum 
route (KM)

DC

Maximum 
route (KM)

 
Table 2: Maximum route length for each opened DC in 

the cases of integrated and sequential approaches 
 
We can obviously conclude that the clustering approach 
integration makes it possible to respect the maximum 
route distance constraint in all the assignment decisions 
(in table 2, first line, all the distances are less than 
460KM). On the contrary, it is not the case in the se-
quential approach as the optimization model constraint is 
formulated globally for the whole district and not pre-
cisely for each cluster. Managers are also careful to the 
waiting times and their influence on the customer service 
rate. Further analyses of the results given by the inte-
grated approach reveal that depending on the maximum 
route constraint value, waiting times at plants could dete-
riorate and even the problem could become infeasible if 
some parameters are not tuned. For instance, the test we 
made with the integrated approach, using a districting 
constraint and a maximum route length equal to 460KM, 
indicates that it is not possible to have a feasible problem 
with a maximum waiting time of five days at each plant 
as wishes the logistics manager. In fact, due to the maxi-
mum route constraint for secondary transport, each plant 
has to deliver its products to 25 opened DCs. This leads 
to the violation of the minimum volume constraints on 
three of the primary transport links. The constraint viola-
tion is detected by observing a high penalization parame-
ter in the objective function value. In this case, it is man-
datory to tune the problem parameters by increasing the 
maximum waiting time for the corresponding plants in 
order to avoid the penalization. Moreover, decreasing the 
maximum distance value from 460KM to 400KM makes 
the problem infeasible with the initial parameters. It is 
though possible to obtain a solution if we finely analyze 
the parameters to change. For example, in this case, we 
can detect a leak of capacity in one of the DCs and some 
customers that are situated at more than 400KM of the 
nearest DC.  
 

It is also noticeable that the results given by the three 
implemented versions provide fractional assignment 
variables (about 9-25% of nonzero variables), that is, a 
product that comes from a given plant and intended for a 
given customer could go through different DCs. Accord-
ing to the logistics manager, this is not the case in prac-
tice but imposing an additional constraint of integer as-
signment variables leads to high computation times and 
even infeasibility in many cases.   

6 CONCLUSIONS AND FURTHER RESEARCH 

In this paper, we studied a facility location problem aris-
ing in the context of vehicle distribution. We proposed a 
modeling approach considering the flow consolidation in 
primary and secondary transport. For the first case, we 
introduced a lower bound, which is evaluated according 
to a trade-off between time delays and cost decrease for 
each plant-DC link. For the second case, we first 
grouped customers using a clustering algorithm in order 
to ensure full truckload deliveries. Then, we used the 
resulting clusters as final customers in our optimization 
program. Taking into account a fixed waiting time at 
DCs, we defined a lower bound for the volume going 
through each DC-cluster link. We assigned also a mini-
mum transit volume constraint to each DC, instead of the 
traditional fixed costs. This lead to the formulation of a 
large-size MILP with minimum volume, maximum dis-
tance and capacity constraints. Our computational ex-
periments on a concrete case study showed encouraging 
results with the clustering approach. Compared to the 
sequential approach, the clustering-based one leads to a 
cost reduction, which increases as the secondary trans-
port cost ratio increases. Furthermore, we analyzed some 
managerial insights such as the impact on cost of the 
districting constraint and the influence of the distance 
constraint on waiting times. As far as computational 
times are concerned, we concluded that the problem be-
comes hard to solve for higher values of the distance 
limit. It would thus be interesting to study a specific al-
gorithm in the case of large-scale problems, which could 
happen if we relax the maximum distance constraint or if 
we consider many countries simultaneously. Besides, in 
real life situations, primary transport is multi-modal, 
using truck (road), train (rail), barge (river) or boat (sea). 
That is why, we suggest as a further consideration, to 
include transport mode choice in the model already de-
fined.  
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