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This paper deals with the problem of integrating production and distribution planning over periods of a
finite horizon. We consider a capacity-constrained plant that produces a number of items distributed by a
fleet of homogenous vehicles to customers with known demand for each item in each period. The
production planning defines the amount of each item produced in every period, while the distribution
planning defines when customers should be visited, the amount of each item that should be delivered to
customers, and the vehicle routes. The objective is to minimize production and inventory costs at the
plant, inventory costs at the customers and distribution costs. We propose two tabu search variants for
this problem, one that involves construction and a short-term memory, and one that incorporates a longer
term memory used to integrate a path relinking procedure to the first variant. The proposed tabu search
variants are tested on generated instances with up to ten items and on instances from the literature
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1. Introduction

The characteristics of high competition in the global market,
such as the introduction of items with short life cycles, increased
service level, higher efficiency and lower costs, have led companies
to focus attention on the management of their supply chains. The
definition of a supply chain provided by Simchi-Levi et al. [1]
emphasizes the importance of integrating decisions of different
functions such as outsourcing, procurement, production planning,
inventory and distribution management so as to obtain an optimal
strategy that minimizes total costs for the entire company.
However, due to the complexity of the supply chain, it is usually
not viable to build a model that encompasses the decisions of
all functions. For this reason, there has been increased interest on
optimization models that integrate smaller sections of the supply
chain.

This paper addresses the following integrated production-
distribution problem over periods of a finite horizon [2]. A plant
with capacity constraints produces several items, and a homo-
geneous fleet with an unrestricted or restricted number of vehicles
is available for the distribution of the items in order to meet the
customers’ demands. In each period, the production problem
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involves determining the amount produced for each item, while
the distribution problem consists of defining the quantities of each
item to deliver to each customer and the vehicle routes.
A production fixed cost and a transportation fixed cost are incurred
every period that an item is produced, and every period that a
vehicle is used, respectively. If the customer is visited in a given
period, we consider that the customer is served by a single vehicle.
The objective is to minimize fixed and variable production costs,
inventory costs at the plant and customers and transportation
costs. The first review on optimization models for tactical and
strategic coordinated decisions for supply chain management
problems was conducted by Thomas and Griffin [3]. At the tactical
level, the authors point out that the three fundamental stages of the
supply chain, namely, procurement, production and distribution
have been managed independently, buffered by large inventories.
The tactical models are then organized in three categories of
operational coordination: buyer-vendor, production-distribution
and inventory-distribution. The strategic planning models include
decisions such as opening or closing a facility, assigning equipment
to facilities and selecting locations for manufacturing a new item.
Vidal and Goetschalckx [4] present an extensive literature review
on domestic and international strategic production-distribution
models.

Sarmiento and Nagi [5] present a review on integrated produc-
tion—distribution systems and stress the importance of simulta-
neously optimizing decision variables of different functions or
stages of the supply chain, as opposed to the traditional decoupled
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optimization, in which the optimized output of one stage becomes
the input to another stage, such as setting production plans and
then planning the distribution. The review focuses on models that
consider the transportation system explicitly in order to evaluate
the way it is integrated and the resulting competitive advantage.
Erengiic et al. [6] identify relevant decisions in the supplier, plant
and distribution stages that need to be considered in the integrated
planning of a supply chain, but do not emphasize models that
achieve such an integration.

Chen [7] states that production and distribution are the most
important operational functions in a supply chain and provides a
comprehensive review of models that explicitly integrate such
functions. At the tactical level, the problems involve joint lot sizing
and finished product delivery models with infinite horizon or a
finite horizon with discrete time periods. Such models are con-
cerned with decisions such as, how much and when to produce,
how much and when ship to customers, how much of inventory to
keep at the plant and at the customers. The models are classified
into five classes according to the following factors: (i) tactical or
operational level; (ii) integration structure involving inbound
transportation, production and outbound transportation; (iii)
length of planning horizon and constant rate or dynamic demand.
Anumber of real world problems belong to one of these classes, and
the only reported application that requires vehicle routing is
production and distribution of newspapers (|8,9]; see also [10]).

According to the above classification, the integrated produc-
tion-distribution problem addressed in this paper is at the tactical
level, characterized by a joint capacitated lot sizing production and
vehicle routing distribution planning.

The literature related to this problem is rather scarce. Chandra
and Fisher [11] propose two heuristics for solving the problem. The
first heuristic is based on the decoupled approach, in which the
production planning problem is optimally solved by the mixed
integer optimization (MINTO) software and then the distribution
planning problem is solved by means of constructive heuristics
followed by 3-opt local search. The second heuristic follows an
integrated approach in which the amount of each item delivered to
each customer in a given period is anticipated to previous periods
in which the item is produced. An optimal production plan is
recomputed for the ten vehicle capacity feasible moves that yield
the greatest reduction in distribution cost. This process is repeated
until no improving move takes place. The decoupled and the
integrated heuristics are applied to a set of 132 instances with
up to 10 items, 50 customers, 10 periods and the cost savings
obtained by the integrated approach ranges between 3% and 20%.

Fumero and Vercellis [12] propose a mathematical model for the
problem and develop a Lagrangian heuristic that is applied to 20
instances involving up to 10 items, 12 customers and 8 periods. A
cost reduction from 8% to 10% is obtained by the integrated
approach relative to the decoupled approach.

Boudia et al. [13] consider a production-distribution problem
with a single item and capacity constraints, and suggest a reactive
GRASP procedure for solving the problem. A path relinking
procedure is also proposed in order to link any two solutions from
a pool of elite solutions, as a post-optimization phase, or to link a
GRASP local optimum with a solution from the pool. Boudia and
Prins [14] develop a memetic algorithm with population diversi-
fication management for the same problem. Diversification is
achieved by including a new solution in the population only if
its distance to the population is greater than or equal to a threshold.
This approach outperformed the GRASP procedure on all instances
generated by Boudia et al. [13]. For the same problem, Bard and
Nananukul [15] propose a reactive tabu search and a path relinking
procedure to connect solutions from a pool of elite solutions while
being feasible at all times, and compare their results with those of
Boudia et al. [13]. Lei et al. [16] deal with a complex real-life

integrated, inventory and distribution routing problem involving
the production at several plants, demands of distribution centers
and heterogeneous fleet. The problem is solved in two phases. In
phase I, the routing is ignored and considered as direct shipments
from the plants to distribution centers and phase II deals with
consolidation of loads and vehicle routing.

Tabu search has been applied with a high degree of success to a
variety of hard combinatorial problems, as for example in vehicle
routing problems, [17], but its application to solving production-
distribution and inventory-routing problems is scant. Two variants
of the tabu search approach are proposed here. The first variant has
a short-term memory and the search is guided by the objective
function aided by the violation of production capacity and vehicle
capacity. Therefore, the search has feasible and infeasible trajec-
tories. The second variant has a longer term memory that is used to
integrate a path relinking procedure with the first tabu search
variant, such that selected solutions from the trajectories are linked
with a solution from the pool of elite solutions. The performance of
our methods are assessed by a set of instances with up to 10 items
generated by the authors, and a set of single item instances
generated by Boudia et al. [13].

The remainder of the paper is organized as follows. Section 2
introduces the problem description. Section 3 describes the con-
struction of an initial solution and the tabu search procedure. The
path relinking procedure is presented in Section 4. Computational
results and analyzes are reported in Section 5 and conclusions and
suggestions are outlined in Section 6.

2. Problem description

The integrated production—distribution problem (IPDP) is defined
on a complete graph G=(W, E), where W={0, 1, ..., N} is the set of
nodes and E={(k,]): k,le W,k +#1} is the set of edges. Node k=0
represents the plant that produces a set of itemsj € {1, ...,J} shipped
to a set of customers corresponding to nodes k € {1, ...,N} by a set of
homogeneous vehicles ve({1,...,V} with capacity C in periods of
time te({l1,...,T}. The number of vehicles can be restricted or
unrestricted. In each period, each vehicle can perform at most one
route of length limited to L, and each customer can be visited by a
single vehicle. The capacity of the plant in time units is Band the time
required to produce one unit of item j is b;. The unit inventory cost of
item j at the plant is hjo, the unit production cost of item j is ¢ and if
item j is produced in period t, a setup cost f? is incurred. The demand
of item j of customer k in period t is dj and the unit inventory cost
at the customer is hj.. To each item j and each customer k a minimum
inventory lower bound Ly and a maximum inventory upper bound
Uy are associated. Transportation costs include a fixed cost f”
if a vehicle v is used in period t and a cost c}; for traveling from
node k to node L Let M denote a large number, as for example,

J T N
> X Y die
j=1t=1k=1
Consider the following variables:

pjr=quantity of item j produced in period t;
Iiix=inventory of item j of customer k at the end of period t;
1 if productj is produced in period t
Yie = { 0 otherwise;
g}e=quantity of item j delivered to customer k by vehicle v in
period t;
Xjir=quantity of item j transported on edge (k, I) by vehicle v in
period t;
2 { 1 if vehicle v travels along edge (k,l) in period t
Kt™ ) 0 otherwise;
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The following formulation is based on the mathematical model
proposed by Fumero and Vercellis [12] for the IPDP.

T

J N \%4 N N
min ) {Z Z hidiee+ < D +1Fvid+ D | D zoe+ Z leIt:|}
- — v=1l[l=1 =0k#1

t=1

(D
Pje tjo.e-1—ljor = ZZQJM t=1,....,T; j=1,...J )
k=1v=1
Qe Hike1—le =djpe t=1,....T; v=1,....V;
j=1,...J; k=1,...N 3)
J
> bpi<B t=1,....,T 4)
j=1
pie<My; t=1,...T; j=1,...J ()
N
Z zkt_zxjvkmtzq]‘vkt t=1,....T; v=1,...,V;
ik bt
j=1,...J; k=1,...,N (6)
N \4 N \4 N |4
ZZ jiot — ZZ Omt—*zzq]"[kr t=1,....T;
i=1v=1 m=1v=1 k=1v=1
j=1,...J )
J
Z]klt*czklt t=1,....,T; v=1,...,V; kl=0,...,.N; k#l
®
N N
ZZ vz, <L t=1,....T; v=1,...,V; k=#l )
N
Sz <1 t=1,...T; v=1,...V (10
k=1
lem szmt_o t=1,....,T; v=1,....V; k=1,...,N
Ixj m#k
an
N Vv
Zszn t=1,...,T; I=1,...,N (12)
k=0v=
Ly <lgr <Up, Pr=0, Qj,=0, Xj, =0, yjee{0,1},
Zl € 10,1},V5,k, Lt (13)

The objective function (1) expresses the minimization of
production costs, inventory costs at the plant and customers and
transportation costs. Constraints (2) represent the balance among
production, inventory and deliveries at the plant, and constraints
(3) represent the balance between deliveries, inventory and the
demand at the customers. Constraints (4) limit the production, and
constraints (5) ensure that a setup cost is incurred only if there is
production. Constraints (6) and (7) express the commodity con-
servation flow at the customers and at the plant. Constraints (8) and
(9)impose limits on vehicle capacity and route length, respectively.
Constraints (10) ensure that, in each period, each vehicle is
assigned to at most one route, while constraints (11) guarantee
that each vehicle returns to the plant at the end of the route.
Constraints (12) force that no more than one vehicle visit a

customer in every period. Constraints (13) indicate the type of
the variables, with lower and upper bounds for inventory levels.
Fumero and Vercellis [12] point out that the demand fulfillment in
constraints (6) and (7) precludes the existence of subtours.

The above IPDP model integrates the production and distribu-
tion decisions by means of constraints (2). As mentioned in
Section 1, a common approach to tackle the PDP is to first solve
the production problem and then the distribution problem, which
is called the decoupled production-distribution problem (DPDP).

In this case, the right-hand side of constraint (2) becomes Eﬁ’: 1 ke
and the production problem involves the determination of the
production quantities pj; in order to minimize the production costs
subject to constraints (2),(4),(5)and (13). Such a problem is known
in the literature as the capacitated lot sizing problem, see Karimi
et al. [18] for a review. The decision variables of the distribution
problem, Ijx, qjke, X}ar and zk;, are determined so that the distri-
bution costs are minimized subject to constraints (3), (6)-(12) and
Zf:] 23:1 <ljot, jo=1,..J, t=1,.,T. In order to assess the
quality of a solution for the IPDP in larger instances its cost is
compared to that of a solution for the DPDP.

3. A Tabu search approach to the IPDP

Our solution for the IPDP is based on the tabu search methodol-
ogy, a memory-based local search strategy that transcends local
optimality by forbidding certain moves [19]. In the short-term
memory, selected attributes that occur in solutions recently visited
are stored in a tabu list to prevent some solutions from being
revisited, and blocks off a part of the search space. This feature
prevents cycling and forces other solutions to be explored. The
longer term memory contains a selective history of solutions and/
or their attributes found in the search, in order to activate
diversification and/or intensification strategies. We propose two
tabu search variants for the PDP, one that has two phases, namely,
construction and short-term memory, (TS), and one that also
incorporates a longer term memory to be used in a path relinking
procedure (TSPR).

An important feature of our approach is to allow some infeasible
solutions in the tabu search and path relinking procedures. This
improves the connectedness of the search space associated with
neighborhoods induced by simple types of moves, thus making it
easier to proceed to good solutions. The importance of allowing
feasible and infeasible search trajectories has been emphasized by
Gendreau [20]. The infeasibilities allowed in our searches are all
with respect to the capacity constraints.

Let S be the set of solutions. These might be infeasible with
respect to the capacity constraints (4), (8) and length constraints
(9). For a solution seS, let c(s) denote its cost according to (1)

N N

and let g(s)= Z max{ Z bjpjt—B,0}, h(s)= E Z >

1v=11=0k=0k=#1

N N
max{ij"k,t Cz,,0} and I(s)= Z Z >

t=1v=11=0k=0k =1
denote the total violation of these constraints. The total violation of
production capacity, vehicle capacity and route length are repre-
sented by g(s), h(s) and I(s), respectively. Solutions are then
evaluated by a cost function f(s)=c(s)+ag(s)+h(s)+7I(s), where
«, p and y are positive parameters that are adjusted during the
search in order to facilitate the exploration of the search space.

max({ ]kzklt_L'O}

3.1. The construction phase

The procedure that constructs the initial solution consists of
three stages, and is used by both TS and TSPR



1202 V.A. Armentano et al. / Computers & Operations Research 38 (2011) 1199-1209

Step 1. If the initial inventories at the customers Iy, are greater
than zero, j=1, ...,J; k=1, ..., N, use such inventories to meet the
customers’ demand of initial periods, and then deliver the demands
of the remaining periods. In other words, identify the first period £
suchthatly ; _;—d; <Lj.,and set the delivered quantities to gj;=0
for . t=1,...,t-1, qjkf = ij_ljkf +djk,f—1' and qjkt:djkt for
t=t+1,...,T;j=1,...J; k=1,...,N.

Step 2. Use the parallel version of the Clarke and Wright [21]
algorithm to determine the routes for each period t=1, ..., T. If a
maximum number of vehicles is given then the last constructed
route might be capacity infeasible.

Step 3. Determine a production plan for each item j=1, ..., ] by
applying Evans [22] efficient implementation of the Wagner and
Whitin [23] algorithm. This plan might be capacity infeasible.

3.2. The basic tabu search, TS

The method TS starts from the initial solution. It is a standard
tabu search, using the move evaluation function presented in the
start of Section 3, enabling the search to visit capacity-infeasible
solutions.

Of special interest is also the neighborhood N(s) of a solution s.
This neighborhood is defined by a composite move with three
components doing the following:

e Move Component 1. Transference of the maximum quantity
Tikee < qjke from period t to period t' # t without violating the
bounds on the inventory levels Ij,. and ;.

e Move Component 2. Insertion of the quantity rj,, in one route of
period ¢t

o Move Component 3. Determination of a new production plan.

The details of each of these components are described in the
following.

Move Component 1. Transference of the maximum quantity
Tikee < Qjie from period t to period t' # t without violating the bounds
on the inventory levels Iy and [ .

From constraints (2) and (3) it follows that the shift of the
quantity rj, from period t to a period t' <t causes the inventory
levels ljo: and Iy, T=t’, ..., t—1 to be decreased and increased,
respectively, by rji . Similarly, the transference of the quantity rj
from period t to a period t' > tincreases the inventory levels o, and

decreases the inventory levels [y, 1=t/ ..., t—1 by rji. Therefore,
ift <t

Tikee = min{qjktvmrin{ujk_ i dioc}) T=t, ... t=1

and if ' >t

Tikee = Min{gje,min{le L} T=t,....6-1.

Move Component 2. Insertion of the quantity rj in one route of
period t'.

A customer is allowed to be visited by a single vehicle in each
period: if customer k is visited in period t’, then we add the quantity
Tjkee to be delivered to customer k and maintain the same route,
regardless if the vehicle capacity is violated or not. If customer k is
not visited in period t’, we evaluate the following alternatives and
select the most economical one: (i) insert customer k in all
positions of the routes in period t' and select the cheapest insertion
as measured by the cost function f(s); (ii) open a new route for
customer k, as long as the maximum number of vehicles is not
exceeded in the restricted case. If there are no routes in period ¢/,
then we open a new route for customer k.

Move Component 3. Determination of a new production plan.

After shifting rj., and assigning it to a vehicle v in period t', we
have a new delivery quantity qjvkr, - qj”kt, + Tk » and a new production

plan for item j is determined due to the change in the right-hand
side of constraints (2). This plan is determined by applying Evans
[22] algorithm to solve the following penalized production sub-
problem:

T
min Z (O(bj + C]’-’)pjt + hjkljkt +f:,-p_Vjt
t=1

subject to

N |4
pjt+’j0.t71 _IjOI = Z Z q}lkt t=1,... ,T
k=1v=1

pi=0, I >=0t=1,.. T

The composite move is examined for each item j, each customer
k, every pair of periods t and t’ < t, t # t', and the one that results in
the least total cost is chosen. The pair (j, t') associated with such a
move is stored in a matrix to indicate that the shift of any quantity
of item j from period t’ is tabu for y iterations, where the discrete
value of y is randomly selected from an interval [a,b] with uniform
distribution. As aspiration criterion we adopt the most commonly
used, i.e., the tabu status of the move is revoked whenever the move
leads to a solution that is better than the best solution recorded
during the search so far.

The search procedure terminates when it reaches J x N x
J x T x Viterations or when# x N x | x T x Viterations have elapsed
without updating the incumbent solution, where ¢ and 5 are
parameters.

4. Path relinking

Path relinking was originally proposed by Glover [24] as an
approach to integrate intensification and diversification strategies
in the context of tabu search and scatter search [25-27]. This
approach generates new solutions by exploring trajectories that
connect high-quality solutions (intensification), or solutions that
come from different regions or that exhibit contrasting features
(diversification). Starting from one of these solutions, called
initiating solution, a path composed of capacity feasible and
infeasible solutions is generated in a restricted neighborhood space
that leads toward the other solution, called guiding solution. This
is accomplished by selecting moves that introduce attributes
contained in the guiding solutions. The best move that increases
the number of attributes that are present in the guiding solution is
executed. The previously described neighborhood search is applied
to every path local minimum, which is a solution that is both
immediately preceded and succeeded in the path by strictly worse
solutions, as measured by the cost function f{s).

In our implementation, one of the solutions, sy, is a tabu search
local minimum, the other solution, s,, is selected from a set of
elite solutions E that contains the e best solutions found during
the search, subject to the restriction of a minimum Hamming
distance between the solutions in order to maintain a degree of
diversity. Let Spese and Sworst denote the minimum cost and
maximum cost solutions in E. A new solution enters E if it has
smaller cost than spes; or if it has smaller cost than syorse and
increases the distance between solutions in E. In either case, the
worst solution leaves the elite set E. The distance between a
solution s; and a solution s, is defined as the number of periods
in which the quantities of the items that are delivered to customers
are different. The maximum distance between any two solutions is
T x N x J and the minimum distanceis |p x T x N x J|, where p is a
parameter.

We use a mixed path relinking strategy that is applied for
connecting each tabu search local minimum s; to the solution s,
selected from E as being the one farthest away from s;. The mixed



V.A. Armentano et al. /| Computers & Operations Research 38 (2011) 1199-1209 1203

P

S S1

>< ¢

N

m 52 4

Fig. 1. Mixed path relinking.

0 Procedure path_relinking (s,, s,)

1 While s, #5s, do

2 For all items j, all customers k, and all periods ¢ do

3 If q}kl in solution s; is different from qﬁ, in solution s, then
1 2

4 Wik =G ke — D jka

5 Forall '#¢ do

6 If /<t then

7 Wiy = min{lu, I,mrin[U,k Lo Tjor) V=0t =1

8 Else

9 W = min{lu I,m{in{lj“. —Ly})r=t.,1 -1

10 Compute the cost of transferring Wik from period ¢ to period '

11 End For

12 End If

13 End For

Let s, be the solution obtained by least cost transference w

14 period ¢'. If the distance between the initiating and guiding solutions is not increased,
execute the transference.

15 5 =5,

16 s, =8

Zint

17 End While

from period ¢ to

Fig. 2. Path relinking procedure.

strategy then builds two paths, one starting in s; and the other at s,
and interchanging the role of the initiating and guiding solutions at
each step of the path relinking procedure. The paths evolve and
eventually meet at some solution s,,, between s; and s; as illustrated
inFig. 1. Resende et al. [28] point out that, in general, there are more
high-quality solutions near the solutions of the elite set, because
the size of the restricted neighborhood decreases as one moves
along the path towards the guiding solution. The mixed path
relinking shares the benefits of starting from s; and s, and it usually
takes less time than exploring two paths, initiating at solutions
sy and s;.

The path relinking procedure between solutions s; and s, is
shown in Fig. 2. Let g}, and g, denote the quantity of item j that is
delivered to customer k in period t in the initiating solution s; and
the guiding solution s,, respectively. While s; # s, lines 1 to 16 are
executed. For all items, customers and periods the difference
Ujke=qke— Qfke is calculated in line 4. For every period t' #t, we
consider inlines 7 and 9 the transference quantity wjy from period
ttoevery period t’ in solution s, such that the inventory bounds are
not violated and the distance between solutions is not increased. In
line 14 the least cost transference is executed and an intermediate
solution s;, is obtained. In lines 15 and 16, s, becomes the initiating
solution and s;, is the new guiding solution.

5. Computational experiments

All heuristic algorithms proposed here were coded in G+ by
using the version 3.3.3 of the GCC compiler with optimizer option
03 and computational tests were carried out on an Intel Pentium IV
2.8 GHz with Linux Fedora Core 2 operating system. Our heuristics
were tested on generated instances with multiple items generated
by the authors, (sets S; and S,, see Sections 5.1-5.3) and on
instances of set with a single item generated by Boudia et al. [13]
(set S3, see Section 5.4).

Table 1
Generation of instances.

Customers demand dy€[10, 100]

Inventory level lower bound at the Lixe[50, 150]
customers

Inventory level upper bound at the Ujk=Lji+djkgjr, where
customers &k € {2,3,5,6,10,15,30}

Initial inventory at the customers
Initial inventory at the plant

Iiro € [Lik, Ujk]
Lioo = >° (Upe—Ljk)
KeN

Unit inventory cost at the customers  h,€[0.1, 1]
Unit inventory cost at the plant hjpo=0.3 and 0.8
Setup production cost f;?=1000hjo

Unit production time bj=1
Production capacity B=3.53_>">"dj:/T)
j okt

fY=(N+1maxy, Ny

=1Ly X=X+ V=YD
xre[0, 500] and y,e[0,1000]
C=max; ke nUjk
L=r(maxy,.ncy), re[520]

Fixed transportation cost
Transportation cost

Coordinates
Vehicle capacity
Maximum route length

5.1. Instance generation

A set S; with small instances and a set S, with larger instances
were generated by the authors. The number of customers, periods
and items in set Sy is {5, 10, 15}, {7, 14} and {3, 5}, respectively. For
each combination of customer, period and item, six instances were
created, totaling 72 instances. For the set S,, the number of
customers, periods and items is {30, 50, 100}, {12, 24}, {5, 10},
respectively. For each combination of customer, period and item,
nine instances were created, totaling 108 instances with unrest-
ricted number of vehicles V. Except for parameters b; and B, the
remaining parameters in Table 1 were generated as suggested by
Bertazzi et al. [29] randomly generate the continuous and discrete
parameters from their respective intervals listed in Table 1. The
time b; required to produce one unit of item j is 1, and the
production capacity B is generated as in Trigeiro et al. [30] and
Toledo and Armentano [31], and corresponds to the sum over all
items and periods of the production p; = Eﬁ’:] djic of item j in
period t divided by the number of periods T. The factor 3.5 adjusts
the capacity tightness.

5.2. Best search parameter values and strategies

Table 2 presents the selected values and the range of tested
values for the parameters # and J associated with the stopping
criteria, the parameter p that determines the Hamming distance
between two solutions in the path relinking procedure, and the
initial values for the search parameters o, f# and y that penalize the
violation of production capacity, vehicle capacity and maximum
route length. The last three parameters are updated dynamically in
the following way. Each parameter is multiplied by 2 every time the
next solution is infeasible, and divided by 2 every time the next
solution is feasible, with relation to the respective capacity
constraint.

Regarding parameter sensitivity, we have applied a variation of
up to 20% on the values shown in Table 2. The reduction of the
values of # and ¢ leads to a decrease of computational time and a
degradation of up to 1% on the best solution value. On the other
hand, an increase of their values results in a larger computational
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Table 2
Parameters of the heuristic procedures.

Table 3
Percentage gap of TS and TSPR relative to optimal solutions on set S;.

Parameter Selected value Range of tested values
n 0.005 [0.0001, 0.5]

o 50 [15, 75]

p 03 [0.1, 0.5]

o 1 [1, 5]

B 0.001 [0.00001, 0.5]

Y 1 [1,5]

time and a negligible variation in the range of —0.05% to 0.05% of
the best solution value. The change on the value of parameter p
causes a negligible impact of less than 0.05% on the best solution
value and a change of computational time in the range of —5% to
5%. The variation of the values of parameters «, f and 7, respec-
tively, leads to an increase of the best solution value of less than
0.05%, 1% and 0.62% and a change of computational time between
—2% and 2%, —16% and 37%, and —19% and 15%.

The tabu tenure is selected from an interval with uniform
distribution that depends on the problem size, given by
[I/T xJx V/31,[/T x] x V1]. This interval was obtained by
determining suitable tabu tenures for several instances of different
sizes and then applying the square root function. Since the number
of vehicles V is unrestricted, its initial value in the tabu tenure
interval is made equal to the number of customers. Then at each
iteration, the value of V is dynamically updated according to the
maximum number of routes over the planning horizon of the
current solution. The cardinality of the set of elite solution e was set
to 20 for the path relinking procedure.

5.3. Results for the multiple item instances
5.3.1. Results for test set Sq

The first and second columns of Table 3 indicate the number of
products J and the number of periods T for the set S; of 72 instances.
The remaining columns show the average percentage gap over six
instances of the cost of solutions obtained by tabu search (TS) and
tabu search-path relinking (TSPR) procedures in relation to the
optimal cost solutions, which result from solving the mathematical
model of Section 2 by the software CPLEX 10. The following
terminology is used in the analysis of results. For each instance,
the number of vehicles required for distribution is the maximum
number of vehicles utilized in a period, over the periods of the
planning horizon. The total number of vehicles, which is the sum of
the number of vehicles over six instances, is shown in Table 4. Both
procedures yield high-quality solutions, but TSPR performs slightly
better on the larger instances.

Table 5 shows the average computational time in seconds
required by TS, TSPR and CPLEX. Computational time to find an
optimal solution by CPLEX increases drastically, reaching more
than 4 hours to solve the largest instances with 5 items, 14 periods
and 15 customers, whereas TS requires about 22 seconds to obtain
good solutions with average gap of 1.91%, and about 2min is
needed for TSPR to reach a better solutions with average gap
of 1.48%.

5.3.2. Results for test set S,

The 108 larger instances of set S, were solved by the TS and
TSPR procedures, in order to establish a tradeoff between compu-
tational time reduction and cost increase of TS with respect to TSPR,
which yields a minimum cost solution for all instances.

5 customers 10 customers 15 customers

J T TS TSPR TS TSPR TS TSPR

03 7 0 0 0.50 0.12 1.36 0.87

14 0 0 1.14 0.32 1.51 1.05

05 7 0 0 1.39 0.84 1.65 1.46

14 0 0 1.63 1.08 1.91 1.48

Overall mean 0 0 117 0.59 1.61 1.22
Table 4

Total number of vehicles on set S;.

5 customers 10 customers 15 customers

J T TS TSPR Optimal TS TSPR Optimal TS TSPR Optimal
03 7 13 13 13 23 22 22 33 32 32
14 15 15 15 25 25 25 36 36 35
05 7 15 15 15 25 25 25 33 33 32
14 17 17 17 27 26 26 36 35 35
Overall total 60 60 60 100 98 98 138 136 134
Table 5

Computational time on set Sy.

5 customers 10 customers 15 customers

TS TSPR CPLEX TS TSPR CPLEX TS TSPR CPLEX

03 07 1.6 129 15884 5.1 384 25887 129 1184 60849
14 34 27.0 2887.6 82 71.7 4660.1 254 1524 13,293.1
05 07 23 16.1 1667.6 5.7 39.6 30175 14.6 122.7 64335

14 3.7 288 3075.6 102 753 5424.6 259 167.5 14,580.6

Overall mean 2.8 21.2 23048 7.3 56.3 3922.7 19.7 140.3 10,098.0

Table 6
Percentage reduction cost of IPDP relative to DPDP on set S,.

30 customers 50 customers 100 customers

J T TS TSPR TS TSPR TS TSPR
05 12 28.39 29.96 35.82 37.86 50.12 52.31
24 25.23 27.07 35.78 36.93 49.26 50.88
10 12 27.60 29.06 33.59 35.05 50.42 52.85
24 27.02 27.97 35.01 36.06 50.64 51.18
Overall mean 27.06 28.51 35.05 36.47 50.11 51.81

The solution of the decoupled production-distribution problem
DPDP is obtained by first solving the capacitated lot sizing production
problem by a Lagrangian heuristic. (For details, see [31]). The
solutions of the production problem have a good quality as evidenced
by the average and the maximum gap of the production costs with
respect to the Lagrangian lower bound over the 108 instances whose
values are 3.78% and 4.67%, respectively. The distribution problem is
then solved by applying steps 1 and 2 of the construction phase and
components 1 and 2 of the short memory tabu search integrated with
path relinking.

Table 6 presents the average percentage reduction cost obtained
by the solution approaches TS and TSPR for IPDP in relation to the
above solution method for DPDP over nine instances. The overall
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Table 7
Total number of vehicles for DPDP and IPDP on set S,.

30 customers 50 customers 100 customers

DPDP TS TSPR DPDP TS TSPR DPDP TS TSPR

05 12 106 100 99 159 155 154 285 280 278
24 109 106 104 162 157 155 289 286 283
10 12 108 104 103 161 157 155 289 285 282
24 110 105 105 165 160 158 292 288 285

Overall total 433 415 411 647 629 622 1155 1139 1128

Table 8
Computational time for DPDP and IPDP on set S,.

30 customers 50 customers 100 customers

J T DPDP TS TSPR  DPDP TS TSPR  DPDP TS TSPR

05 12 49.7 1272 8584 76.6 197.2 1320.1 123.0 822.7 4970.1
24 1039 344.7 1243.1 129.0 562.8 1857.8 2455 17149 8950.8
10 12 854 1959 1442.1 174.0 327.2 2205.8 280.0 990.0 61224

24 119.7 565.7 52889 2419 861.2 6728.0 435.7 2300.3 13,400.7

Overall 89.7 308.4 2208.1 155.4 487.1 3027.9 271.1 1457.0
mean

8361.0

Table 9
Sensitivity of solution costs relative to setup cost change, set S,.

Setup cost

1000h;6-100hj 100hjo-10hj0

Min Max Min Max
Production cost (—) 1.35 17.41 0.53 3.65
Inventory cost at the plant (—) 2.50 29.98 3.15 26.59
Inventory cost at the customers (—) 1.78 48.75 5.87 27.83
Transportation cost (+) 2.68 40.19 2.97 28.98

mean reduction cost obtained by the integrated approach indicates
that DPDP yields poor quality solutions, which gets worse with the
increase of number of customers. Table 7 shows that DPDP requires
more vehicles and Table 8 shows that the average computational
time, in seconds, is more affected by the number of customers and
periods than the number of items. As expected, DPDP requires a
small computational time compared to TS and TSPR, and in turn
TSPR requires a larger computational time than TS. This fact and the
reductionin costin Table 6 indicate that TS and TSPR provide a good
tradeoff between finding high-quality solutions and spending
computational time.

We also analyzed the sensitivity of the TSPR solution costs and
capacity utilization with changes in the setup cost and available
capacity. If the setup cost is reduced from 1000hj, to 100h;o and
10hjo, the total cost solution over 108 instances diminishes in the
range 1.94%-3.61%, while the average computational time
increases from 11.54% to 17.01%. Table 9 shows the minimum
and maximum component cost variation over 108 instances when
the setup cost is reduced from 1000hj, to 100h;o and from 100h;, to
10hjo. The reduction or the increase of a component cost is
indicated by a “—" or “+” sign between parentheses. Production
cost undergoes a relatively small decrease when compared to a
large decrease of inventory costs at the plant and at the customers.
The resulting lower inventories in each period imply that custo-
mers are visited more often and consequently the transportation

Table 10
Sensitivity of solution costs relative to production capacity, set S,. Production
caapacity.

Production Capacity

3.58-3.2B 32B-3B

Min Max Min Max
Production cost (+) 235 14.22 1.03 10.35
Inventory cost at the plant (—) 3.21 15.59 1.68 9.65
Inventory cost at the customers (—) 3.45 24.86 3.23 10.47
Transportation cost (+) 6.83 9.82 1.88 5.06

costincreases with a magnitude rather similar to the inventory cost
at the customers.

The reduction of the setup cost leads to a computational time
increase in the range 11.54-17.01% and this occurs because the
incumbent solution is updated more often and the stopping criteria
of n xNxJxTxV iterations without updating the incumbent
solution takes more time to be satisfied.

Let B = (352", > djke /) and consider the decrease of production

capacity from 3.5B to 3.2B and 3B. The average utilized capacity for
these three production capacities is 76%, 88% and 96%, respectively.
The cost solution over 108 instances increases in the range
2.6-3.0%, whereas the computational time is reduced in the range
18.65%-36.04%. Table 10 shows the minimum and maximum
component cost change over 108 instances when the production

capacity is reduced from 3.5B to 3.2B and from 3.2B to 3B. Such a
reduction causes an increase in production cost and a decrease in
both inventory cost at the plant and at the customers, which in turn
lead to an increase of the transportation cost. As expected, the
capacity reduction reduces the space of feasible solution which
leads to an increase of the utilized capacity and the incumbent
solution stopping criterion is met earlier. The generated instances
and solution values are available at http://www.densis.fee.uni
camp.br/~vinicius/.

5.4. Results for the single item instances

In this section, we test the performance of the tabu search and
tabu search-path relinking procedures on the set of instances Ss
generated by Boudia et al. [13]. Our tests are compared to the
memetic algorithm with population management (MA|PM) devel-
oped by Boudia and Prins [14] and the best results obtained between
reactive tabu search (RTS) and path relinking proposed by Bard and
Nananukul [15]. Unfortunately, the last authors do not provide a
description of their path relinking procedure. S; contains three
subsets of 30 instances each with 50, 100 and 200 customers, with a
limited fleet of 5, 9 and 13 vehicles, respectively, to be used over a
planning horizon of 20 periods. This leads to a total limit of 150, 270
and 390 vehicles for each set of 30 instances. The number of vehicles
Vin the tabu tenure interval is made equal to 5,9 and 13 according to
the subset of instances, and the route length is not limited.

Table 11 presents a summary of the results for a single item. The
first and second columns show the number of customers and the
method names, respectively. The third, fourth and fifth column
show the mean, minimum and maximum percentage deviation,
over 30 instances, of the cost obtained by each method relative to
the best solution, which is always obtained by TSPR. The sixth
column indicates the total number of utilized vehicles over 30
instances for TS and TSPR. This number is not reported for the other
methods, and therefore we assume that the total limit of vehicles
was used. For nearly half number of the 90 instances TS requires a
smaller number of vehicles than TSPR. The proposed heuristics TS
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and TSPR outperform MA|PM and RTS in all instances, and the
solution quality tends to improve with the increase of number of
customers, as indicated by mean gaps. The smallest mean gap from
TSPR is 1.06% relative to TS for 50 customers, and the largest one is
8.57% relative to RTS for 200 customers.

The last column shows that TS requires a shorter mean
computational time, in seconds, for any number of customers,
whereas TSPR required about twice as much time.

Tables 12-15 in Appendix show the detailed results.

Table 11
Summary results for the single item instances, set Ss.

Customers Method Mean Min Max Total Time
Gap Gap Gap vehicles
MA|PM* 8.53 0.99 18.72 150 172.7
50 RTSP 1.98 0.62 6.44 150 330.6
TS 1.06 0.18 1.99 150 144.9
TSPR 0 0 0 150 293.8
MA|PM 4.20 1.14 12.93 270 1108.1
100 RTS 3.85 0.86 8.23 270 975.6
TS 1.46 037 1.98 263 507.9
TSPR 0 0 0 268 1059.7
MA|PM 5.05 1.03 11.80 390 4098.5
200 RTS 8.57 4.34 12.29 390 24923
TS 2.10 0.63 4.97 383 1783.7
TSPR 0 0 0 387 3659.2

2 MA|PM 2.8 GHz PC.
b RTS 2.53 GHz PC.

Table 12
Results for 50 customers, single item, set S3

6. Conclusions

We have considered a tactical integrated multiple-item produc-
tion—distribution problem over periods of a finite horizon. In each
period, the production problem involves determining how much to
produce of each item, and the distribution problem consists of
defining the quantities of each item to deliver to each customer as
well as the vehicle routes. The objective is to minimize production
and inventory costs at the plant, inventory costs at the customers
and distribution costs.

We have proposed two heuristic approaches to solve this
problem that allow trajectories with feasible and infeasible solu-
tions. The first one is a tabu search with short memory that uses a
compound move at each iteration involving the shift of an amount
of an item delivered in a given period to every preceding and
succeeding period, the determination of a new route, and the
calculation of a new production plan over the time horizon. The
second approach makes use of path relinking that is integrated with
tabu search, such that every tabu search local minimum is linked
with the farthest solution of a pool of elite solutions.

The approaches were tested on a set of small and large
generated instances with multiple items. For small instances, both
approaches yield high-quality solutions and the integrated tabu
search-path relinking approach always achieves the best solution.
For larger problems, this integrated approach again reaches the
best solutions, however at the expense of high computational time.
The tabu search and the tabu search-path relinking approaches
yield good tradeoffs between solution quality and computational
time. The approaches were also tested on a set of single item
instances proposed by Boudia et al. [13] and they outperformed the
memetic algorithm suggested by Boudia and Prins [14] and the

Instance MA|PM RTS TS TSPR
Cost Gap% Cost Gap% Cost Gap% Vehicles Cost Vehicles

1 378,378 1.29 398,795 6.76 377,057.66 0.94 5 373,549.72 5
2 403,913 9.37 373,374 1.10 373,249.66 1.07 5 369,303.34 5
3 409,573 19.08 353,058 2.64 350,227.31 1.82 5 343,960.38 5
4 399,220 12.48 361,176 1.76 360,792.25 1.65 5 354,935.34 5
5 422,279 18.05 364,819 1.98 364,336.81 1.85 5 357,718.38 5
6 407,122 10.80 368,082 0.18 367,966.75 0.15 5 367,425.75 5
7 414,977 14.30 369,963 1.90 368,821.88 1.59 5 363,048.94 5
8 379,744 4.30 370,822 1.85 367,997.88 1.07 5 364,096.09 5
9 407,935 8.99 379,379 1.36 378,215.91 1.05 5 374,300.53 5
10 396,258 9.02 370,655 1.98 369,623.09 1.70 5 363,461.88 5
11 402,475 14.12 354,025 0.38 353,002.69 0.09 5 352,688.88 5
12 358,702 2.03 354,981 0.97 353,161.97 0.45 5 351,572.34 5
13 371,030 2.74 365,432 1.19 364,435.53 0.92 5 361,130.13 5
14 406,114 14.78 363,404 2.71 356,746.78 0.82 5 353,828.59 5
15 373,076 3.28 367,659 1.78 365,955.19 1.31 5 361,234.34 5
16 379,404 6.55 360,534 1.25 359,325.44 0.91 5 356,096.06 5
17 406,353 4.22 398,442 2.19 397,516.12 1.95 5 389,911.81 5
18 401,179 10.86 368,533 1.84 363,586.69 0.47 5 361,887.88 5
19 406,893 10.48 377,073 2.39 375,240.16 1.89 5 368,279.06 5
20 398,508 9.23 372,141 2.01 369,903.97 1.39 5 364,817.69 5
21 397,112 7.12 374,743 1.08 372,477.44 0.47 5 370,730.5 5
22 358,749 6.94 347,329 3.53 340,979.91 1.64 5 335,476.97 5
23 407,369 13.06 362,619 0.64 361,957.16 0.46 5 360,303.09 5
24 369,784 2.80 375,022 4.26 365,428.91 1.59 5 359,697.19 5
25 411,556 13.97 374,682 3.75 367,662.19 1.81 5 361,124.88 5
26 408,704 14.10 366,167 2.22 365,258.06 1.97 5 358,213.31 5
27 366,197 1.52 375,261 4.03 365,018.5 1.19 5 360,714.47 5
28 401,032 10.55 373,155 2.87 370,284.25 2.08 5 362,753.97 5
29 384,282 3.52 379,320 2.19 376,922.91 1.54 5 371,205.41 5
30 369,959 3.44 369,223 3.23 365,533.22 2.20 5 357,664.13 5
Mean/total 393,262.6 8.77 369,662.3 2.20 366,289.54 1.27 150 361,704.37 150
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Table 13

Results for 100 customers, single item, set Ss.
Instance MA|PM RTS TS TSPR

Cost Gap% Cost Gap% Cost Gap% Vehicles Cost Vehicles

1 714,401 227 711,671 1.88 710,344.31 1.69 9 698,537.88 9
2 722,047 8.79 694,694 4.67 676,042.38 1.86 8 663,692.19 9
3 677,598 1.46 683,270 2.31 674,553.50 1.00 9 667,862.19 9
4 710,552 3.17 718,252 4.29 701,164.13 1.81 8 688,698.00 9
5 733,040 3.40 731,260 3.15 721,641.44 1.79 9 708,949.50 9
6 696,146 1.18 744,927 8.26 690,589.22 0.37 9 688,059.81 9
7 705,322 6.27 695,728 4.82 673,210.75 1.43 9 663,718.69 9
8 679,210 2.73 706,058 6.79 672,165.69 1.66 9 661,188.75 9
9 699,518 2.96 705,035 3.77 689,903.06 1.54 9 679,438.50 9
10 705,778 431 696,521 294 686,892.23 1.52 9 676,606.44 9
11 709,122 1.63 711,895 2.02 703,834.94 0.87 9 697,769.88 8
12 755,726 12.95 703,162 5.10 677,824.44 1.31 9 669,058.75 9
13 695,466 1.94 721,066 5.70 692,988.54 1.58 9 682,207.94 9
14 718,260 6.61 698,548 3.69 684,362.69 1.58 8 673,717.13 9
15 736,041 7.55 711,506 3.97 695,865.19 1.68 9 684,363.38 9
16 715,209 534 714,873 5.29 691,734.44 1.88 9 678,968.81 9
17 737,832 6.86 702,314 1.72 696,829.31 0.93 8 690,434.06 9
18 723,413 3.54 720,238 3.08 708,632.31 1.42 9 698,709.25 9
19 720,218 2.83 748,734 6.90 710,978.81 1.51 9 700,400.44 9
20 724,727 240 729,099 3.02 719,182.44 1.62 9 707,716.69 9
21 724,328 3.07 738,746 5.12 712,886.63 1.44 9 702,765.81 9
22 701,506 2.39 702,849 2.58 696,728.63 1.69 9 685,148.50 9
23 710,033 2.66 712,717 3.04 702,188.94 1.52 8 691,658.88 8
24 734,327 3.78 727,741 2.85 721,506.31 1.97 8 707,566.25 9
25 725,446 1.97 725,869 2.03 721,826.50 1.46 8 711,438.75 9
26 718,939 3.52 700,719 0.89 697,072.50 0.37 9 694,507.94 9
27 715,068 8.37 686,382 4.02 668,840.94 1.36 9 659,865.00 9
28 685,117 4.88 700,980 7.30 662,994.00 1.49 9 653,259.50 9
29 722,571 2.04 725,030 239 71,9397.88 1.59 9 708,137.44 9
30 721,850 5.77 698,942 241 695,538.00 1.91 9 682,500.56 9
Mean/total 714,627.0 4.22 712,294.2 3.87 695,924.01 1.46 263 685,898.23 268

Table 14

Results for 200 customers, single item, set S3
Instance MA|PM RTS TS TSPR

Cost Gap% Cost Gap% Cost Gap% Vehicles Cost Vehicles

1 996,151 4.72 1,030,684 8.35 970,113.88 1.98 13 951,277.31 13
2 978,373 8.87 1,010,158 12.41 917,543.69 2.10 12 898,670.56 13
3 986,147 6.10 1,016,681 9.38 949,758.69 2.18 13 929,493.06 13
4 962,937 1.01 1,042,854 9.39 959,083.69 0.60 13 953,348.56 13
5 970,638 3.08 1,023,680 8.72 960,243.63 1.98 13 941,598.19 13
6 965,646 3.21 1,025,262 9.58 955,943.75 217 13 935,638.88 13
7 980,562 1.33 1,038,746 7.35 976,149.81 0.88 12 967,666.31 12
8 1,014,809 2.67 1,066,068 7.85 1,001,074.25 1.28 13 988,430.38 13
9 967,738 5.15 1,018,420 10.66 937,101.88 1.82 13 920,346.75 13
10 1,093,230 10.40 1,035,240 4.55 996,755.56 0.66 13 990,212.44 13
11 1,008,080 6.98 1,037,705 10.12 960,246.69 1.90 13 942,340.94 13
12 998,951 7.41 1,035,350 11.33 948,593.06 2.00 12 929,992.13 13
13 984,918 3.74 1,063,024 11.96 967,493.88 1.90 13 949,453.31 13
14 964,301 1.76 1,024,491 8.11 953,588.81 0.63 12 947,613.44 12
15 981,167 3.67 1,026,787 8.49 965,394.81 2.00 13 946,464.00 13
16 1,017,777 5.45 1,033,656 7.10 985,894.69 2.15 13 965,142.94 13
17 1,073,640 10.76 1,022,250 5.46 997,104.31 2.86 13 969,354.38 13
18 1,003,670 3.54 1,063,306 9.69 984,964.00 1.61 13 969,355.13 13
19 997,348 2.98 1,065,705 10.04 985,349.50 1.74 13 968,496.56 13
20 981,788 5.40 1,027,134 10.26 958,566.88 2.90 12 931,517.06 13
21 974,384 1.75 1,044,771 9.10 963,701.00 0.63 13 957,665.56 13
22 1,065,780 8.87 1,045,790 6.83 996,786.00 1.82 13 978,963.44 13
23 1,070,520 9.07 1,027,042 4.64 996,699.69 1.54 13 981,539.31 13
24 978,491 2.72 1,045,014 9.70 973,964.88 2.24 12 952,625.00 12
25 1,029,327 11.67 1,024,239 11.11 940,405.25 2.02 13 921,783.88 13
26 961,728 0.84 1,043,128 9.37 960,674.94 0.73 13 953,756.19 13
27 1,028,006 5.85 1,030,753 6.14 999,996.00 297 13 971,152.44 13
28 1,011,689 8.08 1,032,478 10.30 956,877.44 2.22 12 936,095.06 13
29 1,015,741 5.55 1,019,371 5.93 978,860.69 1.72 13 962,295.63 13
30 985,496 5.19 1,027,915 9.72 953,611.13 1.79 13 936,837.81 13
Mean/total 1,001,634.4 5.26 1,034,923.4 8.79 968,418.08 1.77 383 951,637.56 387
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Table 15

Computational times, single item, set Ss.
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Instance 50 customers 100 customers 200 customers
MA|PM? RTS? TS TSPR MA|PM* RTS” TS TSPR MA|PM? RTS? TS TSPR
1 170.4 180.0 154.7 322.7 1147.4 1079.0 551.0 1164.8 3633.8 2965.0 1823.6 4043.1
2 149.0 71.0 159.6 329.7 1192.8 240.0 529.1 1165.5 3755.5 1250.0 1986.3 3750.6
3 135.7 234.2 142.9 255.7 925.9 1299.0 548.3 1219.9 3629.6 1200.0 1966.5 3962.2
4 159.7 300.0 153.9 308.6 1097.3 672.0 540.9 1147.7 3851.8 2141.0 1971.5 3739.3
5 1933 290.0 158.2 340.8 1125.0 335.0 538.7 1190.4 4185.5 2423.0 1882.9 3743.5
6 174.7 467.1 1433 249.3 1107.0 1143.0 5229 1043.2 3794.8 2205.0 1921.1 3972.1
7 174.0 404.7 139.1 220.1 1081.8 1250.0 545.2 1145.1 47329 2610.0 1926.3 39314
8 170.8 3293 153.8 302.5 1043.1 1008.0 547.2 1131.7 3929.4 2978.0 1910.0 4156.1
9 158.1 36.0 1453 252.8 1136.1 1125.0 515.8 11071 3424.8 1250.0 1929.6 4094.4
10 179.4 260.0 164.2 370.1 976.9 985.0 541.1 1098.9 4600.8 2625.0 1977.5 4150.2
11 1783 540.0 143.0 250.0 1154.7 835.0 557.4 1267.5 5440.0 3428.0 1899.9 3802.6
12 151.0 180.0 147.3 260.7 1163.3 1129.0 543.1 1131.7 39334 2242.0 2007.0 4211.8
13 1933 208.0 145.2 252.8 1036.6 599.0 548.7 1050.9 4662.0 2719.0 1921.6 4118.2
14 160.8 184.0 165.9 339.5 1153.7 1065.0 519.6 1115.4 3596.1 1920.0 1916.5 3699.3
15 173.4 555.1 181.6 459.7 1252.7 1139.0 565.3 1181.4 4023.7 2408.0 1913.5 4385.7
16 186.2 493.8 150.7 296.1 12109 1226.0 560.4 12121 4245.7 3200.0 1862.0 3681.3
17 177.5 153.9 157.9 3344 964.5 1218.0 558.9 1091.2 43554 2018.0 1867.3 3921.8
18 163.5 189.0 152.6 336.9 1021.0 720.0 546.5 12321 3875.2 4740.0 1907.2 3959.5
19 186.9 488.7 156.2 340.4 1164.4 1349.0 545.6 1130.6 4157.7 2797.0 1849.5 3970.5
20 182.7 635.9 153.8 3154 1167.4 1131.0 533.3 11273 4048.1 2425.0 18223 3989.5
21 188.4 160.2 158.4 366.6 1173.5 544.0 536.4 1060.8 4205.0 3900.0 1945.2 3931.8
22 146.1 810.0 156.8 354.2 1179.8 998.0 548.8 1130.7 4465.9 2822.0 1807.9 3645.5
23 188.5 794.7 168.8 336.0 1196.9 1037.0 556.5 1177.6 3147.2 1797.0 1848.3 3804.6
24 180.1 2323 156.8 354.0 1250.7 1380.0 542.7 1064.2 3308.8 2908.0 1992.3 4100.1
25 192.4 163.0 158.9 3494 848.4 1240.0 548.5 1269.6 4349.0 2601.0 1959.2 3868.3
26 159.9 129.0 160.1 344.5 1094.4 585.0 549.5 11713 3785.8 1673.0 1861.8 4096.5
27 1731 156.7 160.9 349.0 1033.7 454.0 544.1 1177.3 4086.9 2037.0 1785.1 4300.2
28 171.0 230.7 151.8 2829 1092.3 1190.0 559.4 1067.9 4456.1 2909.0 1940.0 4024.1
29 198.4 543.8 148.5 2814 1069.8 993.0 545.5 1180.2 5168.0 2179.0 1964.1 3511.7
30 163.5 495.7 163.5 354.6 1180.3 1300.0 5274 1175.4 4105.8 2400.0 1999.7 3225.0
Mean 172.7 330.6 155.1 317.0 1108.1 975.6 543.9 1147.6 4098.5 2492.3 1912.2 3926.4
¢ 2.8GHz PC.
b 2.53 GHz PC.

reactive tabu search developed by Bard and Nananukul [15] in all
instances.

Our results have shown that tabu search and path relinking can
be successfully applied to the addressed problem and more
generally to planning problems with a discrete time horizon. It
would be very interesting to investigate the application of the
proposed approaches to other production-distribution problems
and also to inventory-routing problems.

Acknowledgements

This research was partially funded by the Coordenacao de
Aperfeicoamento de Pessoal de Nivel Superior (CAPES), the Con-
selho Nacional de Desenvolvimento Cientifico e Tecnologico
(CNPq) and the Fundacdo de Amparo a Pesquisa (FAPESP). The
authors are also grateful to Dr. Mourad Boudia for providing them
with the instances.

Appendix

Tables 12-14 show the detailed results for the single item
instances, summarized in Table 10. Each table shows the instance
number, the solution cost and the gap obtained by each method,
which is the percentage deviation of the cost obtained by each
method relative to the least solution cost obtained by TSPR. For
nearly half number of instances TS requires a smaller number of
vehicles than TSPR. In the last line, mean results are shown for
solution costs and gaps, while “total” stands for the sum of vehicles

under the columns named vehicles. The proposed heuristics TS and
TSPR outperform MA|PM and RTS in all instances, and the solution
quality improves with the increase of number of customers, as
indicated by the mean gaps obtained by TSPR. The smallest mean
gap is 2.20% relative to RTS for 50 customers, and the largest one is
8.79% relative to RTS for 200 customers. Table 15 shows that the TS
require a short mean computational time for any number of
customers.
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