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a  b  s  t  r  a  c  t

The  Capacitated  Vehicle  Routing  Problem  (CVRP)  is extended  here  to handle  uncertain  arc  costs  without
resorting  to  probability  distributions,  giving  the  Robust  VRP  (RVRP).  The  unique  set  of  arc costs  in the
CVRP  is replaced  by  a set  of  discrete  scenarios.  A  scenario  is  for instance  the travel  time  observed  on
each  arc  at  a given  traffic  hour.  The  goal  is  to  build  a set  of  routes  using  the  lexicographic  min–max
criterion:  the  worst  cost  over  all scenarios  is minimized  but ties  are  broken  using  the  other  scenarios,
from  the  worst  to the  best.  This  version  of  robust  CVRP  has never  been  studied  before.  A  Mixed  Integer
Linear  Program  (MILP),  two  greedy  heuristics,  a local  search  and  four metaheuristics  are  proposed:  a
Greedy Randomized  Adaptive  Search  Procedure,  an  Iterated  Local  Search  (ILS),  a  Multi-Start  ILS  (MS-
ILS), and  an  MS-ILS  based  on Giant  Tours  (MS-ILS-GT)  converted  into  feasible  routes  via  a lexicographic
splitting  procedure.  The  greedy  heuristics  provide  the  other  algorithms  with  good  initial  solutions.  Tests
rocedure
terated local search
our splitting

on  small  instances  (10–20 customers,  2–3 vehicles,  10–30  scenarios)  show  that  the four  metaheuristics
retrieve all  optima  found  by the MILP.  On larger  cases  with  50–100  customers,  5–20  vehicles  and  10–20
scenarios,  MS-ILS-GT  dominates  the  other  approaches.  As our  algorithms  share  the  same  components
(initial  heuristic,  local  search),  the  positive  contribution  of using  the giant  tour  approach  is  confirmed  on
the  RVRP.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

The Capacitated Vehicle Routing Problem (CVRP) is a classical
ombinatorial optimization problem raised by the distribution of
oods in logistic networks. Due to its important applications in
ndustry and its theoretical interest, it has generated an abundant
iterature with two strong trends motivated by the lack of realism
f academic problems.

The first trend is to study rich vehicle routing problems which
ombine many features from real applications. The other one is to
ry to build robust solutions, less affected by the various uncertain-

ies encountered on the field. Several communities have their own
nterpretation of robustness and propose various tools to evaluate

∗ Corresponding author.
E-mail addresses: erlyn.solano charris@utt.fr,

rlyn.solano@unisabana.edu.co (E. Solano-Charris), christian.prins@utt.fr (C. Prins),
ndrea.duhamel@utt.fr (A.C. Santos).
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568-4946/© 2015 Elsevier B.V. All rights reserved.
or achieve it, e.g., simulation methods, stochastic programming,
robust optimization and fuzzy logic.

Robust optimization is used here for a Robust VRP (RVRP) with
uncertain travel times modeled by a set of discrete scenarios. A
mathematical model, two constructive heuristics, one local search
and four metaheuristics are proposed to determine a set of routes
minimizing the worst cost (total cost of the routes) over all scenar-
ios. The paper is structured as follows. Section 2 gives a literature
review. The problem is specified and modeled in Section 3. The
lexicographic comparison of solutions is explained in Section 4. Sec-
tions 5 and 6 present the greedy heuristics and the local search
shared by all our metaheuristics, described in Section 7. A compu-
tational evaluation is conducted in Section 8, before a conclusion in
Section 9.

2. Literature review
As a vast literature is devoted to vehicle routing and robust opti-
mization, this section in four parts focuses on essential references
and recent works. The first part cites a few key-articles on the CVRP,

dx.doi.org/10.1016/j.asoc.2015.03.058
http://www.sciencedirect.com/science/journal/15684946
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he second one recalls the principles of stochastic and robust opti-
ization, the third part discusses the position of our work with

espect to published works on uncertain travel time while the last
art reviews the scant literature on robust VRPs.

.1. The Capacitated Vehicle Routing Problem

The Vehicle Routing Problem (VRP) introduced by Dantzig and
amser [18] has become a central problem in distribution man-
gement. The aim of this NP-hard combinatorial optimization
roblem is to determine a set of routes with minimum total
ost, to serve a set of customers with known demands using a
eet of identical vehicles based at a depot node. Most authors
ddress the version with capacitated vehicles, called Capacitated
RP (CVRP).

In addition to its industrial importance, the VRP has led to
undreds of variants with additional attributes such as het-
rogeneous fleets of vehicles, multiple depots, multi-period
orizons, etc. It is also a laboratory-problem to test new ideas

n optimization. As quoted by Laporte [32], “The study of the
RP has given rise to major developments in the fields of
xact algorithms and heuristics. In particular, highly sophis-
icated mathematical programming approaches and powerful

etaheuristics for the VRP have been put forward in recent
ears”.

The VRP has inspired a rich literature. A taxonomic review
ublished in 2009 by Eksioglu et al. [19] found 1494 papers
rom 1954 to 2006 (included) in bibliographical databases, using
nly “vehicle routing” as search expression. As the review of

 so vast literature is beyond the scope of this article, we
refer to provide the reader with a few key-references on
he CVRP, before discussing robustness issues. The best entry
oints, covering both exact algorithms, heuristics and applica-
ions, are the books by Toth and Vigo [53] and Golden et al.
23].

A large number of exact and heuristic algorithms are avail-
ble for the CVRP. Only relatively small instances with one
undred customers can be consistently solved to optimality
y the best exact methods like the branch-and-cut-and-price
lgorithm from Fukasawa et al. [21] and the more recent
nd general approach proposed by Baldacci and Mingozzi
4]. As many real instances are much larger, heuristics are
equired to determine good solutions in reasonable running
imes.

The simplest and fastest methods are constructive heuristics,
uch as the famous savings method from Clarke and Wright
15] A popular strategy consists in reducing the CVRP to the
raveling Salesman Problem (TSP). In cluster-first route-second
ethods, clusters of customers compatible with vehicle capac-

ty are determined then a TSP is solved to build a route in
ach cluster. In the opposite and less common route-first cluster-
econd approach, a TSP tour is partitioned into CVRP routes.
he interested reader will find many classical heuristics in two
urveys by Laporte et al. [33] et Cordeau et al. [17]. A recent
eview by Prins et al. [48] covers route-first cluster-second algo-
ithms.

Concerning metaheuristics, the tabu search algorithms which
ere the leaders in the 90s have been progressively super-

eded in the last decade by evolutionary algorithms [38,47]
nd adaptive large neighborhood search [46]. The most effective

etaheuristic for the CVRP is currently a hybrid genetic algo-

ithm designed by Vidal et al. [54] and recently generalized to
6 VRP variants [56]. Vidal et al. [55] survey the state of the
rt metaheuristics available nowadays for rich vehicle routing
roblems.
omputing 32 (2015) 518–531 519

2.2. Robustness in optimization

The word “robust” has various meanings in optimization,
automatic control and engineering. In practice, the data for an
optimization problem can be uncertain, inexact, noised, or likely
to change in future. An optimal solution computed using current
parameters can be strongly affected by perturbations, becoming
suboptimal or even infeasible. What most decision makers call
robust solution is a solution resisting as much as possible such per-
turbations.

Robustness can be addressed via stochastic optimization when
uncertainty has a probabilistic description. Two main approaches
are used to solve stochastic optimization problems. In chance-
constrained Programming,  an optimal solution is calculated to
satisfy the constraints with a given probability. In stochastic pro-
gramming with recourse, some feasibility constraints are relaxed
and included in the objective function, assuming that violations
induced by random events after the implementation of first stage
decisions can be repaired by recourse actions. The goal is then
to minimize the expected cost for the two stages. As stochastic
optimization is not applied here, we recommend only three good
entry points: Birge and Louveaux [11] for an overview, Bianchi
et al. [10] about metaheuristics in stochastic combinatorial opti-
mization, and Gendreau et al. [22] on stochastic vehicle routing
problems.

Stochastic models are powerful but have three drawbacks: the
underlying probability distributions must be known, their con-
volutions must be computationally tractable, and the solutions
can become infeasible for some realizations of random events,
e.g., when recourse is impossible. Robust Optimization (RO) is a
more recent framework to handle uncertainty while avoiding these
drawbacks. This approach is no longer stochastic but rather deter-
ministic and set-based. According to Bertsimas et al. [8], “instead
of seeking to immunize the solution in some probabilistic sense to
stochastic uncertainty, here the decision-maker constructs a solu-
tion that is optimal for any realization of the uncertainty in a given
set”.

One branch of RO studies mathematical programs for which
tractable robust counterparts can be obtained and develops compu-
tational tools, see for instance Ben-Tal et al. [6] for a review. Other
authors like Kouvelis and Yu [30] or Aissi et al. [2] focus on com-
binatorial optimization problems and investigate the algorithmic
complexity of their robust versions. For instance, finding a shortest
path problem in a graph is a polynomial problem, while the robust
version with two scenarios for the arc costs is NP-hard, even in
layered networks [58].

Choosing an uncertainty set and a robustness criterion is crit-
ical when dealing with a RO problem. The uncertainty set can be
defined by a convex set, e.g. a polyhedron [6,8], or by an assign-
ment of plausible values to each model parameter, called scenario.
In interval scenarios, each parameter can take any value in a given
interval while in discrete scenarios considered in our study its pos-
sible values are explicitly listed. In practice, most companies record
archives or historical data which can be mined to provide realistic
scenarios.

Concerning robustness criteria, consider to fix ideas a mini-
mization problem with a feasible set X and a set S of p discrete
scenarios. Let f(x, k) be the cost of solution x in scenario k, x∗

k
an optimum for scenario k, and f ∗

k
its cost. The min–max version

[57] seeks a solution minimizing the worst cost over all scenarios,
i.e., min

x∈X
max
k∈S
{f (x, k)}. The lexicographic min–max version [44] uses
the other scenarios, from the worst to the best, to break ties. The
lexicographic ˛-robustness [27] is similar but includes a tolerance
threshold  ̨ to avoid discriminating among solutions with similar
values. The min–max regret version min

x∈X
max
k∈S
{f (x, k) − f ∗

k
}, discussed
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or instance in [3,12], aims at minimizing the maximum deviation
regret) to the optimal solution values f ∗

k
, k = 1, 2, . . .,  p. As robust

olutions are often too conservative, Bertsimas and Sim [9] propose
o limit the number of uncertain parameters allowed to deviate
rom their nominal values to a number �, called budget of uncer-
ainty. Applied to the cost and constraint coefficients of a linear
r mixed integer program, their approach leads to a robust version
ith a moderate increase in size. In particular, a 0–1 linear program
ith uncertainties limited to the n cost coefficients can be treated

y solving at most n + 1 instances of the original problem.
NP-hard discrete RO problems can also be solved using

lassical exact approaches, such as branch-and-cut or Dantzig-
olfe decomposition, see examples in [12] for the min–max

egret criterion. A significant stream of research develops
euristics with performance guarantees [2,3,28]. Surpris-

ngly, very few metaheuristics have been developed. For
nstance, Nikulin designed a simulated annealing algo-
ithm for a robust spanning tree problem [41]. A few other
euristics are cited in the next subsection on robust vehicle
outing.

.3. Position of our work in the research on uncertain travel times

Our RVRP considers uncertain travel modeled by discrete
cenarios, each scenario defining one travel time for each arc.
he aim is to minimize the worst cost (total route duration)
ver all scenarios, using a lexicographic method to break ties.
hese scenarios do not correspond to realizations of random
ariables and are not associated with probabilities of occur-
ence.

In practice, uncertainties can also affect demands (e.g., in
aste collection), service times (repairs), the presence of cus-

omers (parcel delivery), and departure times (aircraft waiting
or good weather conditions). Apart from robust and stochas-
ic optimization, approaches such as constraint relaxation,
pare capacity in planned routes, simulation, and fuzzy logic
an be employed. For instance, strict appointments for cus-
omer deliveries can be replaced by time windows to better
esist traffic perturbations, giving a VRP with time windows
37].

A key-issue discussed by Gómez et al. [24] is the accurate
odeling of travel times. Most authors use additive probability dis-

ributions, e.g., normal [29] or gamma  laws [50]. As travel times
ften grow quickly from a minimum to a maximum and then
lowly decrease with a long tail, a lognormal distribution looks
ertinent [34]. According to Gómez et al. [24], an accurate dis-
ribution may  not exist and a specific one must be chosen for
ach problem and even each arc. These authors propose to use
hase-type distributions, which can approximate any positive and
ontinuous distribution while computing exactly their convolu-
ions.

Concerning the realism of our discrete scenarios, they can be
rovided by the traffic control centers implemented in most large
ities, with two advantages: they correspond to real data and reflect
ossible correlations among arc costs. We  think interesting solu-
ions can be obtained if enough traffic records are considered. The
rice to pay is a running time proportional to p log p for p scenarios,
s seen in Section 5. Anyway, in our opinion, the confirmation of
he accuracy of all models handling uncertain travel times would
equire large-scale validations on real road networks, during a few
eeks at least, to see the real cost achieved on the field. Obviously,

uch validations would be very costly.

Another problem is route feasibility. When travel and/or

ervice times are uncertain, a solution may  be infeasible under
oute-duration restrictions. For instance, the multi-start samp-
ing heuristic used in [24] is based on chance-constrained
Computing 32 (2015) 518–531

programming: It minimizes the total expected duration of the
routes under service level constraints which keep the probability
of route failure below a small probability. Chen et al. [14] propose
one chance-constrained model and a second one allowing recourse
actions. Time windows can also lead to infeasibility. All published
works use soft windows and penalize their violations (early and
late arrivals at customers) in the objective function, e.g., [50]. We
notice that another possibility, not yet studied, would be to con-
sider hard windows and allow each vehicle to perform several
trips.

In our RVRP, the planned routes remain feasible in spite of
uncertainties. This situation is not common but we observed an
example in our city (Troyes), where the municipality sends techni-
cians to replace damaged bulbs of public lights. Routes are prepared
using average travel times but, due to traffic conditions, the actual
duration of the routes is often larger. The maximum daily working
time is not exceeded, but the uncertainties delay the allocation
of technicians to other tasks afterwards, like repairs in municipal
buildings.

Finally, a strong point of our approach is mentioned in Sec-
tion 4. The RVRP can be viewed as a multi-objective problem, each
objective being the total cost for one scenario. An optimum for our
lexicographic min–max objective is also Pareto-optimal for this
multi-objective version. As no other solution dominates it, it is
appealing for a decision maker.

2.4. Vehicle routing problems solved via robust optimization

The first robust capacitated problem, the CVRP with uncertain
demands, was studied only in 2008 by Sungur et al. [49]. These
authors consider demand vectors built as deviations around mean
values and three uncertainty sets defined as linear combinations
of these vectors (convex hull, ellipsoid, and box), following an
approach from Ben-Tal and Nemirovski for robust linear programs
[7]. The Miller-Tucker-Zemlin (MTZ) model for the CVRP, a mixed
integer linear program (MILP) with one binary variable per arc, can
be adapted to each set while confining the uncertainty to the right-
hand side of subtour elimination constraints. Tests with a MILP
solver for 15 to 100 customers and the convex hull version indi-
cate that robust solutions offer a good protection against uncertain
demands, with only a small extra cost over optimal CVRP routes.
However, most instances beyond 50 customers are not solved and
total demands exceeding 90% of fleet capacity lead in general to
infeasibility.

In a tutorial paper, Ordóñez [43] shows that the MTZ  model
for the CVRP can be modified to handle uncertain demands, travel
times, travel costs, or customers. His tests on small instances (12
clients) compare Sungur’s approach, which uses the convex hull of
demand vectors as uncertainty set, with chance-constrained and
recourse methods. They show that the RO approach, which has
often the reputation of being too conservative, achieves the same
costs as stochastic programming for demands deviating from nom-
inal values by 10 to 15%.

Gounaris et al. [25] study a more generic case with demands sup-
ported on a polyhedron. Robust versions are described for the MTZ,
the Two-index Vehicle Flow (2VF), and the one and two-commodity
flow formulations. A robust counterpart of the Rounded Capacity
Inequalities (RCI) is also derived. On instances with 15–135 cus-
tomers, using CPLEX, the 2VF model reinforced by RCI cuts can solve
to optimality most instances up to 50 nodes.

Three other papers deal with uncertain demands. Moghaddam
et al. [40] use Particle Swarm Optimization (PSO), with one term

favoring a balanced loading of vehicles in the objective function.
Compared with Sungur et al. exact method [49], all instances can
be solved with an average saving of 7%, provided one or two unmet
demands are tolerated.
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Noorizadegan et al. [42] select the heterogeneous fixed-fleet
RP and develop a MILP based on three-index variables xk

ij
(equal to

 if arc (i, j) is used by vehicle k) and MTZ  subtour elimination con-
traints. There again, tractable robust formulations affecting only
he right-hand side of these constraints can be developed for three
ncertainty frameworks: Ben-Tal and Nemirovski [7], Bertsimas
nd Sim [9] and chance-constrained programming. The obtained
odels are compared on instances with 20 clients using CPLEX.
Erbao et al. [13] address the robust Open VRP, where vehicles

o not return to the depot after the last customer. A three-index
ILP with MTZ  constraints is given, without being used in numer-

cal evaluations. A differential evolution algorithm (a population
etaheuristic) is made robust using four simple rules, including

he load balancing system of Moghaddam et al. [40]. The result-
ng heuristics are compared using 16 classical OVRP instances

ith 50–199 customers, modified by augmenting the demands
andomly between 0 and 10%.

A few research works have dealt with uncertain travel costs or
imes. Agra et al. [1] address an uncapacitated VRP with time win-
ows raised by maritime transportation. Travel costs and times are
symmetric and depend on the vessel used. The goal is to find a
east-cost set of routes respecting time windows and feasible for
ll travel times in a given uncertainty polytope. Two new formula-
ions are proposed and solved by ad-hoc decomposition algorithms,

ade more efficient if the “budget of uncertainty” approach of Bert-
imas and Sim [9] is used. Instances with 20–50 nodes can be solved
xactly in 30 min  on a 2.5 GHz PC.

An approach between robust optimization and stochastic pro-
ramming is proposed by Han et al. [26] for the uncapacitated VRP
ith uncertain travel times. A set of time intervals is associated with

ach arc. A scenario is defined by selecting for each arc one interval
ccording to a given probability, e.g., the travel on a road can last
0–15 min  if traffic is normal (probability 30%) or 25–30 min  in case
f congestion (probability 70%). The idea is to find for each scenario

 robust solution, minimizing the worst cost over the selected inter-
als, and then a solution with minimum expected cost. A branch
nd cut algorithm is developed and tested on instances with 10–25
ustomers and 2 intervals per arc. Toklu et al. [51] tackle the CVRP
ith uncertain travel costs defined by intervals. They adopt the

pproach from Bertsimas and Sim [9] to perturb a limited number
 of arc costs. Their solution method is an ant colony system (an eli-

ist form of ant colony optimization), tested on instances with 100
r 150 customers. The same authors improve their results in [52]
sing several ant systems to build a pool of robust and diversified
olutions.

Finally, uncertainties on both travel times and demands are
onsidered by Lee et al. [35] for a VRP with customer deadlines.

 budget of uncertainty is defined by limiting the sum of devi-
tions of travel times and demands to their nominal values. A
et-partitioning formulation is proposed and solved via column
eneration. The uncertainties are limited to the column generation
ubproblem, solved using a robust version of a shortest path algo-
ithm with resource constraints. Instances with 20–40 customers
re solved to optimality.

. Motivation, problem definition and mathematical model

Summarizing the literature review, most works on robust vehi-
le routing develop min–max models which are directly solved via
IP  solvers. As the deterministic versions are already NP-hard, this

pproach is limited to 50 customers. Only four metaheuristics, all

ased on interval scenarios, were published for larger instances.
ur contribution is (a) to study a new kind of RVRP with discrete

cenarios and uncertain arc costs, (b) to optimize a lexicographic
in–max criterion to break ties when two scenarios give the same
omputing 32 (2015) 518–531 521

worst cost, (c) to propose a mathematical model, and (d) to develop
constructive heuristics and metaheuristics.

The mathematical model is mainly provided as a compact and
unambiguous specification for the problem. It is derived from a
model proposed by Kulkarni and Bhave [31] for the classical capac-
itated VRP (without uncertainties), but it is extended here to handle
multiple scenarios and optimize a different objective function. The
model has really been implemented and tested, in Section 8. Only
small instances can be solved to optimality, but the model is useful
to show that our metaheuristics can retrieve most optimal solutions
on such instances.

Concerning proposed algorithms, we first designed constructive
heuristics, to provide the other methods with good initial solutions.
They are also useful for tackling large instances in reasonable run-
ning times. Then we  elaborated a local search procedure, which
can be used either to improve the solutions obtained by the sim-
ple heuristics or to serve for intensification in our metaheuristics,
which are based on the GRASP and ILS frameworks.

The Robust Vehicle Routing Problem (RVRP) addressed here can
be defined as follows. As the two directions of a road can be dif-
ferently affected when traffic is perturbed, we consider a complete
but loopless directed graph G = (V, A), while the CVRP is defined
on an undirected network. V denotes the node-set, with one depot
(node 0) and n customers with positive demands qi, while A = {(i,
j) | i, j ∈ V, i /= j} stands for the arc-set. A fleet of m identical vehicles
with capacity Q is based at the depot.

Instead of being random variables, the uncertain arc costs are
modelled by a set of p discrete scenarios S = {1, 2, . . . p}, where each
scenario k defines one non-negative cost ck

ij
for each arc (i, j) ∈ A. Let

F define the set of feasible solutions. Like in the CVRP, a solution
ω ∈ F is a set of routes: each route is done by one vehicle which
leaves the depot, serves a subset of customers whose total demand
does not exceed Q, and returns to the depot.

Let cost(ω,  k) be the cost of solution ω for scenario k, i.e., the
total cost of the routes with the arc costs of this scenario. Define
cost(ω) = (cost(ω, 1), cost(ω, 2), . . .,  cost(ω, p)) as the vector of costs
for all scenarios, and worst(ω) = max  {cost(ω, k) | k ∈ S} the worst
cost. The goal of our mathematical model is to determine a solu-
tion ω* minimizing this worst cost over all scenarios, i.e., such that
ω* = arg min  {worst(ω) | ω ∈ F}. We  show in the next section how to
solve iteratively the lexicographic min–max version.  As the CVRP,
known to be NP-hard, is the RVRP with one scenario (p = 1), the
RVRP is also NP-hard.

The RVRP can be specified by the following compact MILP, in
which no vehicle index is required. The routes are defined by binary
variables xij, equal to 1 if and only if arc (i, j) is used in the solu-
tion. The resulting trips can be visualized by plotting the nodes and
drawing one segment from node i to node j if xij = 1. Constraints (3)
and (4) mean that one arc is used to reach and leave each client. The
maximum fleet size is guaranteed via constraints (5). Inequalities
(6) and (7) generalize the MTZ  subtour-elimination constraints for
the Traveling Salesman Problem (TSP) [39]. Assuming that qi is a
collected quantity, ti is the vehicle load when leaving i. If arc (i, j) is
not used, the constraint (7) for this arc becomes ti− tj ≤ Q − qj and
is trivially satisfied: as ti ≤ Q and tj ≥ qj via (6), the left-hand side
cannot exceed Q − qj.

min  z = ı (1)

∑
(i,j)∈A

ck
ijxij ≤ ı ∀ k ∈ S (2)
∑
j∈V

xji = 1 ∀ i ∈ V\{0} (3)
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j∈V

xij = 1 ∀ i ∈ V\{0} (4)

∑
∈V\{0}

x0i ≤ m (5)

i ≤ ti ≤ Q ∀ i ∈ V\{0} (6)

i − tj + Q xij ≤ Q − qj ∀ (i, j) ∈ A, i /= 0, j /= 0 (7)

ij ∈ {0, 1} ∀ (i, j) ∈ A (8)

 ≥ 0 (9)

Consider now a route (r1, r2, . . .,  ru), which means xri,ri+1 = 1 for
 = 1, 2, . . .,  u − 1: constraints (6) and (7) hold by setting for instance
r1 = 0 and tri

= tri−1 + qri
for i = 2, 3, . . .,  u. Vehicle capacity is also

espected since tru ≤ Q from (6). The binary variables are declared
n (8). The other equations lead to a min–max version. In (2), the
otal cost of the arcs used for each scenario is bounded above by
he variable ı, defined in constraint (9). The goal (1) is to minimize
.

. Lexicographic min–max robustness criterion

Preliminary tests with heuristics minimizing the worst cost
ave mitigated results. Indeed, several moves can induce the same
ecrease in the worst cost and cannot be distinguished. However, a
ove with no effect on the worst cost can improve the second worst

ost, the third one, etc., which suggests a lexicographic approach
o determine which move is the best.

The lexicographic min–max criterion, see Ogryczak [44], has sev-
ral interests. First, it gives the same worst cost as the classical
in–max approach. Second, the solution offers a better protec-

ion against the second worst scenario, the third one, etc. Third,
n optimal solution for this criterion is also Pareto-optimal for the
ulti-objective version of the problem, each objective being the

otal cost of the routes for one scenario [44]. Fourth, we  observed a
ositive effect on the worst cost in local search procedures: while

 search based on the min–max criterion is blocked as soon as no
ove improves the worst cost, the decrease of the worst cost can

ften restart after a few moves which reduce the other costs.
Our MILP of Section 3 can be solved lexicographically in p itera-

ions. The first iteration solves the min–max version to get the worst
cenario � and its cost z∗� . The worst scenario is the one for which
onstraint (2) is tight. The second iteration solves the min–max ver-
ion with the set of scenarios S \ {�} and the additional constraint

 ≤ z∗� , etc.
In heuristics, lexicographic comparisons must be done explic-

tly. Using the notation of Section 3, consider one solution ω with
ts cost vector cost(ω) and build a vector V(ω) by sorting the com-
onents of cost(ω) in non-increasing order of costs. If V(ω, k) is the
-th component of V(ω), we have worst(ω) = V(ω, 1). Solution ω is
trictly better than solution ω′ if and only if V(ω) is lexicographi-
ally smaller than V(ω′), denoted as V(ω) < V(ω′). The comparison,
one like words in a dictionary, is specified in Algorithm 1.

lgorithm 1. Lexicographic comparison of two solutions for p
cenarios.
: function better (ω, ω′) : boolean
:  k ← 1
: while (k ≤ p) and (V(ω, k) = V(ω′ , k)) do k ← k + 1 end while
:  better ← (k ≤ p) and (V(ω, k) < V(ω′ , k))
: end function

All our algorithms use lexicographic comparisons to select the

est move among a set of candidates. For example, consider a
lassical operation, cheapest insertion, and one solution ω with
ost(ω) = (10, 20, 30). Its lexicographic vector is V(ω) = (30, 20, 10),
ith a worst cost worst(ω) = V(ω, 1) = 30 reached in scenario 3. If
Computing 32 (2015) 518–531

customer i is inserted between nodes u and v in one trip, the cost
variation for scenario k is �k = ck

ui
+ ck

iv
− ck

uv. Let � denote the
cost variation vector for the p scenarios and compare one inser-
tion ω → ω′ with �′ = (15, 16, 4), and one ω → ω′′ with �′′ = (16, 12,
6). The resulting solutions are such that cost(ω′) = (25, 36, 34) and
cost(ω′′) = (26, 32, 36). They have the same worst cost (36), even if
it is now reached by scenario 2 for ω′. The lexicographic vectors
are V(ω′) = (36, 34, 25) and V(ω′′) = (36, 32, 26). As V(ω′′) < V(ω′), the
second insertion will be preferred.

In a local search for a minimization problem, an improving move
must reduce the cost of the incumbent solution. Here, a move with-
out effect on the worst cost is accepted if it gives a lexicographically
better solution. For instance, consider again ω with cost(ω) = (10,
20, 30) and V(ω) = (30, 20, 10). A move ω → ω′ with �′ = (2, − 3, 2) is
rejected because its degrades the worst cost. If �′ = (2, − 3, − 1), it is
accepted like in a classical local search since the objective function
(the worst cost) is improved. Finally, if � = (9, − 1, 0), the worst
cost is unchanged but the move is accepted since V(ω′) = (30, 19,
19) < V(ω) = (30, 20, 10).

In the CVRP, most moves can be evaluated in O(1) on the basis of
cost variations, e.g., ck

ui
+ ck

iv
− ck

uv in our previous example for node
insertion. In the RVRP, the complexity becomes O(p log p) because
of the sorting algorithm required to get the lexicographic vector.

5. Greedy heuristics

We  tried first insertion heuristics, but these methods which
work well on the CVRP collapse for multiple scenarios. We  finally
adapted the CVRP heuristic from Clarke and Wright (CW) [15], and
derived also a randomized version RCW for our multi-start meta-
heuristics. From now on, it is assumed that a RVRP solution ω is
encoded as an array of trips, while each trip, identified by its index,
is stored as a list of customers between two  copies of the depot.

5.1. Clarke and Wright heuristic for the RVRP

The original version of CW for the CVRP begins with a trivial
solution composed of one dedicated trip for each customer (the
“daisy”) and then performs mergers (concatenations) of two  trips
in order to minimize the cost variation at each iteration. For one
route with last customer i and another with first customer j, this
cost variation cij− ci0− c0j only depends on i, j and the depot. In
parallel, each concatenation saves one vehicle.

An efficient implementation for the CVRP consists in sorting the
n(n − 1)/2 edges of the undirected graph in increasing order of cost
variation, giving a list �.  This step is possible in O(n2 log n). Then
each edge (i, j) of � is tested: if i and j are still at the extremities of
two distinct routes whose total load does not exceed Q, then these
two routes are merged. These tests cost O(1) and the merger itself
O(n). As at most n − 1 mergers are executed during the algorithm,
the total complexity is dominated by the initial sort in O(n2 log n).

For the RVRP, CW is more involved due to the directed graph
and the scenarios, see Algorithm 2. There are eight ways to merge
two trips T and U: If T̄ is the reversal of trip T, we have to test four
cases (T, U), (T, Ū), (T̄ , U) and (T̄ , Ū), plus four others by exchanging
T and U. Four cases are enough in the CVRP, since for instance (T,
U) and (Ū, T̄)  have the same cost. Moreover, each merger must be
evaluated for each scenario and the best merger is the one giving a
solution with a minimum lexicographic vector. Finally, sorting the

arcs at the beginning brings nothing because in the RVRP the route
costs intervene in cost variations.

Algorithm 2. Clarke and Wright heuristic for the RVRP – CW (ω).
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• relocate with inversion: same move but i and u are swapped in
the reinsertion,
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: compute the initial solution ω with one route per customer and set
nbtrips(ω)  to n

: prepare all pre-computed data
:  repeat
: compute the lexicographic vector V(ω)
: set Wbest to (∞ , ∞ , . . .,  ∞) and found to false
: for each trip index T of ω do
: i, j← first and last customers of T
:  for each trip index U of ω such that U /= T and load(T) + load(U) ≤ Q do
:  found ← true
0: u, v ← first and last customers of U
1: ctu ← cost(T) + cost(U) //Total cost of T and U, to shorten formulas
2:  // evaluate concatenation (T, U)
3: for k ← 1 to p do Wk ← cost(k) − ctu + b(T, k, j) + ck

ju
+ a(U, k, u)

end for
4: sort W in decreasing cost order
5: if W < Wbest then Wbest← W;  Tbest← T; Ubest← U end if
6: // evaluate concatenation (T, Ū)
7: for k ← 1 to p do Wk ← cost(k) − ctu + b(T, k, j) + ck

jv
+ a(Ū, k, v)

end for
8: sort W in decreasing cost order
9: if W < Wbest then Wbest← W;  Tbest← T; Ubest← − U end if
0: // evaluate concatenation (T̄ , U)
1: for k ← 1 to p do Wk ← cost(k) − ctu + b(T̄ , k, i) + ck

iu
+ a(U, k, u)

end for
2: sort W in decreasing cost order
3: if W < Wbest then Wbest← W;  Tbest← − T; Ubest← U end if
4: // evaluate concatenation (T̄ , Ū)
5: for k ← 1 to p do Wk ← cost(k) − ctu + b(T̄ , k, i) + ck

iv
+ a(Ū, k, v)

end for
6: sort W in decreasing cost order
7: if W < Wbest then Wbest← W;  Tbest← − T; Ubest← − U end if
8:  end for
9: end for
0: if found and (Wbest < V(ω) or nbtrips(ω) > m) then
1: if Tbest < 0 then Tbest← − Tbest; invert trip Tbest endif
2: if Ubest < 0 then Ubest← − Ubest; invert trip Ubest endif
3: concatenate the clients of Ubest at the end of Tbest then delete trip Ubest

4: update pre-computed data for trips Tbest and T̄best

5: end if
6: until (not found)

In lines 1–2, CW builds the initial solution ω (daisy) and pre-
omputes four types of data: the number of trips, nbtrips(ω), the
oad of route T, load(T), the cost of trip T before customer i in scenario
, b(T, k, i), and the cost after i, a(T, k, i). The parameter ω is implicit
n the three last symbols, to make the notation lighter. These data
re also prepared for the inverted trip T̄ . Fig. 1 shows on two cases
f mergers how these data can be used.

Then, each iteration of the repeat loop browses all pairs of dis-
inct trips (T, U) and searches for the best pair (lexicographically),
ven if this leads to a degraded solution. A boolean found is set to
rue if a feasible merger is detected.

For a given pair (T, U), only the first four cases of mergers are
valuated since the pair (U, T) is inspected by another iteration. For
ach case, CW determines the cost vector W of the resulting solu-
ion and sorts it to get the lexicographic vector. When improved,
he lexicographic vector of the best merger (Wbest) is updated and
he corresponding pair of route indexes (Tbest, Ubest) is recorded,

ultiplied by −1 to remember that a route must be inverted. A
etail is not mentioned in the algorithm to reduce its number of

ines: the for loops which compute W lines 13, 17, 21, and 25
re exit if Wk > Wbest(1). This simple condition is sufficient to say
hat the merger tested is not better than the best one found so
ar.

In lines 30–35, provided feasible mergers have been detected
found = true), the best merger is executed if it improves the incum-
ent solution or if fleet size is exceeded. In other words, we accept

egrading mergers, but only to avoid vehicles in excess. The cus-
omers of trip Ubest are moved at the end of Tbest, Ubest is deleted and
he pre-computations updated for Tbest only. The main loop stops
hen it finds no feasible merger.
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Note that more than m vehicles can be used at the end, but
we have never seen this case on the instances tested which,
like all CVRP benchmarks, satisfy the necessary condition m ≥
�
∑n

i=1qi/Q �. Should this occur, the local search in the next section
can save vehicles by moving their customers to different trips. Any-
way, determining if there exists a solution with at most m vehicles
is a bin-packing problem, which is already NP-hard.

The initial daisy and all pre-computations can be done in O(np).
There are at most n − 1 main iterations, when all routes are merged
into one TSP tour. At each iteration, O(n2) pairs (T, U) are inspected
and each pair is evaluated in O(p log p) due to the sorting algorithm.
The complexity to execute the best merger is negligible: the two
routes are inverted (if necessary) and concatenated in O(n) while
pre-computations are updated in O(p) only for trips Tbest and T̄best .
Hence, CW runs in O(n3p log p) for the RVRP, instead of O(n2 log n)
for the CVRP.

5.2. Randomized version

As two  of our metaheuristics perform multiple restarts, we  also
designed a randomized version RCW (Randomized CW)  to provide
them with initial solutions. Randomness is introduced by per-
turbing the solution costs, evaluated for each possible merger in
Algorithm 2. We  fix a perturbation level � and compute before each
merger evaluation a random number � ranging from 0 to � percent
of current solution cost. Finally, � is added to Wk, k = 1, 2, . . .,  p.
The random generator is initialized with a fixed seed, to get repro-
ducible results, and the algorithm is nested in a main loop doing a
given number of iterations ncalls, without resetting the generator.
The resulting procedure is invoked by a RCW (�, ncalls, ω) statement.

6. Local search procedure

Our metaheuristics call the local search LS of Algorithm 3. Each
main iteration (lines 2–17) seeks the best improving move and
stops when no such move exists. The inner loops (lines 4–12)
browse each trip T, each node i in T, each trip U and each node j
in U. The nodes can be customers or the depot at the beginning
of the trips. If T = U, the procedure MovesOnOneTrip evaluates the
moves designed for a single trip, otherwise MovesOnTwoTrips tests
the moves affecting two distinct trips. The best improving move (if
any) is applied to the incumbent solution in line 14.

The pre-computations in line 1 are used to speed up move eval-
uations. They prepare the same data as in the CW heuristic for each
route T, each scenario k and each customer i in the route: the load
of the route, load(T), the cost to reach customer i, b(T, k, i), and the
cost to return to the depot after i, a(T, k, i). Additionally, we pre-
compute the cumulated quantity served up to customer i included,
load(T, i). The total complexity of these pre-computations is O(np).
After a move, they need to be updated only for the modified trips
(line 15).

MoveOnOneTrip evaluates the following moves on a given trip
T and two nodes i, j in T (note that vehicle capacity is always
respected):

• relocate node i after node j, if i is a customer,
• relocate i and the next node u (if both are customers) after node

j,
• interchanges: swap two  strings with 1 or 2 customers, starting
respectively with i and j,
• 2-opt move: reverse the string of customers from i to j included

(j must be after i),
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Fig. 1. Examples of mergers

inverted 2-opt: the strings of customers before i and after j are
inverted (see Fig. 2).

lgorithm 3. Local search procedure – LS (ω)
: do the pre-computations for all trips
: repeat
: Initialize the lexicographic vector of the best move: Vbest← V(ω)
:  for each trip T of ω and each node i in T (except end-depot)do
:  for each trip U of ω and each node j in U (except end-depot)do
:  if U = T then
: MovesOnOneTrip (T, i, j, Vbest , best move)
: else
: MovesOnTwoTrips (T, i, U, j, Vbest , best move)
0: end if
1: end for
2: end for
3: if Vbest < V(ω) (improving move found) then
4: apply best move to the incumbent solution ω
5: update pre-computations for the modified trips (one or two)

6: end if
7: until Vbest ≥ V(ω) (no improving move is found)

The strings in interchanges may  have different lengths. Cost
ariation formulas for relocations and interchanges look like the

Fig. 2. 2-opt moves for one
scenario k: (T, U) and (T, U).

ones for the CVRP. For instance, if customer i between nodes a and
b is relocated between nodes u and v (u /= a), the cost variation
for scenario k is computed in O(1) as ck

ab
− ck

ai
− ck

ib
+ ck

ui
+ ck

iv
− ck

uv.
2-opt moves are more involved because the graph is directed and
the cost of a node string changes when reversed. However, the pre-
computations allow evaluations in constant time, as can be seen in
Fig. 2. Note that the inverted 2-opt move used here is irrelevant for
the CVRP, where arc costs are symmetric.

The moves scanned by MovesOnTwoTrips consider two given
trips T and U, one node i in T, and one node j in U. They must
check vehicle capacities before computing the cost variations. For
instance, load(T) − qi + qj ≤ Q and load(U) + qi− qj must hold if i and
j in routes T and U are exchanged. The moves on two  trips are sim-
ilar to the ones on a single trip, except the 2-opt moves depicted
in Fig. 3. No reversal is required for the case on the left, also called
2-opt*. The case on the right involves reversals of two strings of
nodes.
The two procedures MovesOnOneTrip and MovesOnTwoTrips
evaluate each move like in Algorithm 4. They compute for each sce-
nario k the cost newcost(k) of the solution generated by the move.
Then the vector newcost is sorted to give a lexicographic vector Vnew.

 trip T and scenario k.
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f this vector improves upon the best cost vector Vbest found so far,
e update Vbest and the associated move, best move, to execute it

nce all moves have been evaluated.
Each local search iteration browses O(n2) moves. Thanks to the

recomputations, each move can be evaluated in O(1) for each
cenario. However, deciding whether a move is improving or not
equires a sort of the p scenario costs and a lexicographic compar-
son, like in the Clarke and Wright heuristic. Hence, a local search
oing 	 moves runs in O(	n2p log p).

In line 4 of Algorithm 4, if for one scenario the new cost exceeds
he worst cost of current solution, the move is non-improving: we
an drop its evaluation and proceed with the next kind of move.
his avoids calling uselessly the sorting algorithm (line 6) and the
exicographic comparison (line 7). During our tests with 10–30 sce-
arios, this simple trick has divided the running times by 15 on
verage.

lgorithm 4. Evaluation of a move in MovesOneTrip and MovesT-
oTrips

: if the move satisfies capacity constraints then
:  for k ← 1 to p do
: compute newcost(k) the solution cost for scenario k if the move

were done
: if newcost(k) > worst(ω) then exit
: end for
: sort newcost in decreasing cost order giving Vnew

: if Vnew < Vbest then
:  update Vbest and the kind of move, best move
: end if
0: end if

. Four local search based metaheuristics

This section describes four metaheuristics combining one of our
wo greedy heuristics (CW or RCW) and the local search LS: one
reedy Randomized Adaptive Search Procedure (GRASP), one Iter-
ted Local Search (ILS), one Multi-Start ILS (MS-ILS) and another

S-ILS alternating between two search spaces, TSP tours and RVRP

olutions. These metaheuristic frameworks were selected for their
imple general structure and their reduced number of components
nd parameters. Moreover, assembling the same components into
s T and U and scenario k.

different metaheuristic structures makes easier an appraisal of the
respective contributions of each structure.

7.1. Greedy randomized adaptive search procedure

With Simulated Annealing, GRASP is probably the simplest
metaheuristic [20]. It consists in sampling the search space using
a greedy randomized heuristic and applying local improvement to
the obtained solutions. Our GRASP for the RVRP performs a fixed
number of calls to the local search LS,  ncalls. At the beginning, the
CW heuristic described in Section 5 and the local search LS pre-
sented in Section 6 are executed to get a provisional best solution
ω. This first call to a deterministic heuristic is not a standard feature
of GRASP but is justified here by the good results of CW.  The other
iterations call the randomized Clarke and Wright heuristic RCW,
then LS, and update ω if the resulting solution ω′ is better. Recall
that � is a percentage defining the degree of randomness in RCW,
see Section 5.

7.2. Two ILS metaheuristics

While GRASP can be viewed as a random sampling of local
optima, ILS metaheuristics generate a sequence of local optima with
decreasing costs, by applying a perturbation operator and a local
search to a copy of the incumbent solution, see [36] for a tutorial.

Algorithm 5. Greedy Randomized Adaptive Search Procedure –
GRASP (�, ncalls, ω)
1: initialize the random number generator with a fixed seed for reproducibility
2:  CW (ω)
3: LS (ω)
4: for calls ← 2 to ncalls do
5: RCW (�, ω′)
6: LS (ω′)
7: if V(ω′) < V(ω) then ω ← ω′ endif
8:  endfor

Algorithm 6 describes a multi-start version (MS-ILS). Its main

loop (lines 3–19) launches nils successive ILS which return their
best solution ω′ to update a global best solution ω (line 18). The
first ILS starts from the solution computed by the Clarke and
Wright heuristic CW,  while the next ones are initialized using the
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andomized version RCW (line 4). The local search LS is applied
o get the first local optimum (line 5). Then, each ILS performs
calls iterations (lines 7–17). Each iteration takes a copy ω′′ of the

ncumbent solution ω′ and applies the perturbation procedure
Perturb) and the local search. The search moves to the resulting
olution only in case of improvement (lines 11–12).

lgorithm 6. Multi-Start ILS – MS-ILS (�, nils, ncalls, minswaps,
axswaps,  ω)

: initialize the random number generator with a fixed seed for
reproducibility

:  initialize the components of V(ω) to ∞
: for ils ← 1 to nils do
:  if ils = 1 then CW (ω′) else RCW (�, ω′) endif
: LS (ω′)
: swaps ← minswaps
: for calls ← 2 to ncalls do
:  ω′′ ← ω′

: Perturb (ω′′ , swaps)
0: LS (ω′′)
1: if V(ω′′) < V(ω′) then
2: ω′ ← ω′′

3: swaps ← minswaps
4: else
5: swaps ← min(maxswaps, swaps + 1)
6: end if
7: end for
8: if V(ω′) < V(ω) then ω ← ω′ endif
9: end for

The perturbation procedure Perturb performs a given num-
er (swaps)  of random exchanges of customers, among the ones
especting vehicle capacities. The perturbation level is adaptive
nd varies between two bounds minswaps and maxswaps.  At the
eginning of each ILS, the variable swaps is initialized to minswaps
line 6). At each iteration, if the solution generated via perturbation
nd local search does not outperform the current solution, swaps
s incremented, but without exceeding maxswaps,  otherwise it is
eset to minswaps.

In  Section 8 we test this MS-ILS and the more classical ILS struc-
ure obtained by setting nils to 1. The rationale behind MS-ILS is to
estart periodically an ILS from diversified solutions instead of los-
ng time in unproductive iterations. MS-ILS is also called GRASP×ILS
ince it can be viewed as a GRASP where the local search is replaced
y an ILS.

.3. Multi-start ILS with giant tours

Beasley [5] explained how to partition optimally (subject to
he sequence) one TSP tour 
 = (
1, 
2, . . .,  
n), called giant
our, into CVRP routes. The partitioning procedure called Split
elies on an auxiliary graph H = (Z, B), directed and acyclic. The
ode-set Z contains one dummy  node 0 and one node i per
ustomer. The arc-set B contains one arc (i − 1, j) if the subse-
uence from 
i to 
j (included) can make a feasible trip, i.e., if

ts total load fits vehicle capacity. This arc is weighted by the trip
ost c0,
i

+
∑j−1

u=1c
u,
u+1 + c
j,0. An optimal splitting of 
 corre-
ponds to a minimum-cost path from node 0 to node n in graph
.

Neglected for a long time, this idea has been applied in the
ast decade to powerful metaheuristics for various vehicle rout-
ng problems, as shown in a recent survey [48]. We  propose for
he RVRP the MS-ILS with giant tours (MS-ILS-GT) of Algorithm 7,
hich alternates between two search spaces, giant tours and RVRP
olutions.

lgorithm 7. MS-ILS with giant-tours – MS-ILS-GT (same header
s MS-ILS)
Computing 32 (2015) 518–531

1: initialize the random number generator with a fixed seed for
reproducibility

2:  initialize the components of V(ω) to ∞
3: for ils ← 1 to nils do
4: if ils = 1 then CW (ω′) else RCW (�, ω′) endif
5:  LS (ω′)
6: Concat (ω′ , 
 ′)
7: swaps ← minswaps
8: for calls ← 2 to ncalls do
9:  
 ′′ ← 
 ′

10: Perturb (
 ′′ , swaps)
11: Split (
 ′′ , ω′′)
12: LS (ω′′)
13: if V(ω′′) < V(ω′) then
14: ω′ ← ω′′

15: Concat (ω′ , 
 ′)
16: swaps ← minswaps
17: else
18: swaps ← min(maxswaps, swaps + 1)
19: end if
20: end for
21: if V(ω′) < V(ω) then ω ← ω′ endif
22: end for

Each iteration of the current ILS works on a pair (ω′, 
 ′), where ω′

is an RVRP solution and 
 ′ the giant tour obtained by concatenating
its routes (without depot copies) via the Concat procedure. A copy

 ′′ of 
 ′ is perturbed then split to give an RVRP solution ω′′, improved
by the local search. If ω improves ω′, the latter is updated and a new
giant tour 
 ′ is deduced using Concat,  giving a pair (ω′, 
 ′) for the
next iteration. The perturbation consists in random exchanges of
customers, like in ILS and MS-ILS, but applied to giant tours: no
capacity check is required.

Algorithm 8 describes a Split procedure for the RVRP, based on
the same auxiliary graph as in the CVRP but computing a shortest
path in the lexicographic sense. The auxiliary graph H is not built
explicitly. Each node i has a label (Xi, Vi) composed of two p-vectors.
Xi

k
is the cost for scenario k of the best path from node 0 to node

i. The components of X0 and V0 are set to zero (line 1) while those
of Xi and Vi, i /= 1, are initialized to a large value (line 2). The two
nested loops beginning lines 3 and 5 inspect each feasible route (0,

i, 
i+1, . . .,  
j, 0) compatible with vehicle capacity and compute
its total demand W and its cost Lk for each scenario k (lines 6–12).
Recall that the subsequence corresponds to arc (i − 1, j) in H. A new
label (X̄, V̄) is built for the path obtained by appending this arc to
the best path for node i − 1. To do this, we  compute X̄ ← Xi−1 + L
(line 14) and sort X̄ in decreasing order of costs to get V̄ (line 15).
If V̄ < Vj , we  have found a better path to reach node j and the label
of j can be updated (lines 17–18).

Algorithm 8. Splitting procedure for one giant tour 
 – Split (
, ω)

1: X0, V0← (0, 0, . . .,  0)
2: for i ← 1 to n do Xi , Vi← (∞ , ∞ , . . .,  ∞)  end for
3:  for i ← 1 to n do
4: j ← i
5: repeat
6: if i = j then
7: W ← q(
 i)
8: for k ← 1 to p do Lk ← ck

0,
i
+ ck


i,0
end for

9: else
10: W ← W + q(
 j)
11: for k ← 1 to p do Lk ← Lk − ck


j−1,0 + ck

j−1,
j

+ ck

j ,0

end for

12: end if
13: if W < Q then
14: X̄ ← Xi−1 + L
15: sort X̄ in non-increasing cost order to get V̄
16: if V̄ < Vj then
17: Vj ← V̄

j
18: X ← X̄
19: end if
20: end if
21: until (j > n) or (W > Q)
22: end for
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Fig. 4. Application of the splitting pro

At the end the lexicographic vector of the resulting RVRP solu-
ion ω is Vn. The solution itself can be deduced by backtracking on
he shortest path, using a simple procedure described for instance
n [47].

Fig. 4 gives an example for a giant tour of 4 customers with
emands 3, 6, 2, 1, vehicles with capacity 10, and 2 scenarios. The
rcs model feasible trips, e.g., (0, 3) does not exist because a trip with
ustomers (1, 2, 3) would violate vehicle capacity. The values on
ach arc are the costs for the two scenarios. The computed labels are
ritten under each node. The optimal lexicographic vector (12, 11)

orresponds to the shortest path (0, 1, 3, 4) with bold arcs. Hence,
he optimal splitting consists in three trips (0, 1, 0), (0, 2, 3, 0) and
0, 4, 0).

As Split inspects each feasible subsequence (
i, 
i+1, . . ., 
j), O(n2)
ubsequences are tested in the worst case. As we  have to sort X̄ for
ach arc, Split runs in O(n2p log p). In practice, the algorithm is faster
ecause many subsequences violate vehicle capacity.

. Computational evaluation

.1. Implementation and instances

Our algorithms are implemented in the Pascal-like language
elphi and executed on a Dell Precision M6600 portable PC with

 2.2 GHz Intel Core i7, 16 GB of RAM and Windows Professional.
he MILP of Section 3 is translated in the modeling language GNU
athProg (a subset of AMPL) and solved using GLPK version 4.47

www.gnu.org/software/glpk). Two sets of instances were ran-
omly generated. The first set, to compare our heuristics with the
ILP, contains 18 small instances with n ∈ {10, 15, 20} customers,

 ∈ {2, 3} vehicles and p ∈ {10, 20, 30} scenarios. The file names
ave an n–m–p format. All demands qi and arc costs ck

ij
are integers

andomly drawn in [1, 50]. Vehicle capacity Q is manually selected
o load the fleet between 80 and 90% of its capacity. Note that the
umber of customers (10 to 20) is a typical limit to solve directly

 MILP for the CVRP. The second set gathers 24 larger files with
 ∈ {50, 100} and p ∈ {10, 20}. The fleet size is m ∈ {5, 10}  for n = 50
nd m ∈ {10, 20}  for n = 100. The two values of m for each problem
ize correspond to 5 and 10 stops per route on average. The vehicle
apacity is Q = 1, 000 while the demands are random integers drawn
o use nearly 90% of fleet capacity, i.e., qtot≈ 0.9 × mQ,  qtot denoting
he total demand. Each node i has its coordinates xi and yi randomly
elected in [0, 1000]. The arc costs are travel times proportional to
he Euclidean distance eij. For each arc (i, j), eij is first computed,
hen the integer cost ck

ij
for each scenario k is drawn at random in

eij, (1 + d/100) × eij], where d ∈ {10, 50, 100} is a maximum devia-
ion in percent to the baseline travel time, corresponding to three
rowing levels of traffic perturbation. For instance, d = 100 means

hat travel times are doubled in the worst case. The file name for-

at  is the same as in the small instances, except that the value of d
s added at the end, e.g., 100–20–20–100 for n = 100, m = p = 20 and

 = 100%.
e to a giant tour with four customers.

All randomized algorithms are executed 10 times on each
instance. Although they really optimize the lexicographic min–max
criterion, our experiments in the two  following subsections report
only the worst cost, to avoid huge tables of results with detailed
cost vectors.

8.2. Results on small instances

The MILP is given a time limit of 4 h (14,400 seconds). The
randomized Clarke and Wright heuristic RCW performs ncalls = 50
iterations with a perturbation factor � = 8% to randomize the sav-
ings. The four metaheuristics have the same computing budget of
5000 local optima, but 10 initial solutions are used in the multi-start
versions MS-ILS and MS-ILS-GT. Hence, ncalls = 5000 for GRASP and
ILS, while nils = 10 and ncalls = 500 for MS-ILS and MS-ILS-GT. In the
two multi-start metaheuristics, RCW is also called with � = 8% to
provide initial solutions. The perturbation level (number of cus-
tomer exchanges) in the three ILS-based methods varies between
minswaps = 1 and maxswaps = 3.

The detailed results are listed for each instance in Table A.1 (see
Appendix A). For the MIP  are given the best lower bound LB,  the best
solution cost z, the percentage gap (z/LB − 1) × 100 and the running
time in seconds t. Asterisks highlight proven optima while dashes
mean the time limit is reached. 10 out of 18 instances are solved
to optimality but no instance with n = 20 customers and/or p = 30
scenarios, except 10–3–30. For the Clarke and Wright heuristic CW,
only the solution value z is given because running times are neg-
ligible (less than 0.005 s). As the other heuristics are randomized
algorithms, we indicate for 10 runs the best cost found zmin, the
average cost zavg and the average time per run in seconds, tavg.

These detailed results are summarized in Table 1, using five per-
formance indicators averaged on the 18 instances: the minimum
and average percentage gaps to GLPK lower bound over the 10 runs
(these gaps are equal for the MILP and CW,  which are tested using
a single run), the standard deviation of the 10 gaps (Std deviation),
the number of GLPK lower bounds retrieved by each heuristic (LB
hits) and the average running time per run in seconds.

GLPK finds 10 proven optima and achieves an average solution
gap close to 1% at the expense of a large running time. CW is very
fast but its results are surprisingly weak, with a gap around 17%:
according to our experience, this gap is rather close to 10% for the
CVRP. RCW1 corresponds to the solutions listed in Table A.1 for 50
iterations: the average deviation to LB drops to 7%. In fact, 3 itera-
tions are enough to outperform CW on average. We  added the RCW2
column to show the indicators when 5000 iterations are granted:
even in these conditions, RCW which has no local search cannot
compete with the four metaheuristics.

The metaheuristics are very close to GLPK in terms of average
gap, while being much faster. All the 10 proven optima are retrieved

and three upper bounds are even improved (see instances 20–2–10,
20–2–30 and 20–3–30, with costs in boldface in Table A.1), which
explains that the minimum gap is slightly improved for MS-ILS and
MS-ILS-GT. Compared to ILS and MS-ILS, MS-ILS-GT lasts 50% more
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Table 1
Indicators for the 18 small instances – 10 runs with 5000 calls to the local search.

Indicator MILP CW RCW1 RCW2 GRASP ILS MS-ILS MS-ILS-GT

Min  gap LB % 1.05 16.56 7.26 3.76 1.12 1.04 0.93 0.93
Avg  gap LB % 1.05 16.56 9.73 5.27 1.62 1.42 1.22 1.29
Std  deviation % – – 1.47 0.81 0.30 0.30 0.20 0.20
LB  hits 10 0 1 5 10 10 10 10
Time  (s) 9350.40 <0.005 0.06 5.49 7.71 2.33 2.33 3.25

Table 2
Indicators for the 24 large instances – 10 runs with 5000 calls to the local search.

Indicator CW RCW GRASP ILS MS-ILS MS-ILS-GT

Min  gap BS % 7.99 5.02 0.58 0.52 0.45 0.03
Avg  gap BS % 7.99 6.22 0.88 1.28 0.93 0.20
Std deviation % – 0.63 0.19 0.51 0.32 0.13
BS  hits 0 0 6 9 9 18
Time  (s) 0.10 5.66 593.20 18.63 20.51 51.28

Table 3
Indicators for the 24 large instances – Same duration as MS-ILS-GT.

Indicator GRASP ILS MS-ILS MS-ILS-GT

Min  gap BS % 0.96 0.21 0.41 0.03
Avg  gap BS % 1.43 0.93 0.75 0.20
Std  deviation % 0.27 0.49 0.21 0.13
BS  hits 3 11 10 18
Time  (s) 51.3 51.3 51.3 51.3

Table 4
Friedman test for the 24 large instances – 5000 calls to the local search.

Algorithm GRASP ILS MS-ILS MS-ILS-GT

Average rank 2.79 3.52 2.65 1.04
Sum  of ranks Sj 67 84.50 63.50 25.00
Sum  of squared ranks 203.50 309.25 177.25 27.00
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ecause of its calls to the splitting procedure. GRASP is the slowest
etaheuristic, each of its 5000 calls to RCW needing O(n3p log p)

unning time.
Summarizing, the tests on small instances show that our meta-

euristics compete with a direct resolution of the MILP in terms
f solution quality and that ILS-based versions slightly outperform
RASP while being 2.5–3.5 times faster, using the same number of
alls to the local search. However, the results of ILS-based versions
re very similar and, compared with MS-ILS, the splitting procedure
f MS-ILS-GT brings nothing here. The reason is that the auxiliary
raph contains too few feasible paths and only 2 or 3 arcs per path.

.3. Results for large instances

The large instances are out of reach for the MILP: even in four
ours, GLPK is unable to improve the upper bound obtained by the
larke and Wright heuristic. This is why the MILP is excluded from

he tests on large instances. The parameters used are still ncalls = 50
or RCW, ncalls = 5000 for ILS, nils = 10 and ncalls = 500 for MS-ILS
nd MS-ILS-GT. However, we got better results using minswaps = 2
nd maxswaps = 4 (instead of 1 and 3) in the perturbations applied

able 5
airwise test for the 24 large instances – 5000 calls to the local search.

|Si − Sj| ILS MS-ILS MS-ILS-GT

GRASP 17.5 3.5 42
ILS 21 59.5
MS-ILS 38.5
T2 F0.99,3,69

8.60 47.09 4.07

by the three metaheuristics. The perturbation factor � randomiz-
ing the savings in RCW was  8% for the small instances because too
many iterations return identical solutions using smaller values. A
1% factor is enough on large instances.

The results are detailed in Table A.2 (see Appendix A) and sum-
marized in Table 2. The two  tables have the same format as the ones
for small instances, except that the reference for the gaps is now
the best solution (BS) found for each benchmark problem during
our tests.

CW is still interesting for its small running time. The improve-
ment brought by randomization in RCW is less marked than on
small instances. The four metaheuristics can now be distinguished.
MS-ILS-GT is the best in terms of gaps and number of best solu-
tions found: apparently, using giant tours leads to better solutions
on large instances. GRASP, MS-ILS and ILS follow in this order in
terms of average gap. The statistical tests (Friedman test and pair-
wise tests) in the next subsection confirm with a confidence level of
1% that the best and worst methods are MS-ILS-GT and ILS (respec-
tively) but find no statistical difference between GRASP and MS-ILS.
The remarks about running times on small instances are still valid:
As the number of customers is now larger, the GRASP becomes
much slower than the other metaheuristics.

The metaheuristics have been evaluated up to now for 5000
local optima. As GRASP takes too much time, a natural question
is to wonder whether we come to the same ranking if the same

running time is allocated to each algorithm. Hence, we took the
running times achieved by MS-ILS-GT in Table A.2 and allocated the
same duration to GRASP, ILS and MS-ILS. The results are summa-
rized in Table 3. Using again the average gaps, we have the ranking
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Table  6
Indicators for the 7 CVRP instances – 10 runs with 5000 calls to the local search.

Indicator CW RCW GRASP ILS MS-ILS MS-ILS-GT

Min  gap BS % 7.30 4.61 1.24 0.76 0.33 0.10
Avg  gap BS % 7.30 5.69 2.45 0.97 1.52 0.35
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Std  deviation % – 0.61 

BS  hits 0 0 

Time  (s) 0.04 2.29 

S-ILS-GT < MS-ILS < ILS s GRASP, so this time GRASP becomes the
east efficient metaheuristic. This strict ordering is also confirmed
y the statistical tests, with a confidence level of 1%. Since the four
lgorithms are assembled from the same basic bricks (randomized
euristic RCW, perturbation procedure, local search), a first con-
lusion is that ILS-based structures offer a better search efficiency
han GRASP for the same execution time.

We can also see that ILS, which is the less stable method, can
e easily reinforced by doing multiple restarts (MS-ILS). Indeed,
estarting periodically the search from a new initial solution is
ore profitable than prolongating uselessly a single search. Finally,

dding the cyclic alternation between giant tours and complete
VRP solutions clearly brings an additional improvement. To the
est of our knowledge, this is the first time that the contribution of

 tour-splitting approach to a metaheuristic structure (here MS-ILS)
s quantified.

.4. Statistical tests

The optimality gap of an efficient metaheuristic follows rarely
 normal distribution: The algorithm cannot find less than 0% (and
his gap can be frequently achieved) then the probability increases
apidly to a maximum and then slowly decreases with a long tail.
onover [16] recommends non-parametric tests like the Friedman
est, which require no assumption about the underlying probability
istributions.

We detail here this test to compare our k = 4 randomized meta-
euristics (GRASP, ILS, MS-ILS, MS-ILS-GT) on our test bed of b = 24

arge instances, for the average costs of Table A.2 (5000 calls to the
ocal search). Let Xij denote the average cost of 10 runs achieved by
lgorithm i on instance j. First, compute the ranks Rij of the Xij, giv-
ng 1 to the best and k to the worst. Assign average ranks in case of
ies, e.g., 2.5 for two heuristics with the same cost and ranks 2 and
. Then calculate the sum of ranks Sj =

∑b
i=1Rij for each heuristic

, the mean of these squared sums B2 = 1
b

∑k
j=1S2

j
and the sum of

quared ranks A2 =
∑b

i=1

∑k
j=1R2

ij
. The test statistic is given by Eq.

10).

2 =
(b − 1)[B2 − bk(k + 1)2/4]

A2 − B2
(10)

The null hypothesis (all heuristics have equivalent perform-
nces) can be rejected with a confidence level  ̨ if T2 is greater
han the 1 −  ̨ quantile of the F distribution with k1 = k − 1 and
2 = (k − 1)(b − 1) degrees of freedom. The results are given in
able 4. As T2 > F0.99,3,69 we can conclude with a confidence level
f 1% that the heuristics are not equivalent.

Pairwise tests must be applied to separate the heuristics. Calcu-

ate the absolute difference of the sums of ranks of metaheuristics

 and j and declare i and j different if this difference exceeds the
ritical value CV defined in Equation (11), where t1−˛/2 denotes the

 − ˛/2 quantile of the t distribution with (b − 1)(k − 1) degrees of
 0.13 0.69 0.18
3 4 6

 30.15 35.17 65.18

freedom. The heuristic with the smallest sum of ranks is the best of
the two.

|Si − Sj| > CV = t1− ˛
2

√
2b(A2 − B2)

(b − 1)(k − 1)
(11)

In our case, we find CV = 13.69 and the differences in Table 5.
The significant differences (underlined) indicate that (a) MS-ILS-GT
dominates the other algorithms, (b) ILS is dominated by the others,
(c) MS-ILS and GRASP are not significantly different.

When the same running time is allocated to all metaheuristics
(results in Table 3), the statistical tests, not detailed here to save
space, find the following strict ordering, from the best method to
the worst: MS-ILS-GT, MS-ILS, ILS, GRASP. MS-ILS-GT is still the best
algorithm but, this time, GRASP becomes the worst performer.

8.5. Performance on CVRP instances

Our algorithms were not designed for the classical (non-robust)
CVRP but their performance can be easily checked by setting the
number of scenarios to 1. We selected for this purpose the 14 CMT
(Christofides-Mingozzi-Toth) instances (www.vrp-rep.org), which
include 7 instances with n ∈ {50, 75, 100, 150, 1999} and m ∈ {5,
7, 8, 10, 12, 17}, plus the same instances with an additional maxi-
mum route duration. As our RVRP does not consider route duration
constraints, the test has been limited to the 7 unrestricted prob-
lems (instances 1 to 5, 11 and 12). The results are given in Table 6,
using the same format as in Table 2 (large RVRP instances), the same
conditions (5000 calls to the local search) and the same parameters.
The best solutions are here the proven optima recently found by an
exact method [45].

The four metaheuristics still perform well on the CVRP. The best
one, MS-ILS-GT, is even able to retrieve 6 out of 7 optima. GRASP
displays again the largest gaps and running time. Its longer dura-
tion comes from the O(n3) complexity of the RCW heuristic used to
sample the search space. As explained in Section 5.1, a faster imple-
mentation in O(n2 log n) is possible for the CVRP, but we made no
changes in our RVRP codes. Another reason is that each perturbed
solution in ILS-based methods is reoptimized in a few moves by
the local search, while the independent solutions sampled by RCW
in GRASP require more moves on average. Hence, the average time
spent per call to the local search is greater in the GRASP.

9. Conclusion

This article has presented a pragmatic approach to compute
high-quality solutions for the robust CVRP with uncertain travel
costs defined by discrete scenarios. Indeed, most large cities have
a traffic control center which measures and records vehicle flows
in the streets. The accumulated data can be mined to provide many
real scenarios. The lexicographic min–max criterion selected pro-
tects the solutions against the worst scenario, like the min–max

approach, but also against the second worst scenario, the third
etc. Moreover, as this criterion gives an optimal solution which is
also Pareto-optimal for the multi-objective interpretation of the
problem, it is likely to be preferred by decision makers.
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The proposed algorithms join the very small family of meta-
euristics published for robust vehicle routing problems. Ours are
ompact and relatively simple since they share the same compo-
ents and require very few parameters. Their efficiency has been
onfirmed using small RVRP instances and CVRP instances with
nown optimal solutions. Although multiple scenarios and lexico-
raphic comparisons increase the complexities of initial heuristics
nd local search moves (compared to the CVRP), the running times
emain reasonable.

Another interesting conclusion is that adding an alternation
etween giant tours and RVRP solutions in MS-ILS brings a statis-

ically significant improvement. So, the RVRP can be added to the
rowing list of routing problems solved via this approach [48].

The positive impact of the giant tour approach should be con-
rmed on other metaheuristics like hybrid genetic algorithms.

Table A.1
Detailed results for the 18 small instances.

File MILP CW RCW GRASP 

n-m-p zlb zub Gap t z zmin zavg tavg zmin zavg

10-2-10 217 *217 0.00 8.2 263 228 229.9 0.01 217 217
10-2-20 284 *284 0.00 32.2 305 285 294.0 0.01 284 284
10-2-30 301 *301 0.00 35.8 327 310 315.4 0.02 301 301
15-2-10 346 *346 0.00 313.2 412 375 384.6 0.03 346 346
15-2-20 373 *373 0.00 6560.0 420 398 404.7 0.05 373 373
15-2-30 398 404 1.51 – 483 429 439.8 0.07 404 404
20-2-10 419 423 0.95 – 523 465 480.2 0.06 422 428
20-2-20 460 470 2.17 – 535 525 531.6 0.11 475 481
20-2-30 481 501 4.16 – 580 541 558.5 0.16 501 504
10-3-10 255 *255 0.00 10.4 304 267 268.8 0.01 255 255
10-3-20 316 *316 0.00 24.7 356 316 324.1 0.01 316 316
10-3-30 337 *337 0.00 38.9 367 342 346.0 0.02 337 337
15-3-10 381 *381 0.00 2200.0 439 412 429.3 0.02 381 384
15-3-20 399 *399 0.00 6871.0 454 412 423.3 0.04 399 400
15-3-30 426 433 1.64 – 476 455 464.2 0.07 433 433
20-3-10 443 448 1.13 – 562 503 514.5 0.06 448 456
20-3-20 481 497 3.33 – 580 539 555.9 0.11 497 504
20-3-30 508 528 3.94 – 595 568 581.0 0.16 530 533

Table A.2
Detailed results for the 24 large instances.

File BS CWH  RCWH ILS 

n-m-p-d z z t zmin zavg tavg zmin

50-5-10-10 8633 8986 0.02 8708 8814.9 0.89 8637 

50-5-10-50 9936 10687 0.02 10366 10519.0 0.92 9936 

50-5-10-100 11525 12544 0.02 11987 12268.9 0.95 11525 

50-5-20-10 7966 8453 0.03 8218 8288.9 1.69 7966 

50-5-20-50 10014 10609 0.03 10419 10556.1 1.76 10014 

50-5-20-100 10913 12099 0.03 11448 11607.3 1.73 10933 

50-10-10-10 10882 11469 0.02 11194 11243.0 0.83 10882 

50-10-10-50 12849 13861 0.02 13252 13471.6 0.86 12849 

50-10-10-100 16212 16852 0.02 16545 16821.3 0.85 16212 

50-10-20-10 11576 12043 0.03 11901 11988.9 1.53 11576 

50-10-20-50 14337 15089 0.03 14562 14718.4 1.58 14346 

50-10-20-100 15021 16775 0.03 15805 16067.6 1.62 15115 

100-10-10-10 12767 13535 0.13 13328 13490.1 7.30 12880 

100-10-10-50 15082 16863 0.13 16297 16622.0 7.31 15104 

100-10-10-100 18198 20973 0.13 20213 20621.8 7.39 18473 

100-10-20-10 13614 14648 0.24 14220 14345.4 13.39 13806 

100-10-20-50 15876 16938 0.26 16938 16938.0 14.07 16204 

100-10-20-100 18373 21890 0.25 20573 20786.9 14.05 18510 

100-20-10-10 22234 22925 0.12 22925 22925.0 6.48 22293 

100-20-10-50 24690 26504 0.12 26202 26416.4 6.65 24895 

100-20-10-100 29068 31711 0.13 31276 31597.5 6.92 29403 

100-20-20-10 19942 20582 0.22 20526 20575.6 12.32 19942 

100-20-20-50 24715 27086 0.23 26287 26548.0 12.39 24972 

100-20-20-100 29223 32546 0.23 31815 32186.5 12.45 29688 
Computing 32 (2015) 518–531

This task will be probably more difficult because such algorithms
involve more components, whose respective contribution must be
isolated. Another possible direction for future research is to design
an exact approach for the RVRP, but the lexicographic min–max
objective function makes the task quite challenging.
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Appendix A. Detailed results for each instance

see Tables A.1 and A.2.

ILS MS-ILS MS-ILS-GT

tavg zmin zavg tavg zmin zavg tavg zmin zavg tavg

.0 1.19 217 217.0 0.50 217 217.0 0.49 217 217.0 0.73

.0 2.00 284 284.0 0.91 284 284.0 0.91 284 284.0 1.16

.0 2.98 301 301.0 1.39 301 301.0 1.36 301 301.0 1.78

.0 3.78 346 346.1 1.35 346 346.0 1.32 346 346.0 1.76

.0 6.35 373 373.1 2.36 373 373.1 2.27 373 373.0 3.02

.2 9.52 404 404.0 3.47 404 404.1 3.36 404 404.0 4.55

.1 9.14 422 424.8 2.89 422 423.4 2.87 422 425.3 3.99

.1 14.93 470 476.0 4.35 470 476.1 4.26 470 476.0 5.83

.8 22.48 497 501.1 6.64 497 500.3 6.70 497 501.0 9.06

.0 1.00 255 255.0 0.41 255 255.0 0.41 255 255.0 0.67

.0 1.78 316 316.0 0.72 316 316.0 0.71 316 316.0 0.96

.0 2.58 337 337.0 1.13 337 337.0 1.12 337 337.0 1.44

.1 3.35 381 384.0 0.79 381 381.0 0.80 381 381.0 1.48

.6 5.78 399 400.2 1.77 399 399.4 1.75 399 400.0 2.45

.2 8.72 433 434.6 2.50 433 433.0 2.61 433 433.2 3.77

.6 8.47 453 456.3 2.05 448 450.2 2.09 448 451.9 3.50

.0 13.83 501 503.5 3.35 497 502.4 3.36 497 502.6 4.83

.8 20.94 523 529.5 5.42 523 528.3 5.60 523 529.0 7.56

MS-ILS MS-ILS-GT

zavg tavg zmin zavg tavg zmin zavg tavg

8637.0 8.77 8633 8636.2 9.04 8633 8635.0 19.34
9947.9 8.01 9936 9948.2 8.95 9936 9936.0 21.40

11572.8 9.61 11525 11542.6 10.02 11525 11525.0 21.83
8089.9 8.79 7966 7972.3 9.22 7966 7966.0 22.64

10014.0 9.12 10014 10015.0 10.24 10014 10014.0 24.93
10979.8 9.82 10913 10933.5 10.78 10913 10923.0 25.97
10885.2 6.86 10884 10889.7 7.76 10882 10882.0 18.26
12909.9 7.88 12849 12859.0 8.30 12849 12849.0 19.40
16243.0 7.95 16212 16219.8 8.39 16212 16212.0 20.04
11679.1 8.27 11621 11630.7 8.87 11576 11590.6 21.18
14371.0 8.01 14337 14349.0 9.07 14337 14338.5 21.82
15131.3 10.51 15036 15105.7 10.59 15042 15076.2 27.81
12966.7 25.30 12863 12935.1 28.55 12767 12789.7 73.35
15454.1 27.78 15108 15345.4 32.21 15082 15084.4 81.39
18739.5 29.84 18358 18700.3 32.96 18206 18280.7 89.97
14004.0 22.79 13779 13835.7 31.30 13614 13663.1 81.32
16329.9 28.03 16160 16273.0 33.39 15890 15983.2 88.83
19017.7 32.55 18703 18848.6 35.95 18397 18457.8 95.79
22433.7 24.78 22319 22423.0 28.29 22252 22275.1 67.09
25137.0 25.41 24870 25077.2 28.32 24690 24745.3 72.87

29775.4 27.70 29251 29566.1 30.72 29139 29243.3 76.33
20008.2 26.43 19990 20082.0 32.42 19942 19959.4 73.12
25128.2 28.53 24844 24992.1 32.77 24715 24758.9 78.45
29833.3 29.43 29602 29813.4 34.20 29223 29467.4 87.48
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50] D. Taş , N. Dellaert, T. van Woensel, T. de Kok, Vehicle routing problem with
stochastic travel times including soft time windows and service costs, Comput.
Oper. Res. 40 (1) (2013) 214–224.

51] N.E. Toklu, R. Montemanni, L.M. Gambardella, An ant colony system for the
capacitated vehicle routing problem with uncertain travel costs, in: IEEE Sym-
posium on Swarm Intelligence (SIS), 2013, pp. 32–39.

52] N.E. Toklu, R. Montemanni, L.M. Gambardella, A robust multiple ant colony
system for the capacitated vehicle routing problem, in: IEEE International Con-
ference on Systems, Man, and Cybernetics (SMC), 2013, pp. 1871–1876.

53] P. Toth, D. Vigo, Vehicle routing: Problems, Methods and Applications, 2nd ed.,
Philadelphia, SIAM, 2014.

54] T. Vidal, T.G. Crainic, M.  Gendreau, N. Lahrichi, W. Rei, A hybrid genetic algo-
rithm for multi-depot and periodic vehicle routing problems, Oper. Res. 60 (3)
(2012) 611–624.

55] T. Vidal, T.G. Crainic, M.  Gendreau, C. Prins, Heuristics for multi-attribute vehicle
routing problems: a survey and synthesis, Eur. J. Oper. Res. 231 (1) (2013) 1–21.

56] T. Vidal, T.G. Crainic, M.  Gendreau, C. Prins, A unified solution framework
for  multi-attribute vehicle routing problems, Eur. J. Oper. Res. 234 (3) (2014)

658–673.

57] A. Wald, Contributions to the theory of statistical estimation and testing
hypotheses, Ann. Math. Stat. 10 (3) (1939) 299–326.

58] G. Yu, J. Yang, On the robust shortest path problem, Comput. Oper. Res. 25 (6)
(1998) 457–468.

http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0005
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0005
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0005
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0005
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0005
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0005
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0005
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0005
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0005
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0005
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0005
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0005
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0005
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0005
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0005
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0005
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0005
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0005
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0005
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0005
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0005
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0005
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0005
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0005
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0005
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0005
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0005
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0005
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0005
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0010
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0010
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0010
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0010
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0010
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0010
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0010
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0010
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0010
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0010
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0010
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0010
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0010
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0010
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0010
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0010
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0010
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0010
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0010
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0010
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0010
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0010
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0010
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0010
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0010
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0010
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0010
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0010
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0015
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0015
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0015
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0015
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0015
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0015
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0015
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0015
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0015
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0015
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0015
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0015
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0015
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0015
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0015
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0015
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0015
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0015
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0015
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0015
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0015
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0015
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0015
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0015
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0015
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0015
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0015
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0015
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0015
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0015
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0015
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0020
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0020
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0020
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0020
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0020
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0020
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0020
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0020
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0020
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0020
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0020
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0020
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0020
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0020
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0020
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0020
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0020
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0020
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0020
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0020
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0020
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0020
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0020
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0020
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0020
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0020
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0020
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0020
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0020
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0025
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0025
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0025
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0025
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0025
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0025
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0025
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0025
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0025
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0025
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0025
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0025
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0025
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0025
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0030
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0030
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0030
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0030
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0030
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0030
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0030
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0030
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0030
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0030
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0030
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0030
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0030
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0030
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0030
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0030
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0035
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0035
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0035
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0035
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0035
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0035
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0035
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0035
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0035
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0035
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0035
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0035
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0035
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0035
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0035
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0035
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0035
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0035
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0035
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0040
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0040
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0040
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0040
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0040
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0040
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0040
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0040
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0040
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0040
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0040
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0040
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0040
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0040
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0040
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0040
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0040
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0040
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0040
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0040
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0040
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0045
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0045
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0045
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0045
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0045
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0045
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0045
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0045
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0045
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0045
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0045
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0045
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0045
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0045
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0045
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0045
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0045
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0045
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0045
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0050
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0050
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0050
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0050
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0050
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0050
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0050
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0050
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0050
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0050
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0050
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0050
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0050
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0050
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0050
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0050
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0050
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0050
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0050
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0050
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0050
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0050
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0050
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0050
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0050
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0055
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0055
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0055
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0055
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0055
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0055
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0055
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0055
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0055
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0055
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0055
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0055
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0060
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0060
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0060
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0060
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0060
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0060
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0060
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0060
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0060
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0060
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0060
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0060
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0060
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0060
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0060
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0060
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0060
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0060
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0060
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0060
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0060
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0060
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0065
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0065
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0065
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0065
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0065
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0065
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0065
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0065
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0065
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0065
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0065
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0065
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0065
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0065
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0065
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0065
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0065
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0065
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0065
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0065
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0065
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0065
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0065
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0065
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0065
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0065
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0070
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0070
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0070
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0070
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0070
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0070
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0070
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0070
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0070
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0070
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0070
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0070
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0070
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0070
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0070
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0070
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0070
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0070
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0070
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0070
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0070
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0070
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0070
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0070
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0070
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0070
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0070
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0070
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0070
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0075
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0075
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0075
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0075
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0075
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0075
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0075
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0075
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0075
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0075
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0075
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0075
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0075
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0075
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0075
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0075
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0075
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0075
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0075
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0075
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0075
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0075
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0075
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0075
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0075
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0080
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0080
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0080
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0080
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0080
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0080
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0080
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0080
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0080
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0080
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0085
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0085
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0085
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0085
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0085
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0085
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0085
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0085
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0085
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0085
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0085
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0085
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0085
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0085
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0085
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0085
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0085
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0085
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0085
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0085
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0085
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0085
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0085
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0085
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0085
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0085
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0090
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0090
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0090
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0090
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0090
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0090
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0090
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0090
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0090
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0090
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0090
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0090
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0090
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0090
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0090
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0090
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0095
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0095
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0095
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0095
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0095
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0095
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0095
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0095
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0095
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0095
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0095
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0095
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0095
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0095
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0095
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0095
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0095
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0095
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0095
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0095
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0095
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0095
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0100
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0100
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0100
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0100
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0100
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0100
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0100
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0100
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0100
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0100
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0100
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0100
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0100
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0100
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0100
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0100
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0100
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0100
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0105
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0105
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0105
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0105
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0105
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0105
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0105
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0105
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0105
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0105
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0105
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0105
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0105
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0105
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0105
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0105
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0105
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0105
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0105
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0105
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0105
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0105
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0105
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0105
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0105
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0105
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0105
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0105
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0105
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0105
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0105
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0105
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0105
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0110
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0110
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0110
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0110
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0110
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0110
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0110
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0110
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0110
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0110
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0110
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0110
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0110
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0110
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0110
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0110
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0110
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0110
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0110
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0115
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0115
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0115
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0115
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0115
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0115
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0115
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0115
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0115
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0115
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0115
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0115
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0115
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0115
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0115
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0115
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0115
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0115
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0115
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0120
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0120
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0120
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0120
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0120
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0120
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0120
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0120
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0120
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0120
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0120
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0120
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0120
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0120
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0120
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0120
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0120
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0120
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0120
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0120
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0120
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0120
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0120
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0120
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0125
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0125
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0125
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0125
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0125
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0125
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0125
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0125
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0125
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0125
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0125
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0125
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0125
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0125
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0125
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0125
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0125
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0125
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0125
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0125
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0125
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0125
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0125
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0125
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0130
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0130
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0130
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0130
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0130
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0130
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0130
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0130
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0130
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0130
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0130
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0130
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0130
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0130
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0130
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0130
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0130
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0130
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0130
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0130
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0130
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0130
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0130
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0130
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0130
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0130
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0135
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0135
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0135
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0135
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0135
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0135
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0135
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0135
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0135
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0135
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0135
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0135
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0135
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0135
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0135
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0135
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0135
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0135
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0135
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0135
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0135
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0135
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0135
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0135
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0135
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0135
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0135
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0140
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0140
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0140
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0140
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0140
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0140
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0140
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0140
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0140
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0140
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0140
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0140
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0140
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0140
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0140
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0140
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0140
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0140
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0140
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0140
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0140
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0140
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0140
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0140
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0140
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0140
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0140
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0145
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0145
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0145
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0145
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0145
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0145
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0145
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0145
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0145
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0145
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0145
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0145
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0145
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0145
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0145
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0145
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0145
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0145
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0145
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0150
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0150
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0150
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0150
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0150
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0150
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0150
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0150
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0150
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0150
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0150
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0150
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0150
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0150
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0150
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0150
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0155
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0155
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0155
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0155
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0155
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0155
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0155
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0155
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0155
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0155
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0155
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0155
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0155
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0155
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0155
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0155
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0155
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0155
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0155
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0155
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0155
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0160
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0160
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0160
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0160
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0160
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0160
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0160
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0160
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0160
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0160
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0160
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0160
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0160
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0160
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0160
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0165
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0165
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0165
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0165
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0165
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0165
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0165
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0165
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0165
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0165
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0165
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0165
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0165
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0165
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0165
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0165
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0165
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0165
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0165
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0165
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0165
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0165
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0165
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0165
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0165
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0165
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0165
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0170
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0170
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0170
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0170
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0170
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0170
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0170
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0170
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0170
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0170
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0170
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0170
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0170
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0170
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0170
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0170
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0170
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0170
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0170
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0170
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0170
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0170
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0170
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0170
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0170
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0170
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0175
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0175
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0175
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0175
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0175
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0175
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0175
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0175
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0175
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0175
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0175
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0175
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0175
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0175
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0175
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0175
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0175
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0175
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0175
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0175
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0175
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0175
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0175
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0175
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0180
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0180
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0180
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0180
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0180
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0180
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0180
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0180
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0180
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0180
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0180
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0180
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0180
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0180
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0180
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0180
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0180
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0180
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0180
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0180
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0180
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0180
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0180
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0180
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0180
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0180
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0180
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0180
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0180
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0180
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0185
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0185
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0185
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0185
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0185
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0185
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0185
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0185
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0185
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0185
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0185
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0185
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0185
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0185
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0185
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0185
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0185
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0185
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0185
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0190
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0190
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0190
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0190
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0190
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0190
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0190
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0190
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0190
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0190
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0190
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0190
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0190
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0190
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0190
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0190
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0190
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0190
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0190
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0190
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0190
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0190
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0190
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0195
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0195
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0195
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0195
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0195
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0195
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0195
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0195
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0195
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0195
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0195
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0195
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0195
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0195
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0195
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0195
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0195
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0195
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0195
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0195
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0195
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0200
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0200
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0200
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0200
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0200
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0200
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0200
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0200
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0200
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0200
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0200
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0200
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0200
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0200
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0200
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0200
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0200
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0200
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0200
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0200
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0200
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0200
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0200
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0200
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0200
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0200
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0200
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0205
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0205
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0205
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0205
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0205
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0205
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0205
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0205
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0205
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0205
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0205
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0205
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0205
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0205
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0205
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0205
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0205
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0205
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0205
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0210
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0210
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0210
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0210
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0210
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0210
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0210
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0210
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0210
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0210
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0210
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0210
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0210
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0210
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0210
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0210
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0210
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0210
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0210
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0210
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0210
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0210
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0210
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0210
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0210
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0210
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0210
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0215
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0215
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0215
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0215
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0215
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0215
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0215
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0215
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0215
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0215
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0215
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0215
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0215
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0215
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0215
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0215
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0220
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0220
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0220
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0220
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0220
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0220
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0220
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0220
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0220
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0220
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0220
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0220
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0220
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0220
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0220
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0220
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0220
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0220
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0220
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0220
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0225
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0225
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0225
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0225
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0225
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0225
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0225
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0225
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0225
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0225
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0225
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0225
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0225
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0225
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0225
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0225
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0225
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0225
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0225
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0230
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0230
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0230
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0230
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0230
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0230
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0230
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0230
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0230
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0230
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0230
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0230
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0230
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0230
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0230
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0230
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0230
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0230
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0230
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0230
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0235
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0235
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0235
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0235
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0235
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0235
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0235
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0235
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0235
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0235
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0235
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0235
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0235
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0235
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0235
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0235
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0235
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0235
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0235
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0235
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0235
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0235
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0240
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0240
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0240
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0240
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0240
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0240
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0240
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0240
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0240
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0240
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0240
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0240
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0240
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0240
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0240
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0240
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0240
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0240
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0240
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0240
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0240
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0240
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0240
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0245
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0245
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0245
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0245
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0245
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0245
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0245
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0245
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0245
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0245
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0245
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0245
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0245
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0245
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0245
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0245
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0245
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0245
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0245
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0245
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0245
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0245
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0245
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0245
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0245
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0245
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0250
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0250
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0250
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0250
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0250
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0250
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0250
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0250
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0250
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0250
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0250
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0250
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0250
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0250
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0250
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0250
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0250
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0250
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0250
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0250
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0250
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0250
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0250
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0250
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0250
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0250
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0250
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0250
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0250
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0250
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0250
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0250
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0250
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0250
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0250
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0250
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0255
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0255
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0255
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0255
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0255
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0255
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0255
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0255
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0255
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0255
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0255
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0255
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0255
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0255
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0255
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0255
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0255
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0255
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0255
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0255
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0255
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0255
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0255
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0255
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0255
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0255
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0255
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0255
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0255
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0255
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0255
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0255
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0255
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0260
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0260
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0260
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0260
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0260
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0260
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0260
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0260
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0260
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0260
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0260
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0260
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0260
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0260
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0260
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0260
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0260
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0260
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0260
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0260
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0260
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0260
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0260
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0260
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0260
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0260
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0260
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0260
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0260
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0260
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0260
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0260
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0260
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0260
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0265
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0265
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0265
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0265
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0265
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0265
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0265
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0265
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0265
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0265
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0265
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0265
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0265
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0265
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0265
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0270
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0270
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0270
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0270
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0270
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0270
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0270
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0270
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0270
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0270
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0270
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0270
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0270
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0270
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0270
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0270
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0270
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0270
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0270
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0270
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0270
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0270
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0270
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0270
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0270
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0270
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0270
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0270
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0270
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0270
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0275
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0275
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0275
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0275
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0275
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0275
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0275
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0275
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0275
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0275
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0275
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0275
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0275
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0275
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0275
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0275
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0275
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0275
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0275
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0275
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0275
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0275
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0275
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0275
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0275
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0275
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0275
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0275
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0280
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0280
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0280
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0280
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0280
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0280
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0280
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0280
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0280
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0280
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0280
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0280
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0280
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0280
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0280
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0280
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0280
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0280
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0280
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0280
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0280
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0280
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0280
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0280
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0280
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0280
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0280
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0285
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0285
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0285
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0285
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0285
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0285
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0285
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0285
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0285
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0285
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0285
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0285
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0285
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0285
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0285
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0285
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0285
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0285
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0285
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0285
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0285
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0290
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0290
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0290
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0290
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0290
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0290
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0290
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0290
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0290
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0290
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0290
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0290
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0290
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0290
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0290
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0290
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0290
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0290
http://refhub.elsevier.com/S1568-4946(15)00238-0/sbref0290

	Local search based metaheuristics for the robust vehicle routing problem with discrete scenarios
	1 Introduction
	2 Literature review
	2.1 The Capacitated Vehicle Routing Problem
	2.2 Robustness in optimization
	2.3 Position of our work in the research on uncertain travel times
	2.4 Vehicle routing problems solved via robust optimization

	3 Motivation, problem definition and mathematical model
	4 Lexicographic min–max robustness criterion
	5 Greedy heuristics
	5.1 Clarke and Wright heuristic for the RVRP
	5.2 Randomized version

	6 Local search procedure
	7 Four local search based metaheuristics
	7.1 Greedy randomized adaptive search procedure
	7.2 Two ILS metaheuristics
	7.3 Multi-start ILS with giant tours

	8 Computational evaluation
	8.1 Implementation and instances
	8.2 Results on small instances
	8.3 Results for large instances
	8.4 Statistical tests
	8.5 Performance on CVRP instances

	9 Conclusion
	Acknowledgements
	Appendix A Detailed results for each instance
	References


