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RESUMO
Neste artigo, consideramos o Problema de Roteamento de Veiculos de Transporte de

Valores com Restricdo de Risco (RCTVRP). Neste problema, cada cliente € visitado por um tinico
veiculo, onde € recolhida uma determinada quantia em valores. O problema considera ainda o
conceito de risco total de uma rota. Ao se deslocar entre dois pontos, este risco € acrescido da
distancia entre os dois pontos ponderada pela quantia total carregada pelo veiculo no momento. O
objetivo € entdo definir o roteamento que minimiza a distincia total percorrida com a restri¢do que o
risco total de cada rota ndo deve ultrapassar um limite maximo 7. Para o RCTVRP, propomos uma
formulagdo baseada em fluxo, que é comparada a inica formulacdo exata encontrada na literatura.
Os experimentos computacionais mostram que a formulagdo proposta é mais rapida, sendo capaz
de encontrar a solug@o 6tima de diversas instancias pela primeira vez.

PALAVRAS CHAVE. Roteamento de veiculos, Transporte de valores, Formulacio de fluxo.
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ABSTRACT
In this paper, we consider the Risk-constrained Cash-in-Transit Vehicle Routing Problem

(RCTVRP). In RCTVRP, each customer is visited by a vehicle that picks up an amount of cash. The
problem also considers the concept of total risk of a route. When moving between two points, that
risk is increased by the distance between the points multiplied by the total value carried by the
vehicle. The objective of the problem is to minimize the total distance traveled with the constraint
that the total risk of each route is limited by 7. We propose a one-commodity flow formulation
for the problem and compares it to the only formulation found in the literature. The computational
experiments showed that our method was faster, finding several optimal solutions by the first time.

KEYWORDS. Vehicle routing. Cash-in-transit. One-commodity flow formulation.

Paper topics (L&T — Logistics and Transportation, PM — Mathematical Programming, OC -
Combinatorial Optimization)
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1. Introduction

Over the last decades, Vehicle Routing Problems (VRPs) have been widely studied by a
large number of researchers around the world. The great interest in these problems is because they
can model several real life situations, especially those involving physical distribution. The first VRP
was defined in [Dantzig e Ramser, 1959] and consists of designing optimal delivery routes from one
depot to a given number of customers. Since then, a large number of variants has been proposed
considering different conditions such that capacities, time windows, heterogeneous fleets, multiple
depots, pickups and deliveries, etc.

The cash-in-transit (CIT) industry deals with the transportation of cash or valuable goods
from one location to another. The locations include banks, automated teller machines, jewellers,
and any location holding large amounts of cash. For CIT industry, an important issue is the secu-
rity during the transportation, since the companies from this industry are exposed to risks such as
robberies and armed assaults.

In the context of the CIT industry, a variant of the VRP has been addressed by [Talarico
et al., 2015] called Risk-Constrained Cash-in-Transit Vehicle Problem (RCTVRP). The RCTVRP
consists of designing a set of routes from a depot to a given number of customers minimizing the
total traveled cost. Each customer is visited only once, and at each visit, the vehicle picks up an
amount of cash. The problem assumes that the vehicles do not have limited capacities. However,
single routes solutions are not allowed due to the risk constraints. In order to reduce the risk of
robberies, the RCTVRP considers the risk of the cash being stolen during the transportation, which
is proportional both to the time/distance travelled by the vehicle carrying the cash and the amount
of cash being carried, is limited by a predefined constant called risk threshold.

[Talarico et al., 2015] also proposed four heuristics and six local search operators that
were combined using two different metaheuristic structures: a multistart heuristic and a perturb-
and-improve structure. Besides, the authors proposed a mixed integer linear programming for-
mulation (MILP) and provided two set of instances (set R and V) with up to 200 customers and
different risk levels for the problem. Later, [Talarico et al., 2017] presented a metaheuristic that
combines ant colony heuristic and a variable neighborhood descent within a large neighborhood
search framework. They also developed new benchmark instances (sets O and S) with up to 301
methodology for solving the RCTVRP, which turned out to be superior to the algorithms presented
in [Talarico et al., 2015] and [Talarico et al., 2017].

To the best of our knowledge, the only exact method for the RCTVRP is the MILP formu-
lation proposed by [Talarico et al., 2015]. This formulation uses binary variables with three indexes
and finds optimal solutions for instances with up to 20 customers spending more than 40 hours to
solve the hardest instance.

In this paper, we propose for the RCTVRP a new integer programming model, which
consists of a one-commodity flow formulation. Computational experiments have been conducted
on four benchmark instance sets and revealed that the developed formulation was capable of out-
performing the existing model both in terms of number of optimal solutions found and quality of
the lower bounds.

The rest of the paper is organized as follows. Section 2 formally describes the problem
considered in this study. Section 3 introduces the proposed formulation and we also provide the
MILP developed by Talarico et al. [2015]. Section 4 reports and discusses the computational results.
Finally, Section 5 contains the concluding remarks.
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2. Problem description

The RCTVRP is defined on a directed graph G = (V, A) where V' = {0, ...,n} is the
vertex set and A is the set of arcs. The vertex 0 corresponds to depot, whereas the set V' = V'\ {0}
corresponds to the set of customers. A travel cost ¢, is associated with each arc a = (7,5) € A.
For each customer i € V', d; denotes the amount of cash that should be collected by the vehicle
during its visit; dg = 0. All vehicle starts empty from the depot with a risk index equal to zero.
Each vehicle performs a single route, visiting a sequence of customers before returning to the depot
where the collected cash is deposited. The risk index increases along the route and can be calculated
by the product of the total amount of cash carried by the vehicle, which travels from node ¢ to 7,
when it leaves ¢ and the travel cost ¢,,a = (4, 7). The global risk on each route cannot exceed the
risk threshold 7. The goal of the RCTVRP consists of designing routes starting and ending at the
depot where each customer must be visited exactly once. The objective is to minimize the total
traveled cost along the selected routes.

The example in Figure 1(a) is given to explain the calculation of the global route risk. The
values on the nodes denote the demand associated to each customer, while those on arcs represent
their travel cost. Values of R, and I?; correspond, respectively, to the global route risk and the risk
when the vehicle arrives at node . The index risk at node 2 is zero because the vehicle travels empty
along the arc (0,2); the risk index at node 3 is equal to R3 = Rg + (dg + d2)ceg = 15; at node 1 is
Ry = R3+ (do + da + d3)c31 = 25; finally, the global route risk when the vehicles returns to depot
is Ry = Ry + (do + d2 + d3 + dy)c1o = 46. Route is feasible if R, < 7. A single giant route,
which visits all customers, is avoided by the risk constraints and not by vehicle capacities. Also,
note that the global risk of a route is generally not the same as the global route risk of the reversed
one (see Figure 1(b)).

Figure 1: Risk calculation example

3. Mathematical formulations for the RCTVRP

This section presents the mathematical formulations addressed to the RCTVRP. For con-
venience’s sake, we start by describing the MILP introduced by [Talarico et al., 2015], and after-
ward, we present the proposed formulation.

3.1. Literature MILP formulation

Let s and t represent depot at the start and the end of a route, respectively. Thus, the
formulation is defined on the directed graph G’ = (V', A"), where V' = VT U {s,t} and A’ =
{(VTxVHYU{s}xVHU(VT x{t})}. In the worst case, each route contains only one customer;
hence the number of routes cannot be larger than n. Thus, the indexes of routes can be defined on
the routes set N = {1,...,n}. Two families of variables are defined from each node: R] stands
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for the risk index for the vehicle when it arrives at node i € V' along the route » € N, while Dy

represents the amount of cash carried by the vehicle when it leaves node ¢ € V” along route 7 € N.
The binary variable x7; is equal to 1 if the (i,7) € A’ is traversed by the vehicle along the

route 7 € NN and 0, otherwise. From now on, we refer that formulation as LF. The LF follows.

minz Z Cijx;‘nj (la)

reN (i,j)€A’

Subject to:

doal= ) ap vre N (1b)

jevt eVt
> =1 (1c)
jeEV+
Z Ty > Z w;jl Vre N\ {n} (1d)
1% jeEVT

S ap=1 Vievt (le)

reN jeV/\{s}

dooapi— > al =0 VjieV*tVreN (1f)
heV\{t} keV'\{s}

Dl =0 Vr e N (1g)

Dj > Dj +dj — (1 — x};) My V(i,j) € A ,¥r € N (1h)

0< D <M Vie V' .V¥reN (19)

RI =0 Vre N (1j)

R; > R +¢ijDi — (1 — x7;) M2 V(i,j) € A'\¥r € N (1k)

0<R <T Vie V' VreN (11

xzj S {07 1} V(Z,]) € A/,V’I" EN (1m)

The objective function (1a) aims to minimize the total travel cost. Constraints (1b) ensure
that each route starts and ends at the depot. Constraint (1c) imposes that the first route must exists
and starts at the depot. Constraints (1d) ensure that the route » + 1 cannot exist unless the route r
also exists (routes are numbered consecutively). Constraints (1e) indicate that each customer must
be visited exactly once. Due to the Constraints (1f) in each route r, the vehicle leaves the customer
7 if and only if it has previously entered it. The Constraints (1g)-(11) states the proper values for
the cumulative variables R} and D] . Subroutes are prevented due to the increasing values of those
variables along the route. Note that Constraints (1h) and (1k) use the sufficiently large numbers M
and Ms>. [Talarico et al., 2015] suggest to set M1 = ZiEV’ d; and My = T. However, that constant
Ms = T is not large enough, as it may prohibit some feasible solutions. Indeed, on the assumption
of z;; = 0, the right hand side of (Ik) can be nonnegative and leads to falsely not satisfying
Constraints (11). To avoid this, we suggest replacing My by M;; = T + Mic;,Y(3,5) € A'.

3.2. One-commodity flow formulation
Now we present a MILP formulation for the RCTVRP. Our formulation is based on clas-
sical one-commodity formulation for CVRP [Gavish e Graves, 1981; Gouveia, 1995].
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The OCF makes uses of the same graph defined in section 2. For each vertex i € V, 6~ (7)
and 6T (7) denote the arcs entering and leaving 4, respectively. Let ¢, be total demand carried by
the vehicle when it crosses the arc a € A. Let t, be equal to the risk index before traveling the
arc a € A. The binary variable x, is equal to 1 if the arc a € A is covered by some route and 0,
otherwise. The proposed OCF is as follows.

min Z CaTq (2a)
a€A
Subject to:

Y oae=1 Vievt (2b)

a€d(3)
Y aa=1 Vie VT (2¢)

a€é+ (i)
Y tatdi= D> Vievt  (@d)

a€é— (i) acé+ (i)
ditg < gq < Z di, — djx, Va = (i,j) € A (2e)
keV
Zt+ anqa— > ta VieVt (2f)
aed— (i) a€d=(4) a€dt (i)
ta <T—| D @] cjo—daca Va = (i,5) € A\ {(,0),(0,/)} )
bedT ()

a S (T_dica_(di—i_dj)cjo)xa Va = (27]) GA\{(170)7(07J>} (2h)
tjo + cjo gjo < Txjo, VieV™ (2i)
toj =0 Vjev?t (2))
zq € {0,1} Vaec A (2k)
da >0 Vae A 1)
te >0 Ya € A (2m)

The objective function (2a) aims to minimize the total travel cost. Degree Constraints
(2b) and (2c) ensure that each customer is visited exactly once. Constraints (2d) and (2e) set the
values for the variables g,, where (2d) ensure that ¢; units of cash are collected at customer ¢ and (2d)
provides the bounds for the cumulative demand along the route. Constraints (2f)—(2i) define the risk
index values of the variables ¢,. The Constraints (2g) and (2h) define the risk index upper bounds
of each arc along the route and also ensure that the route must end at the depot. Those constraints
assume that the costs ¢, satisfy the triangular inequality and the adaptation for the general case
would be simple: c;o would have to be replaced by the cost of the shortest path from j to 0, which
would no longer necessarily be the direct path. Constraints (2h) impose that the global route risk is
limited by 7. Moreover, Constraints (2g) set the risk at the start of each route equal to zero. Finally,
Constraints (2k)—(2m) define the domain of the variables. The increasing values of the risk index
variables along the route prevent subroutes.
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4. Computational Results

The proposed model was coded with JuMP [Dunning et al., 2017] for mathematical op-
timization in Julia 1.2. All experiments were executed in single thread of a Intel Core i7-3770
machine with a 3.40GHz CPU and 16GB of RAM running Linux Ubuntu 16.04 operating system.
CPLEX 12.9 was used as MILP solver. To evaluate the performance of our model, we had reimple-
mented the LF formulation [Talarico et al., 2015] under the same computational environment.

Computational experiment was performed on four benchmark instance sets. The sets R
and V suggested by [Talarico et al., 2015] contains 180 e 70 instances, respectively. The former
was randomly generated with up to 20 customers and different risk levels, whereas the latter was
generated based on 14 instances from the VRP library varying between 22 and 301 customers. The
sets S and O consists of 68 instances (34 each) proposed by [Talarico et al., 2017] including between
10 and 337 customers.

Table 1 the number of instances and the minimum, average and maximum number of
nodes of each instance set.

Table 1: Summary of the instance sets dimension

#Nodes
Instance set #Inst -
min  avg. max
R 180 4 120 20

70 22 1105 301
34 10 96.1 337
34 10  96.1 337

CwnL

Table 2 summarizes the results obtained by the formulations. A time limit of 1 hour was
imposed for each instance. For each benchmark set, the number of instances #Inst is given. Columns
3-4 indicate the number of optimal solutions found. The number of feasible solutions found, but
non-optimal, are given in columns 5-6, whereas columns 7-8 show the average gaps (%) found by
CPLEX. Finally, we also show the average CPU time, in seconds, spent by each model. The last
row reports the overall results.

Table 2: Summary of results for the R, V, O and S instances

# Opt # Feasible Avg gap (%) Avg time (s)
Instance set - #Inst - ~“5EE"TF OCF LF OCF  LF OCF LF
R 180 174 80 0 94 0.00 30.36 32.10 1983.06
v 70 10 O 31 16 11.68 66.55 2816.89 3600.00
o 34 14 2 11 8 576 40.24 1806.98 3162.53
S 34 9 1 13 10 8.12 51.68 2263.78 3276.91
Total 318 207 83 55 128

The results obtained suggest that OCF outperforms, on average, the MILP formulation by
[Talarico et al., 2015] over all the benchmark sets. The smaller average gaps illustrate that OCF
managed to find better lower bounds for those instances where the optimal solution could not be
determined. Moreover, in all sets, OCF was capable of finding the optimal solution of at least nine
instances and a total of 207 optimal solutions. The model by [Talarico et al., 2015], on the other
hand, could only solve 83 instances with up to 10 customers. The literature formulation also was
dominated when evaluating the CPU time required by the solver.

Gal()é { Este trabalho foi publicado utilizando o Galea proceedings



JOAQ PESSDA
2020

~Z'SBPO,

The developed method was able to prove the optimality of 174 instances from set R (6 out
of 180 are infeasible). However, it could not prove the optimality of at most instances from the sets
V, S, and O. Despite that, it managed to find better lower bounds for those instances with an average
gap of 3.06%. Detailed result Tables A.1-A.3 are provided in the Appendix.
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S. Conclusions

In this work we proposed a exact formulation for the Risk-constrained Cash-in-Transit
Vehicle Routing Problem (RCTVRP). The model consists of a one-commodity flow formulation
(OCF). Computational experiments were carried out on 318 instances, divided into four benchmark
sets, ranging between 4 and 337 customers. The results obtained by OCF were compared with the
MILP from [Talarico et al., 2015]. The comparison shows that the proposed model outperforms the
existing MILP and it was capable of solving 207 instances to optimality, whereas the latter could
only prove the optimality of the 83 instances involving up to 10 customers. OCF also provided,
on average, better results in terms of CPU time required to solve those instances to optimality and
lower bounds for the unsolved instances.
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Appendix A. Detailed results tables

Complete results found by the formulations on all instances are shown in Tables A.1, A.2,
and A.3. The instance name is presented in the first column. Moreover, the objective function value,
the relative gap, computational time and the number of routes are given in columns Obj, Gap(%),
t(s), and k, respectively. The symbol “-~” indicates that the corresponding model failed to found a
feasible solution and “INF” refers to infeasible instances.

Table A.1: Computational results on the set R instances

SetR
OCF LF ‘ OCF LF
Inst. Obj Gap (%) k t(s) Obj Gap (%) k t(s) |Inst. Obj Gap (%) k  t(s) Obj Gap (%) k t(s)
4.1.1.0 343.05 0.00 3 <0.01 343.05 0.00 3 <0.01|12.5.1.0 INE - - - INE. - - -
4.1.1.5 343.05 0.00 3 <0.01 343.05 0.00 3 <0.01|12.5.1.5 99593 0.00 6 0.11 99593 59.83 6 3600
4120 34305 0.00 3 <0.01 343.05 0.00 3 0.01 [1252.0 724.19 0.00 5 0.23 724.19 52.15 5 3600
4,125 34305 0.00 3 <0.01 34305 0.00 3 0.01 |[12.525 69698 0.00 4 285 69698 50.78 4 3600
4.13.0 286.13 0.00 2 0.01 286.13 000 2 0.01 [12.53.0 59528 0.00 4 2.69 59528 39.06 4 3600
43.1.0 343.05 0.00 3 <0.01 34305 0.00 3 <0.01|12.7_1.0 INE - - - INE. - - -
43215 343,05 0.00 3 <0.01 343.05 0.00 3 <0.01(12.7-1.5 911.37 0.00 6 0.22 911.37 4875 6 3600
4320 34305 0.00 3 <0.01 343.05 0.00 3 0.01 (12.72.0 717.18 0.00 5 091 717.18 48.86 5 3600
4325 34305 0.00 3 <0.01 343.05 0.00 3 0.01 [12.72.5 65627 0.00 4 6.55 656.27 4799 4 3600
433.0 286.13 0.00 2 <0.01 286.13 0.00 2 0.01 [12.73.0 56344 0.00 3 241 570.28 39.19 3 3600
45.1.0 343.05 0.00 3 <0.01 343.05 0.00 3 <0.01|14.1-1.0 102692 0.00 9 0.13 102692 64.05 9 3600
4515 34305 0.00 3 <0.01 343.05 0.00 3 0.01 [14.1.1.5 836.74 0.00 6 0.83 836.74 6479 6 3600
4520 34305 0.00 3 <0.01 34305 0.00 3 0.01 [14.12.0 75668 0.00 5 1.03 75754 54.54 5 3600
4525 34305 0.00 3 <0.01 343.05 0.00 3 0.01 (14125 5494 0.00 4 1.63 562.67 4421 4 3600
4530 28613 000 2 0.01 28613 0.00 2 0.01 [14.13.0 54323 0.00 4 22.09 54323 41.16 4 3600
4.7.1.0 343.05 0.00 3 <0.01 343.05 0.00 3 0.01 [143.1.0 102692 0.00 9 0.08 102692 66.63 9 3600
4715 33293 0.00 2 <0.01 33293 0.00 2 0.01 (14315 836.74 0.00 6 0.68 866.51 6598 7 3600
4720 286.13 0.00 2 <0.01 286.13 0.00 2 0.01 {1432.0 756.68 0.00 5 1.14 756.68 60 5 3600
4725 286.13 0.00 2 0.01 286.13 000 2 0.02 (14325 5494 0.00 4 154 5494 49.11 4 3600
4730 28613 0.00 2 0.02 28613 0.00 2 0.02 [1433.0 54323 0.00 4 2128 54323 4442 4 3600
6-1.1.0 59464 0.00 4 <0.01 59464 0.00 4 033 |14.5.1.0 951.66 000 8 0.12 951.66 5438 8 3600
6.1.1.5 59434 000 4 <0.01 59434 000 4 041 [145.15 75881 000 S 084 75881 63.11 5 3600
6.12.0 43851 000 3 0.05 43851 000 3 034 [1452.0 5494 000 4 087 591.74 44.64 5 3600
6.125 38799 000 2 0.06 38799 000 2 03 [14525 5415 0.00 4 30.67 5415 4691 4 3600
6.13.0 387.68 000 2 0.08 387.68 000 2 03 [1453.0 48256 000 3 7.09 518.84 41.54 3 3600
63.1.0 645.17 0.00 5 <0.01 645.17 0.00 5 048 |14.7_1.0 812.17 0.00 6 4.04 812.17 59.64 6 3600
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Set R
OCF LF OCF LF
Inst. Obj Gap (%) k t(s) Obj Gap(%) k t(s) |Inst. Obj Gap (%) k  t(s) Obj Gap (%) k t(s)
63_1.5 59434 0.00 4 <0.01 59434 0.00 4 044 |14.7.15 6232 0.00 4 16.16 655.05 5746 5 3600
6320 44544 000 3 0.03 44544 0.00 3 041 [14.72.0 512,57 0.00 3 3445 51257 3846 3 3600
6325 38799 0.00 2 004 38799 0.00 2 03 |14.725 48847 000 3 5279 51639 4523 4 3600
6330 38768 000 2 009 387.68 0.00 2 032 [14.73.0 42796 0.00 2 3695 449.61 3476 3 3600
6.5.1.0 59464 0.00 4 <0.01 59464 0.00 4 044 |16_.1.1.0 1067.62 0.00 10 0.1 1067.62 6591 10 3600
6.5-1.5 59434 0.00 4 <0.01 59434 0.00 4 0.52 [16-1.1.5 790.19 0.00 6 0.81 809.61 6259 7 3600
6520 38799 0.00 2 002 38799 0.00 2 035 |16.12.0 651.2 0.00 5 1241 66235 541 5 3600
6525 38799 0.00 2 006 38799 0.00 2 032 |16.125 56546 000 4 7.61 611.33 4943 6 3600
6530 38768 0.00 2 007 387.68 0.00 2 0.35 |16.1.3.0 55035 0.00 4 11148 564.53 4731 4 3600
6.7-1.0 53496 0.00 3 001 53496 0.00 3 041 |16.3.1.0 1029.39 0.00 9 0.02 1029.39 66.08 9 3600
6.7.1.5 44544 000 3 0.04 44544 0.00 3 0.39 |16.3_1.5 790.19 0.00 © 1.3 794.83 62 7 3600
6720 362838 0.00 2 006 362.88 0.00 2 027 |16.32.0 650.56 0.00 5 1073 66094 5434 5 3600
6725 36068 0.00 2 006 360.68 0.00 2 031 16325 56546 0.00 4 16.07 585 49.32 4 3600
6.7.3.0 35863 0.00 2 007 358.63 0.00 2 027 |16.3.3.0 550.35 0.00 4 7678 58828 47.71 5 3600
8.1.1.0 54156 0.00 5 0.02 54156 0.00 5 645 |16.5.1.0 1014.01 0.00 9 0.04 1014.01 64.82 9 3600
8_1.1.5 48753 0.00 4 0.03 48753 0.00 4 457 |16.5.1.5 85395 0.00 7 437 85589 62.6 7 3600
8.1.2.0 43101 0.00 3 006 431.01 0.00 3 328 |16.52.0 661.21 0.00 5 2.17 668.09 5472 6 3600
8125 4169 0.00 3 0.13 4169 0.00 3 468 |16.525 593,59 0.00 5 1836 61829 5037 6 3600
8.1.3.0 379.64 0.00 2 0.14 379.64 0.00 2 455 |16.53.0 559.76 0.00 4 5286 585.65 4687 5 3600
83.1.0 65832 0.00 6 <0.01 65832 0.00 6 597 |16.7.1.0 884.7 0.00 7 076 884.7 64.09 7 3600
83.1.5 48753 0.00 4 001 48753 0.00 4 452 |16.7-1.5 655.12 000 6 498 706.68 5541 8 3600
8320 43101 0.00 3 004 431.01 0.00 3 3.04 |16.72.0 584.1 0.00 4 307 589.73 4743 5 3600
8325 4169 0.00 3 0.16 4169 0.00 3 42 |16.725 52038 0.00 4 71.7 540.7 42.87 4 3600
8330 38423 0.00 3 0.16 38423 0.00 3 498 |16.73.0 47675 0.00 4 3248 47922 3584 4 3600
85.1.0 57423 000 5 001 57423 0.00 5 3.85 |18.1.1.0 INF. - - - INE. - - -
85.1.5 48753 0.00 4 002 48753 0.00 4 3.84 |18.1.1.5105847 0.00 7 12.18 1102.66 67.91 10 3600
8520 431.01 000 3 006 431.01 0.00 3 3.55 |18.12.0 819.26 0.00 5 2998 845.18 59.02 7 3600
8525 4169 0.00 3 0.13 4169 0.00 3 446 |18.125 73473 0.00 4 306.77 755.09 52.89 4 3600
8530 37964 0.00 2 0.15 379.64 0.00 2 2.83 |18.1.3.0 680 0.00 4 36298 748.81 5431 5 3600
8.7.1.0 48504 0.00 4 0.01 48504 0.00 4 3.04 |18.3.1.0 INFE - - - INF. - - -
8715 4169 0.00 3 0.05 4169 0.00 3 325 |183.1.5102637 0.00 6 947 108583 6849 9 3600
8720 38423 0.00 3 0.12 38423 0.00 3 1.21 |18320 81926 0.00 5 2092 919.69 60.11 5 3600
8725 32771 0.00 2 003 327.71 0.00 2 0.87 |18.325 730.55 0.00 4 21341 751.73 5483 6 3600
8730 32771 000 2 O0.11 32771 0.00 2 0.71 |{1833.0 680 0.00 4 45698 750.11 5343 6 3600
10-1.1.0 608.9 0.00 7 0.01 608.9 0.00 7 561.14{18.5_.1.0 INF. - - - INF. - - -
10_1_1.5 540.57 000 6 0.06 540.57 0.00 6 526.16/18.5_1.5 1059.65 0.00 7 9.1 117741 66.16 11 3600
10.1.2.0 466.03 0.00 4 0.17 466.03 0.00 4 252.62|18.52.0 816.79 0.00 5 20.84 91481 61.14 7 3600
10-1.2.5 422.8 0.00 4 0.15 42238 0.00 4 193.03|18.52.5 75246 0.00 4 97.62 798.8 542 5 3600
10.1.3.0 417.33 0.00 3 0.74 417.33 0.00 3 552.62|18.5.3.0 619.77 0.00 4 2186 64261 4537 6 3600
10-3.1.0 608.9 0.00 7 0.01 6089 0.00 7 668.73|18_1.1.0 INF. - - - INFE. - - -
10.3_1.5 53425 000 5 005 53425 0.00 5 391.72|18.7_.1.5 923.73 0.00 6 2497 971.74 6431 7 3600
10.3.2.0 466.03 0.00 4 024 466.03 0.00 4 1919 |18.72.0 782.82 0.00 4 4732 82697 58.04 7 3600
10.32.5 4228 0.00 4 0.16 4228 0.00 4 154.09|18.72.5 703.04 0.00 4 2170.42 807.25 5691 9 3600
10.3.3.0 417.33  0.00 3 0.73 417.33 0.00 3 429.68|18.7.3.0 590.82 0.00 3 3987 807.25 57.44 9 3600
10.5.1.0 608.9 0.00 7 <0.01 608.9 0.00 7 515.55|20-1_1.0 1254.04 0.00 13 0.03 1267.37 70.74 14 3600
10.5.1.5 48199 0.00 5 0.03 48199 0.00 5 143 |20_1_1.5 1070.76 0.00 10 0.82 1073.92 68.49 10 3600
10.52.0 428.77 0.00 4 0.08 428.77 0.00 4 134.04/20.1.2.0 787.19 0.00 7 1.7  848.36  64.03 10 3600
10.52.5 42157 000 4 021 421.57 0.00 4 276.57|20_.12.5 74146 0.00 6 6561 828.81 60.72 10 3600
10.53.0 41243 0.00 3 093 41243 0.00 3 283.64|20-1.3.0 693.6 0.00 6 320.59 802.25 59.97 10 3600
10.7.1.0 576.47 000 6 0.02 57647 0.00 6 679.17|203_.1.0 12554 0.00 13 0.05 1265.89 73.68 14 3600
10.7_1.5 468.5 0.00 4 0.05 4685 0.00 4 145.1|203_1.5 1070.76 0.00 10 0.87 1084.08 69.68 10 3600
10.72.0 42408 000 4 0.16 424.08 0.00 4 104.69/20-32.0 78537 0.00 7 3.67 90747 64.45 10 3600
10.72.5 406.83 0.00 3 021 406.83 0.00 3 178.01|20.32.5 72539 0.00 6 5731 77029 5793 7 3600
10.73.0 406.83 0.00 3 0.75 406.83 0.00 3 190.17|20-3.3.0 61839 0.00 5 17.75 767.62 58.65 10 3600
12.1.1.0 1347.19 0.00 10 <0.01 1347.19 47.44 10 3600 |20.5_.1.0 1252.49 0.00 13 0.04 1252.49 71.98 13 3600
12.1.1.5 112346 0.00 7 0.01 112346 6241 7 3600 |20.5.1.5 1070.76 0.00 10 0.53 1092.74 69.12 11 3600
12.1.2.0 84046 0.00 5 0.61 84046 5742 5 3600 |[20.52.0 809.34 0.00 7 451 89142 6452 9 3600
12.12.5 71443  0.00 4 225 721.84 46.88 4 3600 |20.52.5 709.53 000 6 57.65 711.86 5481 6 3600
12.1.3.0 59474 0.00 4 218 59474 4298 4 3600 |[20.53.0 655.54 0.00 5 192.17 722.06 5735 7 3600
12.3.1.0 1345.07 0.00 10 <0.01 1345.07 48.83 10 3600 |20_-7-1.0 1091.65 0.00 12 0.26 1091.65 68.64 12 3600
12.3.1.5 112926  0.00 7 0.01 112926 639 7 3600 |20_7-1.5 871.25 0.00 8 9.82 936.51 66.15 11 3600
12.32.0 83927 0.00 5 0.57 84046 5253 5 3600 |20.72.0 72298 0.00 6 23.17 856.82 6286 9 3600
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SetR
OCF LF ‘ OCF LF
Inst. Obj Gap (%) k t(s) Obj Gap(%) k t(s) |Inst. Obj Gap (%) k  t(s) Obj Gap (%) k t(s)
12325 71443 000 4 142 71443 527 4 3600 [20.72.5 66837 0.00 6 189.84 731.97 5434 8 3600
12.33.0 60245 000 4 248 60245 3939 4 3600 [20.7.3.0 583.89 0.00 5 71.05 681.78 52.06 8 3600
Table A.2: Computational results on set V instances
Set V
OCF LF { OCF LF
Inst. Obj Gap(%) k t(s)  Obj Gap(%) k t(s) |Inst. Obj Gap (%) k ts) Obj Gap(%) k t(s)
22.1.0 7825 0.00 10 12 954.65 74 17 3600(101_2.0 2214.69 47.00 27 3600 - - -
26_1.0 872.44 0.00 13 5.9 - - - |1212.0 - - - - - -
30.1.0 656.03 1000 5 3600 127347 77.15 16 3600({1352.0 - - - - - -
36.1.0 953.57 0.00 16 258 - - - [151.20 - - - - - -
45.1.0 907.11 1000 6 3600 - - - 120020 - - - - - -
51_1.0 1442 1.00 23 3600 - - - 125620 - - - - - -
72.1.0 46158 37.00 10 3600 - - - 130120 - - - - - -
101-1.0 2274.16 12.00 33 3600 - - — 2225 44245 0.00 5 734.54 540.53 56.99 9 3600
121_1.0 - - - - - - 12625 53638 6.00 6 3600 699.37 60.96 13 3600
135_1.0 - - - - - - (3025 477.66 11.00 3 3600 1187.52 75.56 16 3600
151_1.0 - - - - - - 136225 58934 5.00 8 3600 - - -
200-1.0 - - - - - - |4525 73495 12.00 4 3600 - - -
256_1.0 83956.13  0.00 255 7.15 - - - [5125 811.13 11.00 11 3600 - - -
301-1.0 - - - - - - |7225 27533 22.00 5 3600 - - -
22.1.5 57819  0.00 7 20699 667.09 6434 12 3600[101-2.5 1538.54 33.00 21 3600 - - -
26.1.5  680.85 0.00 9 230.67 904.19 7238 17 3600(121.2.5 - - - - - -
30.1.5 51434  6.00 4 3600 1236.25 76.53 16 3600(135.2.5 - - - - - -
36_.1.5 749.84 3.00 12 3600 - - - |151.2.5 - - - - - -
45.15 782.05 1200 5 3600 - - - 1200-2.5 - - - - - -
51.1.5 109885 7.00 16 3600 - - - 1256.2.5 - - - - - -
72.1.5 32137 2400 6 3600 - - - 130125 - - - - - -
101-1.5 1847.67 22.00 25 3600 - - - 122.3.0 401.68 0.00 5 353.94 544.56 54.32 9 3600
121_1.5 - - - - - — |263.0 49858 6.00 6 3600 637.41 59.64 11 3600
135_1.5 - - - - - - [303.0 477.66 12.00 3 3600 738.56 60.68 10 3600
151_1.5 - - - - - - 136.3.0 576.18 11.00 8 3600 1171.45 72.01 28 3600
200-1.5 - - - - - - [453.0 73257 13.00 4 3600 - - -
256_1.5 - - - - - - [51.3.0 75934 12.00 10 3600 - - -
301-1.5 - - - - - - 1723.0 348 40.00 6 3600 - - -
222.0 496.68 0.00 6 2029.21 516.28 54.75 7 3600(101.3.0 1302.92 27.00 16 3600 - - -
2620 56646  0.00 7 28591 73509 6521 123600(121.3.0 - - - - - -
302.0 48992 6.00 3 3600 1003.81 70.39 13 3600(135.3.0 - - - - - -
36.2.0 664.41 6.00 10 3600 1097.08 69.83 26 3600(151.3.0 — - - - - -
4520 73557 1000 4 3600 - - - 120030 - - - - - -
51.2.0 906.71 10.00 13 3600 - - - 125630 - - - - - -
7220 34173 34.00 6 3600 - - - (30130 - - - - - -
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Table A.3: Computational results on the instances from sets O and S

Set O Set S
OCF LF OCF LF

Inst. Obj Gap (%) k t(s) Obj Gap (%) k t(s) |Inst. Obj Gap (%) k  t(s) Obj Gap (%) k t(s)
Ol0 2683 0.00 3 113 2683 0.00 3 33.19 [SI0 1998 0.00 3 0.13 1098 0.00 3 4582
013 3578 000 4 044 3578 164 4 3600 [SI3 2665 0.00 4 0.65 2665 1527 4 3600
016 3883 0.00 3 033 3883 0.00 3 2792.02(S16 3541 0.00 3 1.07 3541 2865 3 3600
019 5244 000 6 63215 53.56 40.83 6 3600 [S19 38.18 0.00 6 17.68 43.66 41.77 8 3600
021 5178 000 4 14 618 3347 6 3600 [S21 4722 0.00 4 1969 6049 4823 7 3600
025 6488 568 7 3600 792 5656 11 3600 |S25 49.72 418 7 3600 62.73 5245 12 3600
028 6283 000 3 224 1054 4508 11 3600 [S28 61.8 0.00 3 269 11447 67.83 11 3600
031 7766 210 6 3600 1169 6043 15 3600 [S31 70.82 722 6 3600 954 5431 12 3600
037 8378 0.00 4 2734 27789 74 27 3600 [S37 8239 0.00 4 1510.62 297.35 83.89 28 3600
040 86.83 0.00 3 1042 33528 7558 25 3600 [S40 98.59 0.00 3 137.91 39891 83.72 24 3600
041 10198 850 8 3600 - - - - |s41 8979 1059 8 3600 - - - -

049 10129 4.58 12 3600 - -~ - - |s49 81.62 998 13 3600 - - - -

052 11083 0.00 3 9136 - — = — |S52 11871 0.00 3 1288.25 879.67 92.33 43 3600
053 11578 0.00 4 11073 - - - - |S53 123.11 4.02 4 3600 - - - -

055 12566 193 6 3600 - — -~ |S55 13402 954 6 3600 - - - -

064 13483 0.00 3 21536 - - - - |s64 151.87 835 3 3600 - - - -

069 14778 0.00 4 60922 - - - — |s69 166.12 570 4 3600 - - - -

073 16755 4.62 8 3600 - - - - |S73 16422 1473 8 3600 - - - -

079 173.66 181 6 3600 - - - -~ |s79 197.18 1097 6 3600 - - - -

081 194.16 23.88 16 3600 - - — - |s81 14207 1632 14 3600 - - - -

085 17978 0.00 4 2488.89 - - - - |S85 25826 2875 5 3600 - - - -

094 19483 0.00 3 138339 - — - — |S94 36867 4832 6 3600 - - - -

0103 221.66 221 6 3600 - - - - |s103 - - - - - - - -

0105 1587.06 86.12 104 3600  — - - - |s105 - - - - - - - -

o125 - - - - - - - - |s125 - - - - - - - -

0127 269.67 258 6 3600 - - - - s127 - - - - - - - -

0137 - - - - - - - - |s137 - - - - - - - -

o145 - - - - - - - - |sui45 - - - - - - - -

0169 - - - - - - - - |s1e9 - - - - - - - -

o187 - - - - - - - - |s187 - - - - - - - -

0209 - - - - - - - - [s209 - - - - - - - -

0249 - - - - - - - - |s49 - - - - - - - -

0273 - - - - - - - - s213 - - - - - - - -

0337 - - - - - - - - |s337 - - - - - - - -
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