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Abstract

This work addresses the Close-Enough Traveling Salesman Problem (CETSP), a
variant of the classic traveling salesman problem in which we seek to visit neigh-
borhoods of points in the plane (defined as disks) rather than specific points. We
present two exact formulations for this problem based on second-order cone pro-
gramming (SOCP), along with approximated mixed-integer linear formulations
derived from polyhedral approximations of the second-order cone constraints.
While SOCP models yield optimal solutions, they are quite inefficient for larger
instances. Thus, we proposed several decomposition schemes based on exact
SOCP models and their corresponding MILP approximations, and several cuts
based on SOCP duality and classic integer L-shape methods. Moreover, we illus-
trate why Generalized Benders cuts cannot be applied to these problems and the
consequences of doing so anyway. We test all the proposed procedures over a wide
range of instances and analyze the results for different instance features (i.e., num-
ber of points and radius size). We note that exact decomposition methods based
on the MILP approximation with a SOCP subproblem achieve the best overall
performance, which illustrates the benefit of combining methodologies from the
MILP and SOCP literature to address the problem.
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1 Introduction

The Traveling Salesman Problem (TSP) is a classic combinatorial optimization prob-
lem that has been the subject of extensive study for several decades. Given a set of
locations and pairwise distances, the goal is to find the shortest possible tour that
starts and ends at a designated location while visiting every other location exactly
once. The TSP has several applications in a variety of fields, such as logistics, genome
sequencing, and data clustering [1].

This work addresses the Close-Enough Traveling Salesman Problem (CETSP), a
generalization of the TSP in which it is sufficient to visit a previously defined com-
pact region, known as its neighborhood, that contains the exact location. Although
the problem can be defined for arbitrary compact regions, we assume that the neigh-
borhoods are closed disks centered in the nodes, which is a common assumption in the
CETSP literature [2, 3], and corresponds precisely to the type of neighborhoods that
arise naturally in applications of the CETSP, which include: distant meter readings
via radio frequency identification technology [4], UAV routing in various contexts [3],
and robot monitoring of wireless sensor networks [5].

Several generalizations of the CETSP have been proposed to capture additional
practical requirements. For instance, Di Placido et al. [6] propose the generalized
CETSP, a variation of the problem where each location has several neighborhoods
instead of a single one, with neighborhoods given by disks of different radii, and a
prize associated with each region which is redeemed by traversing it. Carrabs et al.
[7] propose the multiple CETSP, in which there are several vehicles, and the objective
is to minimize the length of the longest tour assigned to a vehicle. Gao et al. [§]
study a variant of the CETSP called the pickup-and-delivery TSP with neighborhoods
(PDTSPN), which combines traditional pickup-and-delivery requirements with the
flexibility of the CETSP. In this context, they propose a cut-generation scheme to
solve the problem, based on generalized Benders decomposition [9].

While there are several heuristic approaches to solving the CETSP [4, 10, 11],
there is a notorious scarcity of exact algorithms with optimality guarantees. Mennel
[10] introduced the first mathematical formulation of the problem, along with a heuris-
tic approach based on finding non-empty neighborhood intersections, to subsequently
solve a TSP over a selection of points from said intersections. Additionally, they intro-
duced the overlap ratio as a measure of instance difficulty, defined as the ratio of
the mean radius to the largest side of the smallest rectangle containing all neighbor-
hoods. Gentilini et al. [12] presented a solution approach for this formulation based
on a traditional spatial branch-and-bound algorithm for mixed-integer non-linear pro-
gramming (MINLP), with specific improvements for the CETSP to make the problem
more tractable for MINLP solvers. Behdani and Smith [2] proposed a discretization
scheme that generates lower and upper bounds on most test instances, and can be
iteratively refined to make said bounds arbitrarily close. Building on these results,
Carrabs et al. [13] introduced a novel discretization scheme that improves upon those
of [2], generally providing better bounds in less time.

To the best of our knowledge, the only exact algorithm specific to this problem is
a combinatorial branch-and-bound [3], where each node of the tree corresponds to a
partial visit sequence, for which the visit points for each neighborhood are computed



via second-order cone programming (SOCP). If the solution does not visit every neigh-
borhood, the partial sequence is extended, creating new nodes of the branching tree.
This approach provides good results on several benchmark instances but, in the worst
case, has to consider every possible partial sequence. This algorithm was refined by
Zhang et al. [14], who proposed a number of improvements that lead to better results
in most instances of the problem. Gutow and Choset [15] further improved the algo-
rithm by reusing information from parent nodes in the branching tree to speed up the
solution of subproblems corresponding to the children nodes, while Deckerova et al.
[16] extended it to a more general setting.

In this paper, we present two SOCP-based formulations for the CETSP, along
with approximated formulations based on mixed-integer linear programming (MILP)
that provide arbitrarily close approximations to the feasible regions of the original
formulations. Furthermore, we present decomposition schemes for both the SOCP and
MILP formulations in order to make the problem more computationally manageable
and, in the case of the MILP models, to close the gap left by the approximation
factor. We also provide examples that demonstrate that the cuts proposed by [§]
are not always valid for the problem. Finally, we perform exhaustive computational
experiments over a variety of instances to measure and compare the performance of
the previously mentioned formulations.

The remainder of the paper is organized as follows. Section 2 contains a formal
definition of the CETSP, along with the notation that is used throughout the paper for
the parameters of the problem. Section 3 presents the SOCP-based exact formulations,
while Section 4 introduces the linear approximation scheme and presents the resulting
formulations. Section 5 describes the two-stage decomposition scheme. In Section 6, we
argue that the cuts proposed by [8] are not valid, and we then present computational
results in Section 7. Finally, conclusions are presented in Section 8.

2 Problem description

in a two-dimensional plane, with their corresponding coordinates ¢; = (c§; C)Il) for each
i 2 N. Each location i 2 N is covered by a closed disk centered in ¢j with radius rj,
which we call its neighborhood. In this setting, the CETSP seeks the shortest tour
that visits each neighborhood, with no restrictions on the order of visits. We consider
a neighborhood to be visited if the intersection of the tour and the neighborhood
is nonempty. Although the problem can be stated in terms of arbitrary norms, we
consider Euclidean distances. We also assume r; = 0, so location 1 acts as the depot.

Behdani and Smith [2] proved that any optimal solution can be characterized by
line segments between the neighborhoods. Hence, the problem reduces to finding a
visit sequence along with the endpoints of the corresponding line segments, such that
the tour over these points forms a Hamiltonian cycle of minimum length and each
point is contained in its corresponding neighborhood. Figure 1 illustrates an optimal
CETSP tour for an instance with 5 nodes, exemplifying this property of optimal
CETSP solutions.
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Fig. 1: An optimal CETSP tour with jNj = 5.

3 SOCP formulations

We now present our two SOCP formulations for the CETSP. The first model lever-
ages classic TSP formulation over undirected graphs, while the second focuses on the
sequential aspect of the problem. For notation purposes, we consider A = f(i;J) 2
N N :i & jg as the set of all location pairs that are distinct to each other and,
similar to the classic TSP, we refer to each (i;j) 2 A as arcs.

Our first SOCP formulation is a natural generalization of the classic TSP formula-
tion with a binary decision variable for each arc, which we call arc-based formulation
(ABF). Here, variables Xjj 2 f0; 19 indicate whether the tour goes from the neigh-
borhood of location i 2 N to the neighborhood of location j 2 N or not. Variables
Ujj 0 are auxiliary variables utilized for subtour elimination, and variables p; 2 R?
represent the coordinates of the chosen point for the neighborhood corresponding to
each location i 2 N. Finally, variables dj 0 represent the distance between the
points chosen in each neighborhood, and variables d?j 0 are auxiliary variables that
represent the distance of the line segments that compose the tour, taking the value 0
if the tour does not go from i to j. Then, the ABF formulation is as follows:

<
min d (ABF)
a=A
s.t. Xij = 1; 8i 2 N; (1la)
2N
Xij = 1; 8j 2 N; (1b)
R >
Uij uji = 1; 8i 2 N nflg; (1c)
Usij Uji1 =n 1; (1d)
J2N J2N



uj (0 1)x 8(isj) 2 A (1e)

uj O 8(i;j) 2 A; (1f)
g ajiori; 8i 2 N; (19)
e Pl dys 8(isj ) 2 A; (1h)
dj M@ xj) df; 8(i;j ) 2 A; (1i)
xj 2f0;1g; 8(i:j ) 2 A; (1)
dj;df O 8(i;j) 2 A; (1K)
pi 2 R% 8i 2 N: ()

The objective function of ABF minimizes the total distance of the tour. Constraints
(1a) and (1b) are degree constraints, constraints (1c) to (1f) are subtour elimination
constraints [17], constraint (1g) ensures that the points picked are contained in the
neighborhoods, constraint (1h) de nes the distance between representative points, and
constraint (1i) activates the variables d , causing them to be equal tox; d; . Here, the
parameter M; corresponds to the maximum possible distance between neighborhoods
i and j, causing these constraints to be trivially satis ed if x; = 0. Lastly, constraints
(1), (1))-(21) de ne the nature of the variables.

A potential drawback of ABF is that it contains O(n?) quadratic constraints, open-
ing the possibility of the complexity rendering the problem intractable as n increases.
In addition, it relies on big-M constraints, which are known to have poor relaxations
and to lead to numerical issues [18]. This motivates our second formulation, based on
determining which neighborhood gets visited at each stage of the tour. We refer to
this formulation as sequence-based formulatio{SBF). In this formulation, variables
zyx 2 f 0;1g indicate whether locationi 2 N is visited in stagek 2 N, g« 2 R? repre-
sents the coordinates of the point visited in stagek, and ty 0 indicates the distance
traveled in stage k. The formulation is as follows:

X
min tk (SBF)
kgN
s.t. Zik =1; 8i 2 N; (2a)
kpN
zg =1, 8k 2 N; (2b)
i2N
7 =1, (2c)
o  Geali 8k 2 N; (2d)
X X
ZkG & Zic 1, 8k 2 N; (2e)
i2N i2N
zx 2f0;1g; 8(i;k) 2 A; (2f)
& 2 R% tx O 8k 2 N: (29)



The objective function of SBF minimizes the total distance traveled, constraint
(2a) ensures that each neighborhood is visited at some stage, while constraint (2b)
makes it so that one neighborhood is visited at each stage. Constraint (2c) xes the
rst neighborhood to be visited, in order to eliminate symmetrical solutions given
by shifting the sequence, constraint (2d) de nes the distance between representative
points (taking n + 1 to be equal to 1), and constraint (2e) ensures that the represen-
tative point of stage k is contained in the neighborhood visited in that stage. Finally,
constraints (2f)-(2g) state the nature of the variables.

4 Approximated MILP formulations

Given the inherent complexity associated with solving the previous problems due
to their second-order cone constraints and the superior performance of state-of-the-
art MILP, it might be useful to approximate these conic constraints with polyhedral
representations. For this purpose, we rely on the work of Ben-Tal and Nemirovski
[19], who propose a linear approximation of conic constraints such that the resulting
feasible region is arbitrarily close to the original feasible region, with a limited nhumber
of variables and constraints.

Formally, let > OandL?2= (y;w)2R?> Rjw jj yj be the 3-dimensional
Lorentz cone. We say that a polyhedronP ~ R?> R is an -approximation of L? if
every point (y;w) 2 P is such that jjyj (1 + )w . In this context, Ben-Tal and
Nemirovski [19] show that P ( ) is an ( )-approximation of L?, where 2 Z, is a
construction parameter that determines the precision, ( ) is given by

1
()= cosz—+1 1;

and the polyhedronP ( y is de ned as:

P():= (y;yw)2R?> R:

O j s (3a)
% yai; (3b)
i_ i1, am . 1. ... .
= cos K +sin e ; 8 2f1;:::; g (3¢)
i : j 1 j 1. S Y I AP .
sin 1 + CoS e ; 8j 2f1;:::; g, (3d)
W; (3e)
tan oo (3f)
I 12R; 8 2f0;:::; g : (30)

Thus, the approximation is given by the projection onto the (y;w)-space of the
polyhedron de ned by the system of inequalities (3a)-(3g). We note that the number



of constraints and new variables grows linearly with ; in particular, the system has
2( + 1) additional variables and 2( + 2) constraints. Moreover, small values of
already yield close approximations (e.g., setting = 3 yields ( ) < 0:02), thus the
resulting polyhedron P ( y remains manageable in terms of dimensionality.

Figure 2 illustrates the evolution of the approximation as increases, showing
cross-sections of the approximationP () and of the Lorentz cone onw = 1, for
di erent values of . In each sub gure, the inner disk corresponds to the cross-section
of the Lorentz cone, while the outer polygon corresponds to the approximatiorP .
This gure clearly shows that the approximation approaches the Lorentz cone as
increases, and that it is already quite close for small .

Fig. 2 : Cross-sections of the Lorentz cone and its approximation for di erent values
of

We use this approximation to transform our SOCP models into MILPs without
any conic constraints. In the arc case, the MILP approximation (ABF-A) is:

X
min d? (ABF-A)
(i )2A
s.t. (1a) (1f); (L) (@n;
(P Ciri)2P(y; 8i 2 N; (4a)
(B pidi) 2Py 8(i:j ) 2 A: (4b)

The objective function is the same as in the original formulation, the rst constraint
group states the unchanged constraints from the original model, and (4a) along with
(4b) ensure that the solution lies in the approximation of the starting conic constraints.

Similarly, we apply this approximation to obtain a MILP formulation (SBF-A) for
the sequence case:

X
min ty (SBF-A)
k2N

s.t. (2a) (20);(2f) (20);



(k  G+13tk) 2P (s | 8k 2 N; (5a)
X X '
Zk G Zxri 2Py, 8k 2 N: (5b)
i2N i2N

As in the previous formulation, the objective function remains unchanged from SBF,
the rst constraint group states the non-conic constraints, and (5a) with (5b) force the
solution to be in the polyhedral approximation of the original feasible region induced
by the conic constraints.

Note that the feasible regions obtained by these approximations are slightly larger
than those of the original problem because we use an outer approximation for each
neighborhood. Thus, models ABF-A and SBF-A provide lower bounds for the orig-
inal problem, and as such, the optimal solutions obtained by such models might be
infeasible for the original problem. To obtain a feasible solution (and thus an upper
bound), one can take the optimal visit sequence of either ABF-A or SBF-A, x the
binary variables in the original formulation, and solve for the remaining variables
using second-order cone programming. Indeed, we use a similar idea to obtain optimal
solutions from these MILP approximations, which we further detail in the following
section.

5 Decomposition schemes

We now present decomposition schemes for all of our previously presented formu-
lations. In the case of SOCP formulations, these decompositions aim to reduce the
complexity inherent in these models, whereas in the case of MILP approximations,
they aim to close the optimality gap left by the approximation factor.

All four decompositions have the following structure: (i) a master problem that
is a relaxation of the original problem and, as such, estimates the distance traveled;
(i) a subproblem that computes the actual optimal distance for the visit sequence
obtained in the master problem. If the estimation obtained in the master problem
di ers from the subproblem value, a new cut is generated and added to the master
problem. This procedure is iterated until the values obtained in the master problem
and the subproblem match for some solution.

5.1 Arc-based decomposition

First, we present the decomposition approach based on the ABF model (i.e., ABF-
D). Here, the master problem retains all tour-related variables and constraints, using
underestimations of the distance between neighborhoods as weights in the objective
function, while the subproblem takes the visit sequence given by the master problem
and computes the di erence between the estimation and the actual optimal tour length
for that sequence. Then, the master problem is as follows:
X
min Xjj mj + (ABF-D)
(i )2A
s.t. (1a)  (10);(1);



0; (6a)
a'x + b; 8(a;b 2 C; (6b)

where m; is an underestimator of the distance between neighborhoods and j, for
which we use the minimum possible distance between the said neighborhoods. The new
variable represents the di erence between the estimation of the total distance and
the actual distance for a given visit sequence. Se€ is originally empty and contains
the parameters of the added cuts to the master problem. In this context, the rst
constraint group (i.e., (1a)-(1f) and (1j)) guarantees that x induces a valid tour, while
(6a) sets a starting lower bound for (since we are underestimating the tour distance,
this di erence will always be non-negative, thus making O a valid lower bound), and
(6b) ensures that the value of does not underestimate the di erence between the
estimated total distance and the actual distance.

The subproblem is as follows:

Q" (x) = min X (dj  mj) (7a)
(i5 )2S(x)

stjip i ri; 8i 2 N; (7b)

ip mli dj; 8(i;] ) 2 S(x); (7¢)

dj O 8(1;j ) 2 S(x); (7d)

p 2 R?; 8i 2 N: (7€)

Here, setS(x) = f(i;j) 2 Ajx; =19 is the support of x, and, as such, the con-
straints ensure that the points selected for the visit sequence satisfy neighborhood
constraints and properly activate the distance variables. Note that, since we instanti-
ate the subproblem overS(x), which always has cardinality n, the subproblem has 2
conic constraints, thus, a considerably lesser amount than the originah? + n conic
constraints in ABF.

In order to solve this decomposition, we solve the master problem and, given an
integer solution X, we compute QA (8). If the corresponding master solution " is such
that "< Q A (%), then we add the following optimality cuts to the master problem [20]:

0 1
1 X
X®We T @ A (82)
(i )2S(%)
0 1
1 A @ X A A .
5Q (%) 1 xi)A+Q(’) (8b)
(i )2S(%)

Note that (8a) exclusively eliminates the solution ®;” , since, for any feasiblex
di erent from “X, they will di er in at least two entries, thus leading the cut to being
dominated by constraint (6a), and, as such, trivially satis ed. The cut (8b) does the
same for the visit sequence given by reversing the arcs utilized, which will always



induce the same total distance due to the symmetric nature of the problem. Note that
these cuts are enumerative in nature and, as such, we could potentially need to add a
cut for every possible tour.

5.2 Arc-based decomposition with MILP approximation

Given that ABF-D considers just a naive approximation of the real distance between
neighborhoods, we now present a decomposition based on ABF-A (i.e., ABF-A-D) to
strengthen the master problem. By doing so, we aim to avoid the need to enumerate
all possible sequences in the master problem to nd the optimal solution. In this
decomposition, the master problem consists of ABF-A with an added variable that
estimates the di erence between the distance obtained by the approximation and the
actual distance, while the subproblem computes the value of said di erence for a given
visit sequence.

The master problem is given by ABF-A-D, where the meaning of variable , setC
and constraints (9b) and (9b) are the same as in ABF-D.

X X
min di + (ABF-A-D)
i2N j2N
s.t. (la) (1f); (L) (ab;
(4a) (4b);
0; (9a)
a'x + b; 8(a;b 2 C: (9b)
The subproblem is as follows:
8 9
< X =
Q" (x;d?) = min dj df :(7b) (7e), ; (10)
" (i )2S(x) '

which is analogous to the subproblem of ABF-D and only changes the objective func-
tion to adapt to the estimation d? returned by the master problem. Similar to the
previous the decomposition, we solve the master problem and, once a solutior;(d; ")
is found, we solveQA” (; dh) and get its optimal value. If "< Q A(x; dh), we add cuts
(8a) and (8b), replacing Q* (&) by QA (&; d?).

5.3 Sequence-based decomposition

We also consider decomposition methodologies based on the SBF model (i.e., SBF-D).
The master problem in this decomposition determines which neighborhood to visit
at each stage, while the subproblem computes the distance associated with that visit
order, that is,

min (SBF-D)
s.t. (2a) (2¢); (20);

10



0; (11a)
a'z+b; 8(a;b 2 C; (11b)
Here, the variable estimates the total distance of the tour determined by variable

z, with the rst group of constraints ensuring that said tour is valid, while (11a) and
(11b) work just as in the previous decompositions. Its corresponding subproblem is:

Q5(z) = min X ti (12a)
k2N
stjik  Gli  te; 8k 2 N; (12b)
X X
ZkG Gk Zi Ii; 8k 2 N; (12¢)
i2N i2N
& 2 R%ty O 8k 2 N: (12d)

The constraints in this subproblem are identical to those that determine the visit
points and the distances in SBF, thus, it computes the optimal distance for the visit
sequence encoded a given

Given that the objective function of the master problem is simply , employing
the enumerative cuts in ABF-D would force us to e ectively iterate over every single
possible sequence, rapidly rendering them ine ective as grows. In order to deal with
this issue, use duality theory overQS(z) to obtain stronger cuts as needed. Note that
the subproblem satis es Slater's condition and is bounded from below (by 0), so strong
duality holds [21]. Taking the dual, we can re-formulate QS(z) as follows:

o X X

Q>(z) = max ik Zik (13a)
i2N k2N

st.1 7 ¢=o0; 8k 2 N; (13b)

ik ¥ G E + 1 E =0; 8(i;k) 2 A; (13c)

¢ 4+ £=0; 8k 2 N; (13d)

TS TS 8k 2 N; (13e)

T 8k 2 N; (13f)

ol o 8k 2 N; (13g)

k 2 R; 8(i;k) 2 A; (13h)

d ¢ 2 R?% 8k 2 N: (13i)

Variables with superscript d are dual variables associated with distance constraints
(12b), variables with superscript c are those associated with distance to the center
constraints (12c), and variables with superscriptn are associated with variable nature
constraints (12d). For brevity, we assume in constraint (13d) that k 1 = n when
k = 1. Finally, is associated with an auxiliary constraint utilized to build the dual
problem, and can in fact be eliminated, since it is fully determined by constraint (13c),

11



SO we can integrate this constraint into the objective function, eliminating the variable
. However, for notational simplicity, we retain this variable in the model.

Now, given an integer solutionZ‘to the master problem, we computeQS (%), and,
if "< Q S(2), we retrieve the solution ~ of the subproblem and add the following
optimality cut: X X

Nik Zik (14)

i2N k2N

Remark. We could use this duality approach to generate cuts for ABF-D, however,
we opt not to because variables implicitly appears in Q*(x) when de ning set S(x)
to simplify the subproblem. Thus, to obtain similar cuts for ABF-D, we need to refor-
mulate Q*(x) by instantiating over A instead of S(x) and carrying over the big-M
constraint (1i) to make x explicit, thus considerably increasing the dimension of the
model. Additionally, the cut obtained involves the big-M parameter and, in our pre-
liminary experiments, this led to worse results than simply utilizing the proposed cuts
(8a) and (8b).

5.4 Sequence-based decomposition with MILP approximation

Following the same principle as in ABF-A-D, we enhance the sequence-based decompo-
sition by introducing the MILP approximating constraints (i.e., SBF-A-D). The master
problem corresponds to the SBF-A with an additional variable and its corresponding
constraints, resulting in:

min X tx + (SBF-A-D)
k2N
s.t. (2a) (2c);(2f) (20)
(5a) (5b)
0 (15a)
a'z+b 8(a;b 2 C (15b)

We de ne the subproblem of this decomposition asQS(2;f) = QS(2) P won Bk
We can use either the primal or the dual version of the subproblem in SBF-D (i.e.,
QS(2)) to generate the cuts. In both cases, if we get a solution such thaf'< Q S(2),
we add the following cuts, analogous to the ones used in ABF-D:

0 1
X
MO T @A) (16a)
ik 25(2)
0 1
1 X
QQS(Z) @ (1 zin wy)A+Q%(2) (16b)
ik 25(2)

Here, (16a) works just as (8a), and (16b) is the cut corresponding to the sequence
obtained by reversing the visit order described byz) which has the same optimal tour

12



distance, enabling us to include this cut. Alternatively, if using the dual version of
QS(2), we can add the following cut:

X X X
Nk Zik f (17)
i2N k2N k2N

This cut is analogous to the one used in SBF-D, just adapting it to account for the
additional constant term in the subproblem's objective function.

6 On the applicability of generalized Benders

The decompositions presented in the previous section utilized cuts that leverage SOCP
duality or the binary nature of the master problem variables (i.e., enumerative cuts).
An alternative is to consider Generalized Benders Decomposition (GBD) [9], which
was proposed to solve the PDTSPN problem [8], a variant of the CETSP. In what
follows, we explain some of the basic concepts regarding GBD and show that GBD,
as proposed by Gao et al. [8] for the PDTSPN, cannot be applied to the CETSP (and
the PDTSPN) without losing optimality guarantees.

As its name suggests, GBD was proposed as an extension of the classic Benders
decomposition [22] to handle non-linear subproblems, allowing the decomposition of
problems in which the subproblem is a convex optimization problem, with applications
to some non-convex problems as well [23]. The approach considers problems of the
following form:

ry;nff(x;y): G(x;y) Ox2X;y2Yg (18)

whereX andY are real-valued domainsf : X Y ! R s the objective function, and
G:X Y ! R™isavector of constraint functions. This problem can be re-stated as

minfv(x): x2 X\ Vg; (29)
X

where v(x) = inf yov ff(x;y) s.t. G(x;y) Og is the optimal value of the problem
fora xed x,andV = fx 2 X : G(x;y) 0 for somey 2 Yg is the projection of the
feasible region of the original problem onto the domain of variables, i.e., the set of
all x 2 X such that there exists a feasible value assignment foy. Under some fairly
weak assumptions onf , G, and Y [9], it holds that

v(x)=sup inf f(x;y)+ u”G(xy) (20)
u 0 y2Y

With this result, the original problem can be reformulated as

min (21a)
X2 X
s.t. |95 f(xy)+ uw”G(x;y) ; 8u O (21b)
y
X2V (21c)

13



The logic of the decomposition is to relax constraints (21b) and (21c) to obtain a
master problem in variable x. Given a solution ® of the master problem, the approach
iteratively solves the subproblemv(%) and adds optimality cuts (from (21b)) or fea-
sibility cuts (from (21c)) as needed until convergence. In the case of the CETSP, the
subproblem is always feasible, so we focus solely on optimality cuts, which take the
form

L (x;0) (22)
where
L (x;0)= iyr1sz f(xy)+4” G(xy) (23)

and & is the optimal dual vector associated with the subproblemv(%).

An important remark regarding the viability of GBD is that, in order for the cuts
(22) to be practical, it is necessary that the function L ( ;) on X can be obtained
explicitly in a way that requires little or no more e ort than that which is required
to evaluate it at a single value ofx, which the author of [9] refers to as Property (P).
Otherwise, the functional form of the cuts would be too complex to be of any practical
use. An example where Property (P) holds is when botif and G are linearly separable
in x andy.

Bagajewicz and Manousiouthakis [24] show that, if we assume that for each » 0,
there exists somey’2 Y such that the cuts can be expressed as

L (x;0)= LanY fOGy)+ 47 G(xy) = f(x9)+4 G ¥); (24)

which, as a condition, is stronger than Property (P), then it is possible for the GBD
procedure to converge to a non-optimal solution that can, in fact, not even be a local
minimum.

In the context of the PDTSPN, Gao et al. [8] propose a formulation similar to
ABF, for which they implement a decomposition scheme based on GBD. The result-
ing master problem in their decomposition is the same as ABF-D (with additional
constraints corresponding to the pickup-and-delivery aspect of the problem), and the
subproblem is as follows:

X
Q(x) = min Xij (dj  mj) (25a)
(ij )2A
st. fi(p) O 8i 2N (25b)
g pli dj 8(i5j)2A (25¢)
dj 0 8(i;j) 2 A (25d)
pi 2 R? 8i 2 N (25€)

where functionsf; represent the neighborhoods, which are assumed to be convex and
compact. Note that circular neighborhoods are a special case of these functions.

This subproblem di ers from the one we present in ABF-D in that it is instantiated
over all arcs in A, instead of only over the arcs in the support ofx, S(x).

14



For simplicity, we assume that the distance estimationsm; are all equal to 0. In
this context, cuts (22) take the following form:

8 9
. < X X . X =
(p;ldr;ZP L du Xij ' ifi(p) j (ipi P 1) dlj ); (26)
(5 )2A i2N (5 )2A
| {z }
L (x4 ™)
where

P="f(p;d:jjp mli dj;0 dj 8(i;j) 2 A;
fi(p) O p2R? 8i2Ng

is the feasible region of the subproblem (note that it does not depend ox), and *
and ” are the optimal dual vectors associated with the neighborhood constraints (25b)
and the distance constraints (25c), respectively.

Based on this formulation, Gao et al. [8] propose that, given a master problem
solution ®, and the corresponding primal and dual optimal solutions of the subproblem
(p;d) and (% ), respectively, the following cut can be added to the master problem
if needed:

X X X
&y xi L)) ~NGiee pii i) 27)

(i )2 A i2N (i )2A

Sincex does not appear in the second two summations, by complementary slackness,
these terms are equal to zero, thus simplifying the cut to

X

i xi (28)
i;j 2N;i 6]
However, this cut is not valid, since
L (A" & xi it (D) NGl mie g (29)
(i )2A i2N (i )2A

as (7;d) is a feasible solution to the problem de ning L (x; A *), but not necessarily
optimal. Thus, the cuts proposed are overestimatingL (x; 4 *), and, as such, are not
valid. According to Bagajewicz and Manousiouthakis [24], using these cuts can lead
to a procedure that converges to non-optimal solutions.

Speci cally, we now show that such cuts are indeed invalid by analyzing their
structure and using a numerical example. First, let us consider the sequenc® associ-
ated with some rst-stage solution x (i.e. S= f(i;j ) 2 Ajx; =19g). Given that x is
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binary, the objective function of the subproblem can be rewritten as
X X
dij X = di (30)
(i )2A (ij)2s

Let us note by d'the corresponding vector of optimal distances obtained by solving the
subproblem. Note that, since only entries (;j ) 2 S appear in the objective function,
and there is no upper bound on any of the distance variables, the optimal distance
for (i;j ) 2 S can take any non-negative value greater or equal tgjp;  p; jj, without
a ecting the optimality of the solution. Thus, the entries & for (i;j) 2 S are not
necessarily de ned as the distance between the corresponding visit points, and can in
fact be arbitrarily large, potentially leading to cuts that incorrectly eliminate feasible
solutions.

We now present a numerical example that illustrates how this interpretation of (22)
can cut o feasible solutions. Consider an instance with four nodes, whose coordinates
and radii are given in Table 1, and plotted in Figure 3.

Node x vy r
0 3 2 0
1 5 5 05
2 4 2 025
3 2 8 0.25

Table 1 : Coordinates and radii

o 1 2 3
0.00 311 1.03 583
311 0.0 243 4.20
103 243 000 584
583 420 5.84 0.00

Fig. 3 : Plot of the example instance ~ Table 2 : Distance matrix for 0 ! 1!
21 310

WNPFO

The optimal solution to this instance has a total distance of approximately 13.24,
and the optimal visit orderis 0! 3! 1! 21! 0 (or the reverse). If we solve the
subproblem for the visit order 0! 1! 21! 3! 0, we can compute the distances
manually given the optimal visit points to avoid the problem mentioned before, thus
obtaining the distance matrix presented in Table 2.

Let us denote the optimal sequence byS , the second sequence bys, and its
corresponding previously presented distance matrix byd. Suppose we generated the
cut associated with S: X

Xij G (31)
(i )2A
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which, given the distance matrix in Table 2, can be rewritten approximately as

3:11(Xo1 + X10) + 1:03(Xg2 + X20) + 5:83(X03 + X30) (32)
+2 :43(X12 + X21) +4 :20(X13 + X31) +5 :84(X23 + X32)

Now, if we evaluate the left-hand side of this cut for sequencé& , we obtain

X
dij = doz + (a1 + dip + O
(1i)2s
5:83+4:20+2:43+1:03 =13:49

which is greater than the optimal distance of approximately 13.24.

Thus, the cut obtained by solving the subproblem for sequenceS leads to an
overestimation of the distance of the optimal sequencé , and is therefore incorrect.
This example illustrates that the cuts proposed by Gao et al. [8] are invalid, and, as
such, the decomposition scheme they propose does not guarantee convergence to the
optimal solution of the CETSP, or its extension, the PDTSPN.

Remark. It is important to note that we have not been able to verify whether Prop-
erty (P) holds for the subproblem associated to the CETSP, and, as such, we cannot
categorically state that GBD is not applicable to this problem. However, the invalidity
of the cuts proposed by Gao et al. [8] highlights the challenges associated with apply-
ing GBD to this context, and suggests that further research is needed to explore the
applicability of GBD to the CETSP and related problems.

7 Computational experiments

In this section, we conduct computational experiments to test the di erent approaches
presented in this work. In particular, we focus our analysis on the exact SOCP mod-
els (i.e., ABF, SBF) and the four decompositions (i.e., ABF-D, ABF-A-D, SBF-D,
SBF-A-D) on a wide variety of instances. Then, we further analyze the quality of
the approximated MILP (i.e., ABF-A-D, SBF-A-D), which are crucial for the good
performance of our best-performing techniques.

We generate several CETSP instances, whera 2 f 10;15;20g is the number of
points, r 2 f 0:25;0:5; 1g the mean radii, and 2 f 0;0:2; 0:5g the variation among
radii. The coordinates of then center points of the neighborhoods are chosen randomly
from a uniform distribution on a square with side 10. Then, for each point, a radius
is sampled uniformly from [(1  )r; (1 + )r]. For each parameter combination, we
generate 5 instances, yielding a total of 135 distinct instances. This instance-generation
procedure is based on that of Behdani and Smith [2], adding the variability parameter

to generate more diverse instances. Approximations were implemented with = 3,
which yields an approximation factor of ( ) < 0:02. Before solving each instance,
we consider a pre-processing step, where, if there is a paiyj 2 N such that the
neighborhood ofi is wholly contained in the neighborhood ofj, we eliminate nodej
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from the problem, since it is trivially visited by any tour that visits the neighborhood
of i.

We implement all procedures in Python 3.10, using Gurobi 12.0.2 as the solver,
with a ten-minute time limit. All experiments are conducted on a PC equipped with
an Intel Core i5-11300H 3.10GHz processor and 16GB of memory, running Windows
11. In the case of SBF-A-D, we report results using cuts (16a) and (16b), as they
yielded slightly better results compared to using (17). A complete comparison of the
two cut types is presented in Appendix A.

7.1 General results for exact formulations

We now review the results of the six exact procedures across 135 problem instances.
Figure 4 presents a comparison of the performance of the six procedures as a function
of execution time and the optimality gap. On the X-axis, values to the left of the
vertical line represent time, while values to the right correspond to the optimality gap.
The Y-axis indicates the number of instances solved. Each colored line represents the
performance of a di erent formulation. The rst vertical dotted line marks the 600
seconds time limit; thus, the left part of the plot shows the number of instances solved
to optimality and the time needed to do so, while the right part of the plot presents
information about the gap left on instances not solved to optimality.

Arc-based procedures (i.e., ABF, ABF-D, and ABF-A-D) are plotted in red, while
sequence-based formulations (i.e., SBF, SBF-D, and SBF-A-D) are in blue. In both
cases, the lighter shade corresponds to the base formulation, the medium shade to the
decomposition, and the darker shade to the decomposition the MILP approximations
of the SOC constraints.

Fig. 4 : Performance Pro le Plot of exact formulations on all instances

We observe that the procedures that solve the largest number of instances to
optimality are the decompositions based on the MILP approximations (i.e., SBF-A-D
and ABF-A-D), with the rst one solving slightly more instances. These are followed
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by ABF-D, and there is a signi cant di erence separating these three formulations
from the others. We can also observe that, besides SBF-A-D, all formulations nd
most of their optimal solutions in a fairly quick manner, and after about 300 seconds,
the number of optimal solutions stagnates.

Table 3 supports these results, where column \Procedure" states the approach
used, \WWOpt" the number of optimal solutions found within the time limit, \TimeOpt"
the average time on instances solved to optimality, \Gap" the average gap across all
instances, and \Gap (NoOpt)" the average gap without considering instances solved to
optimality. Lastly, the \#Cuts" column shows the average number of cuts generated.

Procedure #Opt TimeOpt Gap Gap (NoOpt) #Cuts

ABF 29 17.42 043 0.54 -
ABF-D 66 21.87 0.16 0.30 12311.35
ABF-A-D 84 7418 0.12 0.33 109.27
SBF 43 46.29 0.43 0.63 -
SBF-D 45 73.06 0.60 0.89 2232.52
SBF-A-D 86 119.36 0.18 0.51 599.11

Table 3 : Summary of results for all instances

We observe that, overall, ABF-A-D has the best performance, with only two less
instances solved to optimality than SBF-A-D, but with a considerably smaller average
gap, both overall and on instances not solved to optimality. With regards to the second
and third formulations with best performance, SBF-A-D and ABF-D, we note that
SBF-A-D solves 20 more instances to optimality, but with substantially larger average
gaps, and ABF-D has smaller average runtime on optimal instances. Additionally, we
note that, while ABF and SBF cannot be categorically ranked, with SBF achieving a
greater number of optimalities and ABF smaller gaps on non-optimal instances, ABF-
D seems to be a considerably better formulation than its sequence-based counterpart,
obtaining smaller gaps and more optimalities in less average time. In fact, SBF-D
appears to be a fairly weak decomposition, obtaining only two more optimalities than
SBF, but with quite larger gaps on instances not solved to optimality.

It is also interesting to note that both non approximation-based arc formulations
have average running times on optimal instances under 22 seconds, suggesting that, at
least with the time limit imposed, these formulations either nd an optimal solution
quickly or fail to nd an optimal solution altogether.

The superior performance of the SBF-A-D and ABF-A-D decompositions can be
explained by the higher quality of the distance estimation used in the master problem.
These formulations leverage the quality of the approximation of the conic constraints
to obtain fairly accurate cost estimations, thus lessening the need for re nement via
cut generation. On the other hand, the cost estimations used in ABF-D are fairly lax
and have the potential to severely underestimate actual costs, leading to the need for
a large number of cuts to obtain good solutions due to the enumerative nature of the
cuts. This is also a possible reason for the poor performance of SBF-D, since it has no
proper cost estimation in the master problem, thus obtaining all information about the
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tour length from the cuts generated in the subproblem. Indeed, ABF-A-D and SBF-
A-D generate two orders of magnitude fewer cuts than ABF-D, which suggests that
the quality of the master problem cost estimation is a key factor in the performance
of these decompositions, as it can signi cantly reduce the need for cut generation.

Lastly, it is worth noting that the three best-performing approaches all use enu-
merative cuts, suggesting that there is still room for improvement in this regard, as
stronger cuts could yield considerably better results.

7.2 Results by instance type for exact formulations

To provide an in-depth analysis of performance across dierent instance types, we
present plots and tables similar to those in Section 7.1, grouping instances by the
number of points n and the parameter r (i.e., mean neighborhood radii) used to
generate them. We do not report the analysis grouped by value (i.e., variation among
radii), since di erent values of this parameter did not lead to signi cant performance
variations, at least within the tested range.

Fig. 5 : Performance Pro le Plot of exact formulations grouped by amount of points
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n Formulation #Opt TimeOpt Gap Gap (NoOpt) #Cuts

10 ABF 28 17.88 0.05 0.13 -
10 ABF-D 45 11.00  0.00 - 143338
10 ABF-A-D 45 5.44  0.00 - 51.78
10 SBF 43 46.29 0.03 0.59 .
10 SBF-D 45 73.06  0.00 - 1656.38
10 SBF-A-D 45 579 0.00 - 201.96
15 ABF 1 435 0.49 0.50 -
15 ABF-D 20 28.89 0.17 0.30 15485.91
15 ABF-A-D 27 92.07 011 0.26 136.18
15 SBF 0 - 045 0.45 -
15 SBF-D 0 - 079 079  3030.91
15 SBF-A-D 41 24402 0.01 0.15  1301.64
20 ABF 0 - 074 0.74 .
20 ABF-D 1 370.72  0.30 0.31 20014.76
20 ABF-A-D 12 29172 0.26 0.36 139.87
20 SBF 0 - 081 0.81 -
20 SBF-D 0 1.00 1.00  2010.27
20 SBF-A-D 0 0.54 0.54 293.73
Table 4 : Summary of results for instances grouped by amount of
points.

Number of points n analysis.

Figure 5 and Table 4 present the results grouped by the number of visited points per
instance. We observe that, on instances with 10 points, ABF-A-D has the best perfor-
mance, followed closely by SBF-A-D and ABF-D, with all three of these formulations
solving the whole set of instances to optimality in under 12 seconds. We also observe
that SBF has a better overall performance than ABF on these instances, only failing
to achieve optimality on two of them, although ABF nds optimal solutions faster
when it does nd them. Lastly, it is worth noting that SBF-D solves all instances of
this set to optimality.

In instances with 15 points, the most notable feature is the performance of SBF-A-
D, which solves all but 4 of the 45 instances to optimality and achieves very small gaps
on the remaining 4, a substantially better performance than all other formulations.
Once again, the second-best performer is ABF-A-D, followed closely by ABF-D. In
contrast to the case with 10 points, here SBF-D fails to solve any instance to optimality,
and, in fact, is categorically outperformed by all other formulations. Finally, ABF
has similar performance to its sequence-based counterpart, solving one instance to
optimality but with larger average gaps.

Lastly, on instances with 20 points, we observe a considerable drop in perfor-
mance across all formulations, with only ABF-D and ABF-A-D being able to solve
any instance to optimality, with the latter being the best performer, solving 12 of
the 45 instances. We also note that SBF-A-D, which had been the best performer on
instances with 15 points, fails to solve any instance to optimality here, and has a con-
siderably larger average gap than ABF-A-D. Finally, we observe that ABF and SBF
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