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Abstract. This thesis studies exact and heuristic optimization methods for highly
constrained routing and scheduling problems. We focus on problems where op-
erational decisions tightly couple routing and temporal coordination, making
them particularly challenging from a combinatorial optimization perspective.
The first contribution introduces the pickup and delivery problem with time win-
dows and scheduling on the edges (PDPTW-SE), a new problem that integrates
vehicle routing and machine scheduling decisions in scenarios where vehicles
require scheduled machine assistance to overcome inter-region obstacles, such
as the straits between islands or the vertical separation in multi-floor buildings.
We propose an arc-based mixed-integer programming (MIP) strengthened by
preprocessing and valid inequalities, together with a multi-start heuristic with
an LP-based improvement procedure (MSLP). We also introduce a benchmark
set representing different application scenarios. Computational experiments
show that the strengthened MIP significantly improves solution quality, while the
heuristic scales to larger tested instances for which the exact approach did not
find feasible solutions within the time limit. The second contribution addresses
the single-machine coupled-task scheduling problem (SMCTSP) to minimize the
makespan. We propose a constraint programming (CP) model and a biased
random-key genetic algorithm (BRKGA) enhanced with restarts, perturbation
strategies, and local search. Experiments on benchmark instances demonstrate
state-of-the-art performance: the CP model obtained the best-known solutions
for 163 out of the 180 hardest instances, while the BRKGA achieved superior
solution quality under short time limits. The results of this research have al-
ready led to publications in the Brazilian Symposium of Operational Research
(SBPO) and the European Journal of Operational Research (EJOR), reinforcing
the scientific relevance of the thesis.

1. Introduction

Many real-world operations require the coordination of routing decisions with tightly
constrained temporal processes, such as scheduling shared resources or machines. These
interactions create complex combinatorial optimization problems that are difficult to solve
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using traditional routing or scheduling methods in isolation. This thesis studies exact
and heuristic approaches for such highly constrained routing and scheduling problems,
focusing on models that integrate routing decisions with scheduling constraints.

The first problem introduces a generalization of the well-known pickup and deliv-
ery problem with time windows (PDPTW), which we refer to as the pickup and delivery
problem with time windows and scheduling on the edges (PDPTW-SE). The PDPTW-SE
could be applied, for instance, in the logistical planning of multiple islands or multiple-
floor buildings or in post-disaster relief operations.

The second problem considers the single-machine coupled-task schedul-
ing problem (SMCTSP) to minimize the makespan. @ The SMCTSP is part of
the coupled-task scheduling problems (CTSPs), which encompasses several ap-
plications such as pulsed radar systems [Shapiro 1980], chemistry manufacturing
[Ageev and Baburin 2007], and patient appointment scheduling in medical services
[Pérez et al. 2011, Condotta and Shakhlevich 2014, Liu et al. 2019].

The main goal of this thesis is to develop and evaluate exact and heuristic methods
for the PDPTW-SE and the SMCTSP problems. For the PDPTW-SE, we aim to formally
introduce the problem and provide initial methods for evaluating its applicability in differ-
ent scenarios by conducting computational experiments on a benchmark set of instances.
For the SMCTSP, we aim to propose and develop robust methods to achieve high-quality
solutions that outperform or at least match the current state-of-the-art approaches.

1.1. Main contributions
The main contributions of this thesis are:

¢ Introduction of a new optimization problem: the PDPTW-SE, which integrates
vehicle routing and machine scheduling decisions in constrained scenarios.

* Exact optimization for PDPTW-SE: an arc-based MIP formulation strengthened
with preprocessing and valid inequalities.

* Scalable heuristic for PDPTW-SE: a multi-start heuristic with LP-based im-
provement capable of solving instances significantly larger than those tractable
by exact methods.

* Benchmark dataset and reproducibility infrastructure: a publicly available
repository containing instances, algorithms, scripts, and experimental results.

* State-of-the-art algorithms for SMCTSP: a constraint programming model and
an enhanced BRKGA achieve the best-known results on the majority of hard
benchmark instances.

2. The PDPTW-SE

The PDPTW-SE extends the PDPTW by allowing pickup and delivery nodes to be lo-
cated in different regions inaccessible to regular vehicles. To fulfill the requests, a spe-
cific type of machine must be employed to transport a vehicle between regions. However,
due to limitations on the availability of these machines, they must be scheduled. In this
work, we aim to minimize the total completion time of all vehicles. A vehicle’s com-
pletion time is defined as the difference between the arrival and departure times at the
depot. The PDPTW-SE is a computationally challenging problem that integrates rout-
ing and scheduling decisions as it generalizes the PDPTW, which is known to be NP-
hard [Lenstra and Kan 1981, Dumas et al. 1991].
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One application of the PDPTW-SE is in the logistical planning of pickups and
deliveries involving multiple islands. In this scenario, requests are placed on islands, and
cargo ships are required to transport the vehicles between islands. Another application
of the PDPTW-SE is in the logistical planning of pickups and deliveries by automated
guided vehicles (AGVs) in multi-floor buildings, such as hospitals or hotels. In these sce-
narios, requests are placed on different floors, and it may be necessary to use elevators to
transport the vehicles between the floors. A third possible application of the PDPTW-SE
is in the logistical planning of pickup and delivery of goods in areas affected by man-
made or natural disasters. In a scenario where all roads between regions are closed for
regular vehicles, a possible alternative solution would be to use machines that can traverse
between regions carrying regular vehicles.
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Figure 1. PDPTW-SE solution example.

Figure 1 illustrates a solution for an instance with two requests, two vehicles, two
regions, and one machine. The red vehicle starts its journey at time 0, moving toward
pickup node 2, which is located in another region. Hence, it arrives at the machine station
at time 30, and the machine transports the vehicle to the other region, arriving at time 45.
Then, the red vehicle continues its journey to node 2, while the machine returns to its
previous station to wait for the blue vehicle. The blue vehicle leaves the depot at time 30,
picks up the goods in node 1 at time 60, and meets the machine at its station at time 90.
Next, the machine transports the blue vehicle to the other region, arriving at time 105.
While the blue vehicle moves to node 3, the red vehicle picks up the goods at node 2 at
time 110 and returns to the machine station. The blue vehicle arrives before the TW, but it
waits to deliver the goods at node 3 at time 150, and while it returns to the machine station,
the machine transports the red vehicle to the other region. Afterward, the machine returns
to its previous station to transport the blue vehicle that was already waiting at the machine
station, while the red vehicle continues its journey to deliver the goods at node 4. Finally,
both vehicles return to the depot. The total completion time of this solution is 480, as the
blue and red vehicles complete their journey in 230 and 250, respectively.

2.1. Proposed approaches

To solve the PDPTW-SE, we proposed an exact method and a heuristic. The exact method
is an arc-based MIP formulation. The arcs represent the trips between the two nodes. A
node can be the depot, a pickup, or a delivery location. Machine stations are not con-
sidered nodes of the network. Thus, arcs are subdivided into intra- and inter-region arcs.
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The first part of the MIP formulation models the routing constraints for the PD vehi-
cles. The second part formulates the scheduling constraints with MTZ subtour elimina-
tion constraints. Machine routes are constructed by establishing the precedence between
inter-region arcs. The objective function minimizes the total completion time. Further-
more, we define a preprocessing step to eliminate several inadmissible arcs. We also
propose several families of valid inequalities to cut off undesirable fractional solutions
and potentially improve the performance of a branch-and-bound system when solving the
formulation. Details concerning the MIP formulation (decision variables, constraints, ob-
jective function, preprocessing, and formulation tightening) can be found in Section 2.4
of the master’s thesis [Barbosa 2025].

We also propose a multi-start heuristic with an LP-based improvement proce-
dure (MSLP). It consists of executing a greedy insertion heuristic, followed by multiple
executions of the randomized version of the greedy heuristic, where the schedule of each
feasible solution obtained is optimized by solving a linear programming (LP) model. The
LP model is inspired by the scheduling constraints of the MIP formulation, removing
integer variables, and adding constraints based on the sequence of visits of each vehi-
cle and the sequence of travels of each machine. Details concerning the MSLP heuris-
tic (algorithms and LP formulation) can be found in Section 2.5 of the master’s thesis
[Barbosa 2025].

2.2. Computational experiments

We created a benchmark set of instances for the PDPTW-SE based on the randomized
instances of [Lim and Li 2001] for the PDPTW [SINTEF 2008]. This set is composed of
two families of instances, denoted multi-island and multi-floor, that represent two differ-
ent potential applications of the PDPTW-SE. These differ in how the nodes and machine
stations are placed into the environment and how the environment is partitioned into re-
gions. For the multi-island instances, the request nodes are clustered into spatial regions
(islands) using k-means, and each island’s shape is approximated by its convex hull. A
backtracking procedure selects one vertex from each hull to minimize the total pairwise
distance (minimum weighted clique). Machine locations are then generated on edges
near these vertices, ensuring valid spacing and integer coordinates. For the multi-floor in-
stances, in contrast, the request nodes are assigned to different floors by randomly select-
ing z-coordinate from the set of available floors, forming a three-dimensional structure.
Machine stations share the same (z,y) coordinates and are stacked vertically with one
station per floor, positioned near the center of the spatial range while avoiding occupied
points. Figure 2 illustrates the two instance families. Details concerning the computa-
tional experiments (settings, benchmark instances, results, and analysis) can be found in
Section 2.6 of the master’s thesis [Barbosa 2025].

For the MIP formulation, instances with up to 12 requests were considered. The
solver achieved optimal solutions for up to 48.8% of the 320 instances and found feasi-
ble solutions for 95.0%, including all short-horizon instances. Performance was notably
better on short-horizon instances, with smaller optimality gaps. Strengthening the formu-
lation with valid inequalities increased both the number of optimal and feasible solutions
by three. Besides, it produced equal or smaller gaps in at least 75% of the instances that
the solver found a feasible solution but reached the time limit.

The MSLP heuristic was tested on 480 instances: the previous 320 plus 160 in-
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Figure 2. lllustration map for the two instance families

stances with up to 60 requests (120 pickup-delivery nodes). For instances with up to
12 requests, it found feasible solutions in all runs, often matching or outperforming the
strengthened MIP, particularly on long-horizon instances. For larger instances (40 and 60
requests), the heuristic obtained feasible solutions for 93.8% of cases, whereas the MIP
formulations found none.

Results also show that adding an extra machine significantly improves feasibility,
especially in instances with four regions, and generally reduces solution values. About
75% of heuristic solutions are within 5% of the best-known value. The LP improvement
procedure further enhanced solution quality, with average improvements above 5% and
up to 43%, particularly for long-horizon instances.

3. The SMCTSP

The coupled-task scheduling problem (CTSP) consists of scheduling jobs, each with at
least two coupled-tasks. In each job, the succeeding task must be started after the preced-
ing task is finished, with an exact delay between them. For this work, we tackle the single-
machine version of the problem, where each job has two tasks that must be separated by
an exact delay. The goal consists of minimizing the makespan. Such a minimization is
challenging because tasks can be scheduled within the exact delay of a job, whether by
nesting jobs between other job tasks or by interleaving tasks of different jobs. Henceforth,
the complexity of this problem relies on the existence of several non-singleton jobs, i.e.,
jobs with exact delays larger than other job processing times, which allows nesting and
interleaving operations. Otherwise, these jobs can be randomly appended at the end of a
schedule without loss of generality [Li and Zhao 2007].

Applications of the CTSP include pulsed radar systems in which a radar trans-
mits a pulse and receives its reflection to keep track of targets [Shapiro 1980], chemistry
manufacturing processes [Ageev and Baburin 2007], patient appointments in medical ser-
vices [Pérez et al. 2011, Condotta and Shakhlevich 2014, Liu et al. 2019], among others.
Another potential application involves the scheduling of tasks operated by robots in smart
homes, especially in smart kitchens [Sharma and Reddy 2024]. In this scenario, kitchen
robots [Mepani et al. 2022, Jiang and Zhou 2022] can take advantage of idle moments
between sub-tasks to perform other sub-tasks, thus reducing the total preparation time
[Bautista et al. 2023, Yi et al. 2022]. [Yi et al. 2022] studied a similar problem involving
multiple tasks operated by dual-arm kitchen robots in a controlled environment.
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The single-machine coupled-task scheduling problem (SMCTSP) to mini-
mize makespan is classified as a strongly NP-hard problem [Orman and Potts 1997,
Sherali and Smith 2005]. [Condotta and Shakhlevich 2012] showed that obtaining an op-
timal solution is NP-hard even if there is a predefined sequence for the initial (or final)
tasks and all the jobs have unit processing times.

Figure 3 illustrates the single-machine coupled-task scheduling problem, along
with the notations used, which are detailed at Section 3.2 of the master’s thesis
[Barbosa 2025].
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Figure 3. lllustration of the single-machine coupled-task scheduling problem

3.1. Proposed approaches

To solve the SMCTSP, we proposed an exact method and a heuristic. The exact method
is a start-time-based CP model, i.e., there is essentially one variable representing the start
time of a task. To ensure no overlap between tasks, we apply a global constraint, which
can be modeled as a conjunction of non-overlap constraints or differently depending on
the underlying solver. Details regarding the CP model are available at Section 3.2 of the
master’s thesis [Barbosa 2025].

The heuristic is a BRKGA. Each solution is encoded as a vector X composed of
|J| random keys, in which the j-th key corresponds to the job j € .J. Our decoder is a
polynomial-time heuristic in which the keys are used to define a sorted sequence of the

jobs g7 = (g1 g3 . gIobs), where 0i?*, k € {1,...,n}, is the k-th job in the
sequence. The job o/ is thus inserted into the solution after the finish of the initial

task of aio_bf in the earliest possible time without overlapping with those jobs already

scheduled. Despite the simplicity of our BRKGA’s decoder, we show that it can provide
reasonably good approximations to the optimal schedules, and the BRKGA embedded
with such a decoder will be able to explore the set of possible solutions more efficiently.
Figure 4 illustrates a decoding.
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Figure 4. Decoder example.
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We also integrate an initial solution generator, a first-improvement local search,
and a perturbation method with the BRKGA. The initial solution generator is a multi-start
procedure involving an adaptive version of the decoder. The local search works on the
encoded vectors of the BRKGA, where the neighborhood is defined by moving a job to a
different place. Besides, the local search is executed periodically or after an improvement
on the eligible individuals of the elite set. Finally, the perturbation method comprises
different intensity shakings and resets over different scenarios to prevent the BRKGA
from being stuck at a same solution for several iterations. We also inject a predefined
type of solution after each perturbation to avoid the BRKGA from losing its convergence
structure. Details regarding the BRKGA heuristic (encoding and decoder, initial solution
generator, local search, perturbation, and overall framework) can be found in Section 3.3
of the master’s thesis [Barbosa 2025].

3.2. Computational experiments

We considered the general benchmark set proposed in [Khatami et al. 2019,
Khatami et al. 2020]. There are eight different instance sizes, with up to 100 jobs
(200 tasks), each group with 30 randomly generated instances divided into three cat-
egories, totaling 240 instances. We evaluated in total three approaches: the constraint
programming model, the baseline BRKGA with restarts (BRKGA-R), and the BRKGA
with restarts, shakings, and local search (BRKGA-R-S-LS). Details concerning the
computational experiments (settings, benchmark instances, parameter settings, and
analysis) can be found in Section 3.4 of the master’s thesis [Barbosa 2025].

Concerning the 180 instances with at least 15 jobs that were not fully solved to
optimality in the literature, the computational results show that the proposed approaches
are effective. Among the exact methods, the CP model outperformed state-of-the-art
MIP formulations, achieving the best objective values, the smallest gaps, and the highest
number of optimal solutions, while also being the only method to find feasible solutions
for all instances. With 3600 seconds and multiple threads, the CP model obtained the
best-known solutions for 163 out of 180 instances (90.56%).

Under identical computational settings (single thread and short time limit), the
BRKGA produced superior solution quality compared to CP, delivering high-quality so-
lutions within short runtimes. The shaking and local search components proved essential
to its performance, particularly local search.

To address premature population homogeneity, we introduced a controlled shak-
ing strategy that preserves useful elite information while resetting only the non-elite por-
tion of the population. Combined with solution injection and selective local search, this
mechanism substantially improved the standard BRKGA with restarts.

4. Impact and dissemination

Papers The results of this thesis have already been disseminated in relevant scientific
venues. Chapters 2 and 3 were submitted to EJOR. The paper for Chapter 2 has already
been published, while the second paper has been made available as a preprint and is
currently in its second round of reviews. Preliminary versions of both research lines were
presented at SBPO. The list of currently published papers follows:
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* [Barbosa et al. 2026] Journal EJOR: presents Chapter 2 of the master’s thesis
[Barbosa 2025].

* [Barbosa and Melo 2025] Pre-print: presents Chapter 3 of the master’s thesis
[Barbosa 2025].

* [Barbosa et al. 2024] Conference LVI SBPO 2024: presents a preliminary work
for the SMCTSP.

* [Barbosa et al. 2023] Conference LV SBPO 2023: presents a preliminary work for
the PDPTW-SE.

Impact This thesis advances exact and heuristic optimization for highly constrained
routing and scheduling problems through contributions in problem modeling, algorithm
design, and computational evaluation. It introduces the PDPTW-SE, a new routing and
scheduling problem with relevant practical applications, and proposes for it an exact MIP
formulation, a scalable heuristic with an LP improvement procedure, and a benchmark set,
all made publicly available with code, scripts, and results'. It also proposes a CP model
and an enhanced BRKGA for the SMCTSP, achieving state-of-the-art computational per-
formance. In particular, the CP approach obtained the best-known solutions for 163 of the
180 hardest benchmark instances, while the BRKGA delivered superior solution quality
under short time limits. These results have already generated concrete scientific impact,
including an article published in the European Journal of Operational Research, a sec-
ond journal submission under advanced review, a public preprint, and prior recognition at
SBPO. Together, these outcomes demonstrate the scientific maturity, reproducibility, and
relevance of the thesis contributions.
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