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Abstract

Over time, the focus on supportive and geriatric care has shifted from being predominantly provided in
institutional settings like nursing or rest homes to be delivered within the homes of the patients. Trained
caregivers now provide home healthcare services by visiting patients in their own homes and carrying out
specific services based on each patient’s individual needs before moving on to the next patient. Planning
such a service involves considering the routing aspect and ensuring synchronization between services and
designated time windows for patients. To solve the problem, we propose a local search approach that com-
bines different neighborhood operators guided by the simulated annealing metaheuristic. Additionally, we
introduce a realistic and diverse dataset and a robust and flexible file format based on JSON. This dataset
and format have the potential to facilitate future comparisons and analyses. Our study shows that by ap-
propriately tuning our algorithm in a statistically rigorous manner, it outperforms existing methods on all
benchmarks.

Keywords: home healthcare; routing and scheduling with time windows; route synchronization; neighborhood search;
simulated annealing

1. Introduction

In recent times, we have witnessed a shift in the provision of supportive and geriatric care. Instead
of being primarily based in institutional settings like nursing or rest homes, these services have been
increasingly relocated to the patient’s own homes.
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The reasons behind this shift can be attributed to two factors. First, allowing patients to remain
in their familiar environments enhances their quality of life. Second, this situation has a notable
positive effect on reducing healthcare costs (Genet et al., 2012).

Trained caregivers provide home healthcare services by visiting the patient’s home during a des-
ignated time. They carry out service operations based on the patient’s specific needs, ranging from
medical care to instrumental activities of daily living. After completing their tasks, the caregivers
proceed to the next patient. This distinct characteristic of home healthcare makes it a structured
problem. Unlike classical activity scheduling problems in hospitals or healthcare institutions, which
primarily focus on temporal aspects, home healthcare requires considering both temporal and spa-
tial dimensions, including travel times between patients.

The synchronization constraint stands out as the most distinctive type of constraint in this prob-
lem, as it introduces temporal dependencies among the activities. For instance, specific medical
care tasks such as physiotherapy necessitate the simultaneous presence of multiple caregivers, such
as when lifting the patient from their bed. Other activities, such as administering medication or
preparing lunch, may require subsequent actions to take place after a specific time interval, like
administering one dose in the morning and another in the evening. Due to the nonnegligible travel
time involved when caregivers transition from one patient to another, these constraints significantly
increase the complexity of the routing aspect of the problem compared to standard vehicle rout-
ing problems.

This study presents a novel metaheuristic technique to solve the problem formulation introduced
by Mankowska et al. (2014). Our approach employs local search and incorporates a diverse set
of original neighborhood operators. The core of the solution process relies on implementing a
simulated annealing (SA) procedure (Kirkpatrick et al., 1983) for driving the search.

The approach outperforms previous methods in the literature (Mankowska et al., 2014; Las-
fargeas et al., 2019; Kummer et al., 2020; Kummer, 2021; Kummer et al., 2024) and shows its
capability to improve the current state-of-the-art results on the benchmark instances.

In addition, we have designed a parametric instance generator that relies on real geographic
data and real population density. This generator allows us to create an additional dataset that
encompasses a significantly wider range of sizes and feature’ values compared to the existing
benchmarks proposed by Mankowska et al. (2014) and Kummer (2021). For our new dataset, we
have introduced a novel file format based on JSON, which offers enhanced robustness, extensibility,
and human readability when compared to the previous formats utilized, thus far.

We also show our results on the new instances, highlighting the relationship between the differ-
ent objectives.

Our public repository at https://github.com/iolab-uniud/hhcrsp contains all validation in-
stances in the new format, our best solutions, and the validator. These resources are provided for
examination and future comparisons. The source code and instance generator will also be available
in the same repository.

The remainder of the paper is structured as follows: Section 2 provides an overview of related
work concerning home healthcare services. Section 3 presents a detailed explanation of the problem
formulation. The metaheuristic solution approach is outlined in Section 4, illustrating how the
problem is modeled within the local search framework. In Section 5, we describe the available
instances and our generator and introduce new instances. The experimental analysis of the pro-
posed solution method, along with the tuning process details, is documented in Section 6, where
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a comparison with alternative approaches is presented. Lastly, Section 7 offers some concluding
remarks and outlines potential avenues for future work.

A preliminary and abridged version of this work appeared in Ceschia et al. (2023), which con-
siders only one neighborhood operator, includes experiments only on the first dataset and does not
contain the new data format, the generator, and the validator.

2. Related work

Research on scheduling home healthcare services has been ongoing since the late 1990s. Notably,
Begur et al. (1997) were among the first to consider this problem and applied a simple scheduling
heuristic as its solution method. Subsequently, Cheng and Rich (1998) formulated the problem
using mixed-integer linear programming techniques.

Later attempts to address this problem approached it from a set covering perspective. For in-
stance, Eveborn et al. (2006) introduced a working healthcare planning system, while Rasmussen
et al. (2012) were pioneers in considering temporal dependencies among the activities. Bredström
and Rönnqvist (2008) also worked on a similar synchronization problem but looked at it from a
vehicle routing perspective without explicitly considering the healthcare nature of the services in-
volved.

The idea of providing services in a metropolitan area, where the travel between patients can be
facilitated using a public transportation network instead of a dedicated car, has been explored in
the studies conducted by Bertels and Fahle (2006) and Rendl et al. (2012). The latter research also
considers switching the mode of transportation during the journey, resulting in multimodal trips.

Di Gaspero and Urli (2014) tackled a similar problem, albeit with a distinct perspective. Their
study focused on a temporal horizon that extended over multiple days. They also incorporated
the balancing of caregivers’ workloads, aiming to minimize overtime. Additionally, their approach
allowed for the possibility of leaving certain patient activities unscheduled, which proved helpful
in handling overconstrained scenarios and allowed for hiring more occasional caregivers if needed.
To address this problem, they modeled it in the constraint programming framework and employed
specialized branching heuristics and a large neighborhood search approach to solve it.

Mankowska et al. (2014) presented a relatively standardized representation of the problem and
offered a set of benchmark instances for evaluation purposes. The problem formulation (refer to
Section 3 for an informal overview) incorporates synchronization constraints at patients’ homes,
allowing for a maximum of two activities to be coordinated. The quality of the solution is assessed
based on travel times and the tardiness of service activities concerning patients’ time windows. To
solve this problem, Mankowska et al. (2014) devised an adaptive variable neighborhood search
method incorporating eight distinct neighborhood operators.

A similar problem was addressed by Ait Haddadene et al. (2016), but in their formulation, pa-
tients’ time windows must be strictly respected, and the objective is to minimize total traveling times
and patients’ nonpreferences related to caregivers. A Mixed Integer Programming (MIP) model and
a hybrid greedy randomized adaptive search procedure and iterated local search metaheuristics are
proposed and compared on the testbed designed by Bredström and Rönnqvist (2008), conveniently
extended to take into account different types of services. Several metaheuristics for this formulation
were also proposed by Masmoudi et al. (2023).
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Recent advancements in the field include the research conducted by Lasfargeas et al. (2019). They
proposed a local search-based method integrated into a variable neighborhood search solution pro-
cedure for a multiperiod case and evaluated it also on benchmarks by Mankowska et al. (2014).
Various researchers have also explored population-based approaches tailored to different problem
settings. For instance, Decerle et al. (2018) and Grenouilleau et al. (2019) developed memetic algo-
rithms, which involve genetic algorithms followed by a local search step, to address the problem.
On the other hand, Clapper et al. (2023) introduced a model-based evolutionary algorithm. Fol-
lowing a similar approach to the work by Di Gaspero and Urli (2014), Grenouilleau et al. (2019)
considered a multiday horizon and aimed to balance caregivers’ workload, including minimizing
overtime. However, their routing problem was more complex, accounting for hourly dependent
traveling times due to traffic. Moreover, Xiang et al. (2021) and Oladzad-Abbasabady et al. (2023)
approached the problem from a multiobjective perspective, seeking to balance the total operating
cost and the satisfaction of caregivers and patients. They employed NSGA-II genetic and iterated
local search algorithms to tackle the problem. Kordi et al. (2023) considered four objectives, namely
total cost, environmental emission, workload balance, and service quality and proposed a multiob-
jective variable neighborhood search approach.

The problem formulation introduced by Mankowska et al. (2014) has attracted interest from
Kummer and co-workers (Kummer et al., 2020; Kummer, 2021; Kummer et al., 2024), who devel-
oped and utilized biased random key genetic algorithms to address the problem. Their outcomes
currently stand at the state-of-the-art level concerning these benchmarks. Additionally, in their
work, Kummer (2021) introduced a new dataset with a more comprehensive set of features than the
original dataset proposed by Mankowska et al. (2014).

Rich formulations that include real-world constraints were presented by Liu et al. (2021) and
Bazirha et al. (2023a). Liu et al. (2021) consider lunch breaks for caregivers, flexible departure
locations, and synchronized visits. The formulation of Bazirha et al. (2023a) considers patients
with multiple time windows requiring one or more services that must be delivered simultaneously
or independently. In both works, the problems are first modeled by mixed integer programming and
then solved using metaheuristic methods.

Recently, the home healthcare routing and scheduling problem with stochastic travel and ser-
vice times was examined by Bazirha et al. (2023b). They formulated the problem as a two-stage
stochastic programming model with recourse, which involves penalty costs for delayed services to
patients and remuneration for caregivers’ extra working time. The researchers employed CPLEX,
a genetic algorithm, and variable neighborhood search-based heuristics to solve the deterministic
model. For the stochastic programming model, they utilized Monte Carlo simulation embedded
into the genetic algorithm. The performance of these solution methods was evaluated on test in-
stances generated following the benchmark instances proposed by Mankowska et al. (2014).

Notable surveys on the utilization of operational research methods in the context of home,
healthcare problems are presented in the works of Fikar and Hirsch (2017), Cissé et al. (2017),
Grieco et al. (2021), and Di Mascolo et al. (2021).

As noted by Soares et al. (2024, Section 4.2) in their recent survey on synchronization in vehicle
routing, Home Healthcare is arguably the most relevant application of routing with synchroniza-
tion schedules, and, in comparison to the classic routing problems, it has its peculiar predominant
aspects. The most relevant are (see also Di Mascolo et al., 2021): (i) capacity constraints are not
considered; (ii) due to the high degree of specialization of home healthcare tasks, not all caregivers
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Table 1
Abbreviations of objectives and constraints for home healthcare routing and scheduling problems.

Objective Constraint
abbreviation Description abbreviation Description

FA Fairness (work balance) CB Caregiver break
OT Overtime MC Multiple centers
TC Travel cost PR Preference
TT Travel time PC Precedence
UP Unvisited patients SY Synchronization
WT Waiting time SK Skill requirements

TW Time windows
UT Uncertain travel and service times
WR Working time regulations

Table 2
Objectives and constraints of single-period home healthcare routing and scheduling problems

Objectives Constraints

Reference FA OT TC TT UP WT CB MC PR PC SY SK TW UT

Mankowska et al. (2014) � � � � � � �
Hiermann et al. (2015) � � � � (�) (�) (�)
Ait Haddadene et al. (2016) � (�) � � � �
Liu et al. (2017) � � � � �
Decerle et al. (2018) � � (�) � (�)
Parragh and Doerner (2018) � � � � � �
Liu et al. (2019) � � � � (�) �
Liu et al. (2021) � � � � � �
Xiang et al. (2021) � (�) � �
Bazirha et al. (2023b) � � � � � �
Bazirha et al. (2023a) � � � � �
Clapper et al. (2023) � � � (�) � �
Kordi et al. (2023) � � (�) � �
Oladzad-Abbasabady et al. (2023) � � � � � (�) (�) (�) � (�)

may be able to perform certain services; (iii) services to the same patient should be performed
by the same caregivers (continuity of care); and (iv) there are fairness-related issues, such as bal-
anced workloads. Other examples of routing with synchronization schedules can be found in vessel
scheduling at ports (Bakkehaug et al., 2016), gantry crane operations in railway transport (Fedtke
and Boysen, 2017), and truck routing and scheduling in public works (Grimault et al., 2017).

We conclude this section by providing in Table 2 an overview of objectives and constraints of
single-period home healthcare routing and scheduling formulations recently proposed in the liter-
ature (for previous references see Fikar and Hirsch, 2017). Table 1 lists the features considered and
their abbreviations used in Table 2. The � symbol means that the specific feature is considered in
the formulation proposed in the article. It is in parentheses when the constraint is not considered
hard and is included in the objective function as a soft constraint.
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3. Problem definition

The specific formulation of the home healthcare routing and scheduling problem considered in this
work has been introduced and formally defined by using a mathematical model by Mankowska
et al. (2014, Section 3). For completeness, we present a summary of its definition in this paper.

The primary entities involved in the problem are as follows:

Times and horizon: The problem consists of planning for a single day, with time expressed in
minutes, starting from 0, which corresponds to the beginning of daily ac-
tivities (e.g., 6:00 a.m.) when all caregivers are assumed to be at the central
office. There is no explicit time horizon, and the patient’s time windows
limit the activities. Distances between patients and from the central office
are directly measured in minutes required to travel and cover those dis-
tances.

Patients: Patients are categorized into two classes: single-service patients and double-
service ones. Single-service patients require service from one caregiver
within their designated time window. In contrast, double-service patients
need to be served by two caregivers, either simultaneously or sequentially,
within their time window. For sequential double-service patients, the min-
imum and maximum time gap between the two services is explicitly speci-
fied.

Services and caregivers: Every service has its duration, which may differ based on the individual
patient’s requirements. Each caregiver specializes in providing a particular
service and leveraging their specific abilities. The caregivers start their daily
tasks from the central office and complete their workday by returning to
the exact central location.

According to the model of Mankowska et al. (2014), service time can vary depending on the
specific service and the patient, even though this length is a global constant value in the original
dataset. In the dataset of Kummer (2021), the values differ between services and patients, although
they do not depend on the specific caregiver delivering the service. In constructing our dataset, we
also assume that the services provided to patients rely on the type of service and the patient rather
than the caregiver themselves.

Figure 1 shows the data of a toy instance with six patients (p1, p2, …, p6), three caregivers (c1,
c2, and c3), and three services (s1, s2, and s3). As mentioned above, distances, service times, and
time windows are expressed in minutes. For example, assuming the working day starts at 6:00 a.m.,
the first time window 240–360 represents that patient p1 should be visited between 10:00 a.m. and
12:00 a.m.. Furthermore, p1 needs a single service s2, whose duration is 30 minutes. Conversely,
patients p4 and p5 require a double service: specifically, p4 needs the simultaneous presence of two
caregivers, whereas for p5 the two services must be separated by at least 30 minutes and, at most,
45 minutes. The central office is denoted as co in the distance matrix. Notice that distances are
not symmetric.

The possibility that a single caregiver provides both services for the same double-service patient
is impossible for simultaneous services. It is also explicitly forbidden for sequential ones in the
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Fig. 1. Toy instance data.

work by Mankowska et al. (2014). From a practical standpoint, it may not be intuitive to impose
this limitation, as using a single caregiver has the potential to save time in the overall schedule.
However, in real-life scenarios, it is assumed that the two services (e.g., nursing and physiotherapy)
require distinct skills and qualifications. Therefore, it is highly improbable that a single caregiver
possesses both sets of skills. In the available datasets, the situation that a single caregiver has the
ability for two sequential services for the same patient never happens, so this is not an option. We
keep the same limitation and this situation does not occur in our dataset either (notice that the toy
instance, due to the limited size, does not enforce this limitation).

Enforcing the caregiver’s qualification for the specific service is a hard constraint. Likewise, it
is strictly prohibited for a service to commence before a patient’s designated time window begins.
Following standard vehicle routing practices, if the caregiver arrives early, they must wait until the
patient’s time window starts. On the other hand, a patient being served late is admissible, and the
extent of tardiness is considered in the objective function. Finally, the minimum and maximum time
separation between sequential services for a double-service patient is also a hard constraint.

Notice that it is also possible that some caregivers are not assigned to any patient; thus, they have
an empty route. Conversely, all patients must be covered for all the services they need.

The problem goal is to minimize an objective function that consists of three components: the
total travel time, the overall tardiness, and the highest individual tardiness. Including the highest
tardiness component is essential to ensure fairness among patients. This approach prevents the
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Fig. 2. A solution of the toy instance.

solution from being optimized at the expense of significantly delaying service to a single patient.
In cases where a patient receives a double service, each service tardiness is considered indepen-
dently. All three components are measured in minutes and are combined with equal weight, each
contributing 1

3 to the overall objective.
Figure 2 shows a (nonoptimal) solution to the instance of Fig. 1, in the visual form automatically

produced by our solution validator. The time windows of patients are highlighted in dark gray, and
the warehouse icon refers to the central office. The travel times of caregivers c1, c2, and c3 are 190
(56 + 22 + 50 + 35 + 27), 39 (7 + 19 + 13), and 117 (34 + 28 + 28 + 27), respectively. Notice
that all services are provided on time, except for service s3 by caregiver c3 at patient p6 (shown with
white diagonal stripes in the figure) that is late by 10 minutes. Hence, the total and highest lateness
values are both 10. Consequently, the cost of this solution is calculated as (190 + 39 + 117)/3 +
10/3 + 10/3, resulting in a total cost of 122. Notice also that three early arrivals have long waiting
times (shown in dotted rectangles in the figure). This phenomenon also happens in other instances
but is particularly evident in this toy instance.

4. Solution method

We present a local search-based approach to address the problem. In the subsequent sections, we
will outline the fundamental components of the local search paradigm, which include the search
space, the initial solution strategy, the neighborhood relations, and the metaheuristic that drives the
search process.

In the following, we denote by P = {1, . . . , P} the set of patients, C = {1, . . . ,C} the set of care-
givers, and S = {1, . . . , S} the set of services.

© 2024 The Author(s).
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4.1. Search space

Following Mankowska et al. (2014), the search space is represented by a vector � = [π1, π2, . . . , πP]
containing a permutation of the values 1, . . . , P, which represents a global ordering of the patients.
That is, patient π1 is the first patient to be served, π2 is the second, and so on.

Vector � is completed by another P-sized vector of pairs � = [(ϑ1,1, ϑ1,2), (ϑ2,1, ϑ2,2), . . . ,
(ϑP,1, ϑP,2)] such that ϑp,1 and ϑp,2 are the caregivers that serve patient p. In the case of a single-
service patient p, the second element of the pair (ϑp,2) is not used.

For example, the solution of Fig. 2 to the instance of Fig. 1 is represented by the vectors: � =
[3, 2, 4, 1, 5, 6] and � = [(1, −), (3, −), (1, −), (3,2),(1,2),(1,3)], the dash symbol − means the value
is not present.

The routes of caregivers and their corresponding service times are deterministically constructed,
starting from sets � and �. The scheduling procedure starts with empty routes and processes pa-
tients one by one, following the order specified in �. During each iteration i of this procedure,
patient p = πi is added to the end of caregivers’ routes c1 = ϑp,1 and c2 = ϑp,2 (or only to c1 for
patients requiring a single service).

The service start times are calculated at the earliest, taking into consideration the time window
of patient p. Specifically, for caregiver c1 at patient p, the start time is determined as the maximum
value between the beginning of the time window for p and the earliest time at which c1 can reach
p based on their previous assigned duties and travel times. For the second service (if applicable),
the service start time of caregiver c2 at patient p is determined as the maximum value between the
minimum separation between the two services for p and the earliest time at which c2 can reach
the patient.

The solution of Fig. 2 is obtained by applying the scheduling procedure. We can see that all
services are provided always as soon as possible.

In the case in which c2 reaches patient p later than the maximum separation between the two
services of p, the service of c1 is postponed as much as necessary to keep the separation within
the range.

This case happens for the solution of the toy instance represented by � = [4, 3, 1, 5, 2, 6] and
� = [(3, −), (2, −), (3, −), (1, 2), (1, 3), (1, 2), which incidentally is optimal, with no tardiness and
a total traveling time of 334 minutes, corresponding to a cost of 111.33. The schedule built for this
solution by the above procedure is shown in Fig. 3, where we notice that caregiver c1 (orange) at
patient p5 is postponed by 5 minutes to time 275 from the beginning of the time window at 270
because caregiver c3 can arrive at the patient only at time 320, and the maximum separation is 45
minutes. Notice also that there is no tardiness as long as the caregiver starts within the time window,
even though the service finishes after the end of the time window (see caregiver c2 at patient p6).

This scheduling procedure always satisfies separations, although tardiness is possible. Treating
tardiness as a soft constraint ensures that all necessary services can be accommodated within the
schedule, guaranteeing the feasibility of the solution.

The two vectors � and � are sufficient to represent the solution and build the full schedule using
the abovementioned procedure. Nonetheless, in our implementation, they are complemented by
many redundant data structures used to accelerate the evaluation of the costs of neighbor solutions.
These data structures include, among others, the position of each patient in the ordering (the inverse
of �), the route of each caregiver, and the positions of the patients in the routes of their caregivers.

© 2024 The Author(s).
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Fig. 3. The optimal solution of the toy instance.

4.2. Initial solution

The initial solution is created randomly. Initially, a random permutation is chosen for the � vector.
Next, one (or two distinct) caregivers are randomly selected for each patient and added to the �

vector. The caregivers are chosen from those with the required ability to provide the service.
Given the vectors � and �, the scheduling procedure is applied to produce the full initial sched-

ule and evaluate the corresponding costs.

4.3. Neighborhood relations

We consider three neighborhood relations: MovePatient, which repositions and reassigns one pa-
tient, SwapPatients, which swaps two patients in terms of global position and caregivers, and In-
RouteSwap, which swaps two patients within a specific route.

The set of neighborhoods we employ has a significantly broader scope compared to the one uti-
lized by Mankowska et al. (2014). Our neighborhoods enable simultaneous changes in both the
position and caregivers, whereas Mankowska et al. (2014) considered only the options of reposi-
tioning a patient within the global order, changing the caregiver(s), or swapping either the position
or caregiver(s) individually.

For the sake of clarity, we illustrate the neighborhoods only for the case of double-service pa-
tients, which is the most complex one. The case of single-service ones is obtained simply by ignoring
the second caregiver and adjusting the various features accordingly.

Furthermore, throughout this section, to simplify the presentation, given a solution and a patient
p, we use the following notation. We call cp

1 and cp
2 the caregivers assigned to p, that is, cp

1 = ϑp,1,
cp

2 = ϑp,2; we call ip the current position of p in �; finally, we call sp
1 and sp

2 the services requested
by patient p.
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4.3.1. Neighborhood MovePatient
The first neighborhood, called MovePatient (MP), consists of repositioning one patient p in the
global ordering and assigning new caregivers to p, in one single move:

• Attributes: 〈p, i, c1, c2〉, with p ∈ P , 1 ≤ i ≤ P, c1, c2 ∈ C
• Preconditions:

• No null moves: 〈i, c1, c2〉 �= 〈ip, cp
1, cp

2〉
• Distinct caregivers: c1 �= c2

• No missing abilities: c1 and c2 have the ability for the services
• Effects: Patient p is moved to position i in the global ordering �. All patients in positions between

i and ip are shifted accordingly (either forward or backward). Caregivers c1 and c2 are assigned
to p. The full schedule is recomputed using the defined procedure.

• Special cases: The position i can be the same as ip, which means the move only results in a change
of caregivers. Likewise, one or both caregivers can stay unchanged, indicating that the move
represents only a modification in the sequence of the routes.

As an example, consider the state in Fig. 3, represented by � = [4, 3, 1, 5, 2, 6] and � =
[(3, −), (2, −), (3, −), (1, 2), (1, 3), (1, 2)]. Now, take the move MP〈5, 2, 2, 3〉, which relocates pa-
tient 5 to position 2 and assigns caregivers 2 and 3. The application of this move to the given state
would lead to the new state � = [4, 5, 3, 1, 2, 6] and � = [(3, −), (2, −), (3, −), (1, 2), (2, 3), (1, 2)],
where the affected values are highlighted in boldface. Notice that the second caregiver (3) is left un-
changed.

4.3.2. Neighborhood SwapPatients
The second neighborhood, called SwapPatients (SP), consists of swapping the position in � and
the caregivers in � for two patients. A swap is possible only between patients with the same number
of services and with current caregivers with the required abilities for the other patient.

For double-service patients, the neighborhood also includes the option that first and second
caregivers are crossed between the two patients: the first caregiver of one patient is assigned to the
second service of the other patient. This option is stored in a Boolean attribute of the move, called
CS (for cross swap), such that if CS = F the caregivers are swapped position-wise, whereas if CS =
T they are inverted. The definition of the neighborhood is the following:

• Attributes: 〈p1, p2,CS〉, with p1, p2 ∈ P , CS ∈ {F,T}
• Preconditions:

• No null moves: p1 �= p2

• Same type: p1 and p2 are both double-service or both single-service
• No missing ability cp1

1 , cp2
1 , cp1

2 , and cp2
2 have the ability for the services assigned to them by the

move
• Effects: patient p1 is moved to position ip

2 and patient p2 is moved to position ip
1 ; if CS = T, then

cp2
1 and cp2

2 are assigned to p1, and cp1
1 and cp1

2 are assigned to p2, for the first and second service,
respectively; if CS = F, then cp2

2 and cp2
1 are assigned to p1 and cp1

2 and cp1
1 are assigned to p2, for

the first and second service, respectively.
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12 S. Ceschia et al. / Intl. Trans. in Op. Res. 0 (2024) 1–30

Consider again the solution in Fig. 3, represented by � = [4, 3, 1, 5, 2, 6] and � =
[(3, −), (2, −), (3, −), (1, 2), (1, 3), (1, 2)]. The move SP〈5, 6,F〉 would lead to the state � =
[4, 3, 1, 5, 2, 6] and � = [(3, −), (2, −), (3, −), (1, 2), (1, 2), (1, 3)], where the affected values are
highlighted in boldface.

4.3.3. Neighborhood InRouteSwap
The third neighborhood, called InRouteSwap (IRS), is also a swap move but of a different type. It
swaps two patients in positions j1 and j2 within the route of a given caregiver c. If one or both
patients are double-service ones, the route of the side caregiver(s) serving the patient(s) is modified
accordingly. The patient is moved to the position in the route corresponding to their new global
position. Differently from the SP neighborhood, side caregivers are not swapped, thus creating a
different type of movement.

We call lc the length of the route for caregiver c, that is, the number of patients served by caregiver
c. We also call p1 and p2 the patients in positions j1 and j2 of the route of c, and i1 and i2 their global
positions, that is, their positions in �.

• Attributes: 〈c, j1, j2〉, with c ∈ C, 1 ≤ j1 < j2 ≤ lc.
• Preconditions:

• Minimum route length: lc ≥ 2
• Effects: Patient p1 is moved to global position i1 and p2 is moved to global position i2. The routes

of c and the other caregivers of patients p1 and p2 are updated accordingly.

Consider once again the solution in Fig. 3, represented by � = [4, 3, 1, 5, 2,6] and � =
[(3, −), (2, −), (3, −), (1, 2), (1, 3), (1, 2)]. The move IRS〈3, 2, 3〉 swaps the second and the third
patients in the route of c3. The new ordering obtained is � = [4, 3, 5, 1, 2, 6] (where the affected
value is highlighted in boldface as before), and � is unchanged. Notice that p5 is a double-service
patient also served by c1, so the route of c1 could be affected. In this case, however, given that the
new position of p5 is remained within the positions of p4 and p6, the route of c1 is unchanged.

4.3.4. Composition of neighborhoods
The neighborhood used in our solution method is MP ∪ SP ∪ IRS, that is, the set union of the
three basic ones defined above. In particular, a random move from the union neighborhood is
obtained by first selecting one of the three basic ones and then drawing a random move within that
basic neighborhood.

The first selection is a weighted randomization that makes use of two parameters, called σSP and
σIRS, so moves of type SP and IRS are drawn with probability σSP and σIRS, respectively. Conse-
quently, we draw an MP move with probability 1 − σSP − σIRS. Within a single neighborhood, the
specific move is selected uniformly.

It is worth mentioning that the MovePatient neighborhood is the most important one, as con-
firmed later by the experimental analysis. It is easy to verify that the search space is connected under
this neighborhood, as it is possible to go from any solution to any other one through a chain of
MovePatient moves. This is not true for the other two neighborhoods, which do not alter the route
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S. Ceschia et al. / Intl. Trans. in Op. Res. 0 (2024) 1–30 13

length. Instead, these can be viewed as auxiliary neighborhoods that contribute to diversifying
the search.

We also notice that there is an overlap between SwapPatients and InRouteSwap, as a move that
swaps two single service patients on the same route can be obtained from both of them. Given that
we do not explore the neighborhood exhaustively but rather sample random moves this is not a
source of inefficiency, but only a (slight) bias in the distribution.

4.4. Simulated annealing

To guide the local search, we employ SA as introduced by Kirkpatrick et al. (1983). For a detailed
review of the various variants of SA, we recommend the comprehensive study conducted by Franzin
and Stützle (2019).

The SA procedure starts with an initial solution constructed as outlined in Section 4.2. Subse-
quently, a random move within the neighborhood is selected at each iteration.

The acceptance of a move is determined based on the difference in cost, denoted as �, between
the current solution and the new solution. The move is always accepted if � is negative or zero, indi-
cating an improvement or equal value in the objective function. However, if � > 0, the acceptance
follows the Metropolis criterion, where the move is accepted with a probability of e−�/T . Here, T
represents a control parameter known as the temperature.

The SA algorithm starts with an initial temperature denoted T0. Subsequently, the temperature
is reduced following the classical geometric cooling scheme, with Ti = α · Ti−1, after generating a
fixed number of samples Ns. To accelerate the early stages of the search, we incorporate a cutoff
mechanism, which causes the temperature to decrease even if the maximum number of accepted
moves has been reached. Specifically, a fraction ρ of the total number of iterations Ns, where 0 ≤
ρ ≤ 1, determines the reduction in temperature. The iterations saved by the cutoff mechanism are
evenly distributed across all subsequent temperature levels.

To guarantee the same running time for all configurations of SA, we use the total number of

iterations I as the stop criterion. To keep I fixed, we recompute Ns from Ns = I
/ (

log(Tf /T0)
log α

)
,

where Tf is the final temperature.

5. Datasets and generators

In this section, we first describe the datasets already available for this problem. Subsequently, we
introduce our generator and describe the new dataset obtained using our generator. Finally, we
discuss the file formats for instances and solutions.

5.1. Dataset by Mankowska et al

The instances of Mankowska et al. (2014) are artificial and created by a generator, which samples
random locations in a square of size 100×100 and assigns Euclidean (and thus symmetric) distances
among them. The number of double-service patients is fixed to be around 30% of the total num-
ber of patients, equally distributed between those requiring simultaneous and sequential services.
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14 S. Ceschia et al. / Intl. Trans. in Op. Res. 0 (2024) 1–30

Table 3
Summary of features of the different instance groups.

Group P S C Double service Time windows Compatibility min–max Distance min–max

Mankowska et al. (2014)

A 10 6 3 30% 120 0.33−0.56 39.6−50.1
B 25 6 5 32% 120 0.35−0.52 38.4−45.9
C 50 6 10 30% 120 0.34−0.49 39.5−45.0
D 75 6 15 31% 120 0.33−0.46 39.3−44.7
E 100 6 20 30% 120 0.37−0.43 39.4−44.7
F 200 6 30 30% 120 0.38−0.46 38.9−42.0
G 300 6 40 33% 120 0.37−0.42 39.2−42.1
Kummer (2021)
I–10 10 6 3 40% 120 0.33−0.67 7.8−27.6
I–25 25 6 5 32% 120 0.20−0.60 15.2−23.2
I–50 50 6 10 32% 120 0.10−0.50 11.9−24.9
I–75 75 6 15 32% 120 0.07−0.47 10.9−24.8
I–100 100 6 20 32% 120 0.10−0.50 11.4−22.6
I–200 200 6 40 30% 120 0.20−0.48 12.7−22.4
I–300 300 6 60 30% 120 0.22−0.43 12.3−22.1
I–400 400 6 80 30% 120 0.24−0.43 11.1−22.4

The number of services is fixed globally to the value of 6, and their duration is a random number
between 10 and 20, and it is identical for all patients/caregivers within the instance.

The dataset comprises seven groups, each containing ten instances with varying patient counts:
10, 25, 50, 75, 100, 200, and 300 patients, respectively. These groups are denoted by the letters from
A to G, resulting in instance names such as A1, A2, . . . , G10.

The upper section of Table 3 displays the primary characteristics of this dataset, encompassing
the number of patients (P), services (S), caregivers (C), the percentage of double-service patients,
the duration of time windows, and the minimum and maximum average compatibility between
patients and caregivers (per service). Moreover, it includes the minimum and maximum average
distances in minutes between patients and the central office.

It is worth noting that instances within different groups exhibit considerable homogeneity. This
uniformity stems from the fact that they were generated using the same generator configuration.

5.2. Dataset by Kummer

Kummer (2021) analyzed the instances by Mankowska et al. (2014), highlighting that they are
somewhat unrealistic due to the lack of “structure” in the geographic data. For this reason, he
developed a new generator that overcomes this weakness by sampling points in real cities, matching
them with accurate addresses, and computing actual routes. As a consequence, distances are not
Euclidean and not symmetric. However, the ratio between different patient types is fixed exactly
as in the dataset by Mankowska et al. (2014), and the number of services is fixed to six as well.
Nonetheless, the distribution of the abilities is more balanced to provide against the possibility that
some services are assigned to a tiny number of caregivers.
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To generate the geographic data of the instances, Kummer (2021) identified three features: node
generation strategy (random or clustered), central office placement strategy, and cluster density.
He selected 22 different combinations of values for these features and generated 100 instances for
each combination. The groups’ size values are the same seven of Mankowska et al. (2014), plus an
additional size of 400 patients, for a total of eight groups.

As a result, he generated 17,600 (22×100×8) instances that are publicly available at https://
github.com/afkummer/hhcrsp-dataset-2021 and can be used for training. The main features of
this dataset are shown in the lower part of Table 3.

Inside this dataset, the author identified 160 instances (20 for each group) as the validation ones.
Within each group, the set of 20 instances is composed of the 10 hardest ones and 10 random
ones. The hardness of an instance is measured as the difference between the lower bound and the
best-obtained value within a given time limit. The lower bounds are computed by relaxing synchro-
nization constraints and time windows from the MIP model implemented using CPLEX.

5.3. Our generator and dataset

The generator of Kummer (2021) is surely an improvement over the original one by Mankowska
et al. (2014), but it does not consider the real distribution of population in the city.

We propose to create a realistic instance generator that utilizes the actual population distribution
and actual road distances. It relies on the assumption that the density of patients in a given area is
directly proportional to the population density.

The generator uses the GEOSTAT cartographic database provided by the Joint Research Centre
and DG Regional Policy of Eurostat. The database partitions the entire area of the European Union
and some adjacent countries into square cells measuring 1 km2. Each cell in the database contains
information regarding the residing population.

Additional factors, such as age distribution and income level, which could potentially influence
the demand for and the accessibility of homecare services, are not included in the GEOSTAT
database; therefore, we could not use them in our generator. However, in principle, the model can
be adapted to incorporate such factors if the relevant data are available.

We selected various areas, including urban, rural, and mountainous regions, with varying fea-
tures concerning population, morphology, urban sprawl, and compactness. This diverse selection
was made to create a wide range of instances. Within each chosen area, we sample N points, plus
an additional point for the central office, specified by their latitude and longitude coordinates. The
sampling process is weighted according to the population of each cell, meaning that points in cells
with higher populations are more likely to be selected. Afterward, the resulting N + 1 points are
matched to the nearest location accessible by road or street. This step is essential for calculating the
road distances between pairs of points. We employ the Open Source Routing Machine (OSRM) to
compute the time it takes to travel by car from one point u to another v. The distances (u, v) and
(v, u) are computed independently. The result is an asymmetric complete graph where the N + 1
vertices represent the N patients’ homes and the central office. The graph’s edges are weighted with
actual road travel times as computed offline by the OSRM routing engine.

We generated a dataset composed of 200 instances sampling various Italian territories of different
sizes and population densities. The values of the main features, such as patients, caregivers, and
services, are selected randomly for each instance (so that there are no groups).
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Table 4
Features of new validation instances

Instance P S C
Double
service

Time
window avg

Compatibility
min–max

Distances
avg

Radius
(km)

0 299 8 42 6.7 124.7 0.36−0.40 42.20 26
1 165 4 24 41.8 117.7 0.42−0.58 23.61 19
2 229 8 33 47.6 124.6 0.30−0.52 17.55 11
3 44 8 8 43.2 106.4 0.25−0.50 22.58 19
4 258 4 30 17.8 117.6 0.47−0.53 33.70 26
5 212 4 28 16.0 120.0 0.39−0.61 39.42 29
6 213 8 30 28.2 120.6 0.33−0.47 43.32 30
7 297 4 45 9.8 116.4 0.49−0.51 39.53 29
8 247 8 36 32.4 127.4 0.33−0.39 33.37 32
9 55 4 7 27.3 115.9 0.43−0.57 21.55 15
10 76 4 10 30.3 120.2 0.40−0.60 20.82 15
11 181 8 27 16.0 125.1 0.22−0.52 34.48 33
12 130 4 21 24.6 123.7 0.38−0.62 38.09 37
13 131 8 18 35.1 124.7 0.22−0.44 23.95 15
14 213 4 33 42.3 125.4 0.42−0.58 35.61 29
15 73 4 11 34.2 114.7 0.36−0.64 21.50 15
16 145 4 15 13.8 116.7 0.47−0.53 21.18 11
17 101 4 13 11.9 118.1 0.38−0.62 24.96 26
18 356 4 51 42.7 126.3 0.37−0.63 24.09 17
19 203 8 28 42.9 126.1 0.29−0.43 24.94 18
20 78 4 12 46.2 127.7 0.33−0.67 20.10 15
21 323 4 49 30.3 123.7 0.35−0.65 30.86 26
22 255 4 37 25.9 114.5 0.38−0.62 36.66 29
23 75 4 9 30.7 123.8 0.44−0.56 18.34 15
24 270 4 33 11.9 123.3 0.36−0.64 30.09 25
25 45 8 8 28.9 113.7 0.13−0.63 22.82 18
26 191 4 26 18.9 124.5 0.38−0.62 25.83 17
27 157 8 29 47.8 125.7 0.17−0.55 16.74 10
28 378 8 51 19.0 123.0 0.33−0.41 37.70 32
29 100 4 11 3.0 115.5 0.45−0.55 32.87 21

We randomly selected 30 instances for validation from this dataset while retaining the remaining
170 instances for training. The features of the validation instances are presented in Table 4. The
time window for each patient spans between 60 and 180 minutes. Furthermore, in addition to the
features outlined in Table 3, we also provide the distance radius from the central office, which was
used during the generation of the instances.

5.4. File formats

Unfortunately, there is no single well-established file format for this problem. Indeed, the dataset
of Mankowska et al. (2014) uses two different formats, one for the instances of up to 75 patients
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and one for the larger ones (from 100 patients upward). Kummer (2021)’s dataset uses a third one,
which is similar, but not identical to the second one by Mankowska et al. (2014)

All three formats are text only and have a fixed structure. They are easy to parse but quite fragile
and not very human-readable. In addition, they contain some redundant data. For these reasons,
we moved to a more robust and human-readable format based on JSON. Our JSON format is
extensible to different, more complex versions of the problem, which is not the case for the previous
ones. The solutions are also written in JSON, with their specific syntax.

In our repository located at https://github.com/iolab-uniud/hhcrsp , we provide a brief guide
on the input and output JSON file syntax. This repository contains all the validation instances
and our best solutions. Additionally, we offer a Python-based validator to ensure the correctness of
instances and solutions.

6. Experimental analysis

Our solution method is implemented in C++ using the framework for local search EasyLocal++
(Ceschia et al., 2024).

The experiments have been run on an Ubuntu Linux 22.4 machine with 4 cores Intel® i7-7700
(3.60 GHz), with a single core dedicated to each experiment.

6.1. Parameter tuning

The parameter tuning was performed using the tool json2run (Urli, 2013), which samples the con-
figurations using the Hammersley point set (Hammersley and Handscomb, 1964), and implements
the F-Race procedure (Birattari et al., 2010) to compare them. The F-Race procedure uses the
Friedman and Wilcoxon rank-sum tests to sort out the configurations that are statistically inferior
to the others.

The tuning procedure was performed in two stages. In Stage I, we tuned the parameters of SA,
namely T0, Tf , α, and ρ; in Stage II, we tuned the rates of the neighborhoods σ∗. In Stage I, we
used rates obtained from preliminary experiments, whereas in Stage II we used the SA parameters
obtained in Stage I.

Tuning has been performed using only the training dataset proposed by Kummer (2021).
We conducted experiments with 30 Hammersley points and identified the best result, presented

in Table 5. The initial parameter ranges were determined through preliminary experiments and
provided in the table. During the tuning phase, the maximum number of iterations I for the SA
algorithm was set to 5 × 107, leading to an average running time of approximately 88 seconds on
our machine.

We notice that σSP and σIRS have a rather low value in the winning configuration, both equal to
0.04. Indeed, experiments using only neighborhood MovePatient obtain results that are not much
inferior to the multineighborhood setting (see Section 6.5). However, especially for the largest and
more challenging instances, the contribution of the two auxiliary neighborhoods is statistically non-
negligible. In fact, the configuration with σSP = 0 and σIRS = 0 was eliminated by the RACE pro-
cedure.

© 2024 The Author(s).
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Table 5
Parameter settings

Name Description Value Range

T0 Initial temperature 6.11 3−10
Tf Final temperature 0.13 0.05−0.15
α Cooling rate 0.9863 0.985−0.995
ρ Accepted moves ratio 0.063 0.05−0.15
σSP Probability of SP 0.04 0.0 − 0.3
σIRS Probability of IRS 0.04 0.0 − 0.3

6.2. Comparative results on the dataset of Mankowska et al

We excluded from our analysis group A as all 10 instances are always consistently solved to opti-
mality, so they are not sufficiently challenging.

Regarding the parameter setting, due to the Metropolis acceptance criterion of SA, temperatures
must be related to costs. These costs are, in turn, influenced by distances and tardiness. Given that in
this dataset distances represent the biggest cost, and they are consistently larger than the distances
in the training instances by Kummer (2021), we rescaled the parameters T0 and Tf . To this aim,
we observed that the average distance in this dataset is 2.3 times larger than in the training one;
therefore, we multiplied T0 and Tf by 2.3 compared to the values in Table 5, keeping all the others
fixed as in the table.

The comparison of our results with the best-known results in the literature is presented in Tables 6
and 7 for different instance groups, namely B-D and E-G, respectively. Specifically, we compare our
findings (3SA) with those obtained by Mankowska et al. (2014) and Lasfargeas et al. (2019) using
variable neighborhood search, as well as by Kummer et al. (2020, 2024) using biased random-key
genetic algorithms. Following usual conventions, the best (average) results are indicated in bold
while the optimal values (only found in group B) are underlined.

We ran 10 replicates of our solving procedure for each instance, with the number of iterations set
at I = 108. This corresponds to approximately 6 minutes of running time for the largest instances
in group G. Although this allocated time is less than what others granted for the same instances, it
led to significantly longer running times (up to 2 orders of magnitude) for us in the case of smaller
instances. Nevertheless, our solver exhibits more linear time scalability than our competitors.

While an entirely fair comparison is not feasible due to different running times and processors,
it is evident that our best and average results outperform the others in nearly all cases. The re-
sults reinforce this observation averaged on each group, as indicated in the Avg rows in the tables.
Furthermore, we consistently achieved optimal solutions for seven out of 10 instances in group B.
We always find the same value for the remaining three, but whether it is optimal is unknown. All
our results have been validated using the MIP model by Mankowska et al. (2014), implemented in
CPLEX, and kindly supplied to us by Alberto Kummer.

6.3. Comparative results on the dataset of Kummer

Tables 8–10 present the comparative results for the second dataset, with group I-10 removed. As
explained above, the validation dataset comprises the 10 most challenging instances and 10 random

© 2024 The Author(s).
International Transactions in Operational Research published by John Wiley & Sons Ltd on behalf of International Federation
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Table 6
Comparative results on instances of groups B − D

Kumm-22 Mank-14 Lasf-19 Kumm-20 Kumm-22 3SA

Inst. LB cost t (s) best avg t (s) best avg t (s) best avg t (s) best avg t (s)

B1 428.10 458.9 <1 434.1 552.8 53.1 428.10 428.26 8.6 428.10 428.53 0.8 428.10 428.10 73.9
B2 476.05 476.2 <1 476.0 561.3 27.7 483.63 485.66 8.4 476.05 476.92 0.9 476.05 476.05 74.2
B3 399.09 399.2 <1 399.1 527.6 63.5 402.80 402.80 9.0 402.80 409.29 1.0 399.09 399.09 75.6
B4 411.30 576.0 <1 414.0 509.7 66.8 420.29 431.87 8.2 422.06 430.46 1.1 411.30 411.30 74.7
B5 366.34 391.1 <1 385.6 496.9 13.7 372.16 374.24 8.2 369.44 375.15 1.0 366.34 366.34 74.2
B6 405.58 534.7 <1 447.8 611.8 443.7 471.00 471.87 8.9 470.59 470.70 1.2 464.62 464.62 73.9
B7 328.67 355.5 <1 328.7 398.8 61.5 328.67 328.67 9.5 328.67 328.67 0.9 328.67 328.67 72.7
B8 357.68 357.8 <1 359.7 488.7 79.3 359.70 359.70 9.2 357.68 359.40 0.7 357.68 357.68 73.9
B9 330.30 403.8 <1 404.1 483.4 62.1 402.67 404.27 10.0 404.11 404.29 0.9 402.67 402.67 75.6
B10 420.99 500.4 <1 462.7 616.8 8.7 469.58 469.58 9.2 469.58 469.58 0.9 462.75 462.75 73.6
Avg 445.4 411.2 524.8 88.0 413.86 415.69 8.9 412.91 415.30 0.9 409.73 409.73 74.24
C1 459.25 1123.6 <1 974.2 1350.4 96.2 965.15 975.59 36.9 969.11 973.87 3.1 943.73 1010.79 105.7
C2 373.94 673.8 <1 605.1 685.5 106.4 583.39 590.48 39.0 584.18 587.00 2.9 569.12 575.51 103.6
C3 390.48 642.4 <1 562.9 698.2 109.8 548.79 559.05 37.4 549.63 552.52 2.9 537.79 563.10 105.9
C4 371.99 580.4 <1 521.9 630.4 112.4 519.91 530.59 36.2 520.13 524.15 3.0 495.17 499.23 104.1
C5 464.97 754.6 <1 683.1 822.6 114.9 678.61 702.92 31.4 668.65 685.92 3.4 655.72 666.50 102.8
C6 360.73 951.6 <1 854.6 1010.6 115.9 840.69 845.49 37.2 841.48 846.83 2.9 813.25 831.62 106.9
C7 354.15 577.4 <1 529.2 572.5 109.4 534.85 540.39 42.2 533.92 541.88 3.4 511.89 515.29 103.0
C8 375.52 540.6 <1 471.0 522.8 110.8 474.55 480.06 36.5 475.96 478.39 3.5 468.88 470.26 103.1
C9 355.29 608.7 <1 551.1 642.7 115.4 534.30 551.14 42.8 545.18 558.54 3.4 527.69 535.63 105.1
C10 431.18 679.3 <1 608.9 653.0 99.0 611.25 618.27 35.3 611.03 614.59 2.7 590.26 590.27 103.4
Avg 713.2 636.2 758.9 109.0 629.15 639.40 37.5 629.93 636.37 3.1 611.35 625.82 104.36
D1 492.09 1321.8 5 1278.2 1498.8 143.0 1186.20 1209.62 93.7 1193.21 1215.79 8.0 1110.81 1182.21 136.4
D2 384.68 892.7 4 746.9 914.3 168.7 693.28 718.03 82.9 679.58 695.99 7.2 653.73 673.26 134.7
D3 380.05 819.4 4 678.6 817.8 155.4 635.67 651.35 102.2 644.16 650.22 8.5 613.12 634.94 135.4
D4 418.94 877.4 4 809.7 1073.1 148.5 814.35 841.64 82.3 795.15 827.28 7.2 770.60 784.07 134.9
D5 415.81 872.1 5 777.0 924.9 150.3 691.50 703.12 92.4 693.83 702.68 7.7 651.65 661.18 135.4
D6 392.08 835.2 5 768.6 886.6 154.6 733.67 744.70 105.8 731.71 743.64 7.9 688.15 692.65 134.9
D7 372.49 706.3 6 600.1 680.4 168.1 590.64 604.75 112.8 586.10 597.25 7.8 565.78 580.54 133.0
D8 409.35 811.4 4 715.5 775.8 149.8 661.78 680.31 102.7 658.49 669.83 8.1 647.95 662.06 133.3
D9 385.89 842.7 6 741.0 818.2 156.0 706.08 723.45 92.6 689.83 710.32 9.2 651.10 660.49 134.8
D10 485.63 1306.6 3 1424.6 1867.7 173.1 1208.71 1290.56 77.7 1189.32 1280.92 6.9 1155.89 1165.73 136.3
Avg 928.6 4.6 854.0 1025.8 156.8 792.19 816.75 94.5 786.14 809.39 7.9 750.88 769.71 134.91

ones out of 2200 generated for each group. The most challenging instances in our tables are on the
left, and the random ones are on the right. The comparison here is only against the results of Kum-
mer (2021) as these instances have been proposed recently and are not considered by other studies.

We can see that our results outperform the previous ones in most instances, particularly the
largest ones. The only group in which the previous results are cumulatively superior is the smallest
one (25 patients) of hard instances.

As for the previous dataset, our running times, corresponding to 108 iterations, are longer than
Kummer (2021) for small instances and shorter for large ones.

© 2024 The Author(s).
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Table 7
Comparative results on instances of groups E − G

Kumm-22 Mank-14 Kumm-20 Kumm-22 3SA

Inst. LB cost t (s) best avg t (s) best avg t (s) best avg t (s)

E1 430.36 1604.9 17 1331.49 1352.32 193.6 1327.72 1340.36 17.2 1257.71 1357.71 166.1
E2 444.88 1101.9 10 848.08 871.25 192.0 829.79 865.05 17.1 780.57 791.59 163.4
E3 454.27 986.4 14 788.03 814.23 182.9 789.56 806.53 16.7 758.24 775.46 165.9
E4 412.08 871.0 19 711.19 729.93 196.5 723.87 728.96 14.8 679.57 696.71 166.8
E5 416.62 1018.0 19 781.50 803.86 182.3 780.04 817.13 17.0 714.00 739.40 164.9
E6 416.60 1003.0 19 790.47 804.16 177.6 779.82 793.68 18.3 751.26 762.77 167.0
E7 389.57 921.1 20 711.11 733.91 191.8 705.79 715.46 18.0 680.55 692.67 165.4
E8 433.89 884.6 19 752.35 761.97 168.8 733.90 750.59 17.2 708.08 717.51 167.3
E9 446.49 1131.7 18 921.78 951.91 163.1 893.35 916.56 16.4 840.14 869.21 166.2
E10 455.07 1053.6 11 825.24 845.10 174.5 822.85 841.57 16.0 782.76 802.24 163.9
Avg 1057.6 16.6 846.12 866.86 182.3 838.67 857.59 16.9 795.29 820.53 165.69
F1 548.88 1721.4 889 1401.96 1425.97 745.5 1311.10 1351.20 124.4 1229.68 1274.23 298.8
F2 543.32 1763.8 909 1336.33 1383.58 812.1 1298.31 1337.41 121.7 1214.39 1248.10 296.8
F3 547.64 1549.6 868 1263.39 1285.81 780.3 1215.96 1272.23 116.5 1136.95 1170.20 298.0
F4 531.84 1420.4 1321 1124.24 1146.22 901.9 1100.66 1134.66 136.0 1027.68 1070.69 297.4
F5 538.14 1701.9 1145 1329.29 1365.17 826.1 1298.55 1331.09 119.8 1214.61 1240.69 298.7
F6 518.47 1639.7 836 1332.14 1373.32 649.8 1292.52 1368.41 109.6 1231.47 1264.24 300.6
F7 512.98 1384.3 1294 1131.27 1157.35 817.0 1084.57 1125.37 120.5 1063.33 1093.83 296.4
F8 536.15 1544.6 924 1132.77 1165.15 716.4 1123.22 1140.42 107.7 1077.12 1109.37 298.5
F9 543.16 1572.9 1642 1311.43 1345.01 770.4 1263.19 1344.62 125.4 1183.69 1215.89 299.3
F10 546.84 1581.0 1326 1418.53 1446.35 740.3 1383.08 1419.76 119.6 1274.71 1306.27 301.0
Avg 1588.0 1115.4 1278.14 1309.39 776.0 1237.12 1282.52 120.1 1165.36 1199.35 298.55
G1 612.37 2248.0 7200 1778.54 1855.17 1949.8 1744.14 1824.34 439.4 1668.14 1707.70 456.7
G2 605.84 2316.1 7200 1824.74 1897.99 2115.1 1709.70 1799.78 519.5 1633.70 1668.64 454.0
G3 614.20 1885.3 7147 1514.23 1546.53 1935.1 1464.69 1511.86 461.6 1387.44 1438.69 453.8
G4 604.30 2023.2 7200 1564.42 1599.39 2137.6 1508.94 1569.01 529.0 1448.65 1491.84 455.3
G5 633.66 2247.6 7200 1698.28 1749.10 1840.9 1652.88 1681.01 466.6 1547.88 1585.38 458.3
G6 621.46 2144.4 7200 1714.38 1777.39 2014.4 1681.64 1719.18 570.5 1630.98 1680.26 457.6
G7 602.42 1971.5 6934 1640.07 1677.92 1844.3 1536.00 1604.96 522.4 1494.00 1534.86 453.2
G8 618.74 1987.4 7200 1547.63 1583.86 1799.1 1498.38 1535.90 531.7 1444.88 1478.84 453.3
G9 662.70 2415.5 7023 1942.21 1972.48 1810.7 1850.07 1976.27 446.6 1762.51 1799.20 457.9
G10 633.76 2373.4 7003 1872.08 1932.27 1649.6 1785.37 1868.56 482.8 1664.70 1714.07 456.9
Avg 2161.2 7130.7 1709.66 1759.21 1909.7 1643.18 1709.09 497.0 1568.29 1609.95 455.7

6.4. Results on our new dataset

We now show the results obtained for the validation instances of our new dataset. We have no
comparative results available in this case, so we only show our values for future comparisons. We
report in Table 11 the average for 10 runs of the cost (obtained using the three weights equal to
1/3) and the individual cost components (distance, total tardiness, highest tardiness). To give a
more qualitative view of the costs, we also show the average distance per caregiver and tardiness
per provided service. The last row shows the averages for all instances of these measures.

The average distance (in minutes) for caregivers is 122.8, meaning that an operator spends about
2 hours of their working day traveling between patients and the central office. Average tardiness is

© 2024 The Author(s).
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Table 11
Results on the new instances

Instance Cost Distance
Distance per
caregiver

Total
tardiness

Tardiness
per service

Highest
tardiness

0 2058.0 6139.7 146.2 24.2 0.1 10.0
1 864.9 2583.5 107.6 7.6 0.0 3.6
2 915.6 2741.5 83.1 3.8 0.0 1.6
3 367.9 1101.8 137.7 1.1 0.0 0.8
4 1317.1 3934.5 131.2 13.4 0.0 3.3
5 1251.4 3746.1 133.8 5.6 0.0 2.4
6 1987.1 5892.9 196.4 55.4 0.2 13.0
7 1598.8 4695.8 104.4 52.5 0.2 48.0
8 1654.5 4946.2 137.4 12.4 0.0 4.8
9 301.7 902.3 128.9 1.8 0.0 1.1
10 428.4 1253.8 125.4 22.2 0.2 9.2
11 1219.7 3626.0 134.3 24.5 0.1 8.5
12 925.6 2765.3 131.7 7.6 0.0 4.0
13 693.5 2065.1 114.7 11.1 0.1 4.4
14 1327.6 3965.5 120.2 11.8 0.0 5.5
15 471.4 1274.8 115.9 106.7 1.1 32.7
16 514.4 1540.4 102.7 1.9 0.0 1.0
17 532.9 1589.3 122.3 5.6 0.0 3.7
18 1511.6 4525.5 88.7 6.4 0.0 2.8
19 1275.0 3815.9 136.3 6.6 0.0 2.5
20 447.6 1330.9 110.9 7.7 0.1 4.2
21 1897.4 5670.4 115.7 17.4 0.0 4.3
22 1644.4 4886.6 132.1 35.7 0.1 10.9
23 338.1 1009.6 112.2 3.2 0.0 1.4
24 1309.6 3910.4 118.5 13.2 0.0 5.3
25 489.5 917.9 114.7 403.7 7.0 147.0
26 1024.5 3059.0 117.7 10.7 0.0 3.8
27 620.0 1843.7 63.6 11.6 0.0 4.8
28 2249.5 6722.0 131.8 21.6 0.0 5.0
29 624.1 1847.9 168.0 18.7 0.2 5.7
avg 1062.1 3143.5 122.8 30.9 0.3 11.8

0.3 minutes, which is perfectly acceptable, although this value also considers all the services with
no tardiness. The average highest tardiness is 11.8 minutes, which is relatively low and generally
tolerable. We also see that there are no instances with zero tardiness, showing that this objective is
indeed binding and significant.

As an example, a solution for instance 3 is shown in Fig. 4. We see only two late patients (p1 and
p36), highlighted in white diagonal stripes. On the contrary, many early arrivals (e.g., p8 and p14)
cause the caregivers’ idleness, which is not penalized in the objective function.

6.5. Discussion and further analyses

In order to investigate the relative importance of the three neighborhoods, we performed an ablation
analysis in which the two “auxiliary” neighborhoods, namely SP and IRS, are removed from the
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Fig. 4. Solution of instance 3.

search method one at the time. Table 12 and Fig. 5 show the percentage gap between the original
method, that uses the neighborhood MP∪SP∪IRS, and the ones that use MP∪SP, MP∪IRS, and
MP, respectively.

We observe that the average loss (last line of the table) of MP∪SP is very small, only 0.165%,
whereas the loss of the other two variants is more significant (2.237% and 2.977%, respectively).
It is interesting to see that the gap varies significantly among the different instances. For a com-
plementary view, looking at Fig. 5 it is possible to notice that the distribution of the outcomes is
skewed toward the worse values for the variants of the algorithm that do not use the SP neighbor-
hood (i.e., the two topmost boxplots in the figure), suggesting that this neighborhood is crucial for
the solution method. Nevertheless, the interaction of SP with the IRS neighborhood also plays a
role in the overall performance of the algorithm allowing for further slight cost improvements. A
deeper investigation of the correlation between the features of the instances and the behavior of the
neighborhood will be the subject of future work.

In order to have a further insight on the behavior of our search method, in our experiments we
tracked the iteration in which the best solution was found. It turned out that in this regard, the
behavior is quite irregular, lacking any specific pattern. The average ratio between the iteration of
the best and the number of iterations is 0.648, meaning that on average the last 35.2% of iterations
are actually “wasted” without improvements. On the other hand, the minimum and the maximum
of this ratio are 0.137 and 0.999, respectively, showing that there are both cases in which the waste
is much higher and cases with no waste at all in which the method improves until the very end of
the search.
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Table 12
Ablation analysis: average values of the gaps of the algorithmic variants in comparison to the full neighborhood
MP∪SP∪IRS
Instance MP∪SP MP∪IRS MP

0 0.598% 0.448% 0.966%
1 0.031% 3.549% 1.748%
2 −0.885% −0.011% 0.266%
3 0.181% 0.154% 0.063%
4 0.841% 1.208% 2.216%
5 0.567% 0.375% 1.564%
6 −0.875% −0.099% 1.034%
7 0.180% 0.135% 0.709%
8 0.612% 0.728% 1.444%
9 1.033% 0.593% −0.033%
10 0.217% 6.634% 12.865%
11 −0.556% 0.127% 0.478%
12 0.266% 0.525% 0.155%
13 0.450% 0.991% 0.305%
14 1.118% 4.314% 5.742%
15 0.698% 8.541% 12.142%
16 0.467% 2.139% 3.461%
17 0.701% 0.219% 0.394%
18 1.405% 9.211% 9.680%
19 −0.541% −0.173% 0.384%
20 0.254% 2.490% 1.182%
21 −0.774% 6.475% 8.096%
22 −2.422% 6.386% 8.751%
23 −0.147% −0.265% −0.206%
24 1.009% 3.082% 5.222%
25 −0.089% 0.082% 0.048%
26 −0.414% 0.895% 0.674%
27 −0.043% 6.228% 6.681%
28 0.655% 0.887% 2.095%
29 0.399% 1.245% 1.181%
Average 0.165% 2.237% 2.977%

Finally, we discuss the trade-off between travel time and tardiness. To this aim, we run some
experiments using alternative weights. In particular, we keep the distance weight fixed and multiply
the other two by 1 and 10 alternatively.

In Table 13, we show the average results in comparison with the ones with the original weights.
In particular, the column (1,1,1) represents the original weights, the column (1,10,1) the ones where
the total tardiness is weighted 10 times and the highest tardiness has the original weight, and so on.

Looking at columns (1,10,1) and (1,1,10), we see that, unsurprisingly, the objective component
with the increased weight improves its score at the expense of the distance traveled. The other
tardiness-related component is also improved, as the two of them are connected. Notice that the tar-
diness per service for weights (1,1,10) increases by 20.9%, but this is the average of small quantities
sensitive to a few large values. For weights (1,10,10), all tardiness indicators decreased as expected.
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Fig. 5. Distribution of the cost gaps in comparison to the average value obtained by the fully equipped algorithm. The

 marker indicates the average gap for that variant of the algorithm. The median values of the distributions are reported

in italics.

Table 13
Comparison of new instances with different combinations of the weights.

(1,1,1) (1,10,1) (1,1,10) (1,10,10)

Value Value Gap Value Gap Value Gap

Distance 3143.5 3263.9 3.8% 3189.2 1.5% 3263.6 3.8%
Distance per caregiver 122.8 127.3 3.7% 124.6 1.5% 127.6 3.9%
Total tardiness 30.9 25.7 −16.8% 29.3 −5.0% 21.5 −30.3%
Tardiness per service 0.33 0.32 −3.3% 0.40 20.9% 0.30 −8.8%
Highest tardiness 11.8 11.2 −5.2% 6.7 −43.1% 8.5 −28.4%

However, the differences are pretty small in absolute terms, showing that there is no substantial
trade-off between the components. This means that, due to patients’ time windows, we cannot
eliminate the tardiness by just increasing the traveling time of the caregivers, but we should instead
increase their number.

7. Conclusions and future work

In this study, we have introduced an approach based on local search that utilizes a larger neigh-
borhood compared to previous methods proposed in the literature. The efficiency of our method
is maintained through the random selection criterion inherent in the SA algorithm, which avoids
exhaustive exploration of the entire neighborhood.
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Remarkably, our SA approach has yielded favorable comparisons against all state-of-the-art
methods in the literature, achieving the best-known results for the majority of instances. While
small instances may experience slightly longer running times, these remain within acceptable limits.

An additional contribution of this work is the introduction of a novel benchmark set that extends
the existing literature in terms of instance challenges and feature diversity. This new benchmark set
not only serves to evaluate the performance of our proposed approach but also provides a more
comprehensive and extensive platform for future studies in the field.

In the future, we envision extending the problem formulation by including additional real-world
features, such as the synchronization based on mobile equipment, the presence of multiple depots,
and penalties for caregiver idleness and overtime. Furthermore, we plan to address the case of the
multiday planning horizon, which brings in many new issues related to the stability of caregivers
and service time for patients over the days.

These additional considerations will contribute to a more comprehensive and practical formu-
lation of the home healthcare routing and scheduling problem. In addressing this new problem,
we plan to extend the current JSON format for input and output data while also translating
other datasets, including those by Bredström and Rönnqvist (2008), Grenouilleau et al. (2019),
and Di Gaspero and Urli (2014), into the new format.
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