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ABSTRACT

Dynamic Routing and Scheduling for Home Healthcare Services with
Cooperating Multiple Service Providers
Mert Parcaoglu
Master of Science in Industrial Engineering
August 8, 2022

The importance of home healthcare services has been increasing globally with aging
population and the rise of remote activities in our lives. In this thesis, we focus
on a daily routing and scheduling problem for home healthcare services consider-
ing patient priorities defined according to their health conditions and the dynamic
emergence of urgent patient visit requests during the day which is handled by the
cooperation of multiple service providers. We optimize multiple objectives in a lex-
icographic goal programming (LGP) framework.

The LGP approach is used for both the static and dynamic problems. The solu-
tion to the static problem identifies an initial schedule and a routing plan for each
healthcare service provider (HSP) separately. On the other hand, the dynamic prob-
lem optimizes the schedules and routes of all HSPs and schedules dynamic emergent
patients in addition to the patients scheduled in the initial plan. By means of the
dynamic problem, the routing and scheduling plans of the HSPs are re-optimized
simultaneously each time an emergent patient arrives. For both problems, a mixed
integer linear programming (MILP) model and a greedy randomized adaptive search
procedure (GRASP), followed by a variable neighborhood search (VNS) procedure
for local improvement, are developed together with a hybrid approach that utilizes
both the MILP model and the proposed heuristic. The three approaches are tested
through a case study that considers COVID-19 patients in a district of Istanbul. In
order to show the effectiveness of cooperation and compare the proposed solution
methods, several performance metrics are analyzed through extensive simulation
runs. We observe that i) our proposed heuristic approach provides solutions with
quality close to or better than those obtained by the MILP run within a time limit,
while running in short times, and ii) the cooperation strategy improves system per-

formance significantly in a dynamic setting.
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OZETCE

Yardimlagsan Coklu Servis Saglayicilariyla Evde Saglik Hizmetleri igin
Dinamik Rotalama ve Cizelgeleme
Mert Parcaoglu
Endiistri Miihendisligi, Yiiksek Lisans
August 8, 2022

Evde saglik hizmetlerinin énemi, yaglanan niifus ve hayatimizdaki uzaktan gercek-
lestirilen faaliyetlerin artmasiyla birlikte kiiresel olarak artmaktadir. Bu tezde, bir-
den fazla hizmet saglayicinin yardimlagma ile ele alinan, saglik kosullarina gore
belirlenen hasta oncelikleri ve giin i¢inde acil hasta ziyaret taleplerinin dinamik
olarak ortaya c¢ikmasi dikkate alinarak, evde saglik hizmetleri i¢in giinliik bir rota-
lama ve gizelgeleme problemine odaklanilmigtir. oncelikli hedef programlama (LGP)
cercevesinde birden ¢ok hedefi en iyiliyoruz.

LGP yaklagimi hem statik problem hem de dinamik problem icin kullanilir.
Statik problemin ¢6ziimii, her bir saghk hizmeti saglayicisi (HSP) i¢in ayr1 ayri
olacak sekilde bir baslangic cizelgesi ve bir rotalama plam tanmmlar. Ote yandan,
dinamik problem, tiim HSP’lerin ¢izelgelerini ve rotalarii en iyiler ve baglangig
planinda cizelgelenen hastalara ek olarak dinamik acil hastalar: ¢izelgeler. Dinamik
problem ile birlikte, HSP’lerin rotalama ve c¢izelgeleme planlari, her bir acil hasta
geldiginde hastanin gelisiyle es zamanl olarak yeniden en iyilenir. Her iki prob-
lem igin, bir Karma Tamsayil Dogrusal Programlama (MILP) modeli ve Aggozlii
Rastgele Adaptif Arama Prosediirii (GRASP), ardindan yerel iyilegtirme igin bir
Degigsken Komsguluk Arama (VNS) prosediirii, hem MILP modeli hem de 6nerilen
sezgisel algoritmay1 kullanan hibrit bir yaklasimla birlikte gelistirilmistir. Uc yak-
lagim, Istanbul’un bir semtindeki COVID-19 hastalarini dikkate alan bir vaka calis-
masi ile test edilmistir. Yardimlagmanin etkinligini géstermek ve onerilen ¢éziim
yontemlerini kargilagtirmak i¢in kapsamli simiilasyon ¢aligmalar: yoluyla cesitli per-
formans olgiitleri analiz edilir. i) Onerilen sezgisel yaklagimimizin, kisa siirelerde
caligirken, bir zaman sinir1 iginde MILP caligmasiyla elde edilenlere yakin veya daha
iyi kalitede ¢oziimler sagladigini ve ii) yardimlagma stratejisinin dinamik bir ortamda

sistem performansini 6nemli 6l¢iide iyilegtirdigini gozlemledik.
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Chapter 1

INTRODUCTION

The increasing life expectancy of human beings has brought along an aging popula-
tion and increased health problems as they get older. While the increase in health
problems strains the healthcare systems, home healthcare systems emerge as a viable
alternative, both because constantly going to the hospital is inefficient and unsus-
tainable, and poses a threat in terms of epidemics and infectious diseases. When
health expenditures in developed countries are taken into account, it is seen that
home healthcare systems have an important share of 3%-5%, and they are increas-
ing year by year [Nadine Genet and Saltman, 2012]. |Falvey et al., 2020] emphasize
that any home-based interventions that would reduce the volume of hospitalizations,
can contribute meaningfully to public health goals. Thus, it can be said that home
healthcare plays a crucial role in public health. In fact, home healthcare systems
have been used effectively in many countries, including Turkey, to control the Coron-
avirus Disease 2019 (COVID-19), which affected the whole world starting from 2020
[Spinelli and Pellino, 2020].

In this thesis, we focus on the operational decisions related to home healthcare
services. We aim to optimize the healthcare service providers’ (HSPs’) daily routes
and prioritized patient visit schedules dynamically as new emergency requests that
should be serviced within the day arise. To handle this situation, particularly, we
suggest the HSPs to cooperate with each other through central decision making.
Each HSP has a list of patients that reside relatively closely and they normally visit
only these patients for continuity of care purposes. However, when additional re-
quests arrive during the day, in order to serve all the requests timely and to keep

the overtime and the number of patients with postponed visits limited, an HSP may
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attend to the patient of another HSP so that their joint time is utilized better. In ad-
dition, considering an urban region, we incorporate time-dependent travel distances
with respect to the changing traffic patterns within a day. Furthermore, we consider
multiple objectives in lexicographic order in a goal programming framework.

In our setting, each healthcare service provider (HSP) is assigned a patient clus-
ter, and for each of them an initial daily plan to visit patients selected from their
assigned cluster at the beginning of the day is created. In this static problem, each
HSP is in charge of his patient list for continuity of care purposes. On the other
hand, when the more realistic dynamic case is considered, while the initial plan is
being executed for each HSP, dynamically occurring urgent patient requests arrive.
The studies in the literature follow an approach where these requests are assigned
to the HSP of the related cluster and are included in the plan of the HSP. However,
these changes in the initial plan may cause HSPs to postpone patient visits sched-
uled in the initial plan, change the visit times, and perform overtime. In order to
avoid these problems, we propose a joint optimization problem for all HSPs, where
HSPs may cooperate and serve patients from another HSP’s list. For this purpose,
we formulate a model that re-optimizes all routes according to multiple objectives
in a lexicographic goal programming framework. The objectives are to maximize
the total priority of the visited patients, minimize the total arrival time changes in
the schedule, minimize the total overtime of the service providers, and minimize the
total travel time of the service providers. In addition, we consider time-dependent
travel times.

First, a mixed integer linear programming (MILP) model is developed for the
static problem that generates an initial plan. However, since the model can handle
only instances with a small number of patients, we develop a greedy randomized
adaptive search procedure (GRASP), followed by a variable neighborhood search
(VNS) procedure for local improvement. Then, for the dynamic problem that is
solved every time a new patient request arises, we develop an MILP, again a GRASP
and VNS heuristic, and also propose a hybrid solution approach utilizing both the
model and the heuristic. We test the performance of the solution approaches via

computational experiments based on a case study that considers COVID-19 patients
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in a district of Istanbul. We analyze some key performance metrics over different
parameter settings and instance sizes via simulation runs. We summarize the perfor-
mances of the proposed approaches, namely, MILP and GRASP-+VNS for the static
problem, in addition to the performances of the three approaches, namely, MILP,
GRASP-+VNS and hybrid, for the dynamic problem. We also quantify the benefits
from HSPs’ cooperation by a comparison to the model solution that did not allow
cooperation.

Our main contribution in this work is the centralized generation of multiple HSPs’
schedules and routes in a dynamic setting that accounts for urgent visit requests
with the cooperation of HSPs While ensuring care continuity and incorporating
time-dependent travel times, which is addressed for the first time in the literature
to the best of our knowledge. We show the benefits of such an approach as opposed
to generating the schedule of each HSP separately, as done in most studies in the
literature, by means of our computational study. We also present a simulation
study conducted on instances with different sizes and varying parameters that lead
to several important insights for decision-makers.

In the next chapter, we examine the related literature and identify the distin-
guishing aspects of our problem from the well-known problems and state our contri-
butions. In Chapter 3, we explain the dynamic problem and the solution approaches
we offer in detail. We describe the proposed re-optimization approach, as well as
the two heuristic approaches, and the simulation framework in Chapter 4. Chapter
5 presents the data generation steps and results of the simulation study. Finally,

Chapter 6 presents our concluding remarks.
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Chapter 2

LITERATURE REVIEW

In this chapter, we will examine the problems studied in the home healthcare
literature in terms of their setting, objectives, and solution methods. Firstly, the
literature review table, which includes the articles in the HHCRSP field and the fea-
tures examined in these articles, is presented. The table describes how the features
are covered in the literature. In the next section, the contributions of this thesis to

the literature are mentioned.

2.1 Literature Review Table

We can first classify the problems as static and dynamic. In the static problems,
the patients to be visited are known in the planning phase, and while the plan is
being followed, there are no changes in the conditions of the patients, employees,
or environmental factors, beyond what is expected. Some studies include stochastic
times in the static problem, generally reflecting the uncertainties in the service times
and the travel times [Yuan et al., 2018, He and Shi, 2019, Shi et al., 2019, Liu et al.,
2019b, Hosseinpour-Sarkarizi et al., 2020].

The focus in the literature has been on the static problem in general, hence
studies on the dynamic problem is limited in number. However, there is an increasing
interest in the dynamic problem as it can be seen from the features of the studies
summarized in Table 2.1.

In the dynamic problems, the models obtain the solution by occurrence of the
changes, such as coming new patients and cancellations, [Hertz and Lahrichi, 2009,
Nickel et al., 2012, Fikar et al., 2016, Lopez-Santana et al., 2016, Yuan and Jiang,
2017, Ouertani et al., 2019, Demirbilek et al., 2019, Hassen et al., 2019, Du et al.,
2019, Demirbilek et al., 2021|. Also, there are models which work with predefined
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times |[Bennett and Erera, 2011, Xie and Wang, 2017]. These models wait until the
predefined times and work if a new solution is needed in the valid time interval. The
definitions of dynamism differ among the articles, and it can be exemplified as the
emergence of new patients [Bennett and Erera, 2011, Nickel et al., 2012, Ouertani
et al., 2019, Demirbilek et al., 2019], the cancellation of patient requests [Fikar et al.,
2016, Xie and Wang, 2017|, the changes on the time windows of the patients [Yuan
and Jiang, 2017| or dynamic changes in the number of healthcare service providers
[Nasir and Dang, 2018].

As can be seen in Table 2.1, many different features have been incorporated
to the problem variants studied. Time windows indicate that each patient has an
assigned visit start/end time that must be obeyed if the time windows are defined
as hard constraints. When soft time window constraints exist, the deviation from
the predefined time window is penalized |Decerle et al., 2019, Decerle et al., 2018a,
Mascolo et al., 2018, Decerle et al., 2017, Decerle et al., 2018b, Nickel et al., 2012]. In
some cases, due to high demand, all of the patients might not be visited within the
planning horizon [Nickel et al., 2012, Manerba and Mansini, 2016, Ly Nguyen and
Montemanni, 2016, Liu et al., 2017, Yuan and Jiang, 2017, Yuan et al., 2018, Decerle
et al., 2018b, Xiao et al., 2018, Nasir and Dang, 2018, He and Shi, 2019, Heching
et al., 2019, Demirbilek et al., 2019, Hassen et al., 2019, Cinar et al., 2021, Liu et al.,
2019b, Grenouilleau et al., 2019, Chaieb et al., 2020, Hosseinpour-Sarkarizi et al.,
2020, Fathollahi-Fard et al., 2021, Demirbilek et al., 2021|. Several studies include
the decision on whether the new patients will be accepted or will not [Demirbilek
et al., 2019, Demirbilek et al., 2021, Bennett and Erera, 2011, Nickel et al., 2012,
Nasir and Dang, 2018|. Additionally, the postponement of the patients on the

visiting list has been considered in the literature [Liu et al., 2019a].
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The HHCRSPs differ in terms of the number of periods in the planning horizon, as
well as HSP skills (whether they are multi or not). If a single-day plan is generated as
in our study, we classify those studies as single-period [Mankowska, 2016, Di Mascolo
et al., 2014, Rest and Hirsch, 2015, Fikar and Hirsch, 2015, Yuan et al., 2015,
Manerba and Mansini, 2016, Rest and Hirsch, 2016, Heching and Hooker, 2016,
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Redjem and Marcon, 2016, Mankowska, 2016, Fikar et al., 2016, Liu et al., 2019b,
Yuan and Jiang, 2017, Decerle et al., 2017, Xie and Wang, 2017, Riazi et al., 2017,
Yuan et al., 2018, Decerle et al., 2018b, Decerle et al., 2018a, Fikar and Hirsch,
2018, Xiao et al., 2018, Mascolo et al., 2018, He and Shi, 2019, Demirbilek et al.,
2019, Demirbilek et al., 2021]. The planning horizon is more than one day, we classify
those studies as multi-period [Hertz and Lahrichi, 2009, Bennett and Erera, 2011,
Nickel et al., 2012, Cappanera and Scutella, 2013, Bowers et al., 2015, Yalgindag
et al., 2016, Heching and Hooker, 2016, Redjem and Marcon, 2016, Ly Nguyen
and Montemanni, 2016, Lopez-Santana et al., 2016, Yal¢gindag and Matta, 2017,
Guericke and Suhl, 2017, Martinez et al., 2018, Nasir and Dang, 2018, Martinez et al.,
2019, Ouertani et al., 2019, Shi et al., 2019, Heching et al., 2019, Demirbilek et al.,
2019, Cinar et al., 2021, Du et al., 2019, Moussavi et al., 2019, Grenouilleau et al.,
2019, Shahnejat-Bushehri et al., 2019, Fathollahi-Fard et al., 2021, Demirbilek et al.,
2021, Malagodi et al., 2021]. Studies may also be classified based on the number of
HSPs. In [Bennett and Erera, 2011, Demirbilek et al., 2019, Demirbilek et al., 2021]
studies, they solved home healthcare routing problem while the dynamically arriving
new patients for the single HSP. In the multi-HSP feature, which is mentioned as
future work in the single-HSP articles, the route of more than one HSP is optimized
in the problem set at the same time. Synchronization feature and cooperation
strategy can also be used in multi-HSPs. If a patient needs to be treated by multi-
HSPs at the same time, the correct timing there is called synchronization in the
HHC literature. Differently, cooperation can be defined as a method that aims to
reach more patients by dynamically sharing patients among multi-HSPs. Situations
where synchronization requires multi-HSPs in the treatment of a patient were studied
[Mankowska et al., 2014, Di Mascolo et al., 2014, Fikar and Hirsch, 2015, Yuan et al.,
2015, Redjem and Marcon, 2016, Mankowska, 2016, Fikar et al., 2016, Decerle et al.,
2017, Decerle et al., 2018b, Decerle et al., 2018a, Fikar and Hirsch, 2018, Xiao et al.,
2018, Mascolo et al., 2018, Liu et al., 2019b, Ait Haddadene et al., 2019, Decerle
et al., 2019, Shahnejat-Bushehri et al., 2019, Liu et al., 2021]. The cooperation
strategy |Fikar et al., 2016, Lopez-Santana et al., 2016, Yuan and Jiang, 2017, Nasir
and Dang, 2018, Ouertani et al., 2019, Demirbilek et al., 2019, Hassen et al., 2019, Du
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et al., 2019, Fathollahi-Fard et al., 2021] as less common in the literature aims
to handle the new urgent patients. That can be thought as a kind of solidarity.
More patients or higher collected priority value can be reached with the cooperation
strategy.

Several researchers have focused on travel time and service time uncertainties.
Mostly, travel time and service time are considered to be uncertain simultaneously,
but Demirbilek, M. et al. [Demirbilek et al., 2021] studied only the case of uncertain
travel times. Uncertainties in service time arise due to the health status of the
patient, the level of experience of the caregiver and the difficulty of the procedures.
Uncertainties in travel time are also caused by traffic and road conditions. Also,
Yuan, B. et al. [Yuan et al., 2015] worked as uncertain, with both travel and
service times. They studied daily scheduling of caregivers with stochastic times.
This paper mainly focused on uncertain parameters like traffic, health conditions of
patients. This study aimed to under control the uncertainty with stochastic model.
They worked on the chance constraint which refers to whether the patient can be
visited on the time or not. The chance constraint guaranteed the service quality
because the chance factor is limited by a threshold. The authors choose to branch-
and-price(B&P) algorithm to work on this issue. The algorithm mainly focused on
reducing cost of travel, failure and recompense of uncovered patients.

Another rarely-addressed feature is time-dependent travel times. In several
studies travel times between locations vary by time [Rest and Hirsch, 2015, Rest
and Hirsch, 2016, Grenouilleau et al., 2019]. Time-dependent travel times are
mainly caused by the departure times of public transportation and the traffic den-
sity changes throughout the day. In addition to this feature, Rest, Klaus-Dieter
and Hirsch, Patrick [Rest and Hirsch, 2015, Rest and Hirsch, 2016] worked on mul-
tiple transportation modes, such as walking and public transportation, with time-
dependent travel times.

In terms of objective functions, a trend that goes from single objective [Hertz and
Lahrichi, 2009, Bennett and Erera, 2011, Cappanera and Scutella, 2013, Mankowska
et al., 2014, Di Mascolo et al., 2014] to multi-objective approaches from past to

present is observed. Except Di Mascolo, M. et al. which focused on minimiz-
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ing the total waiting time, all single-objective papers focused on minimizing the
total route distance or the total travel time [Di Mascolo et al., 2014]. When con-
sidering multiple objectives, improvement is generally aimed from the perspective
of three main entities: patients, HSPs, and HHC managers. Since the objectives
for patients are approached from the perspective of customer satisfaction, patient-
oriented objectives could be classified as the following: minimizing the delay in time
windows [Decerle et al., 2019, Decerle et al., 2018a, Mascolo et al., 2018, Decerle
et al., 2017, Decerle et al., 2018b, Nickel et al., 2012|, minimizing waiting times
[Di Mascolo et al., 2014, Rest and Hirsch, 2015, Rest and Hirsch, 2016, Di Mas-
colo et al., 2014, Martinez et al., 2019, Guericke and Suhl, 2017, Mankowska et al.,
2014, Chaieb et al., 2020|, meeting their needs and preferences [Malagodi et al.,
2021, Bowers et al., 2015, Ait Haddadene et al., 2019, Mascolo et al., 2018, Has-
sen et al., 2019, Hosseinpour-Sarkarizi et al., 2020, Redjem and Marcon, 2016|, and
maintaining continuity of care [Nickel et al., 2012, Bowers et al., 2015, Redjem
and Marcon, 2016, Liu et al., 2017, Yuan and Jiang, 2017, Yalgindag and Matta,
2017, Martinez et al., 2018, Demirbilek et al., 2019, Hassen et al., 2019, Grenouilleau
et al., 2019, Fathollahi-Fard et al., 2021, Malagodi et al., 2021].

In dynamic problems, minimizing the changes in patient visit times is one of the
objectives and also, causing minimum change in the routes and not doing overtime
by HSPs are taken into account. On the other hand, HHC managers generally
have cost-oriented goals, including total route minimization, overtime minimization,
and the use of a minimum number of outsource practices. Studies in the literature
that address multi-objective models have mostly taken the objective scalarization
approach [Fathollahi-Fard et al., 2021, Decerle et al., 2017, Lopez-Santana et al.,
2016, Dengiz et al., 2020, Mascolo et al., 2018|, in addition to developing multi-
criteria heuristics [Hassen et al., 2019] such as NSGA, that generate Pareto optimal
solutions [Ait Haddadene et al., 2019|, or multi-directional local search [Decerle
et al., 2018b|, and goal programming models [Hosseinpour-Sarkarizi et al., 2020)].

In terms of solution methods, many different integer programming approaches
have been implemented. Most studies present a static MILP model [Mankowska

et al., 2014, Di Mascolo et al., 2014, Lopez-Santana et al., 2016, Xiao et al., 2018,
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Mascolo et al., 2018, Dengiz et al., 2020], and solution techniques such as branch and
price [Yuan et al., 2015, Manerba and Mansini, 2016, Liu et al., 2017, Yuan et al.,
2018, Liu et al., 2019b], column generation |Riazi et al., 2017, Riazi et al., 2019|,
Bender’s decomposition [Heching and Hooker, 2016, Mankowska, 2016, Yal¢indag
and Matta, 2017, Martinez et al., 2019, Heching et al., 2019], and heuristic algo-
rithms are usually preferred. Adaptive large neighborhood search (ALNS) [Nickel
et al., 2012, Guericke and Suhl, 2017, Liu et al., 2019a, Cinar et al., 2021], variable
neighborhood search (VNS) [Mankowska et al., 2014, Nasir and Dang, 2018|, Tabu
search [Hertz and Lahrichi, 2009, Rest and Hirsch, 2015, Rest and Hirsch, 2016, Yuan
and Jiang, 2017, Shahnejat-Bushehri et al., 2019|, genetic algorithm [Ly Nguyen and
Montemanni, 2016, Decerle et al., 2018b, Ouertani et al., 2019, Chaieb et al., 2020],
simulated annealing [He and Shi, 2019, Shi et al., 2019], and ant colony optimiza-
tion algorithm [Decerle et al., 2019] are the mostly resorted heuristics. In addition,
some hybrid algorithms have also been provided [Lin et al., 2021, Ly Nguyen and
Montemanni, 2016, Martinez et al., 2018|. Fuzzy goal programming was proposed
by Hosseinpour-Sarkarizi et al. [Hosseinpour-Sarkarizi et al., 2020]. Thus, a wide
range of methods have been covered in the existing studies.

We believe comparing the cost of healthcare services and the value of caring
for the patients is not meaningful. Therefore, in our study, we used the Lexico-
graphic Goal Programming (LGP) method, differing from the literature. The LGP
is used when the objective functions have clear supremacy over each other. Also,
the LGP has compatibility with real-life practices and takes care of the difficulties
in scalarizing different types of objectives. For the static problem, we preferred the
GRASP + VNS metaheuristic due to the need for a short run time. GRASP + VNS
heuristic has been successfully implemented in vehicle routing problems, which is a
special case of our problem (we have a selective routing problem). For the dynamic
problem, we preferred to use the GRASP + VNS metaheuristic hybridizing it with
MILP, since the size of the problem decreases as the day progresses and MILP be-
comes tractable. The MILP is solved first with a run time limit, and if it returns
the optimal solution within a reasonable run time, this solution is used. If it cannot,

a solution is obtained through the metaheuristics, and then the better one is used.
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2.2 Contributions to the Literature

Our study contributes to the existing literature mainly by addressing a combina-
tion of key problem features to represent a realistic setting, and in particular, by
proposing a cooperative approach while ensuring care continuity and incorporating
time-dependent travel times for the first time in the literature. We specifically in-
corporate the cooperation of the HSPs in a dynamic setting and time-dependent
travel times into the problem. We consider the following objectives simultaneously
and aim to generate solutions that excel in these objectives according to their im-
portance rankings defined in a health care setting: 1) maximization of visited patient
priorities, ii) minimization of the arrival time changes, iii) minimization of the over-
time, iv) minimization of the total travel time. Moreover, we also impose a deadline
for servicing emergent patients.

In terms of solution methodology, we present a fast and effective heuristic (GRASP
+ VNS metaheuristic) designed in accordance with lexicographic goal programming.
In our computational study, we quantify the benefit of HSPs’ cooperation, especially
in cities where traffic is a problem, through a case study where the increasing daily
demand to home healthcare service lead to prioritization of the patients, together
with emergent patients that necessitate re-optimization of the schedule. We believe
that the addressed problem poses a setting applicable in practice and extends to

emergency situations.
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Chapter 3

PROBLEM DEFINITION

Home healthcare routing and scheduling problems have been studied in the literature
with different variants, as discussed in Chapter 2. In this chapter, we address two
related problems in this field. The first is a static one solved at the beginning of
the day to generate an initial schedule for a single HSP. The second one is solved
each time an emergent call occurs during the day, accounting for the cooperation

between multiple HSPs. Thus, we call this problem the dynamic problem.

3.1 Static Problem

In the static problem, two different objectives exist: the maximization of the total
priorities of visited patients, represented by total collected priority from the vis-
its, and the minimization of the route duration. The collected priorities represent
the priorities assigned to the patients according to features such as patient’s age
and health status. Lexicographic goal programming approach is adopted, where
maximizing the total priority has the first priority, followed by minimization of the
route duration, since servicing the most number of the “right” patients carries more
importance.

The static problem imposes that a patient can be visited at most once in a day,
and the route must be completed within the working hours. Patient visits that
cannot be included in the daily plan at the beginning of the day are postponed to
the following days.

3.2 Dynamic Problem

The dynamic problem departs from the literature as it manages urgent requirements

arising throughout the day by allowing the HSPs to visit patients outside their
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patient list for better utilization of the overall service capacity. Hence, the problem
coordinates multiple HSPs. Re-optimization is triggered as soon as an emergent
patient call comes. HSPs can be in two different states when the call arrives; either
moving from one patient to another or treating a patient. Let us consider an HSP
servicing a patient. When an urgent patient call is received, she/he cannot leave
the patient immediately and will follow the new route after the treatment is over.
The location of the patient, called the current location of the HSP, is the starting
node of that HSP in the new route. We refer to the end time of the service as
the first available time. In the case where the HSP is on the road, the position of
the last visited patient is accepted as the current location. In both these situations
of HSP, we called the current locations the “frozen locations”. The first available
time is set to the moment the emergent call comes. Patient visits postponed after
re-optimization are re-evaluated for scheduling each time a new patient visit request

arrives. It is also supported by Figure below.

Emergent Call

HSP-1 P1 @ P4 p7 P8 Pg

HSP-2 P2 P6 P10 P11

o Frozen Location Time

I First Available Time

Figure 3.1: An illustrative example for the frozen node and the first available time.

Figure 3.1 gives the schedule that HSPs will follow during the day. Since the
HSP1 is on its way from P3 to P4 when the emergent call comes in, the time of the
emergent call is taken as the first available time of the HSP1. However, since we
cannot access the real time location information, the frozen node of HSP1, that is,

the current location that we will use in re-optimization will be the location of patient
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P3. Since the HSP2 patient is visiting P5 when the emergent call arrives, the first
available time of the HSP2 is taken as the end time of P5’s visit. The location of
P5 is taken as the frozen node of HSP2.

The objective functions of the dynamic problem include the minimization of ar-
rival time changes in the schedule and minimization of total overtime. The changes
in the arrival times are minimized for the sake of avoiding changes in patients’ daily
plans and reducing the negative effect of frequently changing the routes of the HSPs;
thus keeping patient and HSP satisfaction high. The minimization of overtime has
been taken into account because the costs are higher in overtime compared to reg-
ular shifts and excessive overtime impacts the life quality of HSPs negatively. Also,
in a pandemic situation, overtime increases infection risk. Our other objectives are
maximization of priority collected and minimization of the total time of routes, as in
the static problem. Lexicographic goal programming (LGP) is adopted here as well
since the objectives have clear dominance over each other. The highest to lowest
lexicographic order entails maximizing the total priority collected, minimizing the
total arrival time changes, minimizing the total overtime, and finally minimizing the
sum of route duration. This order is chosen to prioritize services to the most urgent
patients. Then, the visit time changes, that is, going any earlier or later than the
previously informed time is avoided among the solutions that do not compromise
from the first target values. Among the solutions that can be obtained without
giving up on the first two goals mentioned, the solution that minimizes total over-
time is preferred. Next, the solution whose total travel time is minimized without
compromising from the other objectives is selected.

Each HSP is responsible from a specific patient group. To enable a patient
to be serviced by the same HSP over time, i.e., to achieve care continuity, we give
higher priorities to patient-HSP pairs where the patient belongs to the HSP’s group,
and lower priorities to pairs such that the patient is not in the group of that HSP.
For example, suppose P; is a patient regularly treated by HSP1. Since HSP1 is
more knowledgeable about the patient’s history and the last treatment applied, the
priority value for P; will be higher for HSP1 compared to values for other HSPs.

This is, of course, valid under conditions where the patient is satisfied with his or her
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service. In other words, customer satisfaction is also handled by priority values. As
expected, the primary component of a priority value is the patient’s health status.
If the patient’s health condition is severe, regardless of the HSP, the highest priority
is assigned. Also, emergent calls possess the highest priority for all HSPs.

A patient is informed the arrival time whenever the initial or the re-optimized
schedule is generated. The last arrival time, the o; parameter, conveyed to patient
¢ is input to the problem and the absolute difference between the old arrival time
and the new arrival time is kept by the ¢; parameter, whose sum over the patients is
minimized. Furthermore, the o; parameters of the emergent patient calls are marked
as the call time to keep track of the waiting time of emergent patients. Then, the
maximum allowed waiting time for emergent patients is defined as two hours.

In densely populated cities, traffic conditions change throughout the day. There-
fore, we use estimated travel times in different time intervals. Today’s navigation
systems, such as Google Maps, YandexMaps, and BingMaps, perform these estima-
tions successfully. Time-varying travel times between patient locations taken from
Microsoft Bing Maps that are estimated according to traffic density are inputs for
both of the static and dynamic problems.

The necessity to handle urgent requests that come dynamically during the day
may cause infeasibility. In order to overcome this, overtime and patient visit post-
ponements are made, even if undesirable. A maximum overtime is set as four hours
in our study. The postponements are penalized both by failing to collect priority in
the first objective and by giving the arrival time change value as a one-day working
hour duration in the second objective.

The inclusion of an emergent patient on the route is shown in Figure 3.2. Nodes
in blue represent patients on HSP1’s visit list. Nodes in red represent patients that
HSP2 will visit.

Four situations can occur when an emergent patient is included in the route. First
of all, the patients to be visited on the routes remain the same and the emergent
patient is added to the route. The second situation, the patients remain the same,
but with the cooperation strategy, the HSP, which will take care of some patients, can

be changed. The third situation may be those who are postponed from the patients.
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Figure 3.2: An illustrative example showing the change in the routes of HSP1 and

HSP2 with the arrival of an emergent patient: (a) the route before the arrival of the

emergent patient, (b) the route after the arrival of

the emergent patient

As the final situation, some patients are postponed and some of the patients’ HSP

is changed with the cooperation strategy.

This study focuses on generating daily plans, which can be incorporated into

long term planning by updating the priorities of unvisited patients over the days.
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Therefore, we consider that the priorities of the patients will be increased day by
day if they are postponed, as mentioned in the study [Cinar et al., 2021|. The
daily emergent patients have negative effects on long-term planning. The postponed
patients will increase the size of the patient set for the next days’ plannings. In
our problem, we aim to reduce this postponement problem using the cooperation
strategy. Also, since the priority values of the postponed patients will increase over
the days, they will have more probability of being included in planning.

For the sake of clarity, we have created a figure of an output that is an example
of the final situation. Routes of sample “20-High-0" are shown in Figure in 3.2.
Patient-75 figure came to the routes in 3.2a as emergent patient and then 3.2b
routes were created. The location of Patient-75 on the map is indicated by the
black circle. When Patient-75 was included in the route, Patient-134 also switched
from HSP1 to HSP2’s route. Patient-134 is indicated by a green circle on the map.
Also, Patient-202 was postponed while in HSP2’s route. Patient-134 is indicated
by a red circle on the map. Maps were pulled from Microsoft Bing with API, where
we also created our travel distance matrix.

When Figure 3.2 is examined, the difference of using a real map can be un-
derstood. For example, although the euclidean distance between Patient-55 and
Patient 108 is short, the actual travel time will be long because there is no direct

path between them.
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Chapter 4

METHODOLOGY

In this chapter, we present the MILP formulations of both the static and the
dynamic problems, the proposed GRASP+VNS metaheuristic for initial optimiza-
tion, the GRASP-VNS meta-heuristic for re-optimization, and the framework of the
hybrid re-optimization procedure.

For the dynamic problem, we proposed a re-optimization procedure for all ap-
proaches. In this re-optimization procedure, the MILP models, GRASP+VNS meta-
heuristic algorithms, and the Hybrid approach try to solve the problem set again
with the emergent patients when a new emergent patient arrives. An illustrative
flow chart is shown in Figure 4.1.

In Figure 4.2, the LGP steps are shown. Firstly, the MILP model/GRASP+VNS
metaheuristic algorithm is solved for Goal 1. If the MILP model is solved, the goal
value is added as a constraint for the next goal solution. The constraint guarantees
that the next goal solution cannot have a worse goal value for previous goals. If
the GRASP+VNS metaheuristic algorithm is solved, the goal values are saved for
the next goal solutions. These saved values are compared with the solutions for the
next goals. If the next solutions cannot get better goal values, the current solution
remains the best solution. In the MILP models, objective functions are changed
by goals. In the GRASP+VNS algorithms, the candidate scores of the solutions
are calculated according to the current goal. The candidate scores show the quality
of the solutions for the current goal. These steps continue until the solutions are
reached for the last goal in the LGP. The same approach is used for both static and

dynamic problems.
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Figure 4.1: The re-optimization flow for a single day

4.1 MILP Models

In our first model, the route to be followed initially is determined for a single HSP,

and in the second model, a daily route for each HSP is created, considering all

HSPs. Multiple objectives are defined as explained in the previous section.

It

should be noted that these models are not substitutes for each other but complement

each other. The initial routes of all HSPs are inputs to the dynamic problem. In

the dynamic problem emergent arrivals have strict time windows. The two MILP

formulations are explained below.
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Figure 4.2: The flow chart of the Lexicographic Goal Programming (LGP) Procedure.

The MILP Model of the Static Problem: Routing and Scheduling for a Single HSP

The MILP model generates a single day scheduling and routing plan for one HSP.
The output of this model is used in re-optimization as input. The MILP model is
first solved to maximize the total priority of patients selected to be visited. After
the solution is obtained, the model is solved again to minimize the total overtime of
the HSP, but this time, the objective function value of the first goal is maintained

by means of a constraint. The MILP finds the same total priority with possibly
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different patients in the second solution.

The travel time between two patients is calculated according to which time in-
terval it is associated with. At the end of the day, the HSP is expected to return to
the starting point. As stated before, patients in the group of a particular HSP are

assigned a high priority value for this HSP to ensure continuity of care.

The MILP Model Formulation for the Static Problem

The below table shows the input parameters and decision variables for MILP model

of the single HSP problem.

Table 4.1: Sets, parameters and decision variables

Sets
{0} U P | The set of patients is P = 1,...,n}. The service provider’s home base is indexed as {0}.

P The set of patients with the highest priority value which is 5.

T The set of time blocks.

Parameters

Di The priority of patient i; higher p; values belong to more prioritized patients.

Si The service time required to serve patient 4.

er The start time of the time block k.

Ik The finish time of the time block k.
tijk The time required to travel between locations of patients ¢ and j in k time block.

E The day beginning time of service providers.

W The day ending time of service providers.

M A sufficiently big number.

Decision Variables
Binary variable indicating whether patient j is visited immediately after patient ¢ in the time block

Tijk k.

Yik Binary variable indicating whether patient ¢ is visited in the time block k.

a; The arrival time to the location of patient 3.
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Apart from the two objectives defined before, constraints (1)-(2) ensure that if
a patient is visited, then either the patient is the first patient to be visited or there
is another patient who was visited before him. Similarly, the patient is either the
last patient to be visited or there will be another patient who is going to be visited
right after him. Constraint (3) represents whether a patient will be visited in any
time interval.

Constraints (4)-(5) enforce that the service provider has to start from a starting
location and return to the same location at the end of the day. Constraint (6)
guarantees that the total time of the route cannot exceed the defined working hours.
Constraints (7) make sure that if patient j is visited immediately after patient ¢ in
time block k, then the time to begin service for patient j must be at least s;+t;;;, after
the HSP arrives at patient i. These constraints also prevent sub-tours. Constraints
(8)-(9) impose that if a patient is selected to be visited, then the arrival time has
to be within the time block. Constraints (10)-(11) are similar to constraints (8)-(9)
and are defined for the start and end points. Constraints (12) state that the first
patient in the route should be visited after a duration including the travel time
from the starting point to the patient location in the first time block. There is

no waiting time for the HSP before beginning to work. Constraints (13) enforce
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that the highest-prioritized patients must be visited in the route. Constraints (14)
impose that the HSP should go from one patient to either another patient or the
starting point. Constraints (15)-(17) define domains of the decision variables.

After the model is solved with the first objective, the optimal (2!)" value is used
in the second model in the following constraint:

Z Zpiyik: (Zl)*

1€P keT

The MILP Model of the Dynamic Routing and Scheduling Problem with Multi-HSP

Cooperation

The routes given to the service providers at the beginning of the day are initially
taken as input. The model imposes that the patients with the highest priority must
be visited. The priorities of the newly arrived patients are also at the highest level.
If a patient has the highest priority, it does not matter who will care for him. The
healthcare workers may exchange patients in order to reach a better solution or to
visit patients who are required to be visited. Unlike the first model, overtime is
allowed. In re-optimization, the current visit times of newly arrived patients are
kept constant. Also, emergent calls must be visited in two hours. If a patient is not
visited, the change in arrival time is considered as one day; in this way, postponement
is avoided.

The model is solved each time a new emergent call arrives. At that moment, the
locations of the service providers are found in addition to when they will be available
and given to the model as input. We refer to the locations where they are as frozen
locations. Previous visits, including their frozen locations, are marked as visited.
Planned visits (not visited yet), and emergent calls are inputs. The model is solved
in a lexicographic fashion with the constraints and objectives described before. As
the output of the model, new patients are added to the routes, the service providers
that will visit the patients are updated, the postponed patients are determined, the

arrival times to the patients are updated, and the overtime information is updated.
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The MILP Model Formulation of the Dynamic Problem with Emergent Patients and
Multi-HSP Cooperation

There are four lexicographic goals, in priority order: (i) maximizing the total prior-
ity of visited patients, (ii) minimizing the arrival time changes, (iii) minimizing the
total overtime, and (iv) minimizing the total time of the routes. We note that goals

(ii) and (iii) do not exist in the static problem.

The list in Table 4.2 shows the input parameters and decision variables of the

model.
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Table 4.2: Sets, parameters and decision variables

Sets

N The set of healthcare service providers.

P The set of patients is P = {n,...,n + p — 1}, where n is the number of healthcare service providers.
Pe The set of emergent patients.

P The set of patients with the highest priority value which is 5. P’ D Pe.

The set of nodes is NUPU{n+p,....,n+p+n— 1}, where n is the number of healthcare service

L providers, and p is the number of patients.

T The set of time blocks.

Parameters

Din The priority of patient i for the healthcare service provider n.

Si The service time required to serve patient 1.

er The start time of the time block k.

g The finish time of the time block k.
tijk The time required to travel between locations of patients ¢ and j in k time block.

qn The initial location of the healthcare service provider n. The value is equal to Ly —1.

Tn The returning location of the healthcare service provider n. The value is equal to Lpi2n—1.

R The re-optimization time.

W% The day ending time of service providers.

U Maximum allowed overtime duration per healthcare service provider.

0 Maximum allowed waiting time duration per emergent patient.

0; The last arrival time information of the location i, where : € N U P.

Bn Avaliable time of the healthcare service provider n. 8, is equal to maz{oq,, + sq.,, R}

M A sufficiently big number.

Decision Variables
Binary variable indicating whether patient j is visited immediately after patient ¢ by the HSP n in
PR the time block & .

Yin Binary variable indicating whether patient 7 is visited by the HSP n.

a; The arrival time to the location of patient .

Un The overtime amount of the HSP n.

¢ The absolute duration change on arrival time of the patient i.

The formulation is as follows.
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cont’d - s.t.
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Since z and y decision variables also exist in the MILP model for the static
problem, we use them with different indexes in the MILP model for the dynamic
problem. Moreover, in z decision variables, there sis an extra “n” index for repre-
senting the HSPs. y decision variables have the “n” index for the HSPs instead of
the “k” index for the time-intervals. In the MILP model of the dynamic problem, the

accuracy of the time-interval information is guaranteed with z decision variables in
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the constraints (13-14). Also, the parameter p for priorities has a new index which
is “n”. This index refers to the related HSP n and is used to ensure care continuity.

Constraints (1)-(2) describe that at most one patient can be visited after another
or the HSP goes to the finish point; similarly, a patient can be visited after at most
one patient or after the starting point of each HSP. If the patient is not on any
route, there is no arrival or departure from the patient. According to Constraint
(3), patients that do not have the highest priority can be visited by at most one HSP.
On the other hand, constraint (4) imposes that patients with the highest priority,
which includes the emergent calls, must be visited by an HSP. Constraints (5)-(6)
state that each HSP has to start from her/his starting location and return to her/his
ending location at the end of the route. Constraints (7) represent that when any
HSP goes to the ending location from starting location without visiting any patient,
we should not assign any patient to this HSP. The highly-prioritized patients must
be visited within the day and this is provided by constraints (17).

Constraints (8) enforce that if patient j is visited immediately after patient 4,
the arrival time to patient j should be equal to the summation of the arrival time to
patient i, the service time of patient 7, and the travel time between patients ¢ and j.
Constraints (9) imply that the arrival time of the first visited patient by each HSP
should equal the sum of the first available time of the HSP and the travel duration
required to reach the patient. Constraints (10)-(11) represent that the returning
times of HSPs are equal to the sum of the last visited patient arrival time, the
service time of the patient, and the travel time. The arrival times must be between
the re-optimization time and the maximum allowed working hours, according to
constraints (21). Constraints (12) calculate the overtime of a HSP. The overtimes
are limited by four hours in constraints (22).

Constraints (13)-(14) guarantee that the travel time duration between patient ¢
and patient j or the returning node is obtained from the valid time interval. The
reason for this is that travel times vary by the traffic density in the time intervals.
The valid time interval is the time interval which includes the completion time of
patient ¢’s visit by HSP n.

Constraints (15)-(16) calculate the difference between the expected arrival times
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and realized arrival times. The expected arrival times are updated according to the
last calculated route. Also, the expected arrival times of the emergent patients are
equal to their call times. Therefore, the difference represents the waiting times for
the emergent patients. The emergent calls have to be responded to in v duration,
and constraints (18) guarantee this duration limit. Constraints (19) enforce that the
arrival time change value of the patient is equal to the maximum allowed working
hours, if the routes of the HSPs do not include him/her.

Constraints (20) imply that HSPs cannot go to a location from the same location
in any time block. Constraints (21)-(25) describe the domains and the types of the
decision variables.

Since this model is solved with four goals in order, the optimal objective function
values ()", (22)", and (2%)" are added to the model cumulatively. To get the optimal
values of the objective functions, the model is solved step-by-step with a new goal

constraint as defined below.

1€P neN
D=
ieP
S = ()’
nenN

4.2 GRASP-+VNS Metaheuristic Algorithms

Since even the static problem with only the priority collection objective is NP-hard
and especially in the dynamic case solutions have to be obtained quickly, we develop
heuristic algorithms.

We make use of a GRASP algorithm |[Resende and Ribeiro, 2005] to generate
an initial feasible solution, and then VNS is implemented to improve the solution.
A GRASP-+VNS metaheuristic is developed for each of the static and dynamic
problems. We describe the heuristics in the following subsections.

The flow charts of GRASP and VNS heuristic algorithms are shown in Figure
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4.3 and Figure 4.4, respectively. The details of the algorithms are explained in the

following subsections.
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Figure 4.3: The flow chart of the GRASP heuristic algorithm.
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Figure 4.4: The flow chart of the VNS heuristic algorithm.

The GRASP+VNS Metaheuristic for the Static Problem

The inputs to the algorithm are each HSP’s list of patients to be visited, service
times, priority and location of the patients, travel time matrices calculated according
to time blocks, and working hours of the personnel. Each of the parameters used in
the heuristic algorithms has been determined after a detailed analysis and will be

described in the computational study section.
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The solution of the GRASP algorithm, used as a constructive heuristic, are input
to the VNS algorithm with the purpose of improvement. Both heuristics are run
in parallel in a multi-start fashion. Among the solutions obtained from parallel
GRASP runs, the best one is fed to the VNS algorithm to be run in parallel and the

best solution is kept.

GRASP Algorithm

At the beginning of the GRASP algorithm, the HSP has no patients or a route.
Creating the route and the patient assignments is done step-by-step.

Firstly, the compulsory patients to be visited are assigned to the HSP using a
greedy algorithm. Here, the compulsory patients refers to the highest-prioritized
patients and the emergent patients. The greedy algorithm follows the best insertion
method for reaching the minimum total time at the end of the algorithm. While
performing insertion operations, the travel times and service times, which are time-
dependent, are considered. Before running the greedy algorithm, the model checks
whether infeasibility occurs due to total service times of the compulsory patients or
not.

After scheduling the compulsory patients, the GRASP algorithm starts to as-
sign the remaining patients to the HSP route greedily by considering the related
objective. We designed a GRASP algorithm that works on loops. We called these
loops as the “cycles” to avoid confusion with other terms. In each cycle, the GRASP
constructive heuristic algorithm works by adding a patient until the algorithm can
add no patients to the HSP’s route, and is complete for a goal. It tries to add all
the patients who are out of the route in each cycle, one by one, to the route which
is at the beginning of the cycle and inserts the patient in the position that leads to
the slightest increase in the total time of the route.

The local search for the insertion is performed by using the 2-opt algorithm.
Then, a candidate list is created to represent the solutions with their scores. Score

calculations in the candidate list are done separately for each objective. Solu-



Chapter 4: Methodology 34

tion qualities are determined by applying the scaling method according to the
best objective function value of the solutions in the candidate list. The scaling
method differs according to whether the sense of the objective function is max-

imization or minimization. If the objective function is maximized, the score of

0Obj.Valuey —Min.Obj.Value
Max.0Obj.Value— Min.Obj.Value "

each solution is calculated as follows: For minimization:

1 — Obj.Valuey—Min.Obj.Value
Maz.Obj.Value—Min.Obj.Value”

As we described, the solutions in the candidate list have scaled scores. The
restricted candidate list (RCL) is created when the scaled scores of the solutions in
the candidate list are eliminated with the determined threshold value. The threshold
value is chosen between 0 and 1 as all scaled scores are normalized between 0 and 1.
Then, a random solution is selected from the RCL, the cycle is terminated, and the
next cycle is started. If no patients are left to run the new cycle, or if no patient
cannot meet the feasibility check, the algorithm passes to the next objective. Since
no solution provides a better objective function value for the previous goal, it is
accepted as the best solution, and the objective function values are calculated for
the other goals; otherwise, the best solution remains the same. All of these steps

are detailed in the following pseudo-code.
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Algorithm 1: Lexicographic Goal Programming - GRASP Heuristic - Sin-
gle HSP Case

Input : D : Distance matrix, P : Patients, P’ : The highest prioritized patients, E : The beginning
time of service providers, W : The ending time of service providers, T' : The set of time blocks
Output: Route and ArrivalTimes arrays
1 Route <— {HPS};
2 ArrivalTimes < {E};

3 forpGP/ do

4 d 4 400 ;
5 startTime < 0 ;
6 for v € Route do
7 if v= HPS then
8 ‘ timey, < E ;
9 else
10 ‘ time, < p.arrivallime + p.serviceTime ;
11 endif
12 for t € T do
13 if e; < time, <l then
14 if d > Diyp then
15 d < Diyp
16 startTime < timey ;
17 endif
18 endif
19 end
20 end
21 p.arrivalTime < d + startTime ;
22 Route.append(p) ;
23 ArrivalTime.append(p.arrivalTime) ;
24 end

25 v < Route.length — 1;

26 startTime < ArrivalTime[v] + Route[v].serviceTime ;
27 Route.append(HPS) ;

28 p < Route.length — 1;

29 forte T do

30 if e; < startTime < l; then

31 d < DiRoute, Routey,

32 ArrivalTime.append(startTime + d) ;
33 break ;

34 endif

35 end

36 bestPriority < 0 ;
37 bestTotalTime + 400 ;

38 goal + 0 ;
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40 nonlmprovinglter, Iter < 1;

41 while goal # 2 do

42 tempRoute < Route ;

43 tempArrivalTime < ArrivalTime ;

44 while |P| # |Route| do

45 pos, rcl, rclt «— 0;

46 for p € P do

a7 feasibilityCondition, candidateScore, candidate Route,

candidate ArrivalTime < graspFunc();

48 if feasibilityCondition = True then

49 pos.append(candidateScore);

50 rcl.append((candidate Route, candidate ArrivalTime));

51 end

52 end

53 if |pos| = 0 then

54 ‘ break;

55 end

56 if goal = 0 then

57 ‘ POS +— {%\;‘Zi) for posVal € pos};

58 else

59 ‘ PpoOs {1 — %Wm for posVal € pos};

60 end

61 for posVal, candidateVal € zip(pos,rcl) do

62 if posVal > 0.5 then

63 ‘ rclt.append(candidateVal);

64 end

65 end

66 selectedCandidate <+ random(rclt);

67 tempRoute, tempArrival < 2-Opts(selectedCandidate);

68 end

69 goal Priority, goalTotalTime <+ getObjectiveV alues(tempRoute, tempArrivals) ;

70 if (bestPriority < goalPriority)V (bestPriority < goal Priority AbestTotalTime > goalT otalTime)
then

71 best Route < tempRoute ;

72 best ArrivalTime < tempArrivalTime ;

73 best Priority < goal Priority ;

74 bestTotalTime < goalTotalTime ;

75 nonlImprovinglter < 0;

76 end

7 if Iter > iterationLimit' V nonImprovinglter > iterationLimit? then

78 goal <— goal + 1 ;

79 nonImprovinglter, [ter < 0;

80 end

81 nonlImprovinglter < nonImprovinglter + 1;

82 Iter < Iter + 1;

83 end

84 return bestRoute, bestArrivalTime, bestPriority, bestTotalTime
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VNS Algorithm

The VNS algorithm consists of three main steps: shaking, local search, and changing
the neighborhood. In our study, One add-One drop move and 2-Exchange move are
performed for shaking, and the 2-Opt algorithm is implemented for local search.
These moves will be explained the following paragraphs. Two variations of the VNS
produced by alternating the order of the selected algorithms were tested and named
VNS-1 and VNS-2. VNS-1 follows this cycle: 2-Exchange-One add-One drop-2
Opt, and VNS-2 follows this cycle: One add-One drop-2-Exchange-2 Opt. Since
our tests showed that VNS-2 is a stronger heuristic, all narrations will be made
through VNS-2. A detailed comparison of the two algorithms will be described in
the computational study. The pseudo-code of the VNS-1 algorithm is available in
the Appendix A.

The VNS algorithm takes the solution obtained from the GRASP algorithm
as an initial solution. The VNS-2 algorithm starts with the One add-One drop
move. Among the patients in the route, a random patient that does not have
the highest priority is selected and removed from the initial route. Next, one of
the patients postponed in the initial solution is chosen randomly and inserted in
a random position in the route. In this way, the solutions obtained by changing
the visited patients are given a chance. Thus, this move provides diversification
for the first objective. The algorithm continues with the 2-Exchange move. Two
random patients in the route are selected and their positions are exchanged. Shaking
concludes with this step, and the algorithm passes to local search.

Local search implements 2-Opt moves. 2-Opt looks for a better solution by
replacing all binary combinations that can be formed from patients on the route.
If the algorithm finds a better solution, it updates the route and follows the same
replacing procedure again. It continues until it cannot find a better solution. The
improvement mentioned here is evaluated with respect to the objective functions in
lexicographic goal programming.

After completing the local search, the obtained solution is compared to the cur-



Chapter 4: Methodology 38

rent best solution. If it is not a better solution, then the iteration counters are
increased by one, the best solution is not changed, and the cycle is rerun. If a better
solution is found, the best solution is updated, the global counter is increased by
one, the non-improving counter is reset, and the cycle is rerun. The loop continues
until iteration counters exceed the defined stopping limits.

The pseudo-code of the algorithm is provided below.

Algorithm 2: Lexicographic Goal Programming - VNS Heuristic - Single
HSP Case

Input : D : Distance matrix, P : Patients, P’ . The highest-prioritized patients, £ : The beginning

time of service providers, W : The ending time of service providers, 7' : The set of time blocks,
Route : The initial route from the GRASP heuristic, ArrivalTimes : The initial arrival times
from the GRASP heuristic
Output: Route and ArrivalTimes arrays
1 bestRoute < Route;
2 bestArr < ArrivalTimes;
3 iter, nonImprovinglter < 0;

4 while iter < iteratonLimit! A nonImprovinglter < iteratonLimit?> do

5 tempRoute < best Route ;
6 tempArr < bestArr ;
7 lastRoute, lastArr < oneDrop(bestRoute, best Arr)
8 lastRoute, lastArr < oneAdd(best Route, best Arr) ;
9 tempRoute < bestRoute ;
10 if isBest(last Route, last Arr, best Route, best Arr) then
11 best Route < last Route ;
12 bestArr < lastArr ;
13 nonImprovinglter < 0 ;
14 endif
15 lastRoute, lastArr < twoExchange(lastRoute, lastArr) ;
16 lastRoute, lastArr < twoOpts(lastRoute,lastArr, D, E,W) ;
17 if isBest(last Route, last Arr, best Route, best Arr) then
18 best Route < lastRoute ;
19 bestArr < lastArr ;
20 nonlImprovinglter <— 0 ;
21 endif
22 nonImprovinglter <— nonImprovinglter + 1 ;
23 iter < iter + 1 ;
24 end

25 bestPriority, estTotalTime < getObjectiveV alues(best Route, best Arr) ;

26 return bestRoute, bestArrivalTime, bestPriority, bestTotalTime
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The GRASP+ VNS Metaheuristic Algorithm of the Dynamic Routing and Scheduling
Problem with Multi-HSP Cooperation

The GRASP-+VNS metaheuristic is similar to the GRASP+VNS metaheuristic algo-
rithm described in section 4.2.1 except for several structural differences summarized
as follows.

Recall that an initial route exists for each HSP. In addition to maximizing the
total priority and minimizing the total time, there are also the objectives of minimiz-
ing the changes in the arrival times specified in the previous route and minimizing
the overtime.

Two new constraints exist: not exceeding the overtime limit and visiting emer-
gent, patients within a deadline. The arrival time change value of the patients who
were postponed is given as the maximum working hours per day to penalize post-
ponement.

Another difference is that the algorithm simultaneously checks the routes of
multiple HSPs. In the GRASP stage, there are more options for the patient to
be added in each cycle. While performing diversification in VNS, a patient can be
assigned to another HSP. This is performed in 2-Exchange, and One add-One drop

moves.

GRASP Algorithm

The LGP GRASP algorithm tries to find the best solution for the lexicographically
ordered goals. The algorithm solves the problem sequentially for goals ordered ac-
cording to priorities. In each solution, the goal value of the previous solution is added
to the model as a constraint. That is, the objective function values of the previous
goals in the lexicographic order cannot get worse while the algorithm accepts the
best solution for the current goal. We again note here that our lexicographically or-
dered objectives are to maximize total priority, minimize total arrival time changes,

minimize total overtime, and minimize total time of the routes.
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Before starting GRASP, the last locations and the first available times of the
HSPs are collected from the last routes of the HSPs. These terms also were illus-
trated at Figure 3.1. The “first available time” refers to the time when the HSP has
finished the current job and is ready to go to the new job. Then, this information
is given to the GRASP algorithm as the starting node and the first available time
for the first departure of HSPs’ new routes. At time ¢ € [9,22], HSPs are either on
a patient visit or on the road for a job. We called the time when the emergent call
is arrived as “reOptTime”. At the “reOptTime, the model first checks whether the
HSPs are on their way or visiting. If an HSP is on the way at the “reOptTime”, then
“reOptTime” is considered to be his/her first available time. However, if an HSP
is on a patient visit at that moment, him/her first available time is the completing
time of the current visit since HSPs must complete the current visit. In any case,
we assume HSPs were at the last patient location just before the “reOptTime”.

Patients who should be visited are placed on the routes by a greedy algorithm.
The greedy algorithm looks at the HSPs’ routes to place the highest-prioritized or
emergent patients. It aims to find the HSP route that, when the patient is added
to the end of the HSP route, will cause the least increase in the total duration of
all HSPs’ routes. After the initial routes are created, the algorithm puts a non-
highest-prioritized and non-emergent patient in one of the routes in each cycle of
the algorithm, as described in the previous section. The patient to be placed is
considered for all HSPs’ route and insertion combinations. The candidate solutions
have scaled scores to show their solution quality. The scaling process is the nor-
malization of the goal values of the solutions so that the best value is 1 and the
worst value is 0. The scaled goal values are named scaled scores. Then, the feasible
candidate solutions are listed with their scaled scores in a candidate list. These
candidates represent routes and schedules. It converts this candidate list to RCL
by eliminating its scores according to the determined threshold. A candidate is ar-
bitrarily selected from the obtained RCL. The cycle continues with the solution of
the selected candidate. Therefore, the HSPs’ routes and schedules are updated.

The feasibility of the solutions is checked according to whether the routes exceed

the working hours plus the overtime limit, and whether the emergent calls are visited
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within the specified deadline. When calculating the score for RCL, for each goal, its
own objective function value is taken into account.

If there is no patient to be added or if the stopping criteria, that is, the iteration
limit and the non-improving iteration limit are exceeded, then the LGP GRASP
algorithm stops. Thus, the result is returned since the search has been completed
for all patients.

Below the pseudo-code of the GRASP algorithm is presented as Algorithm 3.

VNS Algorithm

Unlike the VNS described in the previous section, the routes of all HSPs are included
in the search when diversifying. In the One add-One drop move, an arbitrarily se-
lected patient of a random HSP is removed from the route, but there is no obligation
to add patients to the same HSP when applying one add. Likewise, two patients
swapped in the 2-Exchange procedure may be from different HSPs or the same HSP.
However, the 2-Opt move is implemented to improve each HSP’s route within itself.

In the algorithm, in each cycle, the obtained solution is compared with the best
solution, where the objective functions “maximization of total priority”, “minimiza-
tion of total arrival time changes”, “minimization of total overtime”, and “minimiza-
tion of total routes times” are used in lexicographic order.

Within a loop, One add-One drop, 2-Exchange, 2-Opt moves are implemented in
each iteration in this order. As mentioned before, One add-One drop and 2-Exchange
are used for diversification, and 2-Opt as a local search algorithm for intensification.
The loop continues until one of the stopping conditions is satisfied, namely until the
iteration limit or the non-improving iteration limit is exceeded. The pseudo-code is

provided below.

4.3 Hybrid Solution Approach
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As time progresses during the day, some patients have been already visited and
thus, the size of the problem decreases. For this reason, we can try to utilize the
MILP model, if it can provide an optimal solution within reasonable time. As a
result, a hybrid solution approach is suggested here. As seen in Figure 4.5, if the
MILP model can return the optimal solution in less than a minute, that solution is
kept. However, if the solution it returns is not optimal, the GRASP+ VNS meta-
heuristic algorithm is used to return a solution within seconds. The better one is
selected as the valid solution. This is repeated for each dynamically incoming arrival.

The algorithm stops at the end of the day (after the maximum allowed overtime is

reached).
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Algorithm 3: Lexicographic Goal Programming - GRASP Heuristic - Mul-

tiple

HSP Case

Input : D : Distance matrix, P : Patients, P’ : The high prioritized patients, P¢ : The emergent

patients, P¢ : The current patients of the HSPs, N : The set of the HSPs, ReOptT'ime : The
re-optimization time, W : The day ending time of service providers, U : The maximum allowed

overtime of the HSPs, T : The set of time blocks

Output: Routes and ArrivalTimes arrays

1 forn € N do

2
3

4 end

Routes[n] < {P¢[n]};

ArrivalTimes[n] < {P¢[n]};

5 forpeP/ do

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27 end

d 4 400 ; > P D P¢
previousTime < 0 ;
n < None ;
for n' € N do
previousTime Routes[n/}[71].arrivalTime —+ Routes[nl]Pl}.serviceTime ;
if previousTimel < ReOptTime then
previousTime/ < ReOptTime;
endif
for t € T do
if e; < time, <l then
if d > Diyp then
d < Diop 5
previousTime <+ previousTime/ ;

’
n<<mn ;

endif
endif

end

end
p.arrivalTime < d + previousTime ;
Routes[n].append(p) ;

ArrivalTimes[n].append(p.arrivalTime) ;

28 for n € N do

29

30

31

32

33

34

35

36

37

38 end

previousTime <+ ArrivalTimes[n][—1] + Routes[n][—1] ;

for t € T do

if ex < previousTime < I+ then
d < Dy(Routes[n][-1])n
ArrivalTimes[n].append(previousTime + d) ;
break ;

endif

end

Routes[n|.append(n) ;
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39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

best Priority, goal < 0 ;

best ArrivalTimeChanges, bestOvertime, bestTotalTime < 400 ;

inRoute, bestInRoute < P H

nonImprovinglter, Iter < 1;

while goal # 4 do

tempInRoute < inRoute ;

tempRoutes < Routes ;

tempArrivalTimes < ArrivalTimes ;

while |P| # |inRoute| do

pos, rcl, rclt «— 0;

for p € P inRoute do

feasibilityCondition, candidateScore, candidate Route,
candidate ArrivalTime < graspFunc();

if feasibilityCondition = True then

pos.append(candidateScore);

rcl.append((candidate Route, candidate ArrivalTime));

end

end

if [pos| = 0 then
‘ break;

end

if goal = 0 then

posVal
max(pos)

‘ POS { for posVal € pos};

else

posVal—min(pos)
max(pos)—min(pos)

‘ pOS {1 - for posVal € pos};
end
for posVal, candidateVal € zip(pos,rcl) do

if posVal > 0.5 then

‘ rclt.append(candidateV al);

end
end
selectedCandidate < random(rcll);
tempInRoute.append(selectedCandidate) ;
tempRoute, tempArrival < 2-Opts(selectedCandidate);

end

goal Priority, goal ArrivalTimeChanges, goalOvertime,

goalTotalTime +— getObjectiveV alues(tempRoute, tempArrivals) ;
end

return bestRoute, bestArrivalTime, bestPriority, bestTotalTime
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76 while cont’d do

7

78

79

80

81

82

83

84

85

86

87

88

89

90

end

if (bestPriority < goal Priority) V (bestPriority
< goal Priority A best ArrivalTimeChanges > goal ArrivalTimeChanges) V (bestPriority
< goal Priority A best ArrivalTimeChanges > goal ArrivalTimeChanges N bestOvertime >
goalOvertime) V (bestPriority < goal Priority A best ArrivalTimeChanges >
goal ArrivalTimeChanges A bestOvertime > goalOvertime A bestTotalTime > goalT otalTime)
then

best Route < tempRoute ;

best ArrivalTime < tempArrivalTime ;

best Priority < goal Priority ;

bestTotalTime < goalTotalTime ;

nonImprovinglter < 0;

end

if Iter > iterationLimit! V nonImprovinglter > iterationLimit? then

goal < goal +1 ;

nonImprovinglter, Iter < 0;

end
nonImprovinglter <— nonImprovinglter + 1;

Iter < Iter + 1;
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Algorithm 4: Lexicographic Goal Programming - VNS Heuristic - Multiple
HSPs Case

Input : D : Distance matrix, P : Patients, P’ . The highest-prioritized patients, ReOptTime : The

re-optimization time, W : The ending time of service providers, U : The maximum allowed
overtime of HSPs, T : The set of time blocks, Routes : The initial routes from GRASP
heuristic, ArrivalTimes : The initial arrival times from the GRASP heuristic
Output: Route and Arrivallimes arrays
1 bestRoutes < Routes;
2 bestArr < ArrivalTimes;
3 iter, nonImprovinglter < 0;

4 while iter < iteratonLimit! A nonImprovinglter < iteratonLimit?> do

5 tempRoutes < best Routes ;
6 tempArr < bestArr ;
7 tempRoutes, tempArr < oneDrop(tempRoutes, tempArr) ;
8 tempRoutes, tempArr < oneAdd(tempRoutes, tempArr) ;
9 if isBest(tempRoutes, tempArr, best Routes, best Arr) then
10 best Route < tempRoutes ;
11 bestArr < tempArr ;
12 nonImprovinglter < 0 ;
13 endif
14 tempRoutes, tempArr < twoEzchange(tempRoutes, tempArr) ;
15 tempRoutes, tempArr < twoOpts(tempRoutes, tempArr, D, ReOptTime, W) ;
16 if isBest(tempRoutes, tempArr, best Routes, best Arr) then
17 best Routes < tempRoutes ;
18 bestArr < tempArr ;
19 nonImprovinglter < 0 ;
20 endif
21 nonImprovinglter <— nonImprovinglter + 1 ;
22 iter < iter + 1 ;
23 end

24 return bestRoutes, bestArr
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Chapter 5

COMPUTATIONAL STUDY

In this chapter, we present a set of computational experiments on a COVID-19
case dataset with the solution approaches described in the previous section. After
the COVID-19 virus has caused a global pandemic, countries’ ministries of health
and the World Health Organization (WHO) have listed a number of measures to
prevent the spread of the COVID-19 virus. Treatment of people who are exposed to
and infected with COVID-19 was also a major concern. World Health Organization
(WHO) suggested home care for people with confirmed or suspected infection, if
inpatient treatment was unavailable because of insufficient hospital capacity [World
Health Organization, |. Home care was also advised for patients getting palliative
care during the pandemic. During this pandemic, there were also patients whose
treatments were carried out with home healthcare services. In highly populated
cities, e.g., Istanbul, the inclusion of new urgent requests during the day in the daily
plans by home healthcare services, emerged as a difficult problem to solve for service
providers. Since this problem is similar to the Dynamic Home Healthcare Routing
and Scheduling Problem (DHHCRSP), we used our data from the last DHHCRSP
study |[Cinar et al., 2022| by modifying it over a dataset for the COVID-19 case
generated for a district in Istanbul.

The first section in this chapter explains the process for generating the dataset
for emergent patients, generation of Istanbul’s traffic data for our region under con-
sideration and the data structures used in the computational study. In the following
sections, the parameter settings in GRASP and VNS algorithms that we use for
solving both the dynamic and static problems are described. Two different VNS
algorithms are designed, which are called as VNS-1 and VNS-2. In this study, VNS
algorithms’ performance comparison is also performed. In addition, the results of

the MILP and GRASP+VNS approaches are also compared for the static problem.



Chapter 5: Computational Study 49

Computer Properties
RAM 128 GB
Processor Intel(R) Xeon(R) W-2295
CPU 3.00GHz
# Core 18
# Core (Logical) 36

Software/IDE Version

Python 3.8.8
PyCharm (IDE) 2021.2.3
IBM CPLEX ILOG 20.1.0

Table 5.1: Information on the computing platform used in the computational study.

Then, we compare our developed approaches for the dynamic problem, as in the
static problem. MILP & MILP, MILP & GRASP+VNS, GRASP+VNS & MILP,
GRASP-+VNS & GRASP+VNS and GRASP+VNS & HYBRID solution approaches
for the dynamic problem are analyzed. In the last section, the effect of HSPs co-
operation, which we state as our main contribution in this study, on the solution
quality is examined in detail.

In this chapter, the GAP values in the tables show the values obtained from
CPLEX for MILP models. For the GRASP-+VNS algorithm and the Hybrid ap-
proach, it shows the difference with MILP solutions. Since both static and dynamic
problems are lexicographically ordered multiobjective problems, GAP values are cal-
culated according to this order. For MILP models, the GAP values of the goal with
the first GAP value are shown. For the heuristic approaches, the GAP value for the
first goal, which is different from the MILP model, is shown.

All computational runs were performed using the computer for which the speci-
fications are presented in Table 5.1. For MILP, CPLEX solver was used in parallel
with 28 cores, with a time limit of an hour. GRASP+VNS solution algorithm was

coded in Python and executed on the same computer. GRASP and VNS algorithms
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Static Problem
Goal | Definition Max/Min | Unit

Goal 1 | Total Priority | Maximization

Goal 2 Total Time Minimization | Hours

Dynamic Problem

Goal Definition Max/Min | Unit

Goal 1 Total Priority Maximization

Goal 2 | Arrival Time Changes | Minimization | Hours

Goal 3 Total Overtime Minimization | Hours

Goal 4 Total Time Minimization | Hours

Table 5.2: Summary of the goals used in the static and dynamic problems.

were also run in parallel with 28 cores.

5.1 Data Generation

Our data sets were based on several data sets created for a DHHCRSP study con-
ducted by Cinar et al., [Cinar et al., 2022]. The data sets in [Cinar et al., 2022] were
created using clustering and prediction models according to the number of COVID-
19 patients announced by the Republic of Turkey, Ministry of Health. One district
of Istanbul (Kagithane) was selected and partitioned such that patient clusters were
formed according to geographic proximity. Then, individual patient locations were
created in these clusters randomly according to COVID-19 positive case densities.
Finally, each HSP was assigned to a cluster. The data includes patient locations,
estimated treatment times and patient priorities. The data set consists of nine HSPs
and 1156 patients. In this study, since we were doing a computational study for two
HSPs, we selected two neighboring HSPs’ clusters. These two HSPs were in charge
of a total of 240 patients. There were 119 patients for HSP1 and 121 patients for
HSP2.
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For each HSP, 30 samples were generated for each combination of patient sizes
(20, 40, 60), and dynamism levels (Low, Mid, High). In total, 3x3x30=270 samples
were created for an HSP. Since we used two HSPs, we obtained 540 samples. We
added emergent patients to the processed data. Emergent patients were created
by choosing among the patients who could not be taken to the route during the
day after solving the static problem. Arrival times of selected emergent patients
were randomly generated with a uniform distribution between 10:00 and 17:00. In
addition, the priority values of emergent patients were set to 5, which was the
highest value. Before modifying the data, each patient has a priority between 1
and 5. Recall that in our dynamic problem priority values have two indices, namely
patient index and HSP index. In order to create second HSP index, we assigned a
second priority value to the HSP to which the patient was not initially assigned. If
the initial priority value was 5 which was the highest value, the second priority value
was also 5. However, if not, the second priority value was one less than the initial
priority value. After this assignment process, we had 2-dimensional priority data.
2-dimensions was done to ensure care continuity. Patient location data is shown in
Figure 5.1.

We set our model inputs as follows. We solved the problem sets described above
for a single day with two HSPs. The working hours of HSPs are between 09:00
and 18:00. In addition, they have a maximum of 4-hour overtime only for the
dynamic problem. Data sets are created in order to see how the approaches would
perform against dynamism in the dynamic problem and patient density in the static
problem. For the performance analysis of the static problem, we created patient
sets of 20, 40, and 60 patients for each HSP. These patients were randomly selected
from HSPs’ own patient clusters for them respectively. Data sets for the dynamic
problem were created with two main groups; the initial routes that were obtained
from the solutions to the static problem, and emergent patients. The number of
emergent patients varies according to the dynamism level, respectively, 4 for low-
level, 6 for mid-level, 8 for high-level. Different emergent patient numbers were
designed to test the model performance under different dynamism conditions. The

emergent patients’ call times were created using a uniform distribution between
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100 m

Figure 5.1: The patients locations on the map.

10:00 and 17:00. As explained in the previous chapter, the model was re-run with

each emergent arrival call.

5.1.1 Istanbul Traffic Data

In order to make our problem setting more realistic, we generated the travel duration
between patients in the data set according to the traffic situation depending on time
of the day. We used a 3-dimensional duration matrix in both static and dynamic
problems. The third dimension represents the time intervals (we refer to them as
blocks in our model description). We divided the daily work hours into three separate
intervals. We used the travel times in these intervals, both in our mathematical
model and heuristics, according to the beginning time of the intervals, that is, 09:00,

13:00 and 17:00. We pulled the traffic data from Bing.com via an API at these time
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points to calculate the travel times.

5.2 Parameter Settings

The parameter hyper-tuning was required to improve the performance of the heuris-
tics. Grid-search method, which is a valid method for hyper tuning, is preferred.
In the Grid search method, certain values are given for different parameters. The
values that give the best results among all possible combinations of these values are
used as parameter values. Analyzes of grid search studies for both GRASP and VNS
heuristics are shown.

At the same time, if there are alternatives to each other in the algorithms used, a
choice should be made between them. As we mentioned in Chapter 4, we have both
VNS-1 and VNS-2 heuristics. Since we prefer VNS-2 as a result of the analysis, all

VNS mentioned in the following sections refer to the VNS-2 heuristic.

5.3 The Selection of VNS Heuristics

In order to choose which one to use between VNS-1 and VNS-2, 30 samples, which
have size 20 and low-level dynamism, were run. In these runs, the static problem
was solved. Goal 1 and Goal 2 represent total priority and total time, respectively,
as shown in Table 5.2. The results obtained from the solutions are presented in
Table 5.3.

Since there is a time limit of an hour when solving MILP in Table 5.3, if the
time limit reaches the Goal 1 in LGP, it does not return a GAP value for Goal 2.
These non-occurring GAP values were indicated by “-”. The “Elapsed Time” column
is in seconds. The “Best Solution” column shows which of the MILP, GRASP-+VNS-
1 and GRASP+VNS-2 approaches returned the better solution. The “Best VNS”
column shows which was better between GRASP+VNS-1 and GRASP+VNS-2. If
a solution is a better solution, it is first checked whether the Goal 1 value is greater
than LGP. If Goal 1 values are equal, the lower Goal 2 value is selected. If both
Goals are equal, the solution with the smaller Elapsed Time is said to be better.

As can be seen from the “Best VNS” column, VNS-1 returns better results at 13
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samples and VNS-2 at 18 samples. Although they are close to each other, we can
say that VNS-2 performs better. Therefore, VNS-2 is preferred.

Examining the Best Solution column, it can be seen that there are 13 samples
where GRASP+VNS outperforms MILPs. In cases where they cannot find a better
solution, the average GAP is 1.56% for both GRASP-+VNS types. Thus, the insight
is obtained that the selected GRASP+VNSs have a solution quality close to MILPs

in the static problem.
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Table 5.3: The Static Problem Results: Comparison for MILP, GRASP+VNS-1 and
GRASP+VNS-2.

Simulation MILP GRASP + VNS 1 GRASP + VNS 2 Best  Bost
No GAP Elapsed GAP Elapsed GAP Elapsed Solution VNS
Goal 1 Goal 2 Time |Goal 1 Goal 2 Time [Goal 1 Goal 2 Time

0 3.00% - 3601.30 | 0.00% -2.46% 471.24 | 0.00% -2.57% 461.18 | VNS-2 VNS-2
1 4.01% - 3612.75 | 2.50% -3.12% 478.27 | 2.50% -3.40% 486.70 MILP VNS-2
2 3.94% - 3606.59 | 0.00% -1.62% 476.28 | 0.00% -1.67% 475.19 | VNS-2 VNS-2
3 0.00% 1.65% 43.08 | 0.00% 0.06% 411.28 | 0.00% 0.01% 409.43 MILP VNS-2
4 0.00% 1.68% 1.77 2.44% -0.97% 536.45 | 2.44% -0.75% 525.50 MILP VNS-1
5 0.00% 1.98% 19.55 | 0.00% -0.12% 483.87 | 0.00% -0.23% 485.84 | VNS-2 VNS-2
6 0.00% 1.96% 52.78 | 2.33% -0.31% 532.00 | 2.33% -0.42% 533.44 MILP VNS-2
7 0.00% 1.34% 1.98 0.00% 0.06% 472.88 | 0.00% 0.00% 470.49 MILP VNS-2
8 0.00% 1.33% 3.84 0.00% 0.44% 461.37 | 0.00% 0.44% 461.37 MILP VNS-2
9 3.94% - 3620.39 | 0.00% -2.16% 460.72 | 0.00% -1.99% 456.94 | VNS-1 VNS-1
10 4.89% — 3609.97 | 0.00% -0.94% 498.18 | 0.00% -0.88% 489.52 | VNS-1 VNS-1
11 0.00% 1.95% 726.39 | 2.27% -0.14% 473.77 | 2.27% -0.30% 467.94 MILP VNS-2
12 0.00% 2.00% 12.66 | 2.38% -1.43% 481.61 | 2.38% -1.37% 485.81 MILP VNS-1
13 2.85% - 3601.25 | 0.00% 0.59% 500.89 | 0.00% 0.31%  499.99 MILP VNS-2
14 0.00% 1.62% 198.70 | 2.56% -1.95% 495.54 | 2.56% -1.38% 485.17 MILP VNS-1
15 0.00% 1.82% 1859 | 0.00% -0.37% 489.29 | 0.00% -0.43% 485.82 | VNS-2 VNS-2
16 0.00% 1.61% 8.81 0.00% 0.42% 472.69 | 0.00% 0.48% 473.21 MILP VNS-1
17 0.00% 2.08%  29.70 | 0.00% -0.55% 482.99 | 0.00% -0.61% 484.23 | VNS-2 VNS-2
18 0.00% 1.11% 14.97 | 0.00% -0.21% 477.54 | 0.00% -0.21% 470.59 | VNS-2 VNS-2
19 0.00% 1.93% 4852 | 0.00% -0.27% 431.80 | 0.00% -0.11% 428.67 | VNS-1 VNS-1
20 0.00% 2.05% 2628.33 | 2.44% -0.89% 471.45 | 2.44% -1.00% 474.19 MILP VNS-2
21 0.00% 1.16% 12.05 | 0.00% -0.10% 466.22 | 0.00% 0.02% 462.25 | VNS-1 VNS-1
22 0.00% 1.38% 30.09 | 0.00% -0.20% 473.28 | 2.22% -0.15% 473.50 | VNS-1 VNS-1
23 3.90% - 3610.36 | -2.44% 1.04% 470.18 |-2.44% 1.04% 473.98 | VNS-1 VNS-1
24 0.00% 1.57% 19.58 | 2.38% -1.52% 512.26 | 2.38% -1.63% 513.79 MILP VNS-2
25 3.59% - 3605.84 | 2.50% -1.98% 501.71 | 2.50% -2.10% 507.49 MILP VNS-2
26 0.00% 1.00% 3.41 2.38% -0.77% 430.49 | 2.38% -0.71% 434.55 MILP VNS-1
27 0.00% 0.93% 3.45 2.33% -0.20% 537.82 | 2.33% -0.20% 540.54 MILP VNS-1
28 0.00% 1.77% 37.94 | 0.00% 0.73% 482.37 | 0.00% 0.62% 481.21 MILP VNS-2
29 0.00% 1.52% 1.45 0.00% -0.05% 507.83 | 0.00% -0.28% 505.75 | VNS-2 VNS-2

5.4 GRASP + VNS Metaheuristic for the Static Problem

As we mentioned in the introduction of this section, it is a method used for grid
search parameters hypertuning and trying all combinations. We get the results

shown in Table 5.4 by running four parameters that we use in GRASP+VNS with
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five samples each. The continuation of the results is presented in Table 5.5. The
values shown here are the averages of the RCL Ratio and Iteration Limit values on
the left and the values taken for five samples when the model is run. Unlike the
“Max Run Time” shown in the last column, it shows the highest run time value in
five samples. In GRASP, as stopping criteria, a restriction is given to both non-
improving iterations and a restriction to the total number of iterations. In VNS,
there is a stopping criteria only for non-improving iterations. Run Time values are
in seconds. The samples used are respectively “40-Low-HSP1-0”, “40-Low-HSP1-17,
“40-Low-HSP1-2”, “40-Low-HSP1-3”, “40-Low-HSP1- 4”.

The results are Goal 1, Goal 2, Average Run Time is given in order according to
Maximum Run Time. In Table 5.4, the best Goal values are obtained with the com-
bination of 0.5-50-10-200. However, since both the average and maximum run time
values are above the threshold of 60 seconds, they are not considered as parameter
values. Instead, the combination of 0.5-50-50-100, which reaches the second best
goal value approximately four times faster, is chosen. Since the total iteration num-
ber cannot be exceeded, the “Non Improving” iteration limit for GRASP is removed
in the combination of the 0.5-50-50-100 parameter.

0.5-50-50-100 parameter values will be used in all solutions for the static prob-

lem.
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Table 5.4: The Grid Search Results of the GRASP + VNS Parameters for the Static

Problem.

Iteration Limit Avg Max

RC'L GRASP VNS Goall | Goal 2 | Run Run
Ratio Stopping | NonImproving | NonImproving Time | Time
0.5 50 10 200 45.40 17.75 140.23 | 427.11
0.5 50 50 100 45.40 17.81 38.59 | 45.22
0.5 100 50 200 45.40 17.81 101.37 | 176.29
0.5 200 50 50 45.40 17.82 54.40 62.43
0.3 50 50 100 45.40 17.82 36.59 46.70
0.7 50 50 100 45.40 17.83 36.98 45.58
0.5 200 50 100 45.40 17.85 58.74 65.85
0.5 100 50 100 45.20 17.67 60.16 77.02
0.3 50 30 100 45.20 17.72 36.97 56.73
0.3 200 30 200 45.20 17.74 106.29 | 178.42
0.5 100 50 50 45.20 17.76 48.90 59.08
0.7 200 50 200 45.20 17.76 108.91 | 178.54
0.7 200 10 200 45.20 17.77 102.33 | 187.03
0.7 200 30 100 45.20 17.78 39.48 49.23
0.7 200 30 50 45.20 17.79 35.48 41.55
0.7 200 30 200 45.20 17.80 75.45 130.07
0.7 50 50 200 45.20 17.81 76.56 125.24
0.7 100 30 100 45.20 17.81 40.82 49.16
0.7 100 10 50 45.20 17.81 14.60 17.80
0.7 50 50 50 45.20 17.81 32.63 37.65
0.7 200 10 100 45.20 17.82 20.44 32.10
0.7 200 50 100 45.20 17.82 60.53 67.33
0.7 50 30 50 45.20 17.83 28.48 31.82
0.7 100 30 50 45.20 17.84 34.16 39.54
0.7 50 30 100 45.00 17.67 41.28 54.82
0.3 200 50 200 45.00 17.67 140.14 | 219.83
0.3 100 50 100 45.00 17.67 58.89 79.24
0.5 50 50 200 45.00 17.67 99.32 166.36
0.5 200 50 200 45.00 17.67 107.01 | 166.85
0.7 100 50 50 45.00 17.68 50.12 60.63
0.3 50 30 200 45.00 17.68 87.30 162.94
0.3 50 50 200 45.00 17.68 129.50 | 221.15
0.5 100 30 100 45.00 17.68 44.45 62.08
0.3 200 30 50 45.00 17.68 35.66 41.73
0.3 50 50 50 45.00 17.68 34.22 40.58
0.7 100 50 100 45.00 17.68 62.07 84.34
0.7 100 50 200 45.00 17.68 120.27 | 203.52
0.3 200 50 100 45.00 17.69 65.34 86.59
0.5 200 30 200 45.00 17.69 97.42 153.74
0.5 50 10 50 45.00 17.71 15.85 20.41
0.5 50 30 200 45.00 17.71 93.19 182.33

5.5 GRASP -+ VNS Metaheuristic for the Dynamic Problem

We use the grid search method for the Dynamic problem, like the GRASP-+VNS

hypertuning which we did for the static problem.

“40-High-0" sample has been
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Table 5.5: The Grid Search Results of the GRASP + VNS Parameters for the Static
Problem.- Cont’d

Iteration Limit Avg Max

RC'L GRASP VNS Goall | Goal 2 | Run Run
Ratio Stopping | NonImproving | NonImproving Time | Time
0.7 200 50 50 45.00 17.71 57.09 67.51
0.3 100 50 50 45.00 17.71 48.95 59.01
0.3 100 30 100 45.00 17.71 44.81 63.43
0.3 200 50 50 45.00 17.72 56.04 62.15
0.7 100 10 200 45.00 17.72 99.71 184.28
0.5 100 30 200 45.00 17.72 107.63 | 174.43
0.3 100 50 200 45.00 17.72 120.74 | 185.08
0.7 50 10 100 45.00 17.73 21.68 31.80
0.3 100 30 50 45.00 17.73 33.78 42.33
0.5 200 10 100 45.00 17.73 23.95 40.37
0.7 100 10 100 45.00 17.74 22.75 33.70
0.5 200 30 50 45.00 17.74 36.46 41.80
0.5 50 50 50 45.00 17.74 33.33 41.73
0.7 200 10 50 45.00 17.77 17.33 25.28
0.7 100 30 200 45.00 17.79 71.42 128.78
0.7 50 10 200 45.00 17.79 62.54 | 113.52
0.7 50 30 200 45.00 17.79 113.78 | 209.11
0.3 200 10 50 45.00 17.80 14.79 16.59
0.3 50 30 50 45.00 17.82 28.31 31.06
0.5 50 10 100 44.80 17.64 28.64 45.87
0.7 50 10 50 44.80 17.64 17.91 24.73
0.3 50 10 200 44.80 17.67 67.33 105.80
0.5 100 30 50 44.80 17.68 35.24 42.29
0.3 200 30 100 44.80 17.69 40.70 57.87
0.3 100 30 200 44.80 17.70 91.75 234.95
0.5 100 10 100 44.80 17.70 24.93 36.24
0.5 50 30 50 44.80 17.71 29.43 35.29
0.5 200 10 50 44.60 17.59 17.63 20.49
0.3 100 10 200 44.60 17.60 79.58 | 147.10
0.3 200 10 100 44.60 17.61 25.98 35.01
0.3 100 10 50 44.60 17.61 16.71 20.00
0.5 50 30 100 44.60 17.61 40.56 52.46
0.3 50 10 100 44.60 17.62 27.50 41.02
0.5 100 10 50 44.60 17.62 17.55 21.43
0.5 200 30 100 44.60 17.63 46.94 58.87
0.3 100 10 100 44.60 17.69 23.81 34.90
0.5 200 10 200 44.40 17.59 73.35 129.70
0.5 100 10 200 44.40 17.67 72.11 114.10
0.3 200 10 200 44.20 17.56 97.16 | 140.25
0.3 50 10 50 44.20 17.57 17.29 23.74

solved. The initial route is used from the solutions obtained by MILP. Since the

dynamism level is high, solutions have been prepared for eight emergent patients.

Eight re-optimizations are performed for eight emergent patients. A “Performance



Chapter 5: Computational Study 59

Score” is obtained from the results of eight re-optimizations. The performance score
is obtained by multiplying the rankings of the goals with the coefficient values given

according to the priorities of the goals. The calculation is done as follows.

Score = # Goal 1 8+ # Goal 2 x4+ # Goal 3 *2+ # Goal 4 x1 (5.1)

Combinations with any re-optimization run time higher than 60 seconds are
eliminated before performance scores are evaluated. The remaining values are given
in Table 5.6. Among these values, the combination of parameters 0.7-100-10-100,
which has the lowest score, is selected.

At Table 5.6, it is seen that the NonImproving value of GRASP is lower than the
value of Static. This can be interpreted as more improvements have been made with
VNS in the problems solved on the Dynamic side. In this way, it can be deduced that
even if GRASP as a construction algorithm gives a bad result, it can be improved
with VNS.

0.7-100-10-100 parameters values are used in all dynamic GRASP+VNS meta-

heuristics mentioned in the following sections.

5.6 Results for the Static Problem

In the Static Problem, individual initial routes are calculated for each HSP. The
difference in the data used is the sizes. For each HSP, a single day visit plan was
drawn from the patient clusters of 20, 40, and 60 diseases. CPLEX run with 1 hour
time limit for solving the Static Problem. GRASP-+VNS metaheuristic algorithm
were coded on Python, and also .

In the Static Problem, HSPs do not have the right to overtime. Also, their
Goals are also different from the Dynamic Problem. Its goals are total priority
maximization and total time minimization as shown in Table 5.2.

The performance of MILP and GRASP+VNS in terms of Goal 1 is shown in
Figure 5.2. The values here show which method is more successful in how many

samples. “EQUAL” represents that both methods reach the same value for Goal 1.
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Table 5.6: The Grid Search Elected Results of the GRASP 4+ VNS Parameters for

the Dynamic Problem.

RCL Tteration Limit Performance
GRASP VNS
Ratio Score
Stopping | NonImproving | NonImproving

* 0.7 100 10 100 799
0.3 100 10 100 993
0.5 100 10 100 994
0.3 200 10 50 1027
0.3 50 10 50 1148
0.7 200 10 30 1149
0.5 50 10 100 1149
0.3 50 10 30 1168
0.7 100 10 50 1204
0.3 200 10 100 1210
0.5 100 10 50 1222
0.5 100 10 30 1239
0.3 100 10 50 1260
0.7 50 10 100 1262
0.5 200 10 100 1280
0.5 200 10 30 1298
0.3 50 10 100 1300
0.3 100 10 30 1318
0.7 50 10 30 1319
0.3 200 10 30 1345
0.7 200 10 50 1379
0.5 200 10 50 1435
0.5 50 10 30 1487
0.5 50 10 50 1583

As the sample size increases, the rate of GRASP+VNS finding the result obtained
in MILP for Goal 1 decreases. However, even in the lowest HSP2-60 and HSP2-40

samples, it is observed that half of the samples run reach the result obtained in

MILP. In total, GRASP+VNS achieves better than MILP in 3% of the solutions it

brought and the same solution as MILP in 38%. In addition, in the results where

MILP is better, our average GAP values are as follows; HSP1-20: 3.98%, HSP2-20:

4.13%, HSP1-40: 4.71%, HSP2-40: 4.17%, HSP1-60: 4.35%, HSP2-60: 3.30%.

An inference can be made from the section, using the GRASP+VNS metaheuris-
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Simulation Numbers

®GRASP + VNS = EQUAL = MILP

Figure 5.2: The comparison of the better solution counts of the MILP and
GRASP+VNS methods according to size values and HSPs.

tic algorithm, with an average GAP value of 4.01% in Total Priority, a better Total
Time value can be achieved with 18.4 times smaller run time on the average. At the
same time, a similar number of patients are served in these solutions.

The solutions obtained in the static problem are given in Table 5.7, Table 5.8, and
Table 5.9. In these tables, the “Size” column shows how many patients the models
made for a day’s planning. The “Dynamism Level” column represents the emergent
patient numbers of the relevant datasets in the dynamic part.The emergent patient
numbers are two patients per HSP for “Low”, three patients per HSP for “Mid”, and
four patients per HSP for “High”. We add this column for use when examining the
results in the dynamics section. The “Dynamism Level” column is of no importance
in this section, as it does not contribute to the static problem. For this reason, Table
5.10 analysis, which we grouped over sizes, is made. The “HSP” column represents
which HSP the datasets belong to. Run time values are in seconds. “# Post.”

column shows the postponed patients. The GAP values represent the difference
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Simulation results: Static Problem Comparisons

Table 5.7
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If the objective function is the

between the objective function values of Goal 1.

same in Goal 1, it represents the difference in Goal 2. If both are the same, the

GAP value returns zero and these zero values are not included in the statistical
calculations. The GAP values given for MILP are the values provided by CPLEX
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Simulation results: Static Problem Comparisons.- Cont’d

Table 5.8
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and since there is a an-hour time limit, GAP values are returned. The GAP value

provided for GRASP+VNS shows the values compared to MILP.

When the MILP model is run as LGP, if it obtains the Goal 1 value as optimal,

it usually has obtained an optimal solution for all given models, since it restricts the
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Table 5.9
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solution set for Goal 2. Thus, the GAP values shown for MILP only cover Goal 1.

When we subtract the number of postponed patients from the size value, we get
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Table 5.10: Simulation results: Static Problem Comparisons by Sample Sizes

MILP GRASP + VNS

Size| HSP | Stats. | Run Goal Goal # Post. Run Goal Goal # Post.
Time 1 2 Patients GAP |Time 1 2 Patients GAP
Avg | 350.50 43.39 17.92 9.51 4.27%)| 24.65 42.66 17.79 9.44 3.98%
Min 0.72  38.00 17.62 9.00 2.69%| 18.83 38.00 17.30 9.00 0.04%
HSPL Max |3628.50 48.00 18.00  10.00 5.90%|35.29 48.00 17.99 10.00 14.58%
Std Dev| 995.53 2.00 0.10 0.50 0.94%| 2.70 1.71 0.18 0.50 4.01%
20 Avg | 875.98 41.74 17.88 9.60  4.04%]25.84 40.72 17.70 9.56 4.13%
Min 1.45 36.00 17.45 9.00 2.85%|19.70 36.00 17.25 9.00 0.02%
HSP2 Max [3645.09 46.00 18.00 10.00 6.77%|30.72 45.00 18.00 10.00 17.78%
Std Dev|1447.90 2.21 0.12 0.49 1.03%| 2.73 2.04 0.23 0.50 4.27%
Avg | 618.11 48.38 17.93  29.06 5.18%|36.30 47.40 17.73  29.19 4.71%
Min 1.94 43.00 17.59 28.00 2.38%| 6.97 43.00 17.29  29.00 0.03%
" Max [3684.30 52.00 18.00 30.00 8.14%|52.72 51.00 18.00 30.00 15.38%
Std Dev|1250.42 1.96 0.09 0.27 1.74%| 8.51 1.56 0.19 0.39 3.57%
40 Avg | 815.21 4598 17.95 29.09 5.82%|39.90 44.76 17.78  29.17  4.17T%
Min 10.42 41.00 17.68  29.00 2.46%|26.70 40.00 17.21  29.00 0.01%
HSP2 Max [3768.47 51.00 18.00  30.00  8.37%|52.79 49.00 18.00 30.00 15.69%
Std Dev|1185.71 1.70 0.06 0.29 1.94%| 5.38 1.72 0.19 0.37 3.45%
Avg | 460.39 51.19 17.96 48.92 3.96%|35.01 49.72 17.70 49.34  4.35%
Min 11.03 46.00 17.59 48.00 2.16%| 8.59 46.00 17.31  49.00 1.92%
HSPL Max [3658.30 54.00 18.00 49.00 5.59%| 71.85 53.00 18.00 50.00 11.32%
Std Dev|1008.53 1.42 0.06 0.27 1.06%| 15.08 1.32 0.21 0.48 1.99%
60 Avg | 744.35 48.27 17.96 49.06 5.91%)|47.86 47.30 17.80  49.11 3.30%
Min 4.59 44.00 17.69 49.00 3.17%|20.63 44.00 17.34  49.00 0.01%
HSp2 Max |3869.38 51.00 18.00  50.00 9.28%|68.12 50.00 18.00  50.00 9.80%
Std Dev|1138.48 1.47 0.06 0.23 1.92%| 8.72 1.47 0.16 0.32 2.03%

the number of patients served. Thus, for all size values, it is seen that a maximum
of 12 patients and a minimum of 10 patients are planned at the beginning of the
day. Considering that the service times of the patients are generated with N (45, 2),
and the HSPs works between 9.00-18.00 without overtime, it is expected that the
HSPs visits about these served patients numbers.

Figure 5.3 shows the average goal values obtained by the HSPs with MILP and
GRASP-+VNS approaches for the static problem for different sample sizes. Total
Priority reflects Goal 1 and Total Time reflects Goal 2. It is clear from the figure
that MILP has achieved more successful results for Total Priority. On the other
hand, GRASP+VNS seems to have been more successful in the Total Time. Since
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Figure 5.3: The average values of the total priority and the total time obtained from

size and HSP samples according to MILP and GRASP-+VNS methods in the static

problem.

LGP is applied, success in Goal 1, i.e. Total Priority, is more significant.

5.7 Results of the Dynamic Problem

The initial routes obtained in the static initial stage of the Dynamic Problem are
merged, and we try to include the dynamically occurring emergent patients in the
route with the cooperation of the HSPs. While trying to solve this problem, the
model has goals the following: maximizing total priority, minimizing arrival time
changes, minimizing overtime, and minimizing total time. The LGP model is solved

in the given order.
As we mentioned in Chapter 4, we have MILP, GRASP+VNS and HYBRID
solution methods for the dynamic problem. For the static problem, as we mentioned

in the previous section, we had MILP and GRASP+VNS solutions. In order to make
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Static Problem | Dynamic Problem Combined
MILP MILP MILP & MILP
MILP GRASP-+VNS MILP & GRASP+VNS
GRASP+VNS MILP GRASP-+VNS & MILP
GRASP-+VNS GRASP-+VNS GRASP+VNS & GRASP+VNS
GRASP+VNS HYBRID GRASP+VNS & HYBRID

Table 5.11: Summary of which methods were used for static and dynamic problem

solving in combined methods.

the results of the dynamic part and the comparisons we present more detailed,
we have created the combinations specified in Table 5.11. In this section, these
combinations are analyzed. Our goal is to choose the most efficient approach.

The datasets used as inputs consist of the initial plans of the HSPs and then
the emergent patients created according to the dynamism levels. Dynamism levels
are calculated over 20 patients at the beginning of the HSP. Since we are making
a solution with a dataset containing two HSPs, the number of emergent patients in
the problem is four, six, eight, according to their low, mid, high dynamism levels,
respectively. As we stated in the Data Generation section, emergent patient re-
quest times are established for these patients between 10:00 and 17:00. With every
emergent patient request, the model re-optimizes the problem.

While evaluating the results shown in this section, the results obtained are from
the routes and schedules at the end of the day, making it difficult to analyze. Even
if the solution of each re-optimization MILP model was optimal, it can cause to
move away from the optimal solution for the whole day because of the robust struc-
ture of the dynamic problem. To reach the optimal solution for the whole day, we
should know when the emergent cases will occur, which is impossible. We try to
approximate the optimal solution with our proposed five methods.

In the dynamic problem, the overtime rights of HSPs are determined as four
hours. There are four goals used in LGP used in Dynamic Problem. As shown

in Table 5.2, the lexicographically ordered goals are respectively maximization of
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total priority, minimization of arrival time changes, minimization of overtime and
minimization of total time.

In the dynamic problem, the MILP model was run in parallel with 28 cores, with
a time limit of one minute in CPLEX. The GRASP-+VNS metaheuristic algorithm
was coded in Python with 28 cores and run in parallel with a 1-minute time limit.
Both GRASP and VNS were run in parallel.

Average goal values obtained from 30 samples in size and dynamism level values
given in Table 5.12 are shown. The “Size” column contains 20, 40, 60. These values
refer to the size of the sample used when creating the initial plan in the static
problem. When the Goal 2 column representing the total time in Table 5.10 is
examined, it is observed that a tighter route is formed as the size increases. The
tight route means the route which has the total route time close to day-end time.
The new patients cannot be added to these routes without overtime. We add this
column to our analysis in order to analyze the effect of starting the day with a
tight route according to the solutions we propose for the dynamic problem. The
“Dynamism Level” column refers to the number of emergent patients and thus the
number of re-optimizations. As mentioned at the beginning of this section, there
are three levels Low, Mid, and High. These dynamism levels are corresponding to
four, six, and eight emergent patients per two HSPs, respectively. The values in the
goal column are given in Table 5.2.

When comparing the presented solution approaches for Goal 1, MILP & MILP
is found to be the best solution in most size and dynamism level values. However,
GRASP+VNS & GRASP+VNS and MILP & GRASP+VNS solutions also follow
with a difference of 5% for Goal 1. In fact, there are samples where GRASP-+VNS
& GRASP+VNS and MILP & GRASP+VNS are more successful than MILP &
MILP, 20-High, 20-Low, respectively.

Goal 2 results are directly affected by Goal 1 results since LGP is applied. In fact,
when a model is run, a selection is made among the alternate optimal solutions of the
first priority goal value. The LGP approach aims to find the best solution for Goal
2 among the alternate optimal solutions of the Goal 1. Here again, MILP & MILP

method seems to be the most successful one. We will mention it as a weakness
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Table 5.12: Simulation results: Dynamic Problem Comparisons.

MILP & MILP & G4V & GH+V & G+V &
Size | Dynamism Level Goals
MILP G+V MILP G+V HYBRID
Goal 1 104.30 104.45 103.37 103.87 100.20
Goal 2 20.84 27.63 27.39 22.01 27.56
Low
Goal 3 3.60 2.47 2.25 3.55 1.87
Goal 4 39.60 38.27 37.85 39.55 37.87
Goal 1 115.27 112.83 110.93 115.00 109.04
Goal 2 32.29 38.11 36.04 32.98 39.68
20 Mid
Goal 3 5.56 4.35 3.21 5.51 3.88
Goal 4 41.56 40.06 38.82 41.51 39.88
Goal 1 123.90 121.73 112.31 125.04 116.48
Goal 2 17.45 56.55 50.12 50.96 58.46
High
Goal 3 2.76 5.67 3.90 7.19 5.34
Goal 4 38.76 41.55 39.17 43.19 41.34
Goal 1 114.37 114.43 112.24 112.97 110.07
Goal 2 23.00 32.55 28.49 24.05 28.66
Low
Goal 3 3.80 2.82 2.21 3.68 1.98
Goal 4 39.80 38.65 38.04 39.68 37.98
Goal 1 124.13 123.77 118.89 122.86 117.57
Goal 2 37.56 45.82 42.20 38.87 45.41
40 Mid
Goal 3 5.67 4.52 3.21 5.62 3.91
Goal 4 41.67 40.52 38.84 41.62 39.91
Goal 1 133.92 128.76 128.15 132.85 123.17
Goal 2 53.27 58.67 53.88 54.50 61.51
High
Goal 3 7.62 5.55 4.77 7.42 5.56
Goal 4 43.62 41.40 40.64 43.42 41.56
Goal 1 119.50 119.32 114.54 117.33 113.80
Goal 2 20.24 28.37 25.71 21.28 27.04
Low
Goal 3 3.79 2.86 2.14 3.71 2.13
Goal 4 39.79 38.70 37.50 39.71 38.13
Goal 1 129.50 128.47 123.17 127.72 122.19
Goal 2 37.52 45.18 42.88 38.21 44.72
60 Mid
Goal 3 5.75 4.47 3.48 5.62 3.95
Goal 4 41.75 40.44 39.02 41.62 39.95
Goal 1 138.96 135.40 132.12 137.12 127.46
Goal 2 52.45 56.03 53.42 52.59 60.35
High
Goal 3 7.58 5.46 4.43 7.47 5.68
Goal 4 43.58 41.46 40.14 43.47 41.68

in Chapter 6 as one of the reasons why MILP & MILP method is so successful.

GRASP+VNS algorithm sorts things one after another, but the MILP model can
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shift routes if it satisfies end-of-day and emergent patient deadline constraints. In
this way, arrival time change values can be reduced even more.Except for the 20-
High example, the method has a maximum of 5% slight difference between MILP
& MILP and GRASP+VNS & GRASP+VNS. In the samples where the MILP &
MILP solution is better than GRASP+VNS & GRASP+VNS solution, there is an
average 1.87% GAP between them for Goal 1.

There is a clearly visible correlation between Goal 3 and Goal 4. The main
reason for this, of course, is that the model is forced to overtime with newly arriving
emergent patients. Since the allowed overtime value is used in Goal 1 and Goal 2,
solutions usually have overtime value. In Table 5.12 and Table 5.13, there are rows
where Goal 4 is not equal to 36 + Goal 3. The reason is that the total time of an
HSP does not reach 36, but the other performs overtime. In these examples, it can
be said that one HSP has been assigned more patients than the other with newly
arrived emergent patients, or it can be said that he/she has worked longer due to
the time on the road.

Contrary to other goal values in Goal 3 and Goal 4 solutions, the best results are
achieved by the GRASP+VNS & MILP and GRASP-+VNS & HYBRID methods.
Failures in Goal 1 and Goal 2, that is, fewer patients are served, resulting in a shorter
total route time and less overtime.

A detailed analysis of the goal values of the methods applied in the dynamic
problem can be seen from Table 5.13. To summarize, in general, the standard
deviation values of the methods are close to each other except GRASP+VNS &
HYBRID. Since the standard deviation value of the GRASP+VNS & HYBRID, it
is not as consistent as other models.

In Figure 5.4, for goal and run time values among all samples, the best result is
represented by 1, and the worst result is represented by 0. In this way, the average
values are normalized using the minimum and maximum values. The Run Time
value taken here represents the sum of all re-optimization run time values for a
sample until the end of the day. Data in Figure 5.4 is obtained by averaging over
all samples.

Run Time values will be examined in detail in the following sections. However,
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Figure 5.4: The Comparison of Methods by Goal 1, Goal 2, Goal 3, Goal 4 and Run

Time.

it will be useful to examine the run time while discussing the methods in Figure
5.4. As we have seen here and mentioned in the results of Table 5.12, there does
not seem to be much difference between MILP & MILP, GRASP-+VNS & MILP
and GRASP+VNS & GRASP+VNS methods in terms of goal values. When ex-
amined together with the run time values, the performance of the GRASP+VNS &
GRASP+VNS method stands out.

Table 5.14, which results in a higher priority value as more patients were visited
initially, as expected in the sample size results. However, as an effect of this, ar-
rival time changes, overtime and total time values aimed at minimization have also
increased. The table in which the statistical analysis of these values is compared is
available in Appendix B, Table B.1.

Spider charts of Figure 5.4 broken down into sizes are given in Figure 5.5. As
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Table 5.14: Simulation results: Dynamic Problem Comparisons by Sample Size.

MILP & MILP & G+V & GH+V & GH+V &
Size | Goals
MILP G+V MILP G+V  HYBRID
Goal 1 114.49 113.10 108.68 114.39 108.47
Goal 2 23.53 40.94 37.29 34.98 41.76
20 Goal 3 3.97 4.18 3.08 5.38 3.67
Goal 4 39.97 39.98 38.58 41.38 39.67
Goal 1 123.56 122.12 119.57 122.55 116.85
Goal 2 37.04 45.22 41.22 38.60 45.00
’ Goal 3 5.58 4.26 3.37 5.51 3.79
Goal 4 41.58 40.15 39.14 41.51 39.79
Goal 1 128.98 127.92 123.40 127.65 121.08
Goal 2 36.16 43.53 40.82 37.78 43.83
00 Goal 3 5.64 4.30 3.37 5.65 3.90
Goal 4 41.64 40.23 38.90 41.65 39.90

shown in Figure 5.5a, since the goals are ordered lexicographically, and the run time
values do not change dramatically among methods, MILP & MILP is superior to
the other methods for sample size 20. However, it is observed that MILP & MILP
underperformed in run time in sample size 40 and size 60 charts which are shown in
Figure 5.5b and Figure 5.5¢, respectively.

In fact, with each dynamism level increase, the model tries to add two more
emergent patients to the route. Since the priority value of emergent patients is also
5, we expect to see an increase of about 10 for each dynamism level increase on
average. However, as seen in Table 5.15, the increases observed between six and
eight in the Goal 1 values of MILP & GRASP+VNS, GRASP+VNS & MILP and
GRASP-+VNS & HYBRID methods. Here the following deductions can be made.
Since emergent patients have to be included in the route, these methods postponed
more than other methods in order to include emergent patients in the routes. It can

be said that methods, which have both a low Goal 1 value and a high Goal 4 value,
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Figure 5.5: The Comparison of Methods According to Sample Size.: (a) Sample Size
20, (b) Sample Size 40 (c) Sample Size 60.

cannot perform well. The statistical analysis of the goal values by dynamism level
is compared, and the related table is available in Appendix B, Table B.2.

While examining the data that we present in Table 5.12 together with the run
time data in Figure 5.15, it is observed that MILP & MILP and GRASP-+VNS
& GRASP+VNS give close results and GRASP+VNS & GRASP+VNS are quite
successful in run time. According to Figure 5.6¢, it has been observed that MILP &
MILP is far more successful than all methods in Goal 2.

As mentioned in the previous paragraphs, it is not possible to fully evaluate the
models only by means of the goals. When comparing the methods, it is necessary to

examine the performance metrics that are not included in the goals but are indirectly
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Table 5.15: Simulation Results: Dynamic Problem Comparisons by Sample Dy-

namism Level.

MILP & MILP & G+V & G+HV & G+HV &
Dynamism Level Goals MILP G+V MILP G+V HYBRID
Goal 1 112.72 112.64 109.70 110.96 107.68
Goal 2 21.36 29.49 27.29 22.53 27.80
Low
Goal 3 3.73 2.71 2.21 3.64 1.99
Goal 4 39.73 38.54 37.81 39.64 37.99
Goal 1 122.82 121.79 117.24 121.58 116.12
Goal 2 35.75 43.09 40.16 36.61 43.23
Mid
Goal 3 5.66 4.45 3.29 5.58 3.91
Goal 4 41.66 40.34 38.89 41.58 39.91
Goal 1 131.91 128.62 124.14 131.52 122.06
Goal 2 39.90 56.99 52.48 52.66 60.09
High
Goal 3 5.83 5.56 4.37 7.36 5.52
Goal 4 41.83 41.47 39.99 43.36 41.52

affected. In Table 5.16, there are four performance metrics to use in the evaluation
of the methods. The first is the “Total Run Time” metric, which shows how long
the method takes to place the emergent patients on the route during a day, and
is in seconds. The “Postponements” metric displays how many people on the first
route are postponed at the end of the day. The “HSP Changes” metric represents
the number of times patients have changed their HSP by the end of the day. Also,
the statistical analysis of the results grouped by size and dynamism level are given
in Appendix B in Tables B.4 and B.5, respectively.

When Table 5.16 is examined, it is observed that MILP & MILP is the worst
method in terms of run time and GRASP+VNS & HYBRID is the best method.
However, the information that will give the real insight here is that the GRASP+VNS
& GRASP-+VNS method approaches to be the fastest solving method as the size

and dynamism level increases, that is, as the problem becomes more difficult. It
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Figure 5.6: The Comparison of Methods According to Sample Dynamism Level.:

(a) Low-Level Dynamism Sample, (b) Mid-Level Dynamism Sample, (c) High-Level

Dynamism Sample.

even surpasses the hybrid method in 60-High samples. The statistical analysis of

the performance metric values obtained from our proposed methods is available in

Appendix B, Table B.3. As shown in Figure 5.4, it returns results close to MILP
& MILP results in goal values. For this reason, GRASP+VNS & GRASP+VNS

stands out as an ideal method for those who want both speed and solution quality.

MILP & MILP and GRASP+VNS & MILP methods where dynamic part is

solved with MILP in the postponement results have been very successful. This is

because Goal 1 in LGP method is the total priority. When the MILP model achieves

an optimal solution, naturally postponement occurs at the lowest level. Methods
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Table 5.16: The Evaluation of the Methods Used in Dynamic Problem through

Performance Metrics.

Performance MILP & MILP & G+V & G+V & G+V &
Size | Dynamism Level Metrics MILP G+V MILP G+V HYBRID
Total Run Time 73.67 61.14 83.36 71.13 48.61
Low # Postponements 0.00 0.00 0.00 0.13 0.93
# HSP Changes 1.17 2.20 1.53 2.27 1.67
Total Run Time 100.85 74.57 97.51 91.63 58.12
Mid # Postponements 0.00 0.48 0.00 0.97 1.39
20 # HSP Changes 2.57 5.70 2.77 3.63 3.13
Total Run Time 207.32 132.24 193.84 134.02 123.37
High # Postponements 0.47 0.80 0.04 2.57 2.14
# HSP Changes 1.40 11.30 4.20 7.90 4.50
Total Run Time 121.35 71.61 115.61 76.89 61.84
Low # Postponements 0.00 0.04 0.00 0.07 0.67
# HSP Changes 2.33 5.83 2.90 5.83 4.03
Total Run Time 195.12 106.50 207.67 122.68 104.17
Mid # Postponements 0.00 0.00 0.00 0.72 1.21
20 # HSP Changes 3.57 10.63 3.53 8.30 5.40
Total Run Time 293.90 133.90 246.69 145.28 142.28
High # Postponements 0.12 1.08 0.04 0.74 2.31
# HSP Changes 5.30 15.83 5.20 14.30 7.43
Total Run Time 97.50 49.75 93.34 46.86 40.59
Low # Postponements 0.00 0.04 0.00 0.50 0.76
# HSP Changes 2.50 8.53 2.63 5.27 3.73
Total Run Time 235.78 93.31 207.72 88.35 86.81
Mid # Postponements 0.00 0.07 0.00 0.48 1.19
# HSP Changes 3.93 14.97 5.37 12.97 7.33
60 Total Run Time 324.35 126.11 294.78 100.24 134.04
High # Postponements 0.15 0.70 0.08 0.96 2.08
# HSP Changes 6.17 23.57 7.37 19.27 7.80

using GRASP+VNS metaheuristic algorithms also have acceptable postponement

values. However, the Hybrid method is unsuccessful in postponement results. It

has also been proven that the Hybrid method’s postponement values will be higher

based on the previous Goal 1 values.

It is seen that the models that solve the dynamic problem with the GRASP-+VNS

metaheuristic algorithm are higher in HSP Change numbers.

GRASP-+VNS & GRASP+ VNS metaheuristic changes planned HSPs of the patients

In particular, the
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and reaches the priority value close to MILP & MILP but faster than it. In fact, it

has reached a solution 2-3 times faster in difficult cases.

5.8 The Effect of HSPs’ Cooperation

The cooperation of the HSPs, which is determined as the main strategy in this thesis,
will be analysed in this section. In the case of cooperation, a patient may be visited
by another HSP other than the HSP to which he is originally assigned. However,
in the currently applied methods, if a patient is assigned to an HSP, only that HSP
can be involved. This situation has been named as the Non-Cooperation strategy in
our study.

First of all, when planning the initial route to make this analysis, it was decided
to use samples with size 40 patients, since it is medium-sized. Since our strat-
egy mainly concerns the dynamic problem, samples were taken from three different
dynamism levels. Samples 40-Low-7, 40-Mid-0, and 40-High-8 were randomly se-
lected. GRASP+VNS & HYBRID method was used in the solution. There is an
one-minute time limit for the CPLEX and GRASP+VNS metaheuristic algorithms
and they were run in parallel on 28 cores.

Table 5.17 is included in order to analyse the contribution of the cooperation
strategy to the dynamic problem. A total of 18 emergent patients come from three
different samples mentioned above. Each row shows the status after the patient in
the first column is included in the route and schedule of the HSPs.

Evaluating the Goal 1 and Postponement values at Table 5.17, it is observed that
the Cooperation strategy changed the HSPs of the patients in order to serve more
patients and collect more priorities. However, when the Goal 2 value is considered,
serving more patients forced the model to change arrival times of the patients. The
reason why the same results cannot be obtained in case of no HSP change is due to
the fact that the approaches were operated as Hybrid which includes metaheuristic
algorithm.

Table 5.18 shows the average values according to the samples. The detailed

statistical analysis of theses comparison values according to the dynamism levels is
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Table 5.17: The Comparison of Cooperation and Non-Cooperation by Goals, Run

Time, and Postponements

Non-Cooperation Cooperation
Patient| Sample |Goal Goal Goal Goal # |Goal Goal Goal Goal # # HSP
1 2 3 4 Post.| 1 2 3 4 Post. Changes
1 100 10.23 1.02 3541 O 100 10.54 0 3488 O 1
2 102 4.2 045 3525 1 105 18.36 0.61 36.61 O 4
40-Low-7
3 107 10.21 1.06 37.06 2 110 26.88 1.63 37.63 O 1
4 109 115 1.16 37.16 2 112 35.08 2.24 3824 1 4
5 97 764 089 3634 O 102 10.88 0.18 35.08 O 1
6 102 10.88 1.25 37.25 O 107 19.27 0.39 36.03 O 0
7 107 13.79 2.25 3825 O 108 27.80 1.26 36.89 1 1
40-Mid-0
8 109 139 233 3833 1 113 3598 233 3795 1 1
9 111 15.8 243 38.43 2 118 42.03 3.16 38.77 1 1
10 114 15.76 2.29 3829 3 123 47.09 4.07 39.67 1 0
11 101 8.86 1.14 36.9 0 101 1163 0 3496 O 0
12 103 7.07 0.87 36.63 1 106 21.89 0.81 36.23 O 1
13 108 14.74 1.92 3792 1 111 31.27 1.88 37.20 O 3
14 111 15.53 1.87 37.87 2 116 39.72 3.45 39.05 O 1
40-High-8
15 113 14.68 1.28 37.28 3 121 45.58 3.49 39.09 O 2
16 118 15.72 235 38.35 3 126 53.20 4.55 39.33 O 0
17 121 1229 2.88 38.88 3 129 59.10 5.52 39.45 1 0
18 123 13.71 3.14 39.14 4 126 62.22 4.07 39.97 2 2

Table 5.18: The Comparison of Cooperation and Non-Cooperation by Samples’ Av-

erages of Goals, Postponements, and the Number of HSP Changes

Non-Cooperation Cooperation
Sample | Goal Goal Goal Goal # Goal Goal Goal Goal # # HSP
1 2 4 Post. 1 2 3 4 Post. Changes
40-Low-7 | 104.50 9.04 0.92 36.22 1.25 |106.75 22.72 1.12 36.84 0.25 2.50
40-Mid-0 | 106.67 12.96 1.91 37.82 1.00 |111.83 30.51 1.90 37.40 0.67 0.67
40-High-8 | 112.44 13.15 1.97 37.92 2.22 [117.67 41.30 2.97 38.33 0.44 1.00

available in Appendix B, Table B.6. As seen in Table 5.18, there are no correlations

between dynamism levels and HSP changes. As the dynamism level increases, goal

values and postponement values increase as expected. Although the increase is

in both strategies, the difference in Goal 1 value between them increases as the

dynamism level increases. Table 5.18 shows that the cooperation strategy yields
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better results under every dynamic condition.

5.9 The Analysis of 3-HSPs’ Cooperation

Until this section, all analysis has shown the results of the instances with two-HSPs.
In order to show the contributions of a new HSP in the system, we solved the static
and dynamic problems for a new third HSP with the Hybrid approach. We call this
version as 3-HSPs’ Cooperation. In this section, we analyze the comparison between

2-HSPs’ Cooperation and 3-HSPs’ Cooperation with the same emergent patients.

Table 5.19: The Comparison of 2-HSPs’ Cooperation and 3-HSPs’ Cooperation by

Goals, Postponements, and the Number of HSP Changes

2-HSPs’ Cooperation 3-HSPs’ Cooperation
Patient | Sample |Goal Goal Goal Goal # # HSP |Goal Goal Goal Goal # +# HSP
1 2 3 4 Post. Changes| 1 2 3 4 Post. Changes

1 100 1054 0 3488 O 1 136 16.17 1.60 49.29 0 4
2 105 18.36 0.61 36.61 O 4 141 6.12 2.08 50.08 O 1

40-Low-7
3 110 26.88 1.63 37.63 0 1 146 9.50 2.35 50.35 0 3
4 112 35.08 2.24 38.24 1 4 151 11.90 3.05 51.05 0 0
5 102 10.88 0.18 35.08 0 1 135 7.89 0.62 48.29 0 2
6 107 19.27 0.39 36.03 0 0 140 6.73 1.06 49.06 0 1
7 108 27.80 1.26 36.89 1 1 145 10.35 1.87 49.87 0 1

40-Mid-0
8 113 3598 2.33 3795 1 1 150 9.45 1.87 49.87 0 6
9 118 42.03 3.16 38.77 1 1 155 12.64 2.54 50.54 0 1
10 123 47.09 4.07 39.67 1 0 160 15.04 3.12 51.12 0O 0
11 101 11.63 0 3496 0 0 137 17.58 1.45 4945 0 4
12 106 21.89 0.81 36.23 O 1 142 8.01 2.75 50.75 O 3
13 111 31.27 1.88 37.20 0 3 147 7.68 2.81 50.81 0 5
14 116 39.72 3.45 39.05 0 1 152 7.83 3.51 51.51 0 3

40-High-8
15 121 45.58 3.49 39.09 0 2 157 8.97 4.35 5235 0 0
16 126 53.20 4.55 39.33 0 0 162 13.95 4.71 52.71 0 3
17 129 59.10 5.52 39.45 1 0 167 16.36 5.62 53.62 0 2
18 126 62.22 4.07 39.97 2 2 170 17.46 6.05 54.05 1 2

In Table 5.19, 3-HSPs’

patients than 2-HSPs” Cooperation in the same datasets. As expected, while increas-
ing the HSP number, the cooperation effect increases and the solution reaches more

collected priority values. For comparing the collected priority values, looking at the

Cooperation has more HSP changes and less postponed
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Goal-1 column can be misleading because it includes the priority values of the third
HSP’s initially planned patients. We have deduced this comparison by observing
the “ Post.” column. Also, the arrival time changes of 3-HSPs’ Cooperation are up
to eight times smaller than 2-HSPs’ Cooperation, although 3-HSPs’ Cooperation’s
values are calculated with all patients of three HSPs.

In Table 5.19, 3-HSPs’ Cooperation has more HSP changes and less postponed
patients than 2-HSPs’ Cooperation in the same datasets. As expected, while in-
creasing the HSP number, the cooperation effect increases and the solution reaches
more collected priority values. For comparing the collected priority values, looking
at the Goal-1 column can be misleading because it includes the priority values of the
third HSP’s initially planned patients. We have deduced this comparison by looking
“ Postponements” column. Also, the arrival time changes of 3-HSPs” Cooperation
are up to eight times smaller than 2-HSPs’ Cooperation, although 3-HSPs’ Coop-
eration’s values are calculated with all patients of three HSPs. When the average
performance metrics of the instances is examined in the Table 5.20, the superiority
of 3-HSPs’ Cooperation in the “Goal-2” and “ Postponements” columns is clearly
seen. Of course, the superiority of 3-HSPs in the first two goals causes a decrease
in Goal-3 and Goal-4 values, which represent overtime and total time, respectively.
Including the new patient in the plan without postponing will increase the total
time and thus the overtime as expected. However, since we apply the LGP method-
ology, the superiority in Goal-1 and Goal-2 clearly proves that 3-HSPs’ Cooperation

reaches better solutions than 2-HSPs’ Cooperation.

Table 5.20: The Comparison of 2-HSPs’ Cooperation and 3-HSPs’ Cooperation by

Instances’ Averages of Goals, Postponements, and the Number of HSP Changes

2-HSPs’ Cooperation 3-HSPs’ Cooperation
Sample | Goal Goal Goal Goal # # HSP | Goal Goal Goal Goal # # HSP
1 2 3 4 Post. Changes 1 2 3 4 Post. Changes
40-Low-7 | 106.75 22.72 1.12 36.84 0.25 2.50 143.50 10.92 2.27 50.19 0 2
40-Mid-0 |111.83 30.51 1.90 37.40 0.67 0.67 146.50 10.35 1.85 51.46 0 1.84
40-High-8 | 117.67 41.30 2.97 38.33 0.44 1.00 154.25 12.23 3.91 5191 0.13 2.75
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We also examine the results of the 3-HSPs’ Cooperation with new emergent
patients. These new emergent patients are coming with added third HSP according
to dynamism level. Due to the fact that each HSP has its own region and patient
cluster, each HSP should have its own emergent patients. The result and summary

tables are added to the Appendix B, B.7 and B.8.
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Chapter 6

CONCLUSIONS

In this study, we have focused on home healthcare services and considered the
inclusion of dynamically occurring emergent patients in daily plans of the HSPs
that are prepared according to the priorities of the patients. As the emergent cases
that come dynamically in the problem are included in the daily plans, it is aimed
not to postpone the highest prioritized patients, to ensure care continuity as much
as possible, to make the least possible changes in the arrival times of the patients
who have been already scheduled in the initial plan, and to minimize the total
overtime duration of the HSPs. In addition to these objectives, in order to make
the problem more realistic, several constraints have been posed, such as limited
working hours and overtime duration, servicing each emergent patient within two
hours after his/her request arrives, and not allowing the postponement of the visits
of patients with highest priority. In addition, time-dependent travel times between
the locations have been defined for a more realistic setting. More importantly, we
have incorporated the coordination of the HSPs into the problem for the first time
in the literature in order to utilize total service capacity better by a centralized
optimization approach that generates the plans of all HSPs simultaneously.

We define a static and a dynamic problem. In the dynamic problem, emergent
patients are inserted into the initial plan in accordance with the constraints and
objectives described above. In order to create the initial plan used in the dynamic
problem, it is necessary to solve a problem that has similar goals and constraints
as the dynamic problem. We call this problem as the static problem. The static
problem generates an HSP’s single day schedule and route consisting of visits to only
patients assigned to the HSP a priori. Unlike the dynamic problem, the patients to
be visited are known at the beginning of the day, and no overtime is allowed. The

static problem aims to include patients with higher priority in the initial plan and
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to obtain minimum total travel time. The initial plan obtained as a result of solving
this problem is then used as an input to the dynamic problem.

In this study, we have taken the lexicographic goal programming (LGP) ap-
proach because our goals of both the static and dynamic problems have different
priority levels. In the LGP approach, we solve the problem for each goal in a lexico-
graphic order. After the solution of a problem with a higher level goal is obtained,
adding the previously obtained optimal goal values are required to be obtained in
the new problem by means of adding an equality constraint. This process contin-
ues for each level goal until the last and least prioritized goal. In the lexicographic
order, our goals in the static problem are total priority maximization, and total
travel time minimization. On the other hand, in the dynamic problem we have four
goals. Our goals in the dynamic problem in the lexicographic order are total priority
maximization, arrival time changes minimization, total overtime minimization, and
total time minimization. The first goal in this lexicographic order, that is the total
priority maximization, refers to maximizing the total priority values of the visited
patients. Arrival time change is defined by means of the difference between the ini-
tially planned and finally realized visit times. Since the schedule changes throughout
the day are undesirable for the patients, this goal is to be minimized. Total overtime
minimization has more importance than the total travel time minimization because
overtime is costly, a creates a burden and infection risk for the HSPs. Thus, we
prioritized the overtime instead of the total time.

This thesis mainly focuses on solving the dynamic problem efficiently, but our
study also proposes solution methodology for the static problem since its solution
is needed as an input to the dynamic problem. In order to include the emergent
patients in the routes and to reach better objective function values in the dynamic
problem, HSPs are allowed to switch their patients, if that brings an advantage.
However, we give priority to the HSP-patient assignments for patients in the HSPs
group to ensure care continuity as much as possible. We have referred to this strategy
as cooperation in our study.

As for methodology, first, we have developed a MILP model and a GRASP-+VNS

metaheuristic for the static problem. For the dynamic problem, five different meth-
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ods have been proposed: MILP & MILP, MILP & GRASP+VNS, GRASP+VNS &
MILP, GRASP+VNS & GRASP+VNS, GRASP+VNS & HYBRID. Here, we state
first the solution method for the static problem and secondly the dynamic problem.

In the static problem, two solutions method are developed: MILP model for an
exact solution and GRASP+VNS metaheuristic. These two solutions methods are
tested for their performance and comparing each other a modified COVID-19 case
data.

In the dynamic problem, three solutions methods are developed MILP model,
GRASP-+VNS metaheuristic and Hybrid approach. Since the dynamic problem
methods use the outputs of the static problem, it is important which method is used
in the static problem. Therefore, these three solutions methods are combined with
the methods of the static problem as following: MILP & MILP, MILP& GRASP
+ VNS, GRASP + VNS& MILP, GRASP + VNS& GRASP + VNS, GRASP +
VNS & HYBRID. The first part of the compound names indicates the methods used
in the static problem, and the second part is the method of the dynamic problem.
These five approaches are tested and compared among them computationally by
using the same data with the static problem and the outputs of the static problem.

Our data used in the computational study includes patient locations, estimated
treatment duration, priorities for HSPs. This data has been modified from our
previous study on COVID-19. Patient locations were generated from a district of
Istanbul. There are 30 instances for each patient size (20, 40, 60) and for each
dynamism level (low, mid, high). Here the sample size refers to the number of
patients in the static problem. Levels of low, mid, and high indicate that four,
six, and eight emergent patients arrive at randomly times in the dynamic problem,
respectively. The dynamic problem uses the result of the outputs of the static
problem as the initial plan. In the dynamic problem, the model re-optimizes the
HSPs’ routes when each emergent patient arrives.

Computational study details are mentioned the following. First of all, grid search
was performed with our data for parameter hyper-tuning of the GRASP and VNS
heuristics. For the static problem, we selected 0.5 as restricted list candidate (RCL)
threshold of GRASP, 50 as iteration limit of GRASP, 50 as non-improving iteration
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limit of GRASP, 100 as non-improving iteration limit of VNS. For the static prob-
lem, the values of the same parameters are selected 0.7, 100, 10, 100 respectively.
Hypertuning is done separately for both of the static and dynamic problems. Also,
we designed two different VNS variants, which are VNS-1 and VNS-2, by arranging
2-opts, 2-Exchange and One Add-One Drop algorithms in different ways, and we
tested these VNS versions. VNS-2 version with this arrangement “One add-One
drop-2-Exchange-2 Opt” is selected. After improving the GRASP and VNS algo-
rithms, outputs for the static problem were taken from both our GRASP+VNS
heuristic and our MILP model data. Based on the initial plans taken in the static
problem, the dynamic problem outputs were obtained with the five models we pro-
posed. We ran all our models in parallel.

We have observed the following findings from our computational experiments.
For the static problem, the MILP model has an advantage over the GRASP+VNS
metaheuristic algorithm in terms of lexicographically ordered goals. However, the
GRASP+VNS metaheuristic algorithm provides 18.4 times faster solutions on the
average over the instances. Moreover, the GRASP+VNS metaheuristic algorithm
is better than the MILP model in 3% of the solutions and has obtained the same
solution as the MILP in 38% of the solutions. That shows the success of the meta-
heuristic. Also, in solutions where MILP is better than the GRASP+VNS, the
GRASP-+VNS achieves achieves an average value with 4.01% GAP from the MILP’s
solution.

For the dynamic problem, we have five different combined methods: MILP
& MILP, MILP & GRASP + VNS, GRASP + VNS & MILP, GRASP + VNS
& GRASP + VNS, GRASP + VNS & HYBRID. When the outputs of the dy-
namic problem checks, we can observe that MILP & MILP and GRASP+VNS &
GRASP+VNS methods stand out in terms of both run time and solution quality.
The fact that the designed hybrid method returns the worst results always shows
that a greedy approach is not suitable and should not be preferred. If there is a
better GRASP-+VNS solution instead of the MILP model solution, which cannot
provide an optimal solution due to the hybrid model design, hybrid model used
it. Instances in which MILP & MILP solution is better than GRASP+VNS &
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GRASP+VNS solution have 1.87% gap among them for Goal 1. At the same time,
in point of run time perspective, GRASP+VNS & GRASP+VNS solution found a
solution up to 3.24 times faster as sample size and dynamism level values increased.
Similar to the static problem, GRASP+VNS & GRASP+VNS solution is a good
alternative to the MILP & MILP solution that can reach similar quality solutions
faster. GRASP+VNS & MILP and MILP & GRASP-+VNS solutions, which are
other solution methods, generally showed average performance in performance eval-
uations.

An analysis has also been performed to show the benefits from our proposed
strategy, namely HSPs’ cooperation. For the analysis, a system that did not allow
cooperation has been established for benchmarking purpose and solved as a dynamic
problem. This system has been referred to as “Non-Cooperation” in short. We
have observed that more priority values were collected with the HSP changes at
the patient visits made in the cooperation strategy, fewer patients were postponed,
and therefore more patients were served. To express it numerically; on the same
instances, an average of 3% better results were obtained as the total priority, and
3.54 times more patients were postponed in the non-cooperative strategy. However,
the arrival time change, overtime and total route duration values have deteriorated
in the cooperation strategy because serving more patients triggers longer work time
and the schedule changes. However, this may be acceptable since getting a better
score in Goal 1 has priority over the other goals in our approach. Also, no worse
solution was obtained than the non-cooperation strategy in terms of total priority
value (Goal 1) in all solutions. In order to show the effect of the HSP numbers on the
cooperation strategy, a third HSP is added to the dataset, and the GRASP+VNS
& HYBRID method is solved again as the 3-HSPs’ Cooperation. When the results
are compared between 2-HSPs’ cooperation and 3-HSPs’ cooperation, it is seen
that 3-HSPs’ cooperation can reach fewer postponements by using the cooperation
strategy.

The most salient feature of our study is the use of the cooperation strategy
in a dynamic setting. Home healthcare routing and scheduling has been studied

widely in the literature where many problem variants with different characteristics
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have been addressed. In fact, there are home healthcare routing and scheduling
problem studies addressing the features that have been addressed in our study, such
as prioritization of the patients, continuity of care requirement, HSPs’ cooperation,
time-dependent travel times, minimization of the total route time, minimization of
the arrival time changes and the emergent patients which must be visited in two
hours. However, in our literature review we have not encountered any study on the
dynamic problem that includes all these features at the same time. Furthermore,
lexicographic goal programming approach is also novel for home healthcare studies.

Finally, we point out some future work directions as follows.

e Several studies in the literature [Shahnejat-Bushehri et al., 2019, Liu et al.,
2021] require two or more HSPs to deal with some special patients at the same
time and this feature is referred to as synchronization. As an extension of
our work, bot the cooperation strategy and the synchronization feature can be

considered in the problem.

e If the long-term treatment process of the patient is considered in a multiple
day setting with some varying parameters over time and care continuity is con-
sidered as an important issue that can be achieved over time, a generalization
of this study with multiple-periods can focus on a longer planning horizon. In
such a setting, for instance, patient priorities may also be updated over time

according to their changing health conditions and treatment urgency.

e The type of equipment required for the treatment of each patient and their
availability can be explicitly considered since the number of available equip-
ment of different types may be limited and may need to be shared among the
HSPs at different times. In addition, in a generalization of this study with a
weekly or monthly planning horizon, the amount of equipment to be acquired
for the medium and long term for better service quality can be a tactical

decision in the problem.

e The methods developed in this study can be incorporated into a remote treat-

ment software, which has become widespread nowadays, to form a decision
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support system. There may be further features in such a system such as keep-
ing track of suitable times for the physician/nurse who will provide remote
treatment. In addition, patients can be given time windows and the arrival

time to the patients can be tracked.

e With smart watches, patients’ health data can be accumulated and checked in
real-time. As a result, these data can be utilized in machine learning models to
predict any future urgency situation, that is the candidate emergent patients.
Then, we can minimize the distance of the candidate emergent patient to the
patients on the route. Therefore, if a call comes from the candidate emergent

patient, the waiting time will be reduced.
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Appendix A

METHODOLOGY

Algorithm 5: Lexicographic Goal Programming - VNS-2 Heuristic - Single
HSP Case

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

Input : D : Distance matrix, P : Patients, P’ . The highest-prioritized patients, E : The beginning
time of service providers, W : The ending time of service providers, 7" : The set of time blocks,
Route : The initial route from the GRASP heuristic, ArrivalTimes : The initial arrival times
from the GRASP heuristic
Output: Route and ArrivalTimes arrays
best Route < Route;
bestArr < ArrivalTimes;
iter, nonImprovinglter < 0;
while iter < iteratonLimit! A nonImprovinglter < iteratonLimit?> do
tempRoute < bestRoute ;
tempArr < bestArr ;
lastRoute, lastArr < twoExchange(lastRoute, lastArr) ;
lastRoute, lastArr < oneDrop(bestRoute, best Arr)
lastRoute, lastArr < oneAdd(best Route, best Arr) ;
tempRoute < best Route ;
if isBest(last Route, last Arr, best Route, best Arr) then
best Route < last Route ;
best Arr + lastArr ;
nonlImprovinglter <— 0 ;
endif
lastRoute, lastArr < twoOpts(lastRoute, lastArr, D, E,W) ;
if isBest(last Route, last Arr, best Route, best Arr) then
best Route < lastRoute ;
best Arr + lastArr ;
nonImprovinglter <— 0 ;
endif

nonImprovinglter < nonlmprovinglter + 1 ;

iter < iter + 1 ;
end
best Priority, estTotalTime < getObjectiveV alues(best Route, best Arr) ;

return bestRoute, bestArrivalTime, bestPriority, bestTotalTime
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Appendix B

COMPUTATIONAL STUDY

Table B.1: Simulation results: Dynamic Problem Detailed Comparisons by Sample

Size.
Goal 1 Goal 2

MILP & MILP & G+V & G4V & G+V & MILP & MILP & G4V & G+V & G+V &

Size| Stats. | MILP G+V MILP G+V HYBRID| MILP G+V MILP G+V HYBRID
Avg 114.49 113.10 108.68  114.39 108.47 23.53 40.94 37.29 34.98 41.76
Min 98.00 53.00 57.00 98.00 92.00 7.43 14.85 11.11 11.65 16.92
20 Max 133.00 130.00  131.00 132.00 127.00 49.58 77.97 63.03 64.44 74.92
Std Dev| 9.09 10.85 12.74 9.16 8.91 9.78 13.90 11.26 13.18 14.35
Avg 123.56 122.12 119.57  122.55 116.85 37.04 45.22 41.22 38.60 45.00
Min 111.00 94.00 94.00  107.00 99.00 12.84 22.62 15.41 13.66 20.07
40 Max 139.00 136.00  137.00 138.00 136.00 62.43 72.08 71.26 71.16 78.49
Std Dev| 8.25 8.07 8.83 8.50 7.59 13.47 12.47 13.61 13.94 15.11
Avg 128.98 127.92  123.40 127.65 121.08 36.16 43.53 40.82 37.78 43.83
Min 114.00 114.00 89.00  113.00 107.00 12.34 15.75 12.08 13.10 18.27
60 Max 143.00 142.00 139.00 141.00 137.00 68.73 75.71 77.93 73.25 80.54
Std Dev| 8.19 7.43 9.92 8.32 7.85 14.52 14.19 15.12 14.66 15.95

Goal 3 Goal 4

MILP & MILP & G+V & G4V & G+V & MILP & MILP & G+V & G4V & G+V &

Size| Stats. | MILP G+V MILP G+V HYBRID| MILP G+V MILP G-+V HYBRID
Avg 3.97 4.18 3.08 5.38 3.67 39.97 39.98 38.58 41.38 39.67
Min 0.70 0.00 0.00 2.83 0.98 36.70 27.53 31.55 38.83 36.98
20 Max 7.01 6.66 6.08 7.91 6.36 43.01 42.66 42.08 43.91 42.36
Std Dev 1.41 1.64 1.64 1.56 1.55 1.41 2.24 2.34 1.56 1.55
Avg 5.58 4.26 3.37 5.51 3.79 41.58 40.15 39.14 41.51 39.79
40 Min 3.26 0.00 0.38 2.55 0.74 39.26 32.27 34.78 38.55 36.74
Max 8.00 6.55 6.55 8.00 6.59 44.00 42.55 42.55 44.00 42.59
Std Dev 1.56 1.49 1.47 1.58 1.58 1.56 1.72 1.66 1.58 1.58
Avg 5.64 4.30 3.37 5.65 3.90 41.64 40.23 38.90 41.65 39.90
Min 114.00 3.30 1.24 0.00 2.88 1.05 39.30 37.24 32.40 38.88
60 Max 8.00 6.47 6.55 8.00 7.48 44.00 42.47 42.55 44.00 43.48
Std Dev 1.58 1.41 1.32 1.58 1.64 1.58 1.49 1.85 1.58 1.64
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Table B.2: Simulation results: Dynamic Problem Detailed Comparisons by Sample

Dynamism Level.

Goal 1

Goal 2

MILP & MILP & GH4V & G+V & GHV &

MILP & MILP & GHV & G4V & G+V &

Dynamism Level| Stats. MILP G+V MILP G-+V HYBRID| MILP G+V MILP G+V HYBRID
Avg 112.72 112.64 109.70 110.96 107.68 21.36 29.49 27.29 22.53 27.80
Low Min 98.00 98.00 92.00 98.00 92.00 11.34 14.85 11.11 11.65 16.92
Max 125.00 125.00 121.00 121.00 121.00 33.68 48.08 48.78 32.72 63.21
Std Dev 6.82 6.76 6.31 6.15 7.60 4.85 6.66 7.39 5.31 6.43
Avg 122.82 121.79 117.24 121.58 116.12 35.75 43.09 40.16 36.61 43.23
Mid Min 110.00 53.00 78.00 110.00 96.00 22.40 24.92 19.89 22.07 24.73
Max 133.00 133.00 131.00 132.00 132.00 48.81 59.77 67.27 51.23 60.46
Std Dev 6.40 9.58 9.56 5.90 7.68 6.18 8.34 9.33 6.95 7.80
Avg 131.91 128.62 124.14 131.52 122.06 39.90 56.99 52.48 52.66 60.09
High Min 105.00 87.00 57.00 121.00 97.00 7.43 33.03 29.29 34.80 34.80
Max 143.00 142.00 139.00 141.00 137.00 68.73 77.97 77.93 73.25 80.54
Std Dev 7.57 9.34 15.10 5.56 7.69 19.14 8.63 9.14 7.61 8.03
Goal 3 Goal 4
MILP & MILP & G+V & G+V & G+V & [MILP & MILP & G+V & G+V & G+V &
Dynamism Level| Stats. MILP G+V MILP G-+V HYBRID| MILP G+V MILP G+V HYBRID
Avg 3.73 2.71 2.21 3.64 1.99 39.73 38.54 37.81 39.64 37.99
Low Min 2.82 0.93 0.00 2.55 0.74 38.82 36.93 33.85 38.55 36.74
Max 4.43 3.75 3.31 4.48 6.40 40.43 39.75 39.25 40.48 42.40
Std Dev 0.34 0.47 0.58 0.38 0.70 0.34 0.50 0.81 0.38 0.70
Avg 5.66 4.45 3.29 5.58 3.91 41.66 40.34 38.89 41.58 39.91
Mid Min 4.94 0.00 0.00 4.73 2.69 40.94 27.53 31.55 40.73 38.69
Max 6.38 6.15 4.80 6.63 5.67 42.38 42.15 40.80 42.63 41.67
Std Dev 0.33 0.82 1.08 0.45 0.65 0.33 1.53 1.75 0.45 0.65
Avg 5.83 5.56 4.37 7.36 5.52 41.83 41.47 39.99 43.36 41.52
High Min 0.70 0.00 0.00 5.93 4.19 36.70 32.20 32.34 41.93 40.19
Max 8.00 6.66 6.55 8.00 7.48 44.00 42.66 42.55 44.00 43.48
Std Dev 2.46 1.41 1.72 0.47 0.61 2.46 1.82 2.44 0.47 0.61
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Appendiz B

The Statistical Analysis of the Methods Used in Dynamic Problem

Table B.3

through Performance Metrics.
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Table B.4: Simulation results: Dynamic Problem Detailed Comparisons of Perfor-

mance Metrics by Sample Sizes.

Total Run Time # Post.
MILP & MILP & G4V & G4V & G+V & MILP & MILP & G4V & G+V & G+V &
Size| Stats. MILP G+V MILP G+V HYBRID| MILP G+V MILP G+V HYBRID
Avg 127.28 89.81 121.98 98.20 76.59 0.16 0.43 0.01 1.20 1.48
20 Min 1.12 6.07 1.85 15.26 2.47 0.00 0.00 0.00 0.00 0.00
Max 442.60 194.88 461.49 219.62 238.14 5.00 14.00 1.00 16.00 6.00
Std Dev| 105.20 43.45 91.69 44.68 54.12 0.84 1.80 0.11 3.07 1.32
Avg 198.14 102.98 188.43 113.80 102.28 0.04 0.34 0.01 0.50 1.39
20 Min 7.50 0.00 0.00 21.04 9.37 0.00 0.00 0.00 0.00 0.00
Max 480.84 220.52 454.14 306.54 260.20 1.00 10.00 1.00 7.00 7.00
Std Dev| 113.58 43.56 105.83 57.21 53.80 0.18 1.36 0.11 1.32 1.29
Avg 215.11 90.63 199.82 79.19 86.51 0.05 0.27 0.03 0.65 1.33
60 Min 7.14 11.61 8.43 10.27 11.28 0.00 0.00 0.00 0.00 0.00
Max 480.72 208.47 480.79 203.05 279.02 1.00 6.00 1.00 6.00 4.00
Std Dev| 128.51 47.50 126.56 46.34 53.81 0.21 0.86 0.16 1.22 1.20
# HSP Changes
MILP & MILP & G+V & G+V & G+V &
Size| Stats. MILP G+V MILP G+V HYBRID
Avg 1.71 6.40 2.83 4.60 3.10
Min 0.00 0.00 0.00 0.00 0.00
20 Max 7.00 26.00 12.00 20.00 15.0
Std Dev 1.59 5.53 2.19 4.19 2.67
Avg 3.73 10.77 3.88 9.48 5.62
Min 0.00 0.00 0.00 0.00 0.00
40 Max 12.00 36.00 14.00 38.00 24.00
Std Dev 2.26 8.30 2.54 6.27 3.71
Avg 4.20 15.69 5.12 12.50 6.29
Min 0.00 0.00 0.00 0.00 0.00
60 Max 12.00 42.00 24.00 43.00 21.00
Std Dev 2.60 9.58 4.51 9.92 4.89
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Table B.5: Simulation results: Dynamic Problem Detailed Comparisons of Perfor-

mance Metrics by Sample Dynamism Levels.

Total Run Time # Post.
MILP & MILP & G4V & G4V & G+V & MILP & MILP & G+V & G+V & G+4+V &
Size | Stats. MILP G+V MILP G+V HYBRID| MILP G+V MILP G+V HYBRID
Avg 97.50 60.84 97.52 66.25 50.92 0.00 0.02 0.00 0.21 0.79
Low Min 1.12 0.00 1.85 10.27 2.47 0.00 0.00 0.00 0.00 0.00
Max 240.35 152.45 240.30 138.91 123.74 0.00 1.00 0.00 4.00 2.00
Std Dev| 61.36 29.49 55.73 32.59 28.24 0.00 0.15 0.00 0.71 0.84
Avg 175.92 91.65 167.75 101.49 82.94 0.00 0.18 0.00 0.73 1.27
Mid Min 4.40 32.78 3.84 20.86 3.84 0.00 0.00 0.00 0.00 0.00
Max 360.56 220.52 360.45 232.50 183.23 0.00 14.00 0.00 11.00 4.00
Std Dev| 98.46 34.68 98.85 45.72 41.81 0.00 1.48 0.00 1.78 1.15
Avg 272.25 130.56 244.49 126.93 133.18 0.26 0.85 0.05 1.44 2.18
High Min 33.69 34.63 0.00 35.10 22.24 0.00 0.00 0.00 0.00 0.00
Max 480.84 208.47 480.79 306.54 279.02 5.00 10.00 1.00 16.00 7.00
Std Dev| 129.51 40.98 123.43 55.33 55.83 0.91 1.79 0.22 3.01 1.37
# HSP Changes
MILP & MILP & G+V & G+V & G+V &
Size | Stats. MILP G+V MILP G+V HYBRID
Avg 2.00 5.52 2.36 4.46 3.14
Low Min 0.00 0.00 0.00 0.00 0.00
Max 9.00 20.00 17.00 15.00 20.00
Std Dev 1.68 4.93 2.23 3.68 3.11
Avg 3.36 10.43 3.89 8.30 5.29
Mid Min 0.00 0.00 0.00 0.00 0.00
Max 8.00 34.00 12.00 40.00 24.00
Std Dev 1.64 7.13 2.71 7.02 4.27
Avg 4.29 16.90 5.59 13.82 6.58
High Min 0.00 0.00 0.00 0.00 0.00
Max 12.00 42.00 24.00 43.00 18.00
Std Dev 3.12 9.70 4.09 8.94 4.06
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The Comparison of Cooperation and Non-Cooperation by Samples’ Sta-

Table B.6

tistical Analysis of Goals, Run Time, and Postponements.
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Table B.7: The Results of the 3-HSPs’ Cooperation with New Emergent Patients.

3-HSPs’ Cooperation with New Emergent Patients
Patient Sample Goal Goal Goal Goal # # HSP
1 2 3 4 Post. Changes
1 136 12.23 2.02 48.78 0 5
2 141 4.96 2.01 49,71 0 1
3 146 5.62 2.36 50.36 0 2
40-Low-7
4 151 7.74 2.98 50.98 0 4
5 156 9.40 3.94 5194 0 3
6 161 10.21 4.84 52.84 0 1
7 135 10.89 0.55 48.38 0 3
8 140 5.09 1.26 49.26 0 2
9 145 6.52 2.10  50.10 0 2
10 144 7.51 2.35 50.35 2 0
11 40-Mid-0 149 11.56 3.09 51.09 2 0
12 150 1532  4.74  52.74 3 1
13 155 13.50 5.52 53.52 3 3
14 160 1597  6.39 54.39 3 0
15 165 18.54  7.26 55.26 3 0
16 139 31.79 2.98 50.93 0 6
17 144 7.22 3.81 51.81 0 6
18 149 11.26  4.76 52.76 0 9
19 154 8.05 5.22 53.22 0 6
20 159 10.65 5.87  53.87 0 2
21 164 10.23 6.68 54.68 0 1
22 O T 1040 a1 sl 0 0
23 174 10.96 8.28 56.28 0 1
24 179 12.73 9.09 57.09 0 2
25 184 13.57  9.85 57.85 0 4
26 189 15.41 10.83  58.83 0 1
27 190 16.56  11.17  59.17 1 1
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Table B.8: The Summary of the Average Performance Metrics of 3-HSPs’ Coopera-

tion Instances.

3-HSPs’ Cooperation with New Emergent Patients

Sample | Goal Goal Goal Goal # # HSP
1 2 3 4 Post. Changes

40-Low-7 | 148.50 8.36 3.025 50.98 0 2.67

40-Mid-0 | 149.23 11.66 3.70 51.68 1.78 1.23

40-High-8 | 166.17 13.24 7.16 55.16 0.08 3.25




