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STOCHASTIC MEDICAL TOURISM PROBLEM WITH VARIABLE RESIDENCE
TIME CONSIDERING GRAVITY FUNCTION

Mansoureh Hasannia Kolaee1 and
Seyed Mohammad Javad Mirzapour Al-e-Hashem1,2,*

Abstract. Medical tourism is a recent term in healthcare logistics referring to travel of patients to
receive health services and spending leisure time in a destination country. This transferring of patients
leads to access high-quality health services which are cheaper than the original country of patients.
During this travel, passengers who are the patients from another country, have this opportunity for
complimentary entertainment packages (e.g., pleasure tours) in the aftercare period. As far as we
know, the term of medical tourism is rarely studied in healthcare logistics and such services are highly
important for developing countries. Such facts motivate us to develop a practical optimization model for
the Medical Tour Centers (MTCs) for allocation of patients to hospitals in proper time and creation of
memorable aftercare time for them. In this regard, the main aim of the proposed model is to maximize
the total profit of MTCs through optimal allocation of patients to hospitals while considering an
aftercare tour for the passengers. To make the proposed model more realistic, the optimal residence
time in attractive places is simulated by a time-dependent gravity function. To address the uncertainty
of medical tourism problem, a scenario-based two-stage stochastic optimization approach is extended
to encounter different sources of uncertainty existing in surgical success, medical time, restoration
restrictions, and the attraction of tourist places. Another novelty of this work is to propose an innovative
hybrid meta-heuristic for large-scale instances, which is a combination of Progressive Hedging Algorithm
(PHA) and Genetic Algorithm (GA). The model is analyzed by different test problems for small,
medium, and large-scale instances where the hybrid meta-heuristic algorithm could solve them with an
average gap of 3.4% in comparison with the commercial solver. The results revealed the importance
of tourist opinion and public preferences in medical and pleasure tours, respectively, to improve the
economic growth in this sector in developing countries.
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1. Introduction

The development of the tourism industry has a prominent role in promoting extensive economic dimensions
of countries through earning revenue, creating job opportunities, reducing poverty, and extending social justice
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and welfare in society [75]. The tourism industry counts as the third significant industry after the petroleum
and automobile industries due to the significant effect on foreign exchange earnings [18]. Over time, the tourism
industry has progressed and been divided into different fields, such as cultural tourism, sports tourism, adventure
tourism, and medical tourism [42]. The global value of its market was approximately $47 billion in 2016. The
term “medical tourism” expresses the condition when a person wants to travel abroad to cure diseases and spend
leisure time in a host country [13]. The people tend to go abroad to receive services due to their affordability with
an equal or better quality of care than what is provided in their own country at the same time [51]. In fact, the
integration of treatment and tourism creates a subset of healthcare and tourism called medical tourism. Hence,
tour centers try to facilitate tourism processes to attract more tourists, increase their profits, and improve the
economies of their countries by providing low-cost and high-quality services.

Medical tourism is one of the main reasons for globalization and international logistics [17]. As defined by the
World Trade Organization (WTO), medical tourism is associated with international logistics in health services
[8]. The elements of the medical tourism supply chain include medical care providers and traveling agencies,
accommodating and providing transportation services for allocation of persons to hospitals and other tourism
sites [44]. To improve customers’ satisfaction and increase their profits in a competitive market, the Medical Tour
Centers (MTCs) try to provide high-quality services, meeting their needs regarding the therapy of diseases, and
creating an opportunity for them to utilize the attractiveness of the host or destination country in a healthcare
journey to have a good leisure time [38]. A pleasure tour is among the complementary benefits in medical tourism
that can lead to competitive advantages, marketing, and profitability [16]. Therefore, in addition to providing
medical services, tour centers are responsible for transportation, accommodation, and recreation of tourist areas.
Various suppliers, each with its specific limitations, provide these services for customers. Therefore, developing
a comprehensive model to integrally address the different aspects of medical tourism issues is quite necessary.

COVID-19 pandemic has been huge effect on the tourism industry from the economic and social aspects
for healthcare logistics and supply chains [55]. One of the important and effective parameters in the revival
of the tourism industry in the post Corona era and the reconstruction of the damaged industries is the sense
of belonging and dependence on the place. The higher the sense of belonging of to a place, the more it can
change decisions about returning to tourist destinations. A sense of place dependence can have a direct impact
on tourist loyalty to tourism destinations. Solutions, such as trying to better understand the behavior of tourist,
trying to lower costs and increase satisfaction, provide opportunities to attract customers by providing quality
amenities and accommodation and reduce incidental costs. Recognizing the conscious and subconscious goals
of tourists will improve customers’ satisfaction [88]. In medical tourism, costs, treatment quality, specialists,
level of welfare, and tourism attractions of the host country are essential factors in medical tourism services
[72]. However, the information gathered from customers’ experiences is another essential source in travelers’ trip
decision-making [86]. People tend to select a hospital with high-quality treatment for curing their diseases; so,
the customers’ feedback creates a competitive environment in the healthcare system, promoting it by attracting
more people through high-quality treatments [71]. Therefore, as the framework proposed in this study, evaluating
patients’ interests in hospitals and comparing the feedback of previous clients, MTCs avoid making trips with
dissatisfaction. They recommend effective treatment tours to customers at the right time, in the right place,
and at the right price.

In an entertainment tour, determining the residence time of the tourists in tourist sites is another significant
variable in travel planning, which is often neglected [85]. If the residence time in a tourist destination increases,
the desirability of visit increases rapidly at first, but it slowly reaches to the peak, while the costs of visit
remarkably increase in the visiting period. Therefore, determining the optimal residence time of customers in
each touristic place is a crucial measure for MTCs. It is even more critical when they organize trips for patients
in a recovery period. It is also important that the treatment time of a patient is not definite and depends on
both general conditions of the individual and the quality of treatment, which consequently influences the tour
planning complexity [26]. Hence, to take the risk of uncertainty into account, different sources like surgical
success, overall conditions of the patient, hospital quality, and surgery team qualifications are all considered in
the proposed model.
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This paper presents a novel mathematical model for MTCs to provide low-cost, high-quality medical tours for
allocating passengers to hospitals and design aftercare pleasure tours. A two-stage stochastic model is developed
to coordinate the treatment and tourism departments and cope with the inevitable uncertainty. The objective
function of the proposed model is to maximize the total profit of an MTC to design a medical entertainment
tour through distributing patients among various competitive hospitals and touristy cities in a scheduled form.
We highlight the main contributions of this paper as follows:

– This study presents a novel integrated medical-entertainment mathematical model.
– A two-stage stochastic model is investigated in uncertain medical tourism tour plan.
– Public interests and passenger’s preference are applied simultaneously.
– The optimal staying time in attractive places is determined using gravity function.
– Hybrid algorithm is proposed to efficiently optimize stochastic mathematical model.

The remainder of the paper is organized as follows. Section 2 reviews the related literature concerning
the healthcare logistics considering medical tourism problem to identify the research gap and highlight the
importance of this problem in terms of optimization model and solution algorithms. Section 3 describes and
formulates the proposed problem. Section 4 explains our solutions for the proposed model. Section 5 provides
numerical examples for the suggested model, followed by the computational results of the model to highlight the
performance of proposed solution algorithm. Moreover, sensitivity analyses are provided to show the efficiency
of proposed model in different cases. Finally, Section 6 presents the conclusions of this work, findings, limitations
and recommendations for future studies.

2. Literature review

Many studies have been conducted on the community’s attitudes toward the impacts of tourism on the
development of countries from an economic perspective. Medical tourism is also a growing phenomenon in the
tourism industry, and its emergence has been taken into consideration both academically and professionally
[16]. The research on medical tourism has started in the mid-2000s [40]. Most of these introductory topics have
addressed medical tourism concepts and the factors influencing the development of medical tourism [31,58]. We
divide the medical tourism literature into three categories: qualitative, statistical, and mathematical models.
The medical tourism industry in qualitative and statistical studies has gained considerable attention over recent
years.

In qualitative studies, some scholars have investigated criteria, which influence the development of medical
tourism. For example, Yu and Ko [83] sought to identify infrastructural factors from the economic perspective
to reduce trip expenses and waiting time by integrating organizations that are responsible for the provision
of services. Buzinde and Yarnal [11] discussed the privileges of integrating hospitals and airlines to reduce
expenses and attract more overseas patients. Han and Hyun [37] investigated the influence of quality, trust,
customer satisfaction, and pricing of host countries on the attraction of customers. Heung et al. [39] stated
that the obstacles of medical tourism were associated with costs, infrastructures, governmental policies, and
governmental support. They reported that the barriers could be eliminated by promoting activities, increasing
capacities, and improving service levels. Chen et al. [15] mentioned factors such as insufficient information
about medical tourism, inaccurate schedules, and concerns over travel dissatisfaction as the barriers to medical
tourists’ traveling. Koeshendro et al. [43] identified a few research gaps in medical tourism literature concerning
leisure travels in medical tourism, considering the personal opinions of travelers instead of using a common plan
and paying attention to medical risks in the travel plan. Momeni et al. [54] introduced factors having significant
effects on developing medical tourism, including marketing to attract international patients, global interaction,
ethics and social culture, language, state-of-the-art technology and hospitals in a host country, transfer mode
of foreign patients, commission, and international cooperation in global markets. Lovelock and Lovelock [47]
pointed to the factors involved in medical tourism activities, including medical procedures, the extent of travel
for post-treatment recovery, and the complexities of the itinerary.
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Table 1. Some criteria discussed in qualitative and statistical studies of medical tourism.

Criteria References

The integration of supply
chain elements

Yu and Ko [83]; Buzinde and Yarnal [11]; Heung et al. [39]; Zhang and Murphy [87];
Suess et al. [75]; Ganguli and Ebrahim [33]; Spece Jr [74]; This study

Quality of medical services Han and Hyun [37]; Momeni et al. [54]; Lovelock and Lovelock [47]; Lovelock et al. [48];
Heung et al. [39]; Ganguli and Ebrahim [33]; Fetscherin and Stephan [31]; Chaulagain
et al. [14]; This study

Trust Han and Hyun [37]; Singh [70]
Customer satisfaction Han and Hyun [37]; Chen et al. [15]; Park et al. [60]; This study
Pricing Han and Hyun [37]; Ridderstaat et al. [67]; Singh [70]
Reduce costs Yu and Ko [83]; Heung et al. [39]; Zhang and Murphy [87]; Singh [70]
Strategic planning Heung et al. [39]; Momeni et al. [54]; Ridderstaat et al. [67]; Ganguli and Ebrahim

[33]
Marketing to attract
customer

Chen et al. [15]; Momeni et al. [54]; El-Said and Aziz [24], This study

Accurate scheduling Chen et al. [15]; Lovelock and Lovelock [47]; This study
Leisure travel and visiting
tourism attractions

Koeshendro et al. [43]; Ganguli and Ebrahim [33]; Singh [70]; This study

Personal opinions and
behavioral theory

Koeshendro et al. [43]; Park et al. [60]; This study

Therapeutic risks Koeshendro et al. [43]; Lovelock and Lovelock [47]; Connell [18]; This study
Cultural and moral matter Momeni et al. [54]; Suess et al. [75]; Fetscherin and Stephano [31]

Some statistical studies have been conducted on tours and medical tourism considering various factors,
including the integration of supply chain elements in terms of economic and social factors [75, 87], the effect of
capacity and price [67], the quality of treatment [48], behavioral theory, and customer satisfaction [60]. Table 1
shows a few criteria mentioned in qualitative and statistical studies, some of which are considered in this study.

As mentioned earlier, the research on the healthcare logistics is very rich and thematically, we can divide the
literature of these studies into two categories. One type of the studies covers medical and healthcare resources
and services in hospitals to provide service at the right time [3, 50, 59, 81]. In the second type of studies, the
patients stay at home to receive health services known as home care services, which may be used for elderly and
old people to keep and help them at their homes [5,28] instead of hospitals, or public health services. Recently,
many optimization models and solutions were devoted to address this challenging decision-making problem for
routing and scheduling of caregivers and patients [29]. In this study, we develop a mathematical model to handle
health services in hospitals for curing of patients who do not live in the host country. The aim of the travelers
not only is to cure their disease, but also have the leisure time in the attractive host country.

Despite the rapid growth and increasing interest of researchers and experts in this field, most articles related
to this area fall in the qualitative and statistical categories, while providing mathematical models in medical
tourism problems is quite scarce. For instance, Ahmadimanesh et al. [2] proposed a mathematical model in
supply chain network design for the medical tourism problem. Their proposed model determined the optimal
number of treatment units and final capacity for accommodation. Rezaeiahari and Khasawneh [65] developed
a mathematical model for medical tourists’ scheduling in destination medical centers to minimize deviations
from patients’ preferred time from the beginning of treatment. They assumed that service providers were not
available during certain periods. Rezaeiahari and Khasawneh [66] proposed another mathematical model to
minimize the difference between patients’ scheduling and patients’ preferred times and minimize patients’ flow
times in medical centers. They proposed a multi-period medical tourism problem and assumed that the duration
of treatment is uncertain. To solve the problem, they applied a simulation approach with two optimization
algorithms, Tabu Search (TS) and Simulated Annealing (SA). Motevalli-Taher and Paydar [56] developed a
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multi-objective mathematical model to reduce the outbreak of Corona Virus during Covid-19 pandemic. They
modeled a mathematical model to reduce the number of patient from outside of city to prevent from the spread
of virus to other cities.

As reported in Table 2, the development of a medical and/or entertainment tour design and trip planning
problem in an uncertain environment, especially at operational and tactical levels is rarely studied in the
literature. The base formulation of the proposed problem can be considered as the integration of orienteering
problem (OP) and traveling salesman problem (TSP) as two well-studied combinatorial optimization problems.

The OP is a challenging problem considering a certain number of nodes with a specified score. OP is generally
aimed at finding the path with the maximum specified length to maximize the scores by visiting several nodes.
Therefore, the OP is the combination of the Knapsack problem (KP) and TSP [79]. This problem is mentioned
with other titles, such as the selective TSP, bank robber problem, and maximum collection problem [80], in
the literature. Team orienteering problem (TOP) is an extension of OP whose goal is determining routes to
maximize the total collected scores in a limited time. A team gathers ratings by visiting nodes in the same
period [76]. Many scholars have studied OP, TOP, and the development of these models [73,80].

Some scholars have reviewed and classified various studies and applications concerning OP and TOP, such
as the tourist trip design problem [36]. Yu et al. [84] developed TOP considering time-window and multiple
transportation modes in the tourist trip design application. Lin and Vincent [45] investigated a mathematical
model with some mandatory nodes that must be visited as crucial nodes. Abbaspour and Samadzadegan [1]
presented a mathematical model for the OP of a passenger in an individual journey. The time dependency and
multi-modal travel vehicles were considered in the tourist touring. In addition, in order to solve the tourist
trip planning problem and find the shortest trajectory, genetic algorithm (GA) was employed with variable
chromosome lengths. Salazar-Aguilar et al. [69] addressed a model, which included the team navigation problem
for scheduling different tasks. In the provided model, there were two categories of nodes, namely obligatory and
arbitrary ones. The purpose of the problem was to maximize the total collected score of non-compulsory points
in the team. Zheng et al. [91] modeled an individual daily tourist travel planning and hotel allocation intending
to maximize the passenger utility function, assuming that the utility rate decreases over time. They applied
a heuristic algorithm to solve the problem. Zheng and Liao [90] proposed a mathematical model with distinct
nodes in a tourist personal travel path problem. The problem was developed as a bi-objective model, which
was aimed at maximizing the total group utilities as the first objective function and maximizing the minimum
utilities gained from other group members as the second objective function.

Feillet et al. [30] introduced TSP with profits. They surveyed this problem, which does not require visiting
all nodes, but its goal is to ensure the amount of collected profit. Another consideration in this regard is to
maximize the objective function, which restricts the total cost of the journey. Another procedure in a practical
tour problem is to consider the difference between travel cost and collected profit [34]. Tang and Miller-Hooks
[77] investigated the probability of the prior tour problem considering the uncertainty in service times, travel
times, and travel costs to improve each customer service. The problem was modeled by chance-constraint
stochastic programming and solved using exact and heuristic approaches. Evers et al. [26] addressed an OP
in which the weight of each arc was stochastic with hard capacity constraints. The importance of stochastic
parameters affected the expected value of the total benefit collected in the nonlinear model. Angelelli et al. [4]
integrated stochastic routing problem and probabilistic TSP considering the cost of each arc and the benefit of
each node. A mathematical linear integer model in a two-stage stochastic problem was solved using the branch-
and-cut algorithm and some heuristic approaches. Vincent et al. [82] proposed a TOP with time-dependent
scores considering time windows and time budget in the tour trip design problem.

In the literature regarding the attractive OP, the tendency to select each location is determined by comparing
the attraction probability of one location rather than the others [25]. Freeman et al. [32] developed an attractive
function to investigate the impacts of vicinity and time on concert tour planning. In an attractive TSP, the
attraction is gained based on gravity function among different places to maximize the attraction of places
[25]. The model proposed in this article considers the optimal assignment of patients to hospitals and the
determination of residence to suggest tour packages to customers among various hospitals and attractive places
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based on their interests. Competitive attractiveness among hospitals is presented because of customer behavior
by the Huff gravity function [32]. The attractiveness of each hospital depends on the quality of the hospital’s
treatment services compared to other hospitals. Besides, the attractiveness of places is considered as a gravity
function that varies with the amount of time each person resides there.

Table 2 summarizes some of the previous studies related to medical, tourism, and OPs. Accordingly, the
literature on medical tourism, OP, and gravity function are reviewed simultaneously. The previous studies have
rarely utilized mathematical models in the medical tourism problem. Very few studies have focused on the
scheduling of medical tourism problems in medical centers [65, 66], and none of these studies has been applied
to consider gravity function based on the quality of medical services in medical tour planning. Despite the
fact that the OP in tourist trip design has recently attracted the attention of researchers, few studies have
considered the TOP in tourist trip designs [69, 82, 84], among which Vincent et al. [82] has merely considered
time dependency and time budget in their model. The attractive tourist tour problems have been studied to some
extent [32, 90, 91]. However, the issue of assigning and orienteering medical tourists, especially at operational
and tactical levels, has not been explored using mathematical models so far. Generally speaking, considering
the tourism industry problems integrated with the health system in the mathematical model has received scant
attention in the academic world. To bridge the existing gaps, this paper has proposed a mathematical model to
assign and schedule patients in medical and pleasure tour planning based on the quality of medical services and
time-dependent gravity functions. Individual and public opinions are also considered in the model to integrate
the behavior of customers in the trip design. Despite the inevitable importance of uncertainty, it is repeatedly
neglected in the medical and tourism planning problems [4, 26, 66]. Exploring the related literature shows that
the duration of treatment is strongly stochastic [66], due to therapeutic risks. Customers’ interests in visiting
tourist spots is another source of uncertainty, which directly influences the quality of a tour. Hence, a two-stage
stochastic optimization framework is employed to investigate the medical-pleasure tour design in an uncertain
environment in which the therapeutic and entertainment tour planning is integrated with the gravity function.
The gravity function enables the model to increase the attraction of the journey with the help of a higher level
of trip customization (e.g., residence).

Based on the above explanations, the integration of the medical-pleasure tour into TOP to assign and schedule
travelers, consideration of gravity function both in medical and tourism centers, the assumption of uncertainty
in the duration of treatment and weights of entertainment places, and proposing a hybrid solution approach,
collectively constitute a significant contribution in this context.

3. Problem definition

A host country in the medical-entertainment tourism industry should have many potential attractive places
for tourists, as well as low expenses of healthcare, eminent doctors at the international level, prosperous progress
in surgical procedures (such as heart disease treatment, cosmetic surgery, and infertility treatment), and short
waiting time for allocation of patients to hospitals. Besides, for an attractive tourism trip design, companies try to
simultaneously diminish overall expenses and satisfy customers’ expectations in both medical and entertainment
dimensions. Therefore, a crucial issue in an MTC is a recommendation system to design a memorable trip plan
for passengers. Furthermore, for efficient management, strengthening the infrastructure of medical tourism, as
well as assigning and transferring patients, are essential measures in medical tourism.

The integrated medical-entertainment tour design is a rather novel business in the medical tourism industry,
suggesting suitable travel plans to patients during their travels. The objective of a travel agency is to maximize
the total profit of the company according to customers’ preferences in a journey. The attraction in travel acquires
both through satisfaction in therapeutic services and attractive places.

The present study proposes a two-stage stochastic programming framework. Under this framework, the
decisions are categorized into two classes, with and without scenario indices. In the first stage, decisions are
made before stochastic events, and no scenario is taken into account. The second stage is the reaction to the
stochastic events to mitigate the risk of the decisions made at the first stage [52]. Therefore, decisions are
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decisive at the first stage. At the second stage, the outcomes depend on different events, which have taken place
based on the likelihood of scenarios [9]. In this study, the first stage involves the assignment decision variables
to allocate patients to hospitals with limited capacities. At the second stage, all decision variables, including the
logistics, transportation, tour planning, and other operational decisions, depend on the scenario that happens.

Another issue which is considered is that customers have a limited time. Patients are allowed to stay in the
host country according to the type of visa issued. Hence, depending on the percentage of recovery gained in
the hospital, patients wish to attend various entertainment tourist programs regarding the required time and
tourism areas’ attraction. The timing of a journey, therefore, depends on the probability of improvement over
which the scenarios are defined.

Given the uncertain parameters through a pre-estimated set of discrete scenarios, the model aims to determine
an optimal detailed schedule of a medical-entertainment tour for each patient to meet different objectives of an
MTC. The main objective of MTC is to maximize the total profit obtained from the total revenue of medical
and entertainment tours minus the total costs of treatment, transportation, visiting, and accommodation. In
order to embed the patients’ interests and their expectations of the whole journey, which are a combination
of satisfaction with the therapeutic and tourism sectors, two new constraints are introduced. The first one
depends on the performance of a hospital among other suggested hospitals based on the calculation of average
public opinions extracted from public rating systems. The second one relies on each patient’s residence in each
attractive place and is identified by a time-dependent gravity function in the proposed model. In the following
sections, gravity functions will be explained more.

3.1. Assumptions

Medical tour:

− Each patient is introduced as a tuple (patient number and home country) with a unique ID.
− Each patient travels from the home country to the host country to treat an illness.
− At the beginning of a journey, the medical tour commences, and the treatment process begins to cure the

disease.
− Each patient is allocated to only one hospital for the treatment.
− The capacity of each hospital is limited.
− The attractiveness of each hospital is determined by its performance compared to other hospitals.

Transportation:

− The planning of travel and transportation initiates from the home country.
− At the end of a journey, the patient must return to their home country.
− The travel costs, from the home to the host country and vice versa, from the hospital to touristy cities, and

between touristy cities are included in the transportation costs.

Entertainment tour:

− An entertainment tour begins after finishing the treatment process at the hospital.
− In the trip planning, each patient should visit at least one node.
− The resident time (days) a person stays at each node is a decision variable, and the model determines it

according to the proposed gravity function.
− An MTC should undertake transportation costs, treatment costs, and accommodation costs throughout the

time.

Sets

𝑃 : Set of all patients who want to visit destination country 𝑝 ∈ 𝑃 .
𝑂: Set of origin countries which patients travel from that country 𝑜 ∈ 𝑂.
𝐻: Set of hospitals in the destination country ℎ ∈ 𝐻.
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𝐽 : Set of attractive cities for visiting 𝑖, 𝑗 ∈ 𝐽 .
Node: Set of nodes (𝑂∪𝐻 ∪ 𝐽) which includes origin countries, hospitals, and attractive places.
𝑇 : Tuple of each patient ⟨𝑝, 𝑜⟩ which identifies each patient by two characteristics including the patient number

and origin country.
𝑆: Set of scenarios indicating the probability of recovery of treatment.

The set of 𝑇 is defined in order to distinguish between different patients to return patients to their home
country at the end of journey. Therefore, this type of set is stated as a tuple to illustrate the identification
of patient and encompass two indices, concurrently.

Parameters

Capℎ: Capacity of hospital ℎ.
𝜌𝑜ℎ: Transportation cost from country 𝑜 to hospital ℎ.
𝜏𝑖𝑗 : Transportation cost from node 𝑖 to node 𝑗.
𝜀ℎ: Cost of treatment in hospital ℎ.
𝑟ℎ: Revenue of treatment in hospital ℎ.
𝑠𝑖: Revenue for visiting tourism place 𝑖.
𝛼ℎ: Public attraction of hospital ℎ.
𝜐𝑠

𝑝ℎ: Duration of treatment in hospital ℎ under scenario 𝑠.
𝑡𝑖𝑗 : Travel time from node 𝑖 to node 𝑗.
𝜉𝑝: Starting time of journey for patient 𝑝.
𝜂: Total travel time.
𝜔𝑖: Accommodation cost for each day in touristic city 𝑖.
𝜇𝑝ℎ: Preference rate of patient 𝑝 to cure in hospital ℎ.
𝛾𝑠

𝑝𝑖: Preference rate of patient 𝑝 to visit city 𝑖 under scenario 𝑠.
𝑝𝑠𝑠: The probability of occurrence of scenario 𝑠.

Decision variables

𝑋𝑝ℎ: Binary variables, 1 if patient 𝑝 is assigned to hospital ℎ; 0, otherwise.
𝑌 𝑠

𝑝𝑖𝑗 : Binary variables, 1 if patient 𝑝 is transported from node 𝑖 to node 𝑗 under scenario 𝑠; 0, otherwise.
𝑍𝑠

𝑝𝑖: Binary variables, 1 if patient 𝑝 is assigned to cite 𝑖 under scenario 𝑠; 0, otherwise.
𝑇 𝑠

𝑝𝑖: Arrival time of patient 𝑝 at node 𝑖 under scenario 𝑠.
ST𝑠

𝑝𝑖: Residence time of patient 𝑝 in node 𝑖 under scenario 𝑠.
𝛽𝑠

𝑝𝑖: Attraction of site 𝑖 for patient 𝑝 under scenario 𝑠.

3.2. Mathematical model

Total revenue of treatment (RT) =
∑︁
𝑝∈𝑇

∑︁
ℎ∈𝐻

𝑟ℎ𝑋𝑝ℎ (3.1)

Total revenue of visiting site (RS𝑠) =
∑︁
𝑝∈𝑇

∑︁
𝑗∈𝐽

𝑠𝑗𝑍
𝑠
𝑝𝑗 (3.2)

Total cost of treatment (CT𝑠) =
∑︁
𝑝∈𝑇

∑︁
ℎ∈𝐻

𝜀ℎ𝜐𝑠
𝑝ℎ (3.3)

Total transportation cost (TC𝑠) =
∑︁
𝑝∈𝑇

∑︁
𝑜∈𝑂𝑝

∑︁
ℎ∈𝐻

𝜌𝑜ℎ𝑋𝑝ℎ +
∑︁
𝑝∈𝑇

∑︁
𝑖∈(𝐻 ∪ 𝐽)

∑︁
𝑗∈𝐽
𝑖 ̸=𝑗

𝜏𝑖𝑗𝑌
𝑠
𝑝𝑖𝑗 +

∑︁
𝑝∈𝑇

∑︁
𝑖∈𝐽

∑︁
𝑗∈𝑂𝑝

𝜏𝑖𝑗𝑌
𝑠
𝑝𝑖𝑗 (3.4)

Total cost of accommodation (CA𝑠) =
∑︁
𝑝∈𝑇

∑︁
𝑗∈𝐽

𝜔𝑗ST𝑠
𝑝𝑗 (3.5)
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Max 𝑍 = RT− TC +
∑︁
𝑠∈𝑆

𝑝𝑠𝑠(RS𝑠 − CT𝑠 − TC𝑠 − CA𝑠). (3.6)

The objective function (Eq. (3.6)) maximizes the expected profit of an MTC. Equations (3.1)–(3.5) provide the
components of the objective function. The first two equations are the components of the first stage, consisting
of the total revenue of treatment (RT) and total transportation cost from home countries to hospitals. The next
ones are the components of the second stage, including the total revenue of visiting sites (RS), the total cost of
treatment (CT), the total cost of transportation (TC) except for the total cost of travel from the home country
to the host country, and the total cost of accommodation (CA), under different scenarios.

The total revenue of treatment and total revenue of visiting sites are formulated in equations (3.1) and (3.2),
respectively. Equation (3.3) gives the total cost of treatment under scenario 𝑠, which depends on the medical
time. Equation (3.4) expresses the sum of transportation costs under scenario 𝑠 from the origin node to the
hospital, from the hospital or site node to another site node (for sightseeing), and the return of the patient from
the site to the origin node. Equation (3.5) calculates the total accommodation cost under scenario 𝑠, which
depends on the patient’s residence in each touristy node. The difference between the revenues and costs under
all possible scenarios is formulated as the expected profit function. Equation (3.6) maximizes the profit function
in the medical tour problem.∑︁

ℎ∈𝐻

𝑋𝑝ℎ = 1 ∀𝑝 ∈ 𝑇 (3.7)∑︁
𝑝∈𝑇

𝑋𝑝ℎ ≤ Capℎ ∀ℎ ∈ 𝐻 (3.8)

∑︁
𝑗∈𝐽

𝑌 𝑠
𝑝𝑖𝑗 = 𝑋𝑝𝑖 ∀𝑝 ∈ 𝑇, ∀ℎ ∈ 𝐻, ∀𝑠 ∈ 𝑆 (3.9)

∑︁
𝑖∈𝐻 ∪ 𝐽

𝑖 ̸=𝑗

𝑌 𝑠
𝑝𝑖𝑗 =

∑︁
𝑖∈𝐽 ∪𝑂(𝑝)

𝑖̸=𝑗

𝑌 𝑠
𝑝𝑗𝑖 ∀𝑝 ∈ 𝑇, ∀𝑗 ∈ 𝐽, ∀𝑠 ∈ 𝑆 (3.10)

∑︁
𝑖∈𝐻 ∪ 𝐽

𝑖 ̸=𝑗

𝑌 𝑠
𝑝𝑖𝑗 = 𝑍𝑠

𝑝𝑗 ∀𝑝 ∈ 𝑇, ∀𝑗 ∈ 𝐽, ∀𝑠 ∈ 𝑆 (3.11)

∑︁
𝑖∈𝐽

∑︁
𝑗∈𝑂(𝑝)

𝑌 𝑠
𝑝𝑖𝑗 = 1 ∀𝑝 ∈ 𝑇, ∀𝑠 ∈ 𝑆 (3.12)

𝑇 𝑠
𝑝𝑖 ≥ 𝜉𝑝𝑋𝑝𝑖 ∀𝑝 ∈ 𝑇, ∀𝑖 ∈ 𝐻, ∀𝑠 ∈ 𝑆 (3.13)

𝑇 𝑠
𝑝𝑖 + 𝜐𝑠

𝑝𝑖 + 𝑡𝑖𝑗 ≤ 𝑇 𝑠
𝑝𝑗 + 𝑀

(︀
1− 𝑌 𝑠

𝑝𝑖𝑗

)︀
∀𝑝 ∈ 𝑇, ∀𝑖 ∈ 𝐻, ∀𝑗 ∈ 𝐽, ∀𝑠 ∈ 𝑆 (3.14)

𝑇 𝑠
𝑝𝑖 + ST𝑠

𝑝𝑖 + 𝑡𝑖𝑗 ≤ 𝑇 𝑠
𝑝𝑗 + 𝑀

(︀
1− 𝑌 𝑠

𝑏𝑖𝑗

)︀
∀𝑝 ∈ 𝑇, ∀𝑖 ∈ 𝐽, ∀𝑗 ∈ 𝐽 ∪𝑂(𝑝), 𝑖 ̸= 𝑗, ∀𝑠 ∈ 𝑆 (3.15)

𝑇 𝑠
𝑝𝑗 ≤ 𝜂 ∀𝑝 ∈ 𝑇, ∀𝑗 ∈ 𝑂(𝑝), ∀𝑠 ∈ 𝑆 (3.16)

𝛼ℎ𝑋𝑝ℎ ≤ 𝜇𝑝ℎ ∀𝑝 ∈ 𝑇, ∀ℎ ∈ 𝐻 (3.17)
𝛾𝑠

𝑝𝑖𝑍
𝑠
𝑝𝑖 ≤ 𝛽𝑠

𝑝𝑖 ∀𝑝 ∈ 𝑇, ∀𝑖 ∈ 𝐽, ∀𝑠 ∈ 𝑆 (3.18)
𝑋𝑝𝑖, 𝑌

𝑠
𝑝𝑖𝑗 , 𝑍

𝑠
𝑝𝑗 ∈ {0, 1} ∀𝑝 ∈ 𝑇, ∀𝑖, 𝑗 ∈ Node, ∀𝑠 ∈ 𝑆 (3.19)

𝑇 𝑠
𝑝𝑖, ST𝑠

𝑝𝑖 ≥ 0 ∀𝑝 ∈ pat, ∀𝑖 ∈ Node, ∀𝑠 ∈ 𝑆 (3.20)

Constraint (3.7) shows that each patient should be assigned to a hospital. Constraint (3.8) states that the
number of people assigned to each hospital should be lower than the capacity of the hospital. Constraint (3.9)
guarantees the allocation of each patient to a tourist site after being cured at the hospital. Constraint (3.10)
represents the connectivity of each path and the balance of nodes. Constraint (3.11) indicates the allocation
of each patient to each tourist site. Constraint (3.12) states that each patient at the end returns to the origin
node. Constraint (3.13) shows that the beginning of the service time for treatment if the patient is assigned to
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the hospital should be after the traveling time of the patient to the host country. Constraint (3.14) expresses
the scheduling of treatment when the patient is assigned to the hospital. Constraint (3.15) yields the arrival
time, leaving time, and the residence time of each patient visits sites based on the gravity function. Constraint
(3.16) specifies the maximum duration of the journey for each patient. Constraints (3.17) and (3.18) guarantee
that the passengers’ preferences are met in the hospital and tourist sites, respectively. Constraints (3.19) and
(3.20) define the type of variables.

3.3. Gravity function

In medical-entertainment tour design, a fixed number of hospitals is considered, and patients should visit
one of them. The allocation of patients to hospitals depends on the relative utility function of each hospital
compared to others, computed by average feedback of patients cured in them [71]. Hence, the gravity function is
applied to determine the general relative attraction of each hospital. Skellern [71] suggested an additive utility
function of hospitals from each patient’s perspective, which considers the hospital-specific and patient-specific
options. Therefore, the gravity function of hospitals and the patients’ preferences are considered such that the
customers’ expectations are fulfilled more than those of people in previous experiences. In equation (3.21), 𝛼ℎ

and 𝑢ℎ represent the attractiveness of hospital ℎ versus other hospitals and the general gravity function of
hospital ℎ, respectively.

𝛼ℎ =
𝑢ℎ∑︀

ℎ∈𝐻 𝑢ℎ
∀𝑝 ∈ 𝑇, ∀ℎ ∈ 𝐻. (3.21)

In this paper, the gravity function of tourist attractiveness is formulated as a nonlinear function. The attraction
of tourist site visits increases with a descending slope over time. Therefore, the negative exponential distribution
function in Figure 1, which is commonly applied to estimate the duration of a particular event, is used in this
study according to equation (3.22).

The attraction of each tourism node for each passenger depends on how long it takes a passenger to stay in
that node. It is calculated using the exponential cumulative distribution function in equation (3.23), as shown
in Figure 2. In this figure, 𝜆 = 1 means that the tourist will remain at least a unit. Equation (3.24) shows the
time-dependent gravity function of attraction in a tourist site at a selected node.

𝑓(ST; 𝜆) =
{︂

𝜆𝑒−𝜆ST; ST ≥ 0
0; ST ≤ 0 (3.22)

𝐹 (ST) = 1− 𝑒−𝜆ST (3.23)

𝛽𝑖 = 1− 𝑒−𝜆ST. (3.24)

3.4. Linearization of proposed model

It is advisable to convert the nonlinear model to a linear one since it improves the problem-solving speed
and efficiency remarkably. The attraction of tourist sites is formulated as a nonlinear function. The attraction
of a journey depends on the residence time the tourists stay at the nodes. In literature, there is a well-known
linearization technique named the piecewise linear method, which transforms a nonlinear function into a linear
one [53]. The rise in the number of segmentations makes the estimation of the model more accurate while
increasing the computational complexity. Figure 3 demonstrates the nonlinear gravity function of visiting places
against its linear approximation.

For the linearization of the nonlinear function, equation (3.25) is used to calculate the slope of each line (𝑆𝑙)
and estimate the value of gravity function.

𝑆𝑙 =
𝐹 (ST𝑙)− 𝐹 (ST𝑙−1)

ST𝑙 − ST𝑙−1
∀𝑙 ∈ 𝐿. (3.25)

According to Figure 3, 𝑆𝑙 < 𝑆𝑙−1, therefore, the gravity function increases with a descending slope. One of
the significant contributions of this model is the variable residence time in each node, which is realistically
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Figure 1. The distribution of gravity function.

Figure 2. The cumulative distribution of gravity function.

Figure 3. Linearization of gravity function.
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considered a decision variable. Therefore, equation (3.26) determines the time-dependent attraction of a visiting
place once the node is visited. Equations (3.27)–(3.30) are added for the linearization of the piecewise function.

𝛽𝑠
𝑝𝑗 = 𝐹

(︀
ST𝑠

𝑝𝑗

)︀
∀𝑝 ∈ 𝑇, ∀𝑗 ∈ 𝐽, ∀𝑠 ∈ 𝑆 (3.26)

𝐹 (ST𝑙) = 𝑆𝑙ST𝑙 + 𝐹 (ST𝑙−1) LST𝑙 < ST𝑙 ≤ UST𝑙 (3.27)(︂
LST𝑙 +

1
𝑀

)︂
𝑡𝑙 ≤ ST𝑙 ≤ UST𝑙 * 𝑡𝑙 ∀𝑙 ∈ 𝐿 (3.28)

ST =
∑︁
𝑙∈𝐿

ST𝑙 (3.29)∑︁
𝑙∈𝐿

𝑡𝑙 = 1. (3.30)

4. Solution approach

Due to complexity theory for NP-hard optimization problems [80]; nowadays, there is a great deal of interest in
development of heuristics and meta-heuristics for decision-making problems like online learning [89], scheduling
[6,27,49], multi-objective optimization [46], healthcare [20,23], transportation [22,62], etc. In a similar way, this
study develops a hybrid meta-heuristic algorithm for solving the stochastic medical tourism tour problem. In
this regard, a Progressive Hedging Algorithm (PHA) is applied to tackle the uncertainty by a decomposition
approach to analyze each stochastic scenario. In the proposed hybrid meta-heuristic, the GA is an approach to
solve sub-problems while PHA decomposes the main model into different sub-problems.

The main reasons to justify the selection of GA and PHA are first to address the uncertainty in an efficient
way while solving the main model effectively in large-scale networks. In the literature review, many studies
[35, 41, 64] addressed the uncertain decision-making problems of PHA. As such, the evolutionary algorithms
and different variations of GA were employed successfully in the literature on routing and OP optimization
[12,19,61,78]. These facts motivate our efforts in the development of a hybrid meta-heuristic based on the GA
and PHA for the proposed stochastic tourism routing problem.

4.1. PHA for stochastic mixed-integer program

Two-stage stochastic programming is a branch of linear stochastic programming. In this approach, the model
is run for stochastic variables in each scenario, considering the occurrence probability of the scenarios [63]. The
two-stage stochastic mixed-integer programming is commonly applied as follows:

Max 𝑐𝑡𝑥 + 𝐸𝑠[𝑓(𝑥, 𝑠)] (4.1)
s.t.

𝐴𝑥 = 𝑏 (4.2)

𝑥 ∈ Z𝑘1
+ × R𝑛1−𝑘1 (4.3)

in which the probability of each scenario is specified by vector 𝑠. Therefore, variable 𝑥 is determined before the
uncertainty is realized. Then, the model decides based on the occurrence probability of events to maximize the
expected value of profits in the second stage. Equations (4.4)–(4.6) present the recourse action to react to the
stochastic events in the second stage.

𝑓(𝑥, 𝑠) = Max 𝑔(𝑠)𝑡
𝑦 (4.4)

s.t.
𝑊𝑦 ≤ 𝑟(𝑠)− 𝑇 (𝑠)𝑥 (4.5)

𝑦 ∈ Z𝑘2
+ × R𝑛2−𝑘2 . (4.6)
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Equation (4.7) gives the expected value of the objective function in the second stage, considering the probabilities
of scenarios. The common two-stage stochastic programming is defined as equations (4.7)–(4.11).

Max 𝑐𝑡𝑥 +
∑︁
𝑠∈𝑆

𝑝𝑠𝑠𝑔(𝑠)𝑡
𝑦(𝑠) (4.7)

s.t.
𝐴𝑥 ≤ 𝑏 (4.8)
𝑊𝑦(𝑠) ≤ 𝑟(𝑠)− 𝑇 (𝑠)𝑥(𝑠) ∀𝑠 ∈ 𝑆 (4.9)

𝑥 ∈ Z𝑘1
+ × R𝑛1−𝑘1 (4.10)

𝑦(𝑠) ∈ Z𝑘2
+ × R𝑛2−𝑘2 ∀𝑠 ∈ 𝑆. (4.11)

Equations (4.12)–(4.17) are the extensive form of a two-stage stochastic program indicating the variables in
the first stage depending on the scenarios. Moreover, equation (4.15) is added to the model and introduced as
non-anticipative constraints. These constraints express the independence of first-stage decision variables from
the scenario. Owing to the complexity of the two-stage stochastic problem, the primary model is reformulated
by denoting the first-stage decisions with scenario indices. The reason behind this reformulation is that the
non-anticipativity constraints limit the problem to split scenarios from the first-stage variables. This way, the
new formulation decomposes into 𝑠 independent sub-problems, which are more tractable in terms of solving
complexity.

Max
∑︁
𝑠∈𝑆

𝑝𝑠𝑠
[︁
𝑐𝑡𝑥(𝑠) + 𝑔(𝑠)𝑡

𝑦(𝑠)
]︁

(4.12)

s.t.
𝐴𝑥(𝑠) ≤ 𝑏 (4.13)
𝑊𝑦(𝑠) ≤ 𝑟(𝑠)− 𝑇 (𝑠)𝑥(𝑠) ∀𝑠 ∈ 𝑆 (4.14)
𝑝𝑠𝑠𝑥(𝑠)− 𝑝𝑠𝑠𝑥̂ = 0 ∀𝑠 ∈ 𝑆 (4.15)

𝑥 ∈ Z𝑘1
+ × R𝑛1−𝑘1 ∀𝑠 ∈ 𝑆 (4.16)

𝑦(𝑠) ∈ Z𝑘2
+ × R𝑛2−𝑘2 ∀𝑠 ∈ 𝑆. (4.17)

The following describes the details of the PHA algorithm for the medical-entertainment tour problem:

Step 1. Set initial value 𝑖𝑡← 0 and 𝜋𝑠(𝑖𝑡)← 0, ∀𝑠 ∈ 𝑆. The calculation of the objective function is performed
for each scenario as follows:

(𝑥𝑠(𝑖𝑡 + 1), 𝑣𝑠(𝑖𝑡 + 1)) ∈ arg Max

{︃
RT− TC +

∑︁
𝑠∈𝑆

𝑝𝑠𝑠(RS𝑠 − CT𝑠 − TC𝑠 − CA𝑠)

}︃
(𝑥, 𝑣) ∈ 𝑋(𝑖𝑡).

Step 2. Update the iteration: 𝑖𝑡← 𝑖𝑡 + 1.
Step 3. Calculate the average of first stage variable: 𝑥̂(𝑖𝑡)←

∑︀
𝑠∈𝑆 𝑝𝑠𝑠𝑥𝑠(𝑖𝑡).

Step 4. Update price: 𝜋𝑠(𝑖𝑡)← 𝜋𝑠(𝑖𝑡− 1) + 𝑟𝑜(𝑥𝑠(𝑖𝑡)− 𝑥̂(𝑖𝑡)).
Step 5. Compute the second objective function for each scenario by the following formula:

(𝑥𝑠(𝑖𝑡 + 1), 𝑣𝑠(𝑖𝑡 + 1)) ∈ arg Max

{︃
RT− TC +

∑︁
𝑠∈𝑆

𝑝𝑠𝑠(RS𝑠 − CT𝑠 − TC𝑠 − CA𝑠)− 𝜋𝑠(𝑖𝑡)𝑥

−
(︁𝑟𝑜

2

)︁
‖𝑥− 𝑥̂‖2

}︃
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Figure 4. A representation of a chromosome.

(𝑥, 𝑣) ∈ 𝑋(𝑖𝑡).

Step 6. Stop algorithm if the values of first stage variables in all scenarios are equal; otherwise, repeat steps
2–6.

4.2. GA

GA is a well-known random search algorithm where main idea is inspired by nature. In nature, better next
generations are created by the composition of parents with better chromosomes, which is simulated in GA by
the crossover operator. Mutations in chromosomes may also happen that probably improve the next generation
[21].

In order to find the best possible solution in large-sized problems at acceptable times, it is essential to solve
the model with heuristic, meta-heuristic, or hybrid algorithms. In this paper, an efficient hybrid algorithm is
developed, which combines PHA and GA to cope with the uncertainty and complexity of the proposed model
simultaneously.

Initial population

To generate an initial population according to the number of patients, closed routes are created randomly,
which include some cells, a home country, a hospital, and a variable number of tourism sites. Moreover, given the
variable length of nodes, the residence period is allocated corresponding to each tourist site. The set of solutions
to a problem, which are obtained either randomly or algorithmically, is called the initial population, in which
the number of preliminary solutions equals the population size. Each member of the initial population is named
a chromosome. Each chromosome includes a set of genes. Figure 4 shows the representation of a chromosome
for our GAs. In this figure, the trip starts from the home or origin country, where the origin country is country
number 2, and terminates to the same country. The hospital number 3 is randomly selected for the treatment of
patient. One of the important parts of this chromosome is the tourism places that the patient should be visited.
The number of the places the tourism that can be visited is variable from one to total number of tourism places.
Therefore, the tourism places are coded as cells so that the number of places can be different. As shown in
Figure 4, tourism places 3 and 4 are selected for visiting among 5 different places. In the end, the patient comes
back to the original country. For each tourism site, which is selected, the staying time is determined randomly.
Hence, the tourism stays 1- and 3-time unit to visit tourism places of 3 and 4, respectively.

Crossover

The crossover operation is performed in each iteration in the following way. Parents are selected based on
the probabilities of crossover. In crossover operation, two offspring inherit part of the genes from two selected
parents. The number of tourism sites in each chromosome is variable. Therefore, a sub-route is selected randomly
from each parent of crossover. The sub-route includes at least one tourist site and at most the maximum number
of tourist sites of the selected parent. Figure 5 represents an example of the crossover operator, in which the
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Figure 5. Crossover operator.

sub-routes of 1–5, and 3 are selected randomly from the parents 1 and 2, respectively. Then, each selected sub-
route is inserted into the other parent, and the duplicated places are removed. For instance, in the sub-route of
parent 1, node 5 is the duplicated node in parent 2, therefore; it is deleted, and only node 1 is added to offspring
2. To find the best possible place for a sub-route, a greedy heuristic approach, the best-insertion method, is
used. This method determines both the route in which the sub-route is inserted and the two consecutive tourist
sites between which the sub-route is inserted. 𝑆𝑟1 and 𝑆𝑟𝑚 denote the first and last tourist sites in the sub-
route, while 𝐶ℎ𝑟𝑛 and 𝐶ℎ𝑟𝑛+1 represent tourist sites in a route in the offspring. The following explains how to
calculate the payoff of inserting a sub-route between sites [10]:

Payoff(𝑛) = 𝑅(𝐶ℎ𝑟𝑛 · 𝐶ℎ𝑟𝑛+1)−𝑅(𝐶ℎ𝑟𝑛 · 𝑆𝑟1)−𝑅(𝑆𝑟𝑚 · 𝐶ℎ𝑟𝑛+1)

where 𝑅(𝐶ℎ𝑟𝑛 · 𝐶ℎ𝑟𝑛+1) denotes the profit of traveling between two consecutive sites. The algorithm searches
through the whole offspring and inserts the sub-route in the place with the largest payoff value. Therefore, a new
offspring is generated, and this operation is used again for the other parent to generate the second offspring. As
shown in Figure 5, the best place for replacing the sub-route of parent1 is between nodes 2 and 5 of offspring2.
Also, the best place for putting the sub-route of parent2 is after node 2 in offspring1.

Mutation

The mutation operator provides the property of being random and escaping from local optimum points.
In this problem, the candidates for mutation are selected randomly based on the occurrence probability of
mutation. In the proposed algorithm, mutation is performed on the assignment of a patient to a hospital, which
is swapped with the random selection among hospitals. Besides, mutation changes the tourism route. Hence,
one point of visiting places is randomly picked and deleted; if all the tourist points in the set are selected, only
we remove the chosen node. Otherwise, on the unselected nodes, some are randomly selected and replaced with
the taken nodes. In Figure 6, we represent an example of a mutation in the proposed algorithm. For the selected
chromosome, the hospital number is randomly changed from hospital 3 to hospital 1. In addition, for the visiting
route, which is 3–4, the visiting node of 3 was selected and removed. Also, among 3 unselected nodes which are
1, 2, and 5; first, two nodes are randomly chosen from 3 nodes. In Figure 6, as seen by the orange color, nodes
5, and 1 were randomly selected and added. We mention that the number of nodes, which we add was randomly
selected.

Finally, the initial population, crossover, and mutation are combined and sorted according to the fitness
function (objective function). Arranged members are selected as long as the original population and the rest of
the population are removed. The steps of the proposed GA are described below:

Step 1. Set parameters for the model.
Step 2. Generate a primary population with random chromosomes.
Step 3. Evaluate the initial population with fitness function.
Step 4. Sort population based on the value of fitness function.
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Figure 6. A representation of mutation operator.

Loop:
Step 5. Select parents for crossover.
Step 6. Generate offspring by applying crossover operation.
Step 7. Evaluate offspring via the fitness function.
Step 8. Select parents for mutation.
Step 9. Create new solutions by applying mutation on selected parents.
Step 10. Calculate the value of fitness function for mutant population.
Step 11. Merge the last population, crossover, and mutation.
Step 12. Sort merged population and truncate it to the number of population size.
Step 13. Go to Step 5 until the ending conditions are satisfied.

4.3. Hybrid algorithm

Given the complexity of the large-sized problem, a meta-heuristic approach is applied. In order to simplify
the scenario-based problem, a hybrid PHA-GA algorithm is proposed. The problem is first reformulated and
broken down into 𝑠 (number of scenarios) sub-problems under the PHA algorithm, in which a GA is embedded
as the core solver. In this algorithm, two GAs are coded to solve the problem. One (GA1) is based on the
fitness function of the first stage of PHA, while the other (GA2) is formed based on the second stage. Hence,
the first solution is processed in the GA1, and the convergence occurs on the GA2 to reach the best solution.
All of the constraints and equations in the model except constrains (3.8), (3.17) and (3.18) are considered in
the chromosomes to provide the whole of search space. However, there are some constraints to be added to the
model to confirm the feasibility of the model. Hence, in the proposed algorithm, the constraints (3.8), (3.17)
and (3.18) are added as a penalty costs to the fitness function to satisfy the feasibility of the solutions. If the
constraints do not fulfill, the value of fitness function increases with penalties and does not provide feasible
solution. The steps of the hybrid PHA-GA algorithm are explained below.

Step 1. Set the first fitness function in the GA based on the first stage of PHA.
Step 2. Run the GA to find the best solution for each scenario, which is applied as the initial population of

the next GA.
Step 3. Set the fitness function of GA based on the penalty function given in the second stage of the PHA.
Step 4. Update the penalty function and repeat step 3 and 4 until the terminate condition is fulfilled.

Figure 7 represents a flowchart of the hybrid algorithm, showing the sequence of steps in it.

4.4. Taguchi

The effectiveness of meta-heuristic calculations incredibly relies upon the right selection of parameters. For
tuning the parameters, several strategies are accessible to effectively structure the experiments. One of the
techniques, which is broadly utilized in most researches, is full factorial design. This technique tests all mix
of conceivable variables. In each case, when the quantity of components altogether expands, this strategy is
not cost-effective since the number of required trials is growing considerably [7]. Taguchi experimental design
technique is recommended to lessen the number of investigations. For a large number of decision variables,
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Figure 7. The flowchart of the proposed hybrid algorithm.
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Table 3. The factors and levels of proposed hybrid algorithm.

Factors/Levels 1 2 3

Population size GA1 (A) 200 300 400
Population size GA2 (B) 200 300 400
Maximum iteration GA1 (C) 100 200 300
Maximum iteration GA2 (D) 100 200 300
𝑟𝑜 (E) 0.8 1 1.2

Taguchi method determines orthogonal arrays to decrease the number of experiments. To demonstrate the
variant of the response variable in finding the best level of each factor in experiments, the proportion of signal
to noise (S/N) is calculated as follows:

𝑆/𝑁 = −10 log

(︃
1
𝑛

𝑛∑︁
𝑖=1

𝑦2
𝑖

)︃
.

In this paper, 𝑦𝑖 and 𝑛 point to the objective function in experiment 𝑖 and the number of replication, respectively.
The main parameters of the proposed PHA-GA algorithm that need to be tuned are as follows: the population
size of GA1 and GA2, maximum iteration in the GA1 and GA2, and the coefficient (𝑟𝑜) in the second GA.
Table 3 describes the factors and levels for tuning parameters in the GA-PHA algorithm. In this study, we
consider five factors in three levels; therefore, this method reduces 35 experiments to orthogonal array L27 with
27 experiments. Table 4 shows the 27 experiments, which indicates the levels of each factor in each experiment
and control factor as a result.

To gather reliable data, each experiment was performed three times and the average of the outputs is consid-
ered as a result. The main effects of means and S/N ratio are depicted in Figure 8. The results of the selected
criteria for calibration are reported in Table 5.

5. Computational results and sensitivity analysis

To survey the computational experiment on medical-entertainment tour design, the proposed model is exam-
ined based on a real example of central medical tour services in the Middle East, and the problems with various
sizes are solved. We code the proposed model under the OPL and scripts accessed via IBM ILOG CPLEX
version 12.8, and code the hybrid approach, which is the consolidation of PHA and GA via MATLAB R2019a.
The codes are run in a computer with an Intel R○Core TMi7-4500U CPU at 2.39 GHz and an 8.00 GB RAM.

5.1. Case description

In this paper, several patients are considered who are willing to travel abroad to receive a range of medical
services. In addition, some tourist attractions are available, with which the patients can arrange a trip to have
leisure time after treatment. An integrated system of medical tourism centers, including transportation compa-
nies, hospitals, and tour centers, wants to assign patients based on their preferences to serve the appropriate
services. Therefore, patients are first assigned from their own country to the hospital in the host country to
receive medical services. Then, after the treatment procedures are completed, one or more recreational tours
are formed through which the passengers (patients) visit the touristy cities. This strategy is obtained through
the coordination and integration of various elements in providing services. Therefore, the impacts of healthcare
quality services, residence time in tourist sites, and customers’ specifications in medical-pleasure tour planning
are investigated as an integrated system, and the effects of integration on the companies’ profitability are exam-
ined. Figure 9 illustrates the position of each patient, hospital, and tourist site in an example. In addition,
the navigation of each patient in the medical-entertainment tour and the departure time of each traveler from
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Table 4. The orthogonal array L27 for experiment.

Runs A B C D E Result

1 1 1 1 1 1 731 350
2 1 1 1 1 2 696 717
3 1 1 1 1 3 617 000
4 1 2 2 2 1 524 700
5 1 2 2 2 2 571 834
6 1 2 2 2 3 458 167
7 1 3 3 3 1 592 034
8 1 3 3 3 2 656 675
9 1 3 3 3 3 541 350
10 2 1 2 3 1 441 375
11 2 1 2 3 2 423 820
12 2 1 2 3 3 362 025
13 2 2 3 1 1 491 475
14 2 2 3 1 2 886 100
15 2 2 3 1 3 552 300
16 2 3 1 2 1 601 900
17 2 3 1 2 2 528 375
18 2 3 1 2 3 625 825
19 3 1 3 2 1 642 500
20 3 1 3 2 2 394 925
21 3 1 3 2 3 379 125
22 3 2 1 3 1 504 025
23 3 2 1 3 2 755 900
24 3 2 1 3 3 672 125
25 3 3 2 1 1 481 275
26 3 3 2 1 2 601 300
27 3 3 2 1 3 765 925

the hospital and each touristy city are demonstrated. The capacity of hospitals, traveling cost, cure cost, and
accommodation cost are known.

The proposed two-stage stochastic model is run, whose detailed results are presented in Table 6. Table 7
describes the scheduling and sequence of visiting places on the trips. The arrival time of each patient under
each scenario is also presented in Table 7. The results show that in medical tour planning, patients are assigned
to hospitals for treatment based on the quality of medical centers and the preferences in the desired hospital,
which has higher priority in planning than gaining profit from the medical tour. For example, the first preference
of patient 3 is to be cured in hospital 3 in Mashhad. Moreover, patient 2 prefers to go to hospitals 2, 3, and
1, respectively. The tour plan shows that the treatment of patient 2 should be arranged in the first intended
medical point of the customer. Therefore, respect to the customers’ opinions and public ratings are important
considerations in this study to provide high-quality medical tour services. On the other hand, in pleasure tour
planning, if a patient is assigned to a touristy city, which is more attractive for him/her, the residence of the
patient increases compared to the residence in a less interesting city from his/her perspective. For example,
in Table 7, patient 1 should visit two tourist sites, Tehran and Esfahan, under both scenarios 1 and 2, but
the residences under the two scenarios are different. In scenario 1, the residence in each site is very short, but
in scenario 2, the residence is longer because the individual attraction of the two scenarios is disparate, and
the interest of patient 1 to visit these cities in scenario 1 is lower than those in scenario 2. Consequently, the
residence of a visitor depends on the rate of individual interest; if the interest in a node is higher, the residence
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Figure 8. Tuning of hybrid PHA-GA factors.

Table 5. The best value of parameters of hybrid algorithm gained from Taguchi.

Population size of
GA1

Maximum iteration
GA1

Population size
GA2

Maximum iteration
GA2

𝑟𝑜

200 100 400 100 1

there increases. Therefore, MTCs tend to create memorable leisure tours for customers to visit different touristy
cities based on their interests.

The results of the objective function in the two-stage scenario-based stochastic model and PHA are presented
in Table 8, as well as the gap between the two procedures. The values of the recourse problem and PHA method
are approximately equal with a difference of only 0.01. Table 9 lists the objective value of each problem without
considering scenario reports separately. It also presents the results of the objective function in the wait and see
(WS) problem, which is considered a problem without scenarios. Moreover, the average value of the objective
function is computed by running each scenario, and the expected value of perfect information (EVPI) and the
value of the stochastic solution (VSS) are calculated to show the necessity of using the stochastic method in
the problem. Equations (5.1) and (5.2) give the EVPI and VSS values, respectively.

EVPI = WS− RP (5.1)
VSS = EEV − RP. (5.2)

5.2. Performance of hybrid PHA-GA

To analyze the complexity of the proposed model, 15 test problems with different sizes were generated. To
generate such random test problems, Table 10 shows the range of parameters for our test problems.

Figure 10 shows the convergence behavior of algorithm to reach the optimal solution. The model was run for
a test problem by considering 4 origin countries, 8 hospitals, 10 tourism sides, and 40 patients in 100 iterations,
after 20 iterations the algorithm achieved to the steady state condition.

To compare the effectiveness of the proposed algorithm with that of the exact method, 15 various instances
with small, medium, and large sizes are investigated. Table 11 shows the 15 different sizes of the problem
and represents each instance’s objective function and computational time, which are yielded by solving the
model using PHA in CPLEX and hybrid PHA-GA. In Table 11, the second to the fifth columns represent the
dimensions of the test problems. Moreover, the sixth and seventh columns provide the results of the objective
function and computational time obtained from PHA, while the eighth and ninth columns list the corresponding
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Figure 9. The position of patients and the schematic navigation of patients in medical-
entertainment tour in scenario 1.

values yielded by hybrid PHA-GA. The last column of Table 11 shows the gap between the two approaches.
The results show that in the medium- and large-sized test problems, the CPLEX is not able to gain the feasible
solution in a reasonable time. Hence, for medium and large-scale problems, employing hybrid PHA-GA results
in a better objective function and lower computational time compared to the PHA.

The computational times of 15 instances solved by CPLEX, GA, and hybrid PHA-GA are illustrated in
Figure 11. In small- and medium-sized problems, the CPLEX solved problems in more reasonable times com-
pared to others methods. In medium-sized problems, the computational time of GA and hybrid PHA-GA are
approximately equal. Applying hybrid PHA-GA in large-scale problems results in more reasonable computa-
tional time than the other methods. Therefore, in large-scale problems, the hybrid PHA-GA is a more efficient
approach than GA by attaining solutions in a shorter computational time. In small- and medium-sized test
problems, the difference between GA and hybrid PHA-GA is not noteworthy, and in the small-sized problems,
the proposed approach finds the optimal solutions with negligible gaps.

To represent the reliability of the algorithm, in Table 12, we show the best, worst, and average solutions, as
well as the standard deviation of the results after 10 times run. To check the results, we compared the results of
CPLEX with the suggested algorithm. It was found that the gap values did not exceed 3.4% for the considered
algorithm, which addresses the accuracy.
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Table 6. Assignment and navigation of patients in medical tour plan under different scenarios.

Patient No. Origin country Assigned hospital Assigned cities

1 Qatar Hospital 1 (Tehran) Scenario 1: Tehran, Esfahan
Scenario 2: Tehran, Esfahan
Scenario 3: Tehran, Tabriz

2 Pakistan Hospital 2 (Shiraz) Scenario 1: Shiraz, Esfahan, Tehran, Mashhad
Scenario 2: Shiraz, Mashhad
Scenario 3: Mashhad

3 Azerbaijan Hospital 3 (Mashhad) Scenario 1: Mashhad, Esfahan, Tehran, Tabriz
Scenario 2: Mashhad, Tehran, Tabriz
Scenario 3: Tehran, Tabriz

4 Armenia Hospital 1 (Tehran) Scenario 1: Tehran
Scenario 2: Esfahan, Mashhad
Scenario 3: Tehran

5 Turkmenistan Hospital 2 (Shiraz) Scenario 1: Shiraz, Esfahan
Scenario 2: Shiraz, Esfahan
Scenario 3: Shiraz

6 Iraq Hospital 2 (Shiraz) Scenario 1: Esfahan, Tehran
Scenario 2: Shiraz, Esfahan, Tehran
Scenario 3: Shiraz

Table 7. The timing of each customer in journey under different scenarios.

Patient Tour planning of each passenger
No. Origin country→Hospital→Touristic cities . . . (arrival time)→Origin country

1 Scenario 1: Qatar→Hospital 1 (Tehran)(1)→Tehran(23)→Esfahan(25)→Qartar(28)
Scenario 2: Qatar→Hospital 1 (Tehran)(1)→Tehran(28)→Esfahan(33)→Qartar(36)
Scenario 3: Qatar→Hospital 1 (Tehran)(1)→Tehran(33)→Tabriz(36)→Qartar(39)

2 Scenario 1: Pakistan→Hospital 2
(Shiraz)(1)→Shiraz(23)→Esfahan(27)→Tehran(29)→Mashhad(33)→Pakistan(37)
Scenario 2: Pakistan→Hospital 2 (Shiraz)(1)→Shiraz(28)→Mashhad(32)→Pakistan(35)
Scenario 3: Pakistan→Hospital 2 (Shiraz)(1)→Mashhad(33)→Pakistan(37)

3 Scenario 1: Azerbaijan→Hospital 3
(Mashhad)(1)→Mashhad(23)→Esfahan(27)→Tehran(30)→Tabriz(35)→Azerbaijan(38)
Scenario 2: Azerbaijan→Hospital 3
(Mashhad)(1)→Mashhad(28)→Tehran(31)→Tabriz(34)→Azerbaijan(37)
Scenario 3: Azerbaijan→Hospital 3 (Mashhad)(1)→Tehran(33)→Tabriz(36)→Azerbaijan(39)

4 Scenario 1: Armenia→Hospital 1 (Tehran)(1)→Tehran(23)→Armenia(26)
Scenario 2: Armenia→Hospital 1 (Tehran)(1)→Esfahan(28)→Mashhad(31)→Armenia(34)
Scenario 3: Armenia→Hospital 1 (Tehran)(1)→Tehran(33)→Armenia(36)

5 Scenario 1: Turkmenistan→Hospital 2 (Shiraz)(1)→ Shiraz(23)→Esfahan(26)→Turkmenistan(30)
Scenario 2: Turkmenistan→Hospital 2 (Shiraz)(1)→ Shiraz(28)→Esfahan(33)→Turkmenistan(37)
Scenario 3: Turkmenistan→Hospital 2 (Shiraz)(1)→ Shiraz(33)→Turkmenistan(38)

6 Scenario 1: Iraq→Hospital 2 (Shiraz)(1)→Esfahan(23)→Tehran(25)→ Iraq(28)
Scenario 2: Iraq→Hospital 2 (Shiraz)(1)→Shiraz(28)→Esfahan(32)→Tehran(35)→ Iraq(38)
Scenario 3: Iraq→Hospital 2 (Shiraz)(1)→Shiraz(33)→ Iraq(35)
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Table 8. The results of objective function.

RP PHA

Objective function 5.79× 107 5.79× 107

Table 9. The results of WS, EVPI and VSS.

WS (𝑆 = 1) WS (𝑆 = 2) WS (𝑆 = 3) Average EVPI VSS

1.29× 108 5.3× 107 −2.3× 107 6.1× 107 4× 106 4× 106

Table 10. Sources of the range of parameters.

Parameter Symbol Range

Capacity of hospital Capℎ ∼ uni[5, 7]
Transportation cost from country to hospital 𝜌𝑜ℎ ∼ uni[2000, 3000]
Transportation cost from node to node 𝜏𝑖𝑗 ∼ uni[200, 300]
Cure cost 𝜀ℎ ∼ uni[500, 700]
Revenue of treatment 𝑟ℎ ∼ uni[100 000, 120 000]
Revenue for visiting tourism place 𝑠𝑖 300
Public attraction of hospital 𝛼ℎ ∼ uni[3, 8]
Duration of treatment 𝜐𝑠

ℎ ∼ uni[15, 25]
Travel time 𝑡𝑖𝑗 1
Convalescence time 𝜂 ∼ uni[30, 40]
Accommodation cost 𝜔𝑖 50
Preference rate of patient to cure in hospital 𝜇𝑝ℎ ∼ uni[1, 10]
Preference rate of patient to visit city 𝛾𝑠

𝑝𝑖 ∼ uni[1, 10]

Figure 10. The convergence behavior of algorithm.
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Table 11. The performance of solution procedures with small- and large size instances.

Instance
Dimension CPLEX Hybrid PHA-GA

Gap
𝑂 𝐻 𝐽 𝑃 𝑍 Time (sec) 𝑍 Time (sec)

1 1 2 2 3 262 204 0.92 262 101 5 0.000
2 2 3 3 4 235 852 0.75 225 467 17 0.044
3 2 2 3 5 372 000 3 354 666 42 0.047
4 2 3 4 7 410 533 1.74 410 269 22 0.001
5 3 3 4 9 543 856 3 500 228 99 0.080
6 4 3 5 10 625 486 4 598 812 65 0.043
7 3 4 5 15 752 507 4 744 454 111 0.011
8 4 4 6 20 976 524 13 969 848 158 0.007
9 3 5 7 25 981 845 11 966 251 248 0.016
10 4 8 10 40 1 096 566 155 1 061 360 327 0.032
11 5 18 10 75 2 207 300 4738 2 103 804 3654 0.047
12 6 20 15 100 OM OM 3193 936 1224 –
13 7 35 15 150 OM OM 4032 787 1354 –
14 10 65 20 300 OM OM 18 944 331 924 –
15 15 100 20 500 OM OM 33 367 570 2056 –
Average – – – – – – – – 0.030

Notes. 𝑂: The number of origin counties for service; 𝐻: The number of hospitals; 𝐽 : The number of tourist cities; 𝑃 :
The number of patients; OM: Out of memory.

Figure 11. The computational time of small- and large size instances.

Table 13 illustrates the details about the performance of hybrid PHA-GA versus GA. A comparison of the
objective functions and computational times shows that the value of the objective function of WS solved by
GA is more than that solved by hybrid PHA-GA in each test problem. Furthermore, the computational time
of GA is significantly longer compared to the hybrid PHA-GA. Hence, the hybrid PHA-GA finds the solution
in a shorter computational time. The last row of Table 13 shows the average gap of objective functions and
computational times, which are 42.5% and 20.8%, respectively. Therefore, applying hybrid PHA-GA considering
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Table 12. Results of different test problems.

Instance
Dimensions CPLEX Hybrid PHA-GA

Gap
𝑂 𝐻 𝐽 𝑃 𝑍 CPU 𝑍B 𝑍W Avg SD CPU

1 2 2 3 5 372 000 3 367 347 334 928 354 666 17 323.37 42 0.047
2 4 3 5 10 625 486 4 617 628 581 420 598 812 18 145.95 65 0.043
3 3 5 7 25 981 845 11 981 478 950 887 966 251 15 295.96 248 0.016
4 4 8 10 40 1 096 566 155 1 084 830 1 051 777 1 061 360 20 438.88 327 0.032
5 6 20 15 100 OM OM 3 323 234 3 091 583 3 193 936 118 152.6 1224 –
6 7 35 15 150 OM OM 4 279 458 3 764 448 4 032 787 258 187.8 1354 –
Average – – – – – – – – – – – 0.034

Notes. 𝑍B: Best solution; 𝑍W: Worst solution; CPU: Consuming time (sec); Avg: Average; SD: Standard deviation;
OM: Out of memory.

Table 13. The performance of hybrid PHA-GA by considering scenario versus GA without
scenario.

Instance
Dimension GA Hybrid PHA-GA Gap

𝑂 𝐻 𝐽 𝑃 𝑍 Time (sec) 𝑍 Time (sec) Δ𝑍 Δ𝑡

1 2 2 3 5 389 150 50 376 950 42 0.03 0.16
2 4 3 5 10 962 578 76 615 050 65 0.36 0.14
3 3 5 7 25 2 145 000 284 896 650 248 0.58 0.12
4 4 8 10 40 3 698 350 421 1 066 812 327 0.71 0.22
5 6 20 15 100 9 322 310 1381 3 461 000 1224 0.62 0.11
6 7 35 15 150 5 963 200 2714 4 472 400 1354 0.25 0.50
Average – – – – – – – – 0.425 0.208

scenarios is highly reasonable in this study because it provides low-cost, high-quality solutions compared with
calculating the expected value of solutions by the iterative running of GA for each scenario.

Figures 12 and 13, respectively, illustrate the results of the objective function in each iteration for the test
problems 4 and 5, which are run under three scenarios by hybrid PHA-GA with the occurrence probability of
0.15, 0.8, and 0.05, respectively. The results indicate the variability of the objective function in each iteration to
converge the average value of the scenarios to the RP problem. In Figure 12, the stop condition is fulfilled after
ten iterations, and the average value of all scenarios is very close to the RP. Furthermore, Figure 13 shows the
variability of the objective function of each scenario in each iteration to converge the expected value of scenarios
to the value of RP.

5.3. Sensitivity analysis

Figure 14 shows the percentages of costs, revenues, and profits in medical and tourist travel in various test
problems with different dimensions. The results indicate that the percentage of medical and tourism costs
increases with the test problems’ size, while the percentage of transportation costs decreases. Increasing the
problems’ dimension results in higher percentages of tourism revenues and lower percentages of medical revenues.
Besides, the ratio of tourism profits to medical profits increases by more than 9%, which indicates that the
augmentation of the number of tourists, in terms of economies of scale, has a significant impact on the rise in
the percentage of tourism profits.

The sensitivity analysis is also performed on medical and tourism preferences. In Figure 15, the horizontal
axis indicates the percentage of treatment preferences of previous visitors and the percentage of individual
preferences in tourism trip to decide on patients’ travel plan. By considering the higher percentage of customers’
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Figure 12. The value of the objective function in different scenarios in hybrid PHA-GA in
instance 4.

Figure 13. The value of the objective function in different scenarios in hybrid PHA-GA in
instance 5.

Figure 14. The percentage of costs, revenues, and profits in medical and tourism industry in
different instances.
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Figure 15. The effect of medical and tourism preferences on profit.

Figure 16. The effect of scenario on the objective function.

preferences, both in therapeutic attractiveness and in tourism, the profit of MTC is reduced. As shown in this
figure, the medical preferences are not significant on profit but the reduction in profits by increasing the effect
of tourism attractiveness is more significant than medical attractiveness. Therefore, increasing attention to
travelers’ preferences in MTC to provide medical services is justifiable. Although tourism services reduce total
profit, it can be compensated by providing satisfaction to improve the market of medical tourism. Therefore, it
is better the MTCs pay attention to the customers’ preferences on medical services versus they should focus on
the public attraction for recommending the visiting tourism sides.

The sensitivity analysis is also performed on the scenarios provided in Figure 16. As shown in the figure,
due to the problem’s stochastic nature, as the number of scenarios increases, the objective function grows with
a decreasing slope. However, the number of scenarios does not significantly affect the objective function after
considering ten scenarios, while it leads to a rise in the complexity and computational time for solving the
problem. This figure also indicates that by increasing the number of scenarios, the objective function’s value
gradually becomes stable.
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6. Conclusion and future studies

This is the first study that considers a medical tourism travel plan in the attractive TOP. A novel mathe-
matical model was presented that integrated the medical, transportation, and tourism industries to maximize
the profit of MTCs. In this problem, a two-stage scenario-based model was applied. In the first stage, based
on the customers’ expectations and feedback of previous patients, passengers were assigned to the hospitals. In
the second stage, the decisions were made according to the probability of recovery in hospitals, which depended
on the stochastic treatment time. Another novelty of the problem was to decide on the period of residence by
a proposed time-dependent gravity function in each tourist site, which depended on the interests of travelers.
A real example was investigated to design an integrated medical-entertainment tour plan for patients from
different countries with various characteristics and interests. In small- and medium-sized problems, the model
was solved by CPLEX, and a meta-heuristic approach, which integrated PHA and GA, was developed to solve
the medium- and large-sized scenario-based problem in a reasonable time. The various instances were tested
to validate the approach, the results showed that the average gap between exact and hybrid algorithm was
3% highlighting the accuracy. By comparing GA and hybrid PHA-GA to show the impact of scenarios, the
results revealed that the average values of objective function and computation time were improved by 42.5%
and 20.8%, respectively. Therefore, by using hybrid PHA-GA, the performance of the solution significantly
enhanced because this method applied evolutionary features and decomposed the problem.

From the managerial insight, integrating the medical-entertainment tour design is justifiable and profitable
for MTCs because the profit of pleasure tours in comparison with medical tours is higher. Therefore, the
development of regions for establishing infrastructure to serve the tourists from the economic and social is
reasonable. In addition, we advise to MTCs to pay attention to the advantage of the opinions of tourists in
therapeutic tour to increase customer satisfaction and increase the market share. On the other hand, for pleasure
tours, the public attractions provide profitability for MTCs. Furthermore, the profit of MTCs was compensated
by increasing the number of customers in terms of economy of scale and aggregating the pleasure tour with
medical services. Therefore, from a managerial perspective, in the long-term, the integration of pleasure tours
with medical services promotes profit.

Although this study was among the first studies for the development of a stochastic medical tourism problem,
there are some limitations that can be considered as the path of numerous studies in the future,
– The model can be developed as a multi-objective model with more suppliers of different objectives, e.g.,

maximizing total score and minimizing the waiting time to plan the travel.
– The model can be extended as a medical-pleasure tour design with other types of attractive utility functions,

and the effects of each utility function can be investigated.
– Other considerations, such as time window, time dependency, and multiple periods can be considered.
– Applying various heuristic and meta-heuristic approaches might be an interesting idea for future studies.

Acknowledgements. The authors are grateful to the anonymous reviewers and the Editor in Chief for their insightful
comments that helped improve the presentation and contents of this paper significantly.
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[35] R.E. Gonçalves, E.C. Finardi and E.L. da Silva, Applying different decomposition schemes using the progressive hedging
algorithm to the operation planning problem of a hydrothermal system. Electr. Power Syst. Res. 83 (2012) 19–27.

[36] A. Gunawan, H.C. Lau and P. Vansteenwegen, Orienteering problem: a survey of recent variants, solution approaches and
applications. Eur. J. Oper. Res. 255 (2016) 315–332.

[37] H. Han and S.S. Hyun, Customer retention in the medical tourism industry: impact of quality, satisfaction, trust, and price
reasonableness. Tourism Manage. 46 (2015) 20–29.

[38] V.C. Heung, D. Kucukusta and H. Song, A conceptual model of medical tourism: implications for future research. J. Travel
Tourism Marketing 27 (2010) 236–251.

http://www.assumptionjournal.au.edu/index.php/AU-GSB/article/view/381
http://www.assumptionjournal.au.edu/index.php/AU-GSB/article/view/381
https://doi.org/10.1080/00207543.2021.1985736


STOCHASTIC MEDICAL TOURISM PROBLEM WITH VARIABLE RESIDENCE TIME 1715

[39] V.C. Heung, D. Kucukusta and H. Song, Medical tourism development in Hong Kong: an assessment of the barriers. Tourism
Manage. 32 (2011) 995–1005.

[40] S. Hudson and X. Li, Domestic medical tourism: a neglected dimension of medical tourism research. J. Hospitality Marketing
Manage. 21 (2012) 227–246.

[41] M. Jalilvand, M. Bashiri and E. Nikzad, An effective progressive hedging algorithm for the two-layers time window assignment
vehicle routing problem in a stochastic environment. Expert Syst. App. 165 (2021) 113877.

[42] H. Kim, E. Woo and M. Uysal, Tourism experience and QOL among elderly tourists. Tourism Manage. 46 (2015) 465–476.

[43] A.D. Koeshendro, M. Kozak, C.Y. Teng and N. Kozak, Identifying research gaps in medical tourism. In: World Conference for
Graduate Research in Tourism, Hospitality and Leisure (2014) 16–21.

[44] H.K. Lee and Y. Fernando, The antecedents and outcomes of the medical tourism supply chain. Tourism Manage. 46 (2015)
148–157.

[45] S.W. Lin and F.Y. Vincent, Solving the team orienteering problem with time windows and mandatory visits by multi-start
simulated annealing. Comput. Ind. Eng. 114 (2017) 195–205.

[46] Z.Z. Liu, Y. Wang and P.Q. Huang, AnD: a many-objective evolutionary algorithm with angle-based selection and shift-based
density estimation. Inf. Sci. 509 (2020) 400–419.

[47] B. Lovelock and K. Lovelock, “We had a ball. . . as long as you kept taking your painkillers” just how much tourism is there in
medical tourism? Experiences of the patient tourist. Tourism Manage. 69 (2018) 145–154.

[48] B. Lovelock, K. Lovelock and K. Lyons, The impact of outbound medical (dental) tourism on the generating region: New
Zealand dental professionals’ perspectives. Tourism Manage. 67 (2018) 399–410.

[49] A. Majidi, P. Farghadani-Chaharsooghi and S.M.J. Mirzapour Al-e-Hashem, Sustainable pricing-production-workforce-routing
problem for perishable products by considering demand uncertainty; a case study from the dairy industry. Transp. J. 61 (2022)
60–102.

[50] M. Mazloumian, M.F. Baki and M. Ahmadi, A robust multiobjective integrated master surgery schedule and surgical case
assignment model at a publicly funded hospital. Comput. Ind. Eng. 163 (2022) 107826.

[51] Medical Tourism Association, Medical tourism FAQ’s. Accessed: 11 February 2017 http://www.medicaltourismassociation.
com/en/medical-tourism-faq-s.html (2017).

[52] S.M.J. Mirzapour Al-e-Hashem, H. Malekly and M.B. Aryanezhad, A multi-objective robust optimization model for multi-
product multi-site aggregate production planning in a supply chain under uncertainty. Int. J. Prod. Econ. 134 (2011) 28–42.

[53] S.M.J. Mirzapour Al-e-Hashem, A. Baboli and Z. Sazvar, A stochastic aggregate production planning model in a green supply
chain: considering flexible lead times, nonlinear purchase and shortage cost functions. Eur. J. Oper. Res. 230 (2013) 26–41.

[54] K. Momeni, A. Janati, A. Imani and R. Khodayari-Zarnaq, Barriers to the development of medical tourism in East Azerbaijan
province, Iran: a qualitative study. Tourism Manage. 69 (2018) 307–316.

[55] J. Moosavi, A.M. Fathollahi-Fard and M.A. Dulebenets, Supply chain disruption during the COVID-19 pandemic: recognizing
potential disruption management strategies. Int. J. Disaster Risk Reduction 75 (2022) 102983.

[56] F. Motevalli-Taher and M.M. Paydar, Supply chain design to tackle coronavirus pandemic crisis by tourism management. Appl.
Soft Comput. 104 (2021) 107217.

[57] A. Nadizadeh, Formulation and a heuristic approach for the orienteering location-routing problem. RAIRO: Oper. Res. 55
(2021) S2055–S2069.

[58] A. Ngamvichaikit and R. Beise-Zee, Communication needs of medical tourists: an exploratory study in Thailand. Int. J. Pharm.
Healthcare Marketing 8 (2014) 98–117.

[59] J. Nossack, Therapy scheduling and therapy planning at hospitals. Omega 109 (2022) 102594.

[60] S. Park, S. Hahn, T. Lee and M. Jun, Two factor model of consumer satisfaction: international tourism research. Tourism
Manage. 67 (2018) 82–88.

[61] H. Park, D. Son, B. Koo and B. Jeong, Waiting strategy for the vehicle routing problem with simultaneous pickup and delivery
using genetic algorithm. Expert Syst. App. 165 (2021) 113959.

[62] J. Pasha, M.A. Dulebenets, M. Kavoosi, O.F. Abioye, H. Wang and W. Guo, An optimization model and solution algorithms
for the vehicle routing problem with a “factory-in-a-box”. IEEE Access 8 (2020) 134743–134763.

[63] G.C. Pflug and A. Pichler, Approximations for probability distributions and stochastic optimization problems. In: Stochastic
Optimization Methods in Finance and Energy. Springer, New York, NY (2011) 343–387.

[64] S. Rajan, K. Sundar and N. Gautam, Routing problem for unmanned aerial vehicle patrolling missions-a progressive hedging
algorithm. Comput. Oper. Res. 142 (2022) 105702.

[65] M. Rezaeiahari and M.T. Khasawneh, An optimization model for scheduling patients in destination medical centers. Oper.
Res. Health Care 15 (2017) 68–81.

[66] M. Rezaeiahari and M.T. Khasawneh, Simulation optimization approach for patient scheduling at destination medical centers.
Expert Syst. App. 140 (2020) 112881.

[67] J. Ridderstaat, D. Singh and F. DeMicco, The impact of major tourist markets on health tourism spending in the United
States. J. Destination Marketing Manage. 11 (2019) 270–280.

[68] J. Ruiz-Meza, J. Brito and J.R. Montoya-Torres, A VND to solve the bi-objective tourist trip design problem with fuzzy con-
straints and reducing CO. In: Computational Intelligence Methodologies Applied to Sustainable Development Goals. Springer,
Cham (2022) 221–234.

[69] M.A. Salazar-Aguilar, A. Langevin and G. Laporte, The multi-district team orienteering problem. Comput. Oper. Res. 41
(2014) 76–82.

http://www.medicaltourismassociation.com/en/medical-tourism-faq-s.html
http://www.medicaltourismassociation.com/en/medical-tourism-faq-s.html


1716 M. HASANNIA KOLAEE AND S.M.J. MIRZAPOUR AL-E-HASHEM

[70] L. Singh, An evaluation of medical tourism in India. Afr. J. Hospitality Tourism Leisure 3 (2014) 1–11.
[71] M. Skellern, The Hospital as a multi-product firm: the effect of hospital competition on value-added indicators of clinical

quality. CEP discussion paper. The London School of Economics and Political Science (2017).
[72] L. Skountridaki, The internationalisation of healthcare and business aspirations of medical professionals. Sociology 49 (2015)

471–487.
[73] W. Souffriau, P. Vansteenwegen, G. Vanden Berghe and D. Van Oudheusden, The multiconstraint team orienteering problem

with multiple time windows. Transp. Sci. 47 (2013) 53–63.
[74] R.G. Spece Jr, Medical tourism: protecting patients from conflicts of interest in broker’s fees paid by foreign providers. J.

Health Biomed. L. 6 (2010) 1.
[75] C. Suess, S. Baloglu and J.A. Busser, Perceived impacts of medical tourism development on community wellbeing. Tourism

Manage. 69 (2018) 232–245.
[76] H. Tang and E. Miller-Hooks, A tabu search heuristic for the team orienteering problem. Comput. Oper. Res. 32 (2005)

1379–1407.
[77] H. Tang and E. Miller-Hooks, Algorithms for a stochastic selective travelling salesperson problem. J. Oper. Res. Soc. 56 (2005)

439–452.
[78] A. Timajchi, S.M.M. Al-e-Hashem and Y. Rekik, Inventory routing problem for hazardous and deteriorating items in the

presence of accident risk with transshipment option. Int. J. Prod. Econ. 209 (2019) 302–315.
[79] P. Vansteenwegen, W. Souffriau, G.V. Berghe and D.V. Oudheusden, The city trip planner: an expert system for tourists.

Expert Syst. App. 38 (2011) 6540–6546.
[80] P. Vansteenwegen, W. Souffriau and D.V. Oudheusden, The orienteering problem: a survey. Eur. J. Oper. Res. 209 (2011)

1–10.
[81] I.B. Vermeulen, S.M. Bohte, S.G. Elkhuizen, H. Lameris, P.J. Bakker and H. La Poutre, Adaptive resource allocation for

efficient patient scheduling. Artif. Intell. Med. 46 (2009) 67–80.
[82] F.Y. Vincent, P. Jewpanya, S.W. Lin and A.P. Redi, Team orienteering problem with time windows and time-dependent scores.

Comput. Ind. Eng. 127 (2019) 213–224.
[83] J.Y. Yu and T.G. Ko, A cross-cultural study of perceptions of medical tourism among Chinese, Japanese and Korean tourists

in Korea. Tourism Manage. 33 (2012) 80–88.
[84] V.F. Yu, P. Jewpanya, C.J. Ting and A.A.N.P. Redi, Two-level particle swarm optimization for the multi-modal team orien-

teering problem with time windows. Appl. Soft Comput. 61 (2017) 1022–1040.
[85] M.F. Yusup, A. Kanyan, J. Kasuma, H. Kamaruddin and J. Adlin, Determinants of factors and the growth of tourism industry

in Langkawi Island. J. Sci. Res. Dev. 3 (2016) 13–20.
[86] B. Zeng and R. Gerritsen, What do we know about social media in tourism? A review. Tourism Manage. Perspect. 10 (2014)

27–36.
[87] Y. Zhang and P. Murphy, Supply-chain considerations in marketing underdeveloped regional destinations: a case study of

Chinese tourism to the Goldfields region of Victoria. Tourism Manage. 30 (2009) 278–287.
[88] Y. Zhang, K.S. Park and H. Song, Tourists’ motivation, place attachment, satisfaction and support behavior for festivals in

the migrant region of China. Sustainability 13 (2021) 5210.
[89] H. Zhao and C. Zhang, An online-learning-based evolutionary many-objective algorithm. Inf. Sci. 509 (2020) 1–21.
[90] W. Zheng and Z. Liao, Using a heuristic approach to design personalized tour routes for heterogeneous tourist groups. Tourism

Manage. 72 (2019) 313–325.
[91] W. Zheng, H. Ji, C. Lin, W. Wang and B. Yu, Using a heuristic approach to design personalized urban tourism itineraries

with hotel selection. Tourism Manage. 76 (2020) 103956.

This journal is currently published in open access under a Subscribe-to-Open model (S2O). S2O is a transformative
model that aims to move subscription journals to open access. Open access is the free, immediate, online availability of
research articles combined with the rights to use these articles fully in the digital environment. We are thankful to our
subscribers and sponsors for making it possible to publish this journal in open access, free of charge for authors.

Please help to maintain this journal in open access!

Check that your library subscribes to the journal, or make a personal donation to the S2O programme, by contacting
subscribers@edpsciences.org

More information, including a list of sponsors and a financial transparency report, available at: https://www.
edpsciences.org/en/maths-s2o-programme

mailto:subscribers@edpsciences.org
https://www.edpsciences.org/en/maths-s2o-programme
https://www.edpsciences.org/en/maths-s2o-programme

	Introduction
	Literature review
	Problem definition
	Assumptions
	Sets
	Parameters
	Decision variables

	Mathematical model
	Gravity function
	Linearization of proposed model

	Solution approach
	PHA for stochastic mixed-integer program
	GA
	Initial population
	Crossover
	Mutation

	Hybrid algorithm
	Taguchi

	Computational results and sensitivity analysis
	Case description 
	Performance of hybrid PHA-GA
	Sensitivity analysis

	Conclusion and future studies
	References

