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Abstract 

In this thesis we study Home Health Care Logistics Management Problems (HHCLMP), in the context of developing 

countries with combined health care delivery systems of private and public providers. Two logistics decisions 

problems related to network design and staff management are addressed, at the strategic and tactical planning levels. 

The objective is to develop an integrated approach to support logistics decisions in home health care (HHC), which 

incorporates the hierarchical interdependencies between network design and staff management decisions. Thus, we 

study the districting problem in HHC in the context of a rapid-growing city present in developing economies, and 

describe how socio-economic conditions can be included in the analysis. We also study the staffing-recruitment 

problem in HHC, under the legal work regulation conditions of the context, and include logistics features of HHC 

systems into the analysis. Furthermore, we work on the integration of districting and staffing-recruitment decisions, 

through the study of the hierarchical interdependencies between the two logistics problems, with the purpose of 

offering support to the decision making process and find better and more integral logistics designs. 

With the aim to identify the state of the art on models and methodologies to support logistics decisions in HHC, 

firstly we propose a structured framework that defines, for each of the planning horizons, the set of logistics 

decisions to make, their interaction, and the set of health services provided when a patient enters into the system. 

Secondly, we provide a critical review of models and methods available in the literature, based on the taxonomy 

defined by the structured framework. This review shows that most models to support logistics decisions in HHC 

have been studied at the operational level, for staff routing and scheduling problems, and are based on developed 

countries. Thirdly, to complete the state of the art, we present the first logistics management study on the 

performance of HHC institutions certified by the Ministry of Health and Social Protection (MHSP) in Colombia, to 

provide HHC services in the state of Valle del Cauca. The study design is based on the proposed framework and on 

the literature review, and investigates the methods used by HHC providers to support logistics management 

decisions. The study also provides an assessment of the maturity levels of each of the service processes, using the 

Capability Maturity Model (CMM). This investigation shows that most HHC providers make logistics decisions 

empirically, and provides evidence of the improvement opportunities in the field.  Results shows the need for more 

detailed control by health care authorities over HHC providers; a better register, study and analysis of demand 

patterns to improve the estimation of resource requirements and their allocation; and a documentation and 

standardization of service processes if high maturity levels are desired. These needs represent the base for the use of 

quantitative and optimization techniques, and therefore their implementation are imperative to achieve management 

improvements. 

The integrated study of network design and staff management decisions requires the analysis of each of the logistics 

problems. Therefore, fourthly, we propose a bi-objective mathematical model for the districting problem in HHC 

(DPHHC), which includes three socio-economic factors: the geographical disposition of the population, the safety 

conditions to access urban zones, and trends on demand for HHC services. We solve the model using a lexicographic 

approach which allows finding better compromised solutions. Fifthly, we formulate a mixed integer problem to 

support staffing-recruitment decisions in HHC (SRPHHC), considering work legal regulations related to legal type of 

hires, available working hours, and staffing costs, as well as HHC features as the learning-curve phenomenon and the 

time spent by medical staff to travel between patients‘ homes. Finally, based on the models and methods proposed 

for the DPHHC and the SRPHHC, we develop an integrated approach that incorporates the hierarchical 

interdependencies between districting and staffing decisions. Consequently, we model the relations of anticipation, 

instruction and reaction, and we design their integration through a set of mathematical models. All models related to 

the DPHHC, the SRPHHC, and their integration, are evaluated using a set of random instances based on real-life 

HHC data, proving their robustness and stability. Important research and improvement opportunities are identified 

based on the contributions of this research work. 

Keywords: Home Health Care, Health Care Systems, Logistics Management, Network Design, Staff Management.  
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1. Introduction 

 

Home Health Care (HHC) services are a growing sector in the medical service business. Social and 

economic factors have accelerated the expansion of these services. On one hand, the increase on life 

expectancy and the ageing of the population have influenced on the demand for health care (World Bank, 

2011). This demand has increased not only in quantity but also in the diversification of pathologies and 

required medical treatments. On the other hand, resources for health care are limited and health care 

providers face the challenge to design and operate more efficiently health care delivery systems (Brandeau 

et al., 2005). Furthermore, important technology advances have allowed safe transfer of hospital care 

interventions to the patients' home. In this context, HHC has appeared as an alternative to improve the 

performance of health care providers and the utilization of scarce resources. Having a patient receiving 

medical care at home instead of a hospital, results in a lower general cost for the health system (Borsani et 

al., 2006; WHO, 2000) and these services allow to improve life quality of patients, to reduce recovery 

periods, and avoid the risk of hospital infections (Ahlner-Elmqvist et al., 2008). 

According to the U.S. Home Health Services Industry (Barnes Reports, 2014), the industry of HHC 

services comprises establishments primarily engaged in providing skilled nursing or medical care at home, 

under supervision of a physician. A HHC system can be viewed as a health services network that includes 

the patient; the person who asks for the home care (the patient, his family, the hospital or the physician); 

the people involved in the logistics implementation (coordinator in charge of the evaluation of material 

and human needs, pharmacy) or in the financial aspect of home care (health insurance); and the home care 

team (nurses, physicians, therapists, among others) (Bricon-Souf et al., 2005). The integration and 

coordination of this health service delivery network is a complex task and managers have to face many 

logistics decisions when designing, planning, and operating the system. HHC logistics management 

involves decision-making problems such as network design, transportation, inventory, and staff 

management at the strategic, tactical, operational, and real-time levels. Although these problems have 

been studied in the literature in different industrial contexts, few works report the use of models and 

methods to support logistics decisions in HHC services. 

Most research found in the literature dedicated to HHC services refers to studies based on developed 

countries for operational decisions. Specifically, studies have been conducted in Austria, Canada, France, 

Germany, Italy, Norway, Sweden, the Netherlands, the United Kingdom, and the United States. Brailsford 

and Vissers (2011) show the increase on the development of Operations Research techniques in health 

care in Europe, where HHC services have become a central element in health policies. Despite these 

achievements, no scientific study focused on the design, planning, or operation of HHC has been carried 

out in developing countries. As stated by Doerner et al. (2007) and Flessa (2000), the majority of 

developing countries face severe health care crisis and the dilemma of very restrictive budget limitations 

for health care expenditures with a growing population. Health care systems vary among countries and the 

current state of the art on HHC cannot be generalized due to differences on health policies, health system 

organization, technology use, culture, and funding structures. This suggests that models and methods for 
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logistics management need to be studied and developed in order to reach more efficient HHC delivery 

networks. 

This thesis compiles the main results of the research conducted for the last three years, devoted to study 

home health care logistics management problems, and the hierarchical interdependencies among logistics 

decisions in different planning horizons. The research has been oriented to study and develop quantitative 

and qualitative methods to support logistics decisions, based on tools derived from the Industrial 

Engineering field. Furthermore, it aims at identifying methodological and practical insights that can be 

used when real-life problems are undertaken, in order to reduce the research gap between the current state 

of the art, especially in the context of developing countries where the health care delivery system is a 

combination of private and public providers. These countries exhibit important differences in type and 

frequency of diseases, technology use, and access barriers, particularly economic and cultural ones. 

This chapter is organized as follows. First we present the background and the aspects that motivated this 

thesis. Moreover, we provide an overall problem definition in which three main lines of study are 

identified: network design, staff management and decisions with hierarchical interdependencies. We also 

provide a detailed problem statement and identify the research questions that oriented the thesis. Then we 

present the objectives perused and the research scope. Next we identify the contribution to knowledge, 

results and publications of the research. Finally, we provide a general description of the thesis structure for 

each chapter.  

 

1.1  Background and Motivations 

Over the last 50 years global life expectancy has increased from 46 years old in 1950 (United Nations 

Population Divison, 1996) to 67 years old in 1998 (World Bank, 2011). However, this increase has not 

been homogeneous and several low-income and middle-income countries, which represent 80% of the 

world‘s population, have experienced a deterioration of the health care system. According to the World 

Health Organization (WHO), infections and AIDS remain to be one of the major causes of death, in 

addition to a fast growing trend on chronic diseases. In low-income and middle-income countries, 

malnutrition and infection diseases account for a significant number of deaths. As stated by Brandeau et 

al. (2005), many people in these countries do not receive basic health care, health care facilities are often 

located in urban areas, far from rural areas and frequently difficult to access by public transportation, and 

because of economic and cultural barriers. 

The Industrial Engineering contribution to face this world health panorama has been quite limited. 

Brailsford and Vissers (2011) show the increase on the development of Operations Research techniques in 

health care in Europe, by the number of papers and presentations in the Operational Research Applied to 

Health Services (ORAHS), one of the EURO Working Groups organized by EURO – the European 

Association of Operational Research Societies. Despite this increase, the authors find that these papers do 

not report the implementation of OR models, and that ORAHS papers focus substantially on the 

operational levels. 

A similar situation was found in North America by Turner et al. (2010a), who show an increasing growth 

in research devoted to health-care applications within Operations Research in the last 30 years, according 
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to the number of papers and presentations in the Institute for Operations Research and the Management 

Sciences (INFORMS). The authors conclude that the vast majority of the Operations Research literature 

focuses on intermediate-term provider scheduling problems and short-term patient and facility scheduling, 

and that the most critical health care problems that countries face today are related with long-term 

planning decisions. 

In Latin America and Colombia, part of the Industrial Engineering contribution to face the health care 

challenges has been reported by the Asociación Latino-Iberoamericana de Investigación Operativa 

(ALIO) through a number of papers and presentations in the Congreso Latino-Iberoamericano de 

Investigación Operativa (CLAIO). Although to the best of our knowledge there is not a recent review that 

evaluates the impact of the Industrial Engineering contribution, it is a fact that such works are influenced 

by the health care reforms implemented in the last decades in most Latin American countries. 

Health care reforms have a significant impact on the structure and delivery systems of health care 

providers. Freire (2009) developed a comparative analysis of the health care reforms of Brazil and 

Colombia, the two most populated countries of South America. Although the initial motivation to 

implement the reforms was to attack some causes of inequities in health care systems, they turned out 

differently in each country. As indicated by Freire (2009), while Brazil achieved to reestablish a greater 

level of state control through a public national health system, Colombia embraced the philosophies of 

employer-based social insurance and market competition. 

In Colombia, the health care system is regulated by the government through the Ministry of Health and 

Social Protection (MHSP) according to the Law 100 of 1993. This law established a compulsory social 

insurance scheme financed through employer-employee payroll contributions, and government subsidies 

to cover the non-working population with a limited benefits plan. This scheme operates through three 

entities: first, the EPS (Spanish acronym for Entidad Promotora de Salud) are the entities responsible for 

promoting the affiliation of citizens to the social security system, and doing administrative and 

commercial activities; second, the IPS (Spanish acronym for Institución Prestadora de Servicios) are the 

institutions responsible for providing medical and health care services (clinics, hospitals and health care 

centers); and third, the POS (Spanish acronym for Plan Obligatorio de Salud) is the plan or set of health 

services that every citizen subscribed to a EPS is entitled to. The non-working population is covered with 

limited subsidized POSS (Spanish acronym for Plan Obligatorio de Salud Subsidiado). 

This scheme creates a combined social security system, in which part of the health service is provided 

mainly by the government to the under-privileged and non-working population through a subsidized 

system, and the other part is provided by private insurance companies in an employer-based system. 

Colombia, as the majority of developing countries, faces a severe health care crisis and the dilemma of 

restrictive budget limitations for health care expenditures with a growing population. Most of the research 

found in the literature dedicated to HHC services refers to studies based on developed countries and for 

operational decisions. However, health care systems vary among countries and the current state of the art 

on HHC cannot be generalized due to differences on health policies and funding structures. This suggests 

that models and methods for logistics management need to be studied and developed in order to reach 

more efficient HHC delivery networks. 
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1.2  Problem Definition 

According to Cotta et al. (2001), HHC services were first implemented in 1947 in New York, USA, and 

the original objective was to reduce the congestion in hospitals and provide a more human environment 

for recovery periods. Later on, other countries implemented this model of service mainly for elderly 

patients and palliative care (France in 1951, Canada in 1960, United Kingdom in 1965, and Germany, 

Sweden and Italy in the 1970‘s). In Colombia, HHC services were implemented as a business model in the 

late 1990´s with the objective to reduce the overall costs of health care systems, to improve the utilization 

of scarce resources, and to improve patients' life quality. However, contrary to other countries, in 

Colombia these types of services are not exclusively for elderly patients, resulting in a large portfolio of 

services and patients. 

Despite the steady increase of HHC in Colombia, there is no specific legal regulation for these services. 

Public and private IPS must work under the Ordinance 1011 of 2006, in which only general guidelines are 

defined for health care providers. Moreover, we have identified that logistics management decisions 

related to network design and staff management are the most challenging problems that health care 

managers face, in order to design and operate more efficient HHC services. Therefore, the scope of this 

thesis includes the study of these two sets of logistics management decisions, at the strategic and tactical 

levels. Consequently, the rest of this section is dedicated to define the research problems we study with the 

deployment of this thesis. First, we define the districting problem in HHC, as part of the network design 

decisions. Second, we present the staffing-recruitment problem in HHC as part of the staff management 

decisions. Third, we present hierarchical interdependencies among the first two research problems 

proposed. 

 

1.2.1 Network Design: Districting Problems in HHC 

The districting problem (DP) is part of the network design decisions that health care managers have to face 

at strategic-tactical levels, when designing the structure delivery service. The DP consists of defining 

districts made up of several territorial basic units in order to ensure that the service is delivered to the 

patients‘ location at the prescribed times, and to assign balanced workloads to the medical staff. The 

relevance of the DP in health care was identified by the World Health Organization (WHO), in a 

publication concerned with orienting health care workers in districts health systems in developing 

countries to ways and means of overcoming problems (Tarimo 1991). The publication also reports that 

district plans are often poorly formulated or non-existent, targets are vague, and efficiency, effectiveness 

and quality of services are seldom considered. The DP has been studied in political contexts, school and 

police districting, and sales territories. These decisions have been also studied in the context of health care 

but few studies in HHC have been published. 

The DP is critical in HHC and the impact of a districting configuration goes beyond network design and 

customer service considerations. The capacity of each medical staff is limited in each period, and the 

productivity of each medical staff is influenced by the size of the area in which the assigned patients are 

located (Bennett, 2010). If an urban area is divided into few large districts, medical staff will spend a 

significant proportion of their shifts travelling long distances among patients‘ homes, thus quality of care 

can be affected and possibly increased risk of complications and death could ensue. On the other hand, if 
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districts are too many and too small, the coordination of patient‘ assignments and service delivery 

becomes more complex and less efficient. Therefore, the districting configuration influences the quality of 

decisions at operative levels. 

In Figure 1 we present a graphical representation of the districting problem in HHC, and identify the main 

objectives, decision variables, constraints and key data. Our literature review reveals that the main criteria 

used in previous studies that face this problem, include: contiguity, compactness, balance or equity, 

respect of natural boundaries, and socio-economic homogeneity. The first criterion is fulfilled between 

two districts, when it is possible to travel from any point of the first district to any other point in the 

second one, without having to go through any other district. Compactness is used to prevent the formation 

of odd-shaped districts, i.e. districts should be circular or square in shape rather than elongated. Balance 

or equity refers to an equilibrium in workload or in the population among the districts. The consideration 

of rivers, railroads, mountains and administrative boundaries ensures the respect of natural boundaries. 

Socio-economic homogeneity refers to a representation that considers residents who share a common 

concern or view (income revenues and minorities, among others). 

 

Figure 1. Districting Problems in Home Health Care Logistics Management 

Currently, in Colombia all decisions related to districting in HHC are manually made, and there is no a 

formal methodology to estimate demand among basic units, neither to define districts nor assign resources 

to them. As a result, HHC providers face unbalanced workloads among medical and administrative staff 

between districts, and long travel distances of medical staff. The districting configuration has a direct 

impact on medical staff capacity and productivity, as well as on the quality of the service provided. 

Applications of the districting problem found in the literature include the definition of political districts 

(Hess et al., 1965; Garfinkel and Nemhauser, 1970; Mehrotra et al., 1998; Bozkaya et al., 2003), school 

districts (Ferland and Guénette, 1990), and the impact of districts in health care delivery (Ahmed et al., 

1993). The problem has also been studied in the context of health care but few studies in HHC have been 

published. Furthermore, we have not found an application of the problem in HHC, which considers the 
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regulations and conditions in developing countries. In such cases, urban settings must limit service 

coverage to certain areas, due to geographical or security reasons. Even for some urban areas, limits 

include hours of the day in which entrance is not permitted. Thereby, we are interested on studying the 

districting problem within the HHC services, considering regulations and conditions in a developing 

country. 

 

1.2.2 Staff Management: Staffing-Recruitment Problems in HHC 

Staffing and recruitment problems (SRP) are part of the staff management decisions (also called 

workforce planning), that health care managers have to face at tactical levels. As many other logistics 

problem, the purpose of the staff management decisions is ―to ensure that the right people are available at 

the right places and the right times to execute corporate plans with the highest levels of quality‖ (Khoong, 

1996). The SRP involves determining the number of personnel of the required qualification in order to 

meet estimated patients demand. In this thesis, we refer to recruitment as the complete process of 

attracting, screening, selecting, and on boarding a qualified person for a medical care job position. 

Therefore, the SRP is not only limited to determine the number of medical staff members to hire, but also 

to ensure that the right type of medical staff is hired at the right time. 

Staff management decisions play a key role in providing health care services. Adequate staffing of 

medical units has been shown to have a direct impact in the quality of patient care (Buerhaus et al., 2002), 

and it accounts for a considerable fraction of health care costs, with wages for health care workers 

representing more than 55% of the costs spend on health care in the United States (Kocher and Sahni, 

2011). Although this metric has not been overall established for Colombia, a recent study in one of the 

largest regions of the country (Gutiérrez et al., 2014a), revealed that HHC providers estimate that the cost 

of medical staff lies between 40-80% of the operative costs of the HHC system. Moreover, it was 

evidenced that over a scale of 5.0, the average maturity level to define the number and type of medical 

staff to employ is 2.7/5.0. Most providers make employment decisions based on experience and historical 

demand data, and none of the providers use software to support these decisions. 

In Figure 2 we present a graphical representation of the staffing-recruitment problem in HHC, and identify 

the main objectives, decision variables, constraints, and key data. Our literature review showed that there 

are no published works that study staffing or recruitment problems in the HHC context; this fact shows a 

lack of attention to these tactical decisions.  

Staff expenses represent the largest proportion of costs in health care institutions, and the staff workload 

measurement and assignment is a key process that influences the performance of the HHC system. Despite 

the large number of models and methods developed to support staffing decisions in other health care 

environments, the features and complexity of this staff management decision in HHC evidence a research 

gap that needs to be reduced. Furthermore, the work legal regulations in developing countries have 

significant differences with the ones from developed countries, measured in the number of continuous 

working hours, over-time rules, shift structures, and legal considerations for medical professionals, among 

others. We are interested in studying the staffing-recruitment problem, considering the work legal 

regulations of the Colombian context. 
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Figure 2. Staffing-Recruitment Problems in Home Health Care Logistics Management 

 

1.2.3 Decisions with Hierarchical Interdependencies in HHC 

In HHC logistics management, three planning levels can be distinguished depending on the time horizon, 

namely strategic, tactical and operational (Ballou, 2004). These three levels of planning define a 

hierarchy among management decisions that impose constraints in lower planning levels and influence the 

performance of the HHC delivery network. To the best of our knowledge, the first published work that 

study this hierarchy among logistics decisions in HHC is due to Nickel et al. (2012) who present a 

combination of mid-term and short-term planning support for HHC services offered in Germany. In their 

work, the staff assignment is studied from a full-sized weekly model to an operative planning problem that 

considers last minute changes in the schedules. 

The hierarchical interdependency among logistics decisions in HHC has not been extensively studied, 

despite its evident effects on lower-level decisions. Applications in other context include the location of 

health care facilities in developing countries (Galvão et al., 2002, Rahmana and Smith, 2000, Hodgson, 

1998); production planning (Söhner and Schneeweiss, 1995, Schneeweiss and Schneider, 1999, 

Schneeweiss, 2003a, Tischer and Carrión, 2003); supply chain (Homburg and Schneeweiss, 2000, 

Schneeweiss, 2003b, Schneeweiss et al., 2004, Schneeweiss and  Zimmer, 2004); and project planning 

(Motoa and Sastrón, 2000). 

Among network design and staff management decisions, we identify two possible types of hierarchical 

interdependencies. The first one can be found within different logistics management functions in the same 

planning horizon: this is the case of the interdependency between the districting problem and the staffing 

problem (see Figure 3). The second one can be found within the same logistics management function in 

different planning horizons: this is the case of the staff management decisions related with staffing, shift 

scheduling, and staff assignment (see Figure 4). 
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Figure 3. Hierarchical Interdependency of different Logistics Management Decisions in the same 

Planning Horizon 

As shown in Figure 3, the result of the districting problem has a direct effect on the staffing decision, and 

vice versa. Each of these two decisions has a model composed by entities and attributes and a decision 

making problem. Moreover, each planning level is used to continuously review the decisions of each of 

them, and to evaluate the state of the hierarchical system with conditions of decomposition-aggregation. 

To develop a complete analysis of this interdependency, the relationships of Anticipation, Instruction and 

Reaction have to be defined (Schneeweiss, 1985). Likewise, the analysis must include a load/capacity 

study, and the definition of the sets, parameters, decision variables, constraints, and objective functions 

required. 

 

Figure 4. Hierarchical Interdependency of the same Logistics Management Function in different Planning 

Horizons 
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In the case of the same logistics management function in different planning horizons, we found the 

hierarchical interdependency between three staff management decisions in different planning horizons, as 

shown in Figure 4. As describe for the interdependency of Figure 3, the analysis of decisions in different 

planning horizons, must also include the definition of the relationships of Anticipation, Instruction and 

Reaction, as well as the definition of the sets, parameters, decision variables, constraints and, objective 

functions to be integrated among the different problems. 

As shown in Figure 4, the hierarchy system considers three decision planning levels and each of them with 

different time horizons, information and objectives. At the first level (staffing), the number of personnel 

needed to meet the demand is defined. To make this decision a relation of anticipation is required to 

include aspects of the mid-term level that have to be considered at the long-term level, such as the data 

used to build the demand estimations. From the staffing decision an instruction relation to the lower 

planning levels arises, in terms of the total capacity of the HHC system measured in the number of each 

type of personnel. In the second level (shift scheduling), the assignment of shifts to staff, is defined under 

the decisions of the first planning level, with a major degree of disaggregation. At this point, it is possible 

that the required number of each type of staff contradicts the number defined at the staffing level, 

generating the need to review those decisions and even modify them through a reaction relation. Finally, 

the third level deals with the staff assignment that concerns the problem of assigning specific tasks to each 

staff member. At this point the decisions made at the two upper-levels and the state of the resources 

assigned for this decision have to be considered. 

 

1.3  Research Questions, Objectives and Scope 

In this thesis, we study the hierarchical interdependencies among strategic and tactical decisions in HHC 

logistics management. The objective is to develop an integrated approach to support districting and 

staffing-recruitment decisions in a hierarchical framework. For doing so, we first need to identify the state 

of the art on models and methodologies to support this type of logistics decisions. Secondly, we should 

characterize the features that define each of the decision making problems. This includes the definition of 

models, parameters, objectives, decision variables, constraints and solution methods. Thirdly, we will 

propose an integrated approach to support the decisions that present hierarchical interdependencies among 

them. 

 

1.3.1 Research Questions 

Based on the problem definition presented in this section, we identify three specific research questions 

proposed for the development of this doctoral dissertation. The questions are: 

 What is the state of the art on models and methodologies to support decisions in home health care 

logistics management problems? 
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 What are the characteristics and features of the districting and the staffing-recruitment problems, and 

what are the models, parameters, objectives, decision variables, constraints and solution methods for 

each of them? 

 

 How the hierarchical interdependency within districting and staffing-recruitment decisions can be 

incorporated into an integrated approach? 

 

1.3.2 Objectives 

The general objective of this thesis is to develop an integrated approach to support logistics decisions in 

home health care services, which incorporates the hierarchical interdependency between network design 

and staff management, within combined health delivery systems. 

Specific objectives of this thesis include: 

 To propose a structure framework that identifies the state of the art on models and methodologies to 

support decisions in home health care services logistics management problems. 

 

 To characterize the features that define the network design and the staff management problems, and to 

identify the models, parameters, objectives, decision variables, constraints, and solution methods that 

can be used while considering regulations and conditions of a developing country. 

 

 To design an integrated approach to incorporate the hierarchical interdependency between districting 

and staffing decisions in home health care. 

 

1.3.3 Research Scope 

This research project includes the study of logistics decisions in home health care services. The scope is 

defined by the logistics decisions related to network design and staff management, at the strategic and 

tactical levels. The project also includes the study of the hierarchical interdependency among the two 

logistics decisions defined. 

To solve the proposed research questions, the project includes the use of quantitative and qualitative 

methods from the Industrial Engineering field. The use of mathematical modeling, optimization models, 

and exact and approximated solution methods is considered as part of the design of the integrated 

approach to support the logistics decisions. 

 

1.4  Contribution to Knowledge, Publications and Other Results 

1.4.1 Contribution to Knowledge 

The main contributions to knowledge of this thesis are:  
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 A structured framework that defines a taxonomy for Home Health Care Logistics Management 

Problems and allows identifying research perspectives. 

 A characterization of the features that define the network design and the staff management problems, 

and the identification of the models, parameters, objectives, decision variables, constraints, and 

solution methods that can be used considering regulations and conditions of a developing country. 

 An integrated approach to incorporate the hierarchical interdependency between districting and 

staffing-recruitment decisions in home health care. 

 An innovative set of Industrial Engineering tools to support logistics management problems in HHC, 

especially in the context of developing countries with combined health delivery systems of private and 

public providers. 

 

1.4.2 Publications 

The following publications have been partially or entirely based on this thesis: 

 (Gutiérrez and Vidal, 2012): Gutiérrez, E.V. and Vidal, C.J., 2012. Home Health Care Logistics 

Management Problems : Framework and Research Perspectives. In International conference on 

Industrial Engineering and Operations Management. Guimarães, Portugal: Associação Brasileira de 

Engenharia de Produção (ABEPRO), pp. 1–9. Best Student Project Award: Category Ph.D. (see 

Appendix A). 

 (Gutiérrez and Vidal, 2013): Gutiérrez, E.V. and Vidal, C.J., 2013. Integrated Approach to Support 

Logistics Decisions with Hierarchical Interdependencies in Home Healthcare. In INFORMS 

Healthcare Conference. Chicago, IL.: INFORMS, pp. 1–3. 

 (Gutiérrez and Vidal, 2014): Gutiérrez, E.V. and Vidal, C.J., 2014. A Home Healthcare Districting 

Problem in a developing country in Latin America. In European Operations Management 

Association: 21st EurOMA Conference. Palermo, Italia. 

 (Gutiérrez and Vidal 2013a): Gutiérrez, E.V. and Vidal, C.J., 2013. Home health care logistics 

management problems: A critical review of models and methods. Rev. Fac. Ing. Univ. Antioquia, 68, 

(Sep.2013), pp.160–175. 

 (Gutiérrez and Vidal, 2013b): Gutiérrez, E.V. and Vidal, C.J., 2013. Home Health Care Logistics 

Management: Framework and Research Perspectives. International Journal of Industrial Engineering 

and Management (IJIEM), 4(3), pp.173–182. 

 (Gutiérrez et al., 2014a): Gutiérrez, E.V., Galvis, O.D., López, D.A., Mock-Kow, J.S., Zapata, I., and 

Vidal, C.J. 2013. Gestión Logística en la Prestación de Servicios de Hospitalización Domiciliaria en el 

Valle del Cauca: Caracterización y Diagnóstico. Estudios Gerenciales: Accepted for Publication. 

 (Gutiérrez and Vidal, 2014): Gutiérrez, E.V. and Vidal, C.J., 2014. A Home Health Care Districting 

Problem in a Rapid-Growing City. Submitted. 

 (Gutiérrez et al., 2014b): Gutiérrez, E.V., Vidal, C.J., and Echeverri, O., 2014. Logistics Management 

and Performance of Home Health Care Providers in Valle del Cauca, Colombia. Submitted. 
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1.4.3 Other Results 

As part of the research education process of undergraduate students, this project includes the development 

of two bachelors‘ research projects at the School of Industrial Engineering at the Universidad del Valle. 

The projects are: 

 (Galvis and Mock-Kow, 2014): Galvis, O.D. and Mock-Kow, J.S. (2014). Propuesta metodológica 

para la zonificación del sector urbano en la prestación del servicio de hospitalización domiciliaria: 

Caso aplicado en Santiago de Cali. Undergraduate Research Project. Escuela de Ingeniería Industrial, 

Universidad del Valle, 2014. 

 (López and Zapata, 2014): López, D.A. and Zapata, I. (2014). Modelo para el diseño de rutas del 

personal asistencial en hospitalización domiciliaria en la ciudad de Cali. Undergraduate Research 

Project. Escuela de Ingeniería Industrial, Universidad del Valle, 2014. 

 

1.5  Thesis Structure 

This thesis is organized as follows: 

In Chapter 2, we present a reference framework for HHC logistics management in order to identify 

research perspectives in the field. The framework presents a classification of logistics decisions into three 

different planning horizons, and describes the set of service processes performed when a patient enters 

into the HHC system. Based on this framework, we present a brief review of the current literature in 

models and methodologies used to support logistics decisions and identify research gaps. In particular, we 

emphasize the need to develop and implement more integrated methodologies to support decisions at 

tactical and strategic planning levels and to consider key features from real systems. 

In Chapter 3, we provide a critical review of models and methods used to support decisions logistics in 

HHC. We use the proposed framework in Chapter 2 to present an overview of the existent literature of 

models and methods used to support logistics decisions. Thereby, we follow the classification of logistics 

problems according to the planning horizons. The review provides an identification of the characteristics 

of models and methods, including the authors, the problem type, the objective(s), the model structure, and 

the solution methods. Based on the state of the art identified, we then present a critical analysis of the 

review, pointing out important features that have received little attention in the literature. 

In Chapter 4, we present the findings of the first logistics management study on performance of health 

care institutions certified by the Ministry of Health and Social Protection (MHSP) in Colombia, to provide 

HHC services in the state of Valle del Cauca. Based on the proposed framework and on the literature 

review, a semi-structured inquiry was designed, and it consisted of six axes: (i) characterization of HHC 

providers, (ii) description and evaluation of service processes and maturity; how logistics decisions are 

made in: (iii) network design, (iv) transportation management, (v) staff management, and (vi) inventory 

management. Results show that most HHC providers make logistics decisions empirically, and they 

provide evidence of the improvement opportunities in the field. 
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In Chapter 5, we study the districting problem in HHC (DPHHC) in the context of a rapid-growing city, 

and describe how socio-economic conditions of a developing country can be included in the analysis. This 

problem is part of the logistics decisions that define hierarchical interdependencies between network 

design and staff management. Consequently, we first identify how different mathematical formulations 

can be used to support DPHHC decisions. Then we propose a bi-objective mathematical model which 

includes arising issues in rapid-growing cities, and explain our solution strategy. After that, we present a 

case of study of a rapid-growing city, and explain real data collection and parameter estimation 

procedures. We then provide an analysis and discussion of the results obtained. Lastly, we present our 

conclusions and future research. 

In Chapter 6, we study the staffing-recruitment problem in HHC (SRPHHC), also a part of the logistics 

decisions that define the hierarchical interdependencies between network design and staff management. 

We propose a mixed integer lineal programming model that supports monthly staffing-recruitment 

decisions in a year planning horizon. With the aim to include real-life features from HHC systems, we 

explicitly model different type of legal hires and the work regulations for working hours in a specific 

developing country. Moreover, we include the effect of the learning-curve phenomenon and consider the 

time that medical staff spends traveling between patients‘ homes. The model is evaluated with real data 

and with a set of random instances generated based on a real HHC provider. Results show how the 

proposed method provides support to improve staff management decisions, while offering stability and 

robustness to minimize staffing-recruitment costs and ensure patients‘ service levels. 

In Chapter 7, we develop an integrated approach to incorporate the hierarchical interdependencies 

between network design and staff management decisions in HHC. For doing so, a two-stage problem 

approach to support districting and staffing-recruitment decisions is proposed in an integral hierarchical 

structure, defining the relations of anticipation, instruction, and reaction. The mathematical formulations 

and solution approaches developed in Chapters 5 and 6 are used in an integral scheme, in a way that 

particular conditions present in real-life HHC systems in developing countries are considered. The 

integrated approach is evaluated in a large set of random instances based on real-life data from one of the 

largest HHC providers in Colombia. Results show that the proposed approach allows finding better 

districting configurations and staffing-recruitment decisions, in terms of the travel and visits workloads 

assigned to each district in a long-term planning horizon, and in terms of annual staffing-recruitment costs 

in a medium planning horizon. 

In Chapter 8, we summarize the contributions achieved by each of the chapters presented in the thesis, and 

present general conclusions and future research opportunities. As a general overview, the thesis provides 

an insightful study of Home Health Care Logistics Management Problems (HHCLMP) in the context of 

developing countries, where combined social security systems are present. The study of HHCLMP 

presented in this thesis, goes from a detailed review of the state of the art in the literature and in real-life 

HHC systems, to the development of an integrated approach to support logistics decisions in different 

planning horizons with hierarchical interdependency, passing through to the characterization of the 

features that define network design and staff management problems in HHC. 
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2. Home Health Care Logistics Management Framework 

 

2.1  Introduction 

In this chapter we present a reference framework for HHC logistics management in order to identify 

research perspectives in the field. With this framework, we present a brief review of the current literature 

in models and methodologies used to support logistics decisions and identify research gaps. In particular, 

we emphasize the need to develop and implement more integrated methodologies to support decisions at 

tactical and strategic planning levels and to consider key features from real systems. 

In order to provide a characterization, we propose three different dimensions from which HHC logistics 

management can be viewed. First, we identify the planning horizon according to the duration and impact 

of the planning decisions. Second we differentiate the logistics functions by groups of management 

decisions. Finally, we describe the services processes defined as the set of steps performed when the HHC 

service is delivered to a patient. 

We present an integrated framework that illustrates the interaction of the three dimensions proposed in 

Figure 5. As shown, the strategy definition corresponds to a set of decisions that determine the structure of 

every logistics management function in the long-term. This set of decisions defines the service portfolio 

according to the market needs, the actions to undertake in order to push forward in the value chain and 

gain a competitive advantage, and the core competencies that differentiate the HHC provider. Although 

we do not focus on models and methodologies to support the strategy definition, this planning process 

defines how logistics functions should operate, and therefore should be considered in every management 

decision, for every planning horizon. 

 

2.2  Planning Horizons 

In HHC logistics management three levels of planning can be distinguished depending on the time 

horizon, namely strategic, tactical and operational (Ballou, 2004). The strategic level considers time 

horizons of more than one year and includes the design and allocation of long-lasting resources for long 

periods. Decisions at this level include the location and allocation of HHC central facilities, urban 

districting, fleet size and selection, staffing levels, and supplier selection. The tactical level involves 

medium term decisions that are usually made for a year. The fleet assignment to urban districts, shift 

scheduling and staff allocation, and the definition of inventory policies are considered as tactical. The 

operational level is related to short term decisions that need to be made daily. These decisions include 

staff assignment and routing as well as inventory control. A fourth planning level has been recently 

recognized as the real-time level, and it refers to decision making situations in which operations must be 

undertaken or altered in a very short time, according to the actual execution of the service processes of the 

system. 
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Figure 5. Home Health Care Logistics Management Framework 

For each of the logistics functions, the abovementioned levels define a hierarchy among management 

decisions that impose constraints in lower planning levels and influence the performance of the HHC 

delivery network. For example, in transportation management, the size and selection of the fleet used by 

medical staff to visit patients is a long-term decision that influences the way the fleet is then assigned to 

patients' districts at the medium-term. Equivalently, the fleet assignment to districts influences staff 

routing decisions at the short-term. This hierarchy suggests that, if decisions made at upper levels are not 

based on proper methods to design the network and to assign resources, models and methods used to 

support logistics decisions at the operational level will not have a significant impact on the system 

performance. 

 

2.3  Logistics Management Decisions in HHC 

2.3.1 Network Design 

This is a strategic function that requires managers to deal with two major issues. The first includes 

locating HHC central facilities and then drawing their associated territory. This decision is known as the 

facility location problem and it consists of determining the number, location and capacity of HHC central 

facilities. As stated by Daskin and Dean (2005) this problem is critical in health care and its impact goes 

beyond cost and customer service considerations. If too few facilities are utilized or if they are not well 

located, it can result in increases in mortality and morbidity. Despite the large number of publications 

dedicated to this problem, the facility location seems to be of minor importance in the case of HHC due to 

the inclusion of medical staff homes as departing points for service delivery and to the use of information 
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technology. In fact, in our literature review we did not find published works that tackle this problem in the 

context of HHC. 

On the contrary, the districting problem, which consists of partitioning each territory into suitable districts, 

is a major network design decision in HHC. The problem consists of defining districts made up of several 

territorial basic units in order to ensure that the service is delivered to the patients location at the 

prescribed times, and to assign balanced workloads to the medical staff. Blais et al. (2003) studied a 

practical districting problem in the management of public HHC services in Quebec, Canada. The authors 

modeled the situation as a multi-criteria optimization problem that was solved by using a Tabu Search 

heuristic. Hertz and Lahrichi (2009) proposed a patient assignment algorithm in the same context in 

Quebec, in order to improve the workload assignment to nurses and to avoid long travels to visit patients. 

The problem was addressed with a mixed integer programming model that was also solved using Tabu 

Search. One of the improvements of this work is the differentiation of the workload in terms of the 

patient's categories according to the required type of care. Usually this feature is rarely included in the 

analysis, since the larger population of current HHC services are elderly people, and the portfolio of 

services is quite small. However, due to the diversification of the service, a HHC provider could offer 

from 50 to 200 different references of service, which makes the workload measurement a complex task. 

 

2.3.2 Transportation Management 

Three main decisions are part of this logistics function: fleet selection and sizing, fleet assignment, and 

staff routing. The fleet selection and sizing includes determining the transportation model used by the 

medical staff, the selection of modes, and their respective sizes. The transportation model defines who is 

responsible to ensure transportation to visit patients: the HHC provider or the medical staff. The selection 

of an optimal transportation mode is a key factor in logistics management since it is a large portion of the 

total logistics cost. The problem consists of finding a favorable combination of every transportation mode 

so transportation requirements are satisfied and a balance between speed and cost of transportation is 

achieved. Rendl et al. (2011) study a HHC scheduling problem in a real setting and consider different 

transportation modes. With the objective to minimize travel time and operational costs, the authors 

propose a hybrid meta-heuristic solution model based on a routing problem. 

The second decision is fleet assignment, and it is valid when the HHC provider is responsible for 

transportation. Given the impact of fixed and variable transportation costs, managers should define the 

way the limited fleet is assigned to patients‘ districts in order to balance the work load and maximize the 

number of visits performed respecting medical requirements. Finally, the staff routing decision is directly 

related to the vehicle routing problem, which consists on designing optimal delivery routes from a central 

location to a set of geographically distributed patients subject to various constraints (Toth and Vigo, 

2002). In HHC, once patients have their medical treatment prescription and when time services, staff 

qualifications, frequencies, and hours for each medical procedure are defined, the staff routing problem 

consists of building a schedule of activities for each staff member that must define the sequence of visits 

to the patients‘ locations. Consequently, every medical procedure is performed within the given time 

interval, in the required frequency, in the prescribed sequence, and by the adequate staff member, while 

respecting work legal guidelines. 
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The major set of publications about transportation and staff management in HHC refers to routing 

decisions. Although the managed resource corresponds to the medical staff, more focused has been placed 

on the routing-scheduling component. This problem has been studied by Begur et al. (1997), Cheng and 

Rich (1998), Gurumurthy (2004), Bertels and Fahle, 2006), Eveborn et al. (2006), Akjiratikarl et al. 

(2007), Steeg and Schröder (2008), Bredström and Rönnqvist (2008), Rasmussen et al. (2012), and Rabeh 

et al. (2011). In most of these works, the objectives include the minimization of travel distance and staff 

costs combined with a quality assignment related to patients and staff preferences. Common considered 

features include time windows, precedence and synchronization conditions among visits, different staff 

qualifications, multi-depots, and shift guidelines. 

 

2.3.3 Staff Management 

Staff decisions play a key role in the logistics performance of a HHC delivery network. Commonly, 

medical staff is limited and expensive, and their performance directly defines the quality of the health 

service. We identify five decisions in HHC staff management. The first one, known as staffing, is usually 

made between the strategic and the tactical level, and it involves determining the number of personnel of 

the required qualification in order to meet estimated patients demand (Schneider and Kilpatrick, 1975; 

Smith-Daniels et al., 1988; de Vries, 1987). This is a complex problem given the factors to consider such 

as organizational structure and characteristics, personnel recruitment, skill types of the staff, working 

preferences, and patient needs (Burke et al., 2004).  

At the tactical level, the second decision is shift scheduling, which deals with the problem of selecting, 

from a potentially large pool of candidates, what shifts are to be worked, together with an assignment of 

the number of employees to each shift, in order to meet demand (Ernst et al., 2004). This problem 

becomes more complex when there is a large number of working rules, and when weekends, work 

stretches, vacation requests, and potential sick leaves have to be considered. Between the tactical and 

operational levels, the staff allocation decision refers to the need to employ temporary staff or to use float 

staff to handle unexpected large patient demands or staff shortages, during particular shifts and to assign 

individual staff to patients' districts. As it was stated for the transportation management function, the 

hierarchy restrict shorter-term decisions, and longer term staffing and scheduling decisions impact the 

extent to which temporary staff is required to be employed (Turner et al., 2010a). 

At the operational level, the staff assignment decision is concerned with the assignment of visits to 

different types of medical staff. In the staff scheduling literature, the problem is known as task assignment 

and it is often tackled when working shifts have already been determined but tasks have not yet been 

assigned to individual medical staff (Ernst et al., 2004). In HHC this decision is influenced not only by the 

staffing and shift scheduling decisions made at upper levels, but also by the districting configuration given 

the geographical dispersion of patients. When a set of patients have been admitted in the system, the list of 

medical procedures is defined by the prescribed medical treatments, and procedures must be assigned to 

medical staff considering the patient location, the staff qualification, and the medical requirements (e.g. 

hours, frequencies and precedences). 

The staff assignment is closely related to the staff routing decision and for some cases both decisions can 

be made simultaneously. However, this approach is not applicable for every HHC service and the 
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assignment and routing decisions have to be taken sequentially. For example, in the case of Basic Nursing 

Care or Respiratory Therapy, many patients require that auxiliary nurses and respiratory therapist spend a 

12-hour shift at their location when monitoring vital signs is required. In this case, the assignment decision 

affects the performance metrics of the system in a higher level than the routing decision and therefore they 

are made separately. 

The staff routing decision is directly related to the vehicle routing problem which consists on designing 

optimal delivery routes from a central location to a set of geographically distributed patients subject to 

various constraints (Toth and Vigo, 2002). In HHC, once patients have their medical treatment 

prescription and when time services, staff qualifications, frequencies and hours for each medical 

procedure are defined, the staff routing problem consists of building a schedule of activities for each staff 

member. Such schedule must define the sequence of visits to the patients‘ locations, so every medical 

procedure is performed within the given time interval, in the required frequency, in the prescribed 

sequence, and by the adequate staff member, while respecting work legal guidelines. 

 

2.3.4 Inventory Management 

Inventory management is an important activity in the HHC delivery network and a complex logistics 

aspect of the health care sector. Investments in inventory are substantial and the control of capital 

associated with medicines and pharmaceuticals, supplies for medical procedures and devices, represent an 

improvement opportunity for the system, in which scientific methods for inventory control can give a 

significant competitive advantage (Axsäter, 2006). In HHC we identify three decisions related to 

inventory management. 

At the strategic level, the supplier selection refers to the process by which the HHC provider identifies, 

evaluates, and contracts with suppliers of medicines, supplies and devices (Beil, 2010). This decision 

generally depends on a number of different criteria and needs to consider both qualitative and quantitative 

factors. At the tactical level, the design of inventory policies implies determining when the inventory 

levels of each reference of medicines and supplies should be reviewed, how much of each reference must 

be ordered from the supplier and when (Gutiérrez and Vidal, 2008). At the operational level, the inventory 

control consists of establishing the flow of medicines, supplies and devices as medical treatments are 

delivered to patients. This is a complex daily task that implies the coordination of medical prescriptions, 

medical follow-up, administrative tracing, and orders to suppliers. 

To the best of our knowledge, the work presented by Chahed et al. (2009), is the first published paper that 

addresses the inventory problem in a HCC network. They studied the planning of operations related to 

chemotherapy at home, focusing on the anti-cancer drug supply chain. The problem is tackled with an 

optimization model that seeks to minimize the production and delivery costs of medicines. The model also 

considers production scheduling and nurse routing decisions simultaneously and is solved by an exact 

method. 
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2.4  Service Processes 

We have defined service processes as the set of steps performed when the HHC service is delivered to a 

patient. In this set, we identify five main processes classified into three types of services: Medical 

Services, Patient Services, and Support Services. For Medical Services we identify the activities that are 

carried out exclusively by the medical staff. These include medical prescription and medical follow-up. 

Patient Services refer to activities in which the medical staff interacts with the patients and with the 

administrative activities. These services include patient admission, appointment scheduling, visiting 

patients, and medical discharge. Finally, Support Services refer to the set of activities performed 

exclusively for the administrative staff. They include Administrative Entry, Administrative Tracing, and 

Administrative Discharge. 

Our description of each service is presented as the sequential flow a patient follows when enters in the 

system. For each process, we identify the key information fields (KIF) that has to be considered 

in each decision. We illustrate each KIF in Figure 6. 

 

Figure 6. Key Information Fields (KIF‘s) in each Service Process 

 

2.4.1 Medical Prescription 

The Medical Prescription is exclusively made by professional staff, restricted by the service policies 

declared at the strategic definition of the HHC provider. The medical treatment is prescribed by a medical 

staff, based on the patient pathology and the medical diagnosis. In HHC the prescription can be 

originated from two main types of patients: acute and chronic. The identification of the type of 

patient is a key task that directly influences on the estimation of the monthly workload, the required 

medical staff and the transport frequency, as well as on inventory policies. 
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The medical prescription for an acute patient can be given directly by a medical professional through an 

outpatient appointment or by a medical institution or professional through an early medical discharge. In 

both cases, the patient requires a list of medical procedures, over a defined duration, 

which can be performed at the patient residence, in order to complete a medical treatment. Once the set of 

procedures is completed, the patient is discharged. On the other hand, the medical prescription of a 

chronic patient is usually provided by a medical institution or professional after a medical treatment and 

when the health condition is persistent and requires long-lasting care. These patients usually include 

people with limited physical mobility or with terminal disease that require palliative care. Usually, a 

chronic patient requires at least three months of health care at home. During this time, periodic medical 

follow-up is required and it determines when a new medical prescription (or medical discharge is 

required) and when a new admission into the system may be needed. Without considering the type of 

patient, the number of repetitions, frequency, and duration of each medical procedure 

must be defined at this stage. 

 

2.4.2 Patient Admission 

Once the medical prescription is defined, patient admission must be performed by the HHC provider. At 

this point, the insurance coverage policy and the administrative nature of the health insurance 

play a fundamental role in the way the service is delivered and charged. In developing countries, most of 

health services are provided by private companies which limit the portfolio of services and their monetary 

value due to budget constraints and financial objectives. When a patient is to be admitted into a HHC 

service, the set of medical procedures defined in the medical prescription, and their respective 

identification number, number of repetitions, frequency, and duration have to 

be validated according to the type of insurance policy that covers the patient. 

Another criterion that has to be reviewed during the admission is the patient location according to 

the network design in which the patient districting has been defined. In urban settings, it is common that 

districting decisions limit the coverage of the service to certain areas or neighborhoods due to 

geographical and/or security reasons. Even for some urban areas, limits include hours of the day after 

which entrance is not permitted. To finish the admission process, the list of medicines, 

supplies and devices (MSD) has to be defined, according to each medical procedure. The HHC 

provider must identify for each MSD, its identification number, the required number of 

units, and the use duration in the case of devices. 

When the patient admission process is completed, an administrative entry must be done into the HHC 

system. This process implies the definition of all information fields required during the admission process. 

These fields must be registered into the information system since they will be later used to schedule 

appointments, assign medical staff, perform medical follow-up, and complete all support services related 

to administrative tracing and administrative discharge, which implies generating bills and performing 

payment collection processes. Although these support processes are commonly seen as secondary ones, 

they play a key role in the operative and financial performance of the HHC system. 
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2.4.3 Appointment Scheduling 

The appointment scheduling process consists of determining when the visit will be performed and by 

whom, by medical procedure, treatment, and patient. This process is directly related to the staff 

assignment decision, and it must consider the districting configuration, the patient location, and 

the information fields of each medical procedure considered in the medical prescription process, as well as 

the medical procedure duration. All key information fields related to the medical staff (staff 

member location, qualification, and shift assignment) and the delivery date of 

the MSD must be also considered. The appointment scheduling is a complex process since several factors 

defined in the network design, the transportation, and the staff logistics functions have to be 

simultaneously considered. Moreover, the sequential set of decisions made in this process directly 

influences on the quality of the service and on the quality of workload assignment to medical staff. 

 

2.4.4 Visiting Patients 

Once all medical and administrative factors have been defined, and the appointments are scheduled, the 

medical staff is responsible for visiting patients. This process is the actual implementation of the medical 

procedures at the patient location, which must be executed according to the established medical protocols. 

In operative terms, the quality of the visits is defined by the accomplishment of the appointments 

according to the medical prescription, the scheduled days and hours, the performance of a qualified 

medical staff, and the patients' satisfaction. 

 

2.4.5 Medical Discharge 

During the time the medical treatment is delivered to the patient location, a physician has to visit the 

patient at least once to do a medical follow-up. This visit has the objective to evaluate the evolution of the 

treatment and determine whether new medical procedures are required or if a medical discharge can be 

prescribed. In the same way, during this period an administrative tracking has to be performed by the 

visiting and the administrative staff in order to keep an updated report or the medical procedures 

delivered. If a medical discharge is prescribed, an administrative discharge process has to be undertaken 

based on the reports made during the administrative tracking, in order to close the case, generate bills, and 

perform the payment collection process. If new medical procedures are required, the physician must write 

a new prescription and the admission process should be performed again, starting a new cycle of the 

service processes. 

 

2.5  Chapter Summary and Conclusions 

In this chapter we have presented a three-dimension framework to characterize HHC logistics 

management problems. The first dimension deals with the duration and impact of the planning decisions 

through three Planning Horizons: strategic, tactical and operational. The second dimension differentiates 

the logistics functions by groups of four Management Decisions: network design, transportation 

management, staff management, and inventory management. The third dimension describes Services 
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Processes, defined as the set of steps performed when the HHC service is delivered to a patient; processes 

are classified into three categories: medical services, patient services, and support services.  

Three perspectives of future research emerge from this review. First, due to limited resources and the very 

restrictive budgets for health care, especially in developing countries, most of the critical management 

problems faced by HHC providers are not related to short-term or real-time scheduling decisions. Instead, 

the location and allocation of long-lasting resources at strategic and tactical levels are key decisions that 

determine the performance of the health delivery system in a large proportion. As life expectancy and 

medical technology breakthroughs continue to increase, demands for health care will grow in quantity and 

diversification, and HHC providers will continue to face the challenge to design and operate health care 

delivery systems more efficiently. These management problems do not rely only on short-term decisions 

to schedule medical staff visits to patients. Therefore, more research attention should be placed on 

methodologies and models to support decisions of resources location and allocation. 

Second, few studies have focused on the inclusion of real features in the modeling process of HHC 

logistics management problems. The major interest observed in the literature consists of designing 

efficient solution methods to short-time decision problems. However, key real features as the 

diversification of patients‘ pathologies and HHC service references, as well as work legal regulations for 

medical staff have received little attention in the research literature. The inclusion of these features in 

districting problems and staff management problems such as staffing and shift scheduling can provide 

significant improvements in HHC systems. 

Finally, more research attention should be placed on the study of the hierarchical integral structure of 

logistics management decisions in HHC. For example, at the staff management dimension, the staffing 

decisions and their allocation to districts are long-term decisions that are influenced by the distribution of 

patients‘ demands. Nevertheless, these demands are dynamic over time and thus new hiring decisions and 

staff configurations for districts might be required in the medium-term. This suggests that an integrated 

analysis of logistics decisions among different decision levels can provide a better support, if the impact of 

long-term and medium-term decisions is integrally evaluated. 
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3. Home Health Care Logistics Management Problems: A 

critical review of models and methods 

 

3.1  Introduction 

In this chapter, we provide a critical review of models and methods used to support decisions logistics in 

HHC. For doing so, we first use the proposed framework in order to identify research perspectives in the 

field. With this framework, we present a review of the current literature of models and methods used to 

support logistics decisions. Based on the state of the art identified, we then present a critical analysis of 

the review, pointing out important features that have received little attention in the literature. Finally, we 

conclude and identify research perspectives. 

The literature on health care modeling is vast, and is rapidly growing. In the past few decades, many 

review papers have been written in the health care field (Brailsford and Vissers, 2011). To the best of our 

knowledge, Fries (1976) published the first international review of health care modeling, in which 188 

papers were classified into 15 categories according to the area of their application. Later on, the author 

presented an update with 164 new papers published up to 1979 (Fries, 1979). More recently, other surveys 

include the application of discrete event simulation to health care clinics (Jun et al., 1999a; Fone et al., 

2003a; Brailsford et al., 2009) and the use of OR models to improve the planning and scheduling of 

operation theatres (Guerriero and Guido 2011; Cardoen et al. 2010; Magerlein and Martin 1978). 

Because the literature in health care is very extensive, we restrict our attention only to papers that deal 

with logistics management decisions in Home Health Care services. Even though IE and OR techniques 

have made significant contributions to assignment and scheduling problems in health care, the literature 

generally fails to address more critical problems at the strategic and tactical level in HHC. Therefore, the 

focus of our survey is oriented to identify the existing literature on methodologies and models used to 

support such decisions and to identify research perspectives on the field. Our review included the revision 

of works presented at international conferences such as INFORMS (Institute for Operations Research and 

the Management Sciences) at the United Sates, ORAHS (The European Working Group ―Operational 

Research Applied to Health Services‖), CLAIO-ALIO (The Latin-Ibero-American Conference on 

Operations Research of the Association of Latin-Iberoamerican Operational Research), and 

bibliographical data bases in which we identified journals that have published health care management 

problems. 

To present an overview of the current literature of models and methods used to support logistics decisions 

in HHC, we follow the classification of logistics problems according to the planning horizon. Thereby, the 

strategic level corresponds to design and planning decisions, the tactical level corresponds to resource 

planning and allocation, and the operational level corresponds to services scheduling.  
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This literature review is not intended to be exhaustive but rather it is directed towards identifying the key 

aspects to consider when designing and implementing a model or a method to support logistics decisions 

in HHC. The main contribution of this review is the classification of the logistics problems according to 

the framework proposed in the previous chapter, and the identification of the characteristics of models and 

methods, including the authors, the problem type, and characteristics, the objective(s), the model structure, 

and the solution methods. 

 

3.2  Design and Planning Decisions 

In the context of Network Design decisions, few researches address facility location and districting 

problems in HHC. Moreover, despite the large number of publications dedicated to the facility location 

problem in health care, we did not find published works that tackle this problem in HHC. Referring to the 

districting problem, the majority of the works that study this decision problem is found in the context of 

general health care (Pezzella et al., 1981; Bullen et al., 1996; Lapierre et al., 1999; Shortt et al., 2005; 

Iannoni et al., 2009; Bandara and Mayorga, 2011) but not specifically in home health care. 

To the best of our knowledge, the first published work that study the districting problem in HHC is due to 

Blais et al. (2003). The authors solved a practical districting problem in the management of public HHC 

services for local community health clinics center in Montreal, in the province of Quebec, Canada. They 

modeled the situation as a multi-criteria optimization problem solved with a Tabu Search heuristic. Two 

criteria were considered in the objective function: the mobility of visiting staff and the workload 

equilibrium among districts. The authors reported an improvement of the districting configuration after 

two years of implementation of the solution in the community center. The improvement was measured in 

terms of the standard deviation of the number of annual visits assigned to the set of districts. Later on, 

Lahrichi et al. (2006) analyzed the territorial approach to deliver homecare services in the same context. 

Based on a historical comparison of patients‘ visits, the authors concluded that the districting problem 

must be solved in a more frequent periodicity due to the changes in the patients‘ census over time. 

Although the authors did not develop a specific model to support districting decisions, they show evidence 

that support that a more dynamic assignment of clients to the nurses is needed to ensure a more equitable 

workload among staff. 

Bennett (2010) studied a home health nurse districting problem through a set partitioning model, which 

was solved by a column generation heuristic that integrated ideas from optimization and local search. In 

the model, district demand, district cost, and district workload feasibility are formally defined and 

included in the mathematical formulation. The solution procedure included a heuristic to obtain an initial 

solution that might be unfeasible. Then, local search was used to attain feasibility and to improve initial 

solutions. The column generation procedure developed begins with an initial set of feasible districts and 

solves the linear relaxation of the set partitioning formulation. Based on computational experiments 

performed with instances of a real home health care agency, the author reported that the column 

generation heuristic is effective when improving initial solutions. 

More recently, Bennett (2012) described the home health nurse districting problem as a tactical decision, 

and identified formulations and solution methods for this problem. The author presented a survey of the 

relevant literature of the problem and found that the works of Blais et al. (2003), Bennett (2010), and 
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Hertz and Lahrichi (2009) are the three studies published that present computational results for the 

districting problem in HHC. According to the author, two formulations are appropriate for the districting 

problem in HHC, the location-allocation and the set partitioning. In the first type of formulation, the 

decisions include selecting which district centers must be opened, and the assignment of each basic unit to 

one district center. The second formulation does not require a fixed set of districts center and a large set of 

possible combinations of basic units is evaluated. Both mathematical formulations are provided, and the 

author identified the usefulness of each of them according to the context. 

 

3.3  Resource Planning and Allocation 

Related to tactical level decisions, resource planning and allocation models have focused on the definition 

of patient admission policies and on the staff assignment problem. The staff allocation decision refers to 

the need to employ temporary staff or to use float staff to handle unexpected large patient demands or staff 

shortages, during particular shifts and to assign individual staff to patients' districts (Turner et al., 2010a). 

Despite the impact of Staff Management and Inventory Management at the tactical level, only few works 

study decisions such as staffing, shift scheduling, and inventory policies for HHC services. On one hand, 

regarding Staff Management, the staffing decision is usually made between the strategic and the tactical 

level, and it involves determining the number of personnel of the required qualification in order to meet 

estimated patients‘ demand. This is a complex problem given the factors to consider such as 

organizational structure and characteristics, personnel recruitment, skill classes of the staff, working 

preferences, and patient needs. At the tactical level, shift scheduling deals with the problem of selecting, 

from a potentially large pool of candidates, what shifts are to be worked, together with the assignment of 

the employees to each shift. 

On the other hand, for Inventory Management, inventory policies determine when the inventory levels of 

each reference of medicines, supplies and devices (MSD) should be reviewed, how much to order from 

the supplier and when to do so (Gutiérrez and Vidal, 2008). Investments in inventory are substantial and 

the control of capital associated with MSD represent an improvement opportunity for the HHC network, 

in which scientific methods can give a significant competitive advantage (Axsäter, 2006). To the best of 

our knowledge, the work presented by Chahed et al. (2009) is the first published paper that tackles the 

inventory problem in a HCC network. They studied the planning of operations related to chemotherapy at 

home, focusing on the anti-cancer drug supply chain. The problem is solved by an optimization model that 

seeks to minimize the production and delivery costs of medicines. The model also considers production 

scheduling and nurse routing decisions simultaneously and is solved by an exact method. 

De Angelis (1998) dealt with the problem of allocating resources to the home care service provided to 

AIDS patients in the city of Rome, Italy. The author developed a linear programming model for solving 

the problem for single organizations and for providing assistance to public health authorities, in order to 

evaluate the results of tentative budgets assigned to home care. The model produces an optimal schedule 

for admitting new patients to the HHC system over a 12-week period, with the objective to maximize the 

total number of patients admitted, subject to constraints on available resources. Patients are classified into 

five classes and the model considers the weekly transition rates of patients among classes, the minimum 

standard of service, as well as uncertainty regarding the level of service that each patient requires. 
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Kommer (2002) developed a waiting list model for residential care for mentally disabled patients in The 

Netherlands. The model is a linear stock-flow model and distributes the mentally disabled patients over 

different living situations. It explicitly includes institutional and semi-institutional care and considers 

ambulatory and other types of care. Four scenarios were also simulated with the objective to include the 

differences in the mortality rate of mentally disabled patients, the supply and use of ambulatory care, and 

the possible effect of uncertainty in the data. According to the author, the results show that continuous 

efforts to supply extra care as well as extra alternative care are required in order to decrease the inflow in 

the waiting list for residential care. 

Van Campen and Woittiez (2003) studied the client demands and the allocation of home care in The 

Netherlands, through a multinomial logit model of client types, care needs, and referrals. The purpose of 

the model was to facilitate policy decisions by offering simulations of intended policy measures. The 

model represents a section of an overall route followed by the person seeking help from a home care 

service. The model was estimated on the basis of more than 7,000 requests for home care in the northern 

area of the Netherlands. Results showed that elderly chronically ill applicants have a greater chance of 

being referred for domestic help only, while applicants with psychosocial disorders are more liable to be 

offered packages that include social support. Patients discharged from a hospital have a greater chance of 

a referral to domestic help only when they are slightly disabled. 

Hertz and Lahrichi (2009) considered the problem of assigning patients to nurses for HHC services, in the 

context of the local community health clinics center in Montreal, Canada, in order to improve the 

workload assignment achieved by the districting configuration defined by Blais et al. (2003). For doing so, 

they proposed a mixed integer programming model that was solved with a Tabu Search heuristic and 

compared with solutions obtained by CPLEX. The objective function was a weighted quadratic relation 

that included three measures of the workload: the average number of visits, the average number of cases, 

and the travel load. A first formulation of the model resulted in a multi-resource generalized assignment 

problem (MRGAP), which is known as an NP-hard problem and it could easily result in unfeasible 

solutions. The authors then developed a non-linear model that minimizes the deviations from the ideal 

average of the three measures considered. The model was tested in three different instances and 

computational experiments demonstrated the effectiveness of the Tabu Search algorithm. No further detail 

is provided about the implementation of the model in the real system in Montreal. 

 

3.4  Service Scheduling 

In the study of Transportation and Staff Management related to staff routing decisions, the first 

application in HHC is due to Begur et al. (1997) who tackled a manpower decision problem in order to 

schedule the available nurses to visit patients in a defined route. The objective was to develop schedules 

that minimize non value-added travel time and balance workload requirements among all nurses. They 

developed a mixed integer programming model for a five-day weekly scheduling problem. The model was 

formulated as a single-depot, single-period multiple travel salesman problem (m-TSP). To solve the 

problem, the authors implemented the well-known Clarke and Wright savings-type route-building 

heuristics (Clark and Wright, 1964) and the sweeping algorithm proposed by Gillett and Miller (1974). 
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They used the insertion procedures proposed by Rosenkrantz et al. (1977) and the edge-exchange 

procedures suggested by Lin and Kernighan (1973) to improve the routes. 

Cheng and Rich (1998) worked on the home health care routing and scheduling problem. The problem 

was treated as a vehicle routing problem with time windows (VRPTW) and multi-depots. Although the 

formulation did not include differentiation among staff skills, feasible matches were defined in terms of 

staff and patients. Staff over-time was also included. The work brought two main contributions: the 

consideration of multiple depots and the scheduling of lunch breaks for staff members. The objective was 

to find an optimal schedule such that each nurse that is scheduled to work leaves her home, visit a set of 

feasible patients within their time window, takes a lunch break, and returns home. To solve it, the authors 

developed a two-phase algorithm. In the first phase, they implemented a parallel tour-building procedure 

and in the second one, attempts are made to improve the resulting tours. The parallel tour-building 

procedure uses a randomized greedy algorithm. To improve the obtained routes, a form of local search is 

performed in the second phase. 

Gurumurthy (2004) worked on a dynamic stochastic vehicle routing problem in HHC scheduling in the 

context of the Senior Care Department of the Sinclair School of Nursing at the University of Missouri in 

the US. The author developed a cluster-first route-second heuristic, three solution strategies to solve the 

problem, and a pure dynamic discrete event simulation model to study the dynamic scheduling and routing 

aspects of the problem. The solution method was tested on a real instance with four staff members and 24 

patients. 

Bertels and Fahle (2006) considered the integration of staff rostering and routing decisions in the context 

of a project for the development of a software called PARAP. The development includes a single-depot, 

single-period configuration with time windows, heterogeneous skills, and shift guidelines. The model was 

formulated as an assignment problem, such that the overall assignment cost is minimized and the patients 

and staff preferences are maximized. Patients' preferences include the accomplishment of time windows. 

Staff preferences include the nurses' preference for certain patients, the experience for certain jobs, and 

factors that guide a fair distribution of difficult jobs. All preferences are modeled as soft constraints and 

penalized in the objective function. To solve the problem, the authors developed a hybrid solution method 

that uses linear programming, constraint programming, and metaheuristics. 

Eveborn et al. (2006) presented the development of a decision support system called LAPS CARE for the 

staff planning in home care. The objective of the support system is to develop visiting schedules for care 

providers that incorporate soft constraints. The system includes time windows, required skills, staff 

breaks, and working areas. These conditions, as well as customer preferences, were modeled as soft 

constraints. The model was based on a VRPTW scheme with a single depot and a single period. The 

authors used a set partitioning approach to solve the model. Akjiratikarl et al. (2007) dealt with the 

scheduling problem of home care workers in the United Kingdom. The problem consists in determining 

optimal routes for each care worker in order to minimize the distance traveled providing that the route 

duration and service time window constraints are respected, while having a multi-depot condition. The 

authors used a Particle Swarm Optimization (PSO) technique to solve the problem. PSO is a population-

based searching technique based on observations of the social behaviors. 

Bredström and Rönnqvist (2008) studied the combination of vehicle routing and scheduling with 

precedence and synchronization constraints. The problem was formulated and solved in a home care 
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environment, as a single-depot single-period case, with time windows, shift guidelines, and heterogeneous 

staff skills. Authors proposed a mixed-integer programming model with the formal constraints of the 

VRPTW and temporal and balancing constraints. They considered four different objective functions: 

minimize preferences violations, traveling time, maximal workload difference, and a combination of the 

second and third functions. To solve the problem, they introduced an optimization based heuristic 

approach, similar to the local branching heuristics presented by Fischetti et al. (2004). The idea of the 

approach is to solve significantly restricted mixed integer programs (MIP) problems to iteratively improve 

the best known feasible solution. The solution approach was tested in a home care staff scheduling 

application (Eveborn et al., 2006), and proposed for forest applications in the harvesting and truck routing 

operations. 

Steeg and Schröder (2008) also studied the combination of the vehicle routing problem and the nurse 

rostering problem and developed a hybrid approach that uses constraint programming and the large 

neighborhood search metaheuristic to solve the model in a periodic HHC problem. The model is proposed 

for a week-period and its objective is to minimize a weighted function composed of the number of nurses 

that visit a patient during the schedule, the nurses cost, and the traveling distance. Time windows, 

frequencies, nurse availability priorities, and shift guidelines were also considered in the model. The 

solution method was tested on randomly generated data and on instances of the periodic vehicle routing 

problem with time windows (PVRPTW) created by Cordeau et al. (1997). 

Justesen and Rasmussen (2008) studied the Home Care Crew Scheduling Problem (HCCSP) in the context 

of the Danish home care company Zeland Care, where the problem was tackled as a combination of the 

VRPTW and the Crew Scheduling Problem with Time Windows (CSPTW). In their problem, a staff of 

caretakers had to be assigned to a number of tasks, such that the total number of assigned tasks is 

maximized. In the model formulation, the authors considered a list of competences for each caretaker, and 

for each competence a level from zero to five that measures the expertise level of each staff caretaker. 

Caretakers' shift assignments and their location were also considered. For each patient a list of tasks were 

considered, and for each task, its address, its duration and time windows, and its priority were included in 

the model. The authors also considered precedence and synchronization relations among tasks, and the 

preferred list of caretakers to perform each task. The objective included three components: maximizing the 

total number of assigned tasks, maximizing the face-to-face time with patients, and minimizing the 

number of violated home care requirements. To solve the problem, the authors developed an exact 

algorithm based on a branch-and-price approach using column generation. The solution method was tested 

on four real-life instances and seven generated instances. According to the authors, in most of the cases, 

near-optimal solutions were found, and significant improvements were achieved when comparing with 

manual and heuristically built solutions. Results of this work were recently published by Rasmussen et al. 

(2012). 

Ben Bachouch et al. (2009) described a mixed integer linear programming model to assign each nurse to a 

set of patients to be visited within each route. The objective of the model was to minimize the total travel 

time and it considered time windows, staff lunch breaks, patient-staff regularity (to make the same staff 

member visits the same patient), and synchronization among staff members. The authors solved one 

instance of the model by two solvers: LINGO of LINDO SYSTEMS and OPL-CLPEX by ILOG Studio. 

The instance included seven patients, three nurses, and a planning horizon of five days. 
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Bennett (2010) developed quantitative methods for the home health nurse routing and scheduling problem, 

considered as a dynamic periodic routing problem with fixed appointment times. The author considered a 

set of patients that must be visited by a home health nurse according to a prescribed weekly frequency for 

a prescribed number of weeks. The costs of offering fixed appointment times are quantified and a 

distance-based heuristics is presented to solve the problem. The author also developed a new rolling 

horizon capacity-based heuristic for the problem, which considered interactions between travel times, 

service times, and the fixed appointment choices when inserting appointments of new patients. Based on 

computational experiments, the new heuristic developed outperformed the distance-based heuristic on 

metrics related to the satisfaction of patient demands. 

More recently, Rabeh et al. (2011) developed a collaborative model for planning and scheduling 

caregivers' activities in a homecare context in France. In the model, patients' time windows, precedence, 

and synchronization relations among visits to patients were considered. The model is based on the 

VRPTW structure. The authors evaluated the model with an instance composed by two caregivers and 

eight patients. In the same year, Trautsamwieser and Hirsch (2011) worked on the optimization of daily 

scheduling for home care services in Austria. In the model, the authors considered working time 

regulations, hard time windows, mandatory breaks, and feasible assignment of nurses to clients. Language 

skills were also included in the model. For solving the model, a metaheuristic solution approach based on 

a Variable Neighborhood Search (VNS) was developed. According to the authors, the proposed method 

finds global optimal solutions for small problem instances and numerical studies show that the algorithm 

is capable to solve real life instances with up to 512 home visits and 75 nurses. The authors also provide a 

comparison with a real life routing plan and show large savings potentials. 

Nickel et al. (2012) presented a mid-term and short-term planning support for HHC services in the context 

of organizations that provide such services in Germany. The authors first introduced the HHC problem as 

a full-sized weekly model, which task is to create a service plan with nurses and patients such that the 

patients are served with the provided nurses. Then, they developed a second model that takes a current 

planning process into account and considers the construction of good master schedules. The master 

schedule problem (MSP) addresses the task to create optimal master schedules for a current patient pool in 

a given week, and to generate a schedule with a minimum number of tours, such that all patients‘ visits are 

performed. Third, the authors studied an operational planning problem (OPP) that considers the 

requirements to incorporate last minute changes into an existing plan resulting from a solution to the HHC 

problem or an assignment of nurses to a master schedule. To solve each of the problems, the authors used 

different metaheuristics such as adaptive large neighborhood search (ALNS) and Tabu Search, combined 

with constraint programming. The capabilities of the solution approaches were evaluated with two real-

world data sets, and results were reported for the HHC problem and the master schedule problem, showing 

an improvement on the solutions. To the best of our knowledge, the work of Nickel et al. (2012) is the first 

published paper that studies the integration of decisions in HHC in different planning horizons. 

Bennett (2012) identified four common formulations to deal with the home health nurse routing and 

scheduling problem: m-TSPTW, MD-VRPTW, PMD-VRPTW, and CPMD-VRPTW. According to the 

author, the multiple travel salesman problem with time windows (m-TSPTW) formulation is useful when 

the assignment of patient visits to nurses and days are treated as exogenous decisions. The multi-depot 

vehicle routing problem with time windows (MD-VRPTW) formulation can be used when it is required to 

include nurse assignment decisions and additional side constraints that match patient requirements and 
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preferences with nurse characteristics. The third formulation (periodic multi-depot vehicle routing 

problem with time windows - PMD-VRPTW) is useful when decisions to include the assignment of patient 

visits to days must be considered. Finally, the consistency periodic multi-depot vehicle routing problem 

with time windows (CPMD-VRPTW) formulation is presented by the author for the cases where nurse 

consistency, defined as the continuity of care, is a desired objective of the problem. In the formulation, 

linking variables and constraints are included to ensure that each patient is visited by the same nurse, on 

the same days, at the same times each week. 

 

3.5  Chapter Summary and Research Opportunities 

In this chapter we have provided a review of models and methods used to support decisions logistics in 

HHC. Tables 1 to 3 summarize the main models found in the literature at the three planning horizons 

respectively. By observing these tables we can conclude that the majority of the models to support 

logistics decisions in HHC have been developed at the operational level and for staff routing and 

scheduling problems. Moreover, the literature review reveals that all works are based on developed 

countries. Two implications derive from these findings. On one hand, the research gap in HHC services 

between developed and developing countries contrasts with the financial constraints on public or national 

health systems. The majority of the countries where research works for HHC services have been 

undertaken are countries with a solid National Health System, where the government is responsible for a 

large part of health expenses. On the contrary, we did not find evidence of a scientific publication nor a 

practical implementation, with the use of models and methods to support this kind of decisions in HHC in 

developing countries. 

On the other hand, the fact that most of the research has been focused on operational decisions, could 

derive in a low impact of the use of models and methods over the HHC systems performance. For each of 

the logistics functions, there is a hierarchy among management decisions that impose constraints in lower 

planning levels and influence the performance of the HHC delivery network. This hierarchy suggests that 

models and methods used to support logistics decisions at the operational level will not have a significant 

impact on the system performance, if decisions made at upper levels are not based on proper 

methodologies to design the network and to assign resources. 

Table 1. Characteristics of the models and methodologies to support logistics decisions in HHC: Design 

and Planning Decisions

 

Problem Problem Model Solution

Type Characteristics Structure Method

Blais et al. 

(2003)

Districting 

problem

Indivisibility of basic 

units, respect of borough 

boundaries, connectivity, 

mobility and work load 

equilibrium

Multi-objective:

Mobility of visiting staff, 

workload equilibrium

Non linear Tabu Search

Bennett 

(2010)

Districting 

problem

Connected service region, 

known demand, known 

set of nurses, balanced 

workload

Minimize the total cost of 

all  districts: total travel 

time of nurses to serve a 

fraction of demand 

withing each district

Set partitioning Column 

Generation: 

Optimization and 

Local Search

Authors Objective(s)
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Table 2. Characteristics of the models and methodologies to support logistics decisions in HHC: Resource 

Planning and Allocation 

 

These results show the lack of attention that the scientific community has had over these important 

decisions in developing countries. Controversially, these countries are the ones facing severe health care 

crisis, and the ones where private companies are often responsible for providing the larger part of health 

care services. These companies are facing more and more complex challenges to support logistics 

decisions in HHC services. Moreover, many of them face the risk of losing financial feasibility, due to the 

increasing demand and the incremental costs for providing the service. There is therefore a strong need to 

develop models and methods to support logistics decisions in those contexts. 

The above considerations allow us to claim that there exist several research opportunities to improve 

models and methods to support logistics decisions in HHC at the strategic and tactical levels. Real features 

can be considered to develop more comprehensive models to support districting, transportation, staff, and 

inventory management decisions. Specific research opportunities are the following: 

 consideration of the increase in the diversification of HHC service references, and its impact on the 

workload measurement in districting and staffing problems; 

 the inclusion of the limited access to specific areas in urban settings in the districting problem; 

 modeling of the staffing problems in HHC environments, that explicitly considers the work legal 

regulation for medical staff in the respective context; 

 inclusion of insurance coverage and districting configurations on patient admission; 

 modeling of work legal regulations in models to support shift scheduling decisions in HHC; 

 development of models to support inventory policies for medicines, supplies and devices along the 

HHC delivery network. 

  

Problem Problem Model Solution

Type Characteristics Structure Method

De Angelis 

(1998)

Patient 

admission

Patients classification, 

variability of the number 

of patients and service 

time, transition rates

Max the number of 

patients admited

Stochastic l inear 

problem

Not provided

Kommer 

(2002)

Patient 

admission

Waiting lists, 

institutional capabilities

Evaluate waiting lists 

policies

Linear recursive 

stock-flow

Simulation

Van Campen 

and Woittiez 

(2003)

Patient 

admission

Patients and services 

classification

Evaluate admission and 

referral policies

Multinomial 

logisitc

Simulation

Hertz and 

Lahrichi 

(2009)

Staff 

assignment

Geographical location of 

patients, nurses 

workload, basic units pre-

assigned to nurses, 

nurses classification, 

patients classification

Weighted quadratic 

relation - three measures 

of the workload: the 

average number of visits, 

the average number of 

cases and the travel load

MILP (Mixed 

integer l inear 

programming) with 

non-linear 

constraints

Tabu Search and 

CPLEX

Authors Objective(s)
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Table 3. Characteristics of the models and methodologies to support logistics decisions in HHC: Service 

Scheduling 

 

 

Problem Problem Model Solution

Type Characteristics Structure Method

Begur et al. 

(1997)

Staff routing Time windows Min travel time and

balance workload

Multiple TSP Savings and 

Sweeping 

algorithms, 

insertion and 

edge-exchange 

procedures

Cheng and 

Rich (1998)

Staff routing Time windows, multi-

depot, lunch breaks

Min staff costs: over time 

and part-time

VRPTW multi-

depots

Two-phase 

algorithm: tour 

building and 

improvement

Gurumurthy 

(2004)

Staff routing Dynamic stochastic 

demand

Min travel time Dynamic 

stochastic VRP

Cluster-first 

Routing-second

Simulation

Bertels and 

Fahle (2006)

Staff routing Time windows, 

heterogeneous staff, shift 

guidelines

Min assignment cost

Max patients and staff 

preferences

Assignment 

problem

Hybrid: l inear 

programming, 

constraint 

programming, 

metaheuristics

Eveborn et 

al. (2006)

Staff routing Time windows, 

synchronization, 

heterogeneous staff

Min total costs: travel 

time, travel cost, 

inconvinient working 

hours

VRPTW

Set partitioning

Repeated matching 

algorithm

Akjiratikarl 

et al. (2007)

Staff routing Time windows, multi-

depot

Min travel distance VRPTW multi-

depots

Particle Swarm 

Optimization

Bredström 

and 

Rönnqvist 

(2008)

Staff routing Time windows, 

precedences, 

synchronization, 

heterogeneous staff, shift 

guidelines

Multi-objective -  

Minimize: preferences 

violations, traveling 

time, the maximal 

workload difference

VRPTW with 

temporal 

constraints

Optimization 

based heuristic

Steeg and 

Schöder 

(2007)

Staff routing Time windows, 

frequencies, nurse 

availability priorities, 

shift guidelines

Multi-objective -  

Minimize: number of 

nurses that visit a 

patient, nurses cost,  

traveling distance

Assignment - 

routing problem

Hybrid: constraint 

programming, 

large 

neighborhood 

search

Justesen and 

Rasmussen 

(2008)

Staff 

scheduling 

and 

rostering

Time windows, 

precedences, 

synchronization, task 

priority, heterogeneous 

staff, multi-depot, shift 

guidelines

Multi-objective

Maximize: the total 

number of assigned tasks 

and the face-to-face time 

with patients. Minimize: 

the number of violated 

home care requirements

VRPTW multi-

depots

Branch and price

Ben 

Bachouch et 

al. (2009)

Staff routing Time windows, staff 

lunch breaks, patient-

staff regularity, 

synchronization

Min travel time Assignment - 

routing problem

LINGO of LINDO 

SYSTEMS

OPL-CLPEX by ILOG 

Studio

Authors Objective(s)
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Table 3. Characteristics of the models and methodologies to support logistics decisions in HHC: Service 

Scheduling (Continued) 

 

In this thesis we consider the identified research opportunities related with districting and staffing 

decisions. First, to study the districting problem in HHC, we include the increase in the diversification of 

HHC service reference, and evaluate the respective impact on workload measurements. Moreover, we 

consider the limited access to specific urban areas due to security reasons for the medical staff. Second, 

we model staffing decisions in HHC, considering work legal regulations and particular HHC logistics 

features. 

The evolution of models and methods reported in the literature show that the integral study of different 

logistics decisions in different planning horizons is an important research opportunity in HHC 

management. Nickel et al. (2012) demonstrated how tactical and operational decisions can be integrated to 

build weekly staff service plans, to schedule staff, and to program patient visits. The integration of 

decisions of different logistics functions, such as districting and staffing, and the impact of their result on 

tactical decisions is also a research opportunity that can provide a better support to improve the 

performance of HHC delivery systems.  

Problem Problem Model Solution

Type Characteristics Structure Method

Bennett 

(2010)

Staff routing Time windows, 

frequencies, shift 

guidelines, multi-depots, 

dynamic, periodic 

problem

Maximize nurse 

productivity

Periodic-Dynamic 

m-TSPTW

Scheduling 

heuristic 

procedure

Rabeh et al. 

(2011)

Staff routing Time windows, 

precedences, 

synchronization, 

Min travel and waiting 

times

Mixed integer 

l inear 

programming 

VRPTW

LINGO of LINDO 

SYSTEMS

Trautsamwi

eser and 

Hirsch 

(2011)

Staff routing Working time 

regulations, hard time 

windows, mandatory 

breaks, and feasible 

assignment of nurses to 

clients

Weighted objective 

function: Min the 

traveling time of the 

nurses and the 

dissatisfaction level of 

clients and nurses

Mixed integer 

l inear 

programming

Metaheuristic VNS 

(Variable 

Neighborhood 

Search)

Rasmussen 

et al. (2012)

Staff 

scheduling 

and 

rostering

Time windows, 

precedences, 

synchronization, task 

priority, heterogeneous 

staff, multi-depot, shift 

guidelines

Multi-objective

Maximize: the total 

number of assigned tasks 

and the face-to-face time 

with patients. Minimize: 

the number of violated 

home care requirements

VRPTW multi-

depots

Branch and price

Nickel et al. 

(2012)

Staff 

scheduling 

and routing

Three models: Home 

Health Care, Master 

Schedule Problem, 

Operational Planning 

Problem

Weighted objective: 

patient-nurse loyalty, 

unscheduled tasks, 

overtime costs and 

traveling. Min the 

number of tours

Mixed integer 

l inear 

programming

ALNS, Tabu Search, 

Constraint 

Programming

Authors Objective(s)
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4. Logistics Management and Performance of Home Health 

Care Providers in Valle del Cauca, Colombia 

 

4.1  Introduction 

In this chapter, we present the findings of the first logistics management study on performance of health 

care institutions certified by the Ministry of Health and Social Protection (MHSP) to provide Home Health 

Care services in the state of Valle del Cauca, Colombia. The study consisted of six axes: (i) 

characterization of HHC providers, (ii) description and evaluation of service processes and maturity; how 

logistics decisions are made in: (iii) network design, (iv) transportation management, (v) staff 

management, and (vi) inventory management. 

Given the relevance of HHC systems, research devoted to support logistics decisions has grown 

increasingly within Industrial Engineering (IE) over the past 20 years (Brailsford and Vissers, 2011; 

Turner et al., 2010a). However, despite the increasing interest from the IE community, most research 

found in the literature refers to studies based on developed countries. Only one work presented the 

implementation of these services in the state of Valle del Cauca from the medical perspective (Echeverri 

et al., 1972), but no published IE work has addressed management decisions to deliver HHC in the state. 

As of December 2013, 482 health care institutions were certified by the Ministry of Health and Social 

Protection (MHSP) to provide HHC services in Colombia (Colombia, 2013). A literature review 

confirmed that to date, no work has been undertaken to identify the challenges and requirements in HHC 

management. In this chapter, we present the first reported logistics management study of the performance 

of health care institutions certified by the MHSP to offer HHC services in the state of Valle del Cauca, 

Colombia. The objective of the study was twofold: first, to characterize how HHC providers make 

logistics decisions associated with the delivery service processes; and second, to identify improvements 

and research opportunities in the field. 

 

4.2  Research Methodology 

In order to characterize how HHC providers make logistics decisions associated with the delivery service 

processes, we followed a seven-stage methodology. In this section we provide a brief explanation of each 

of the stages and the results achieved in the deployment of the research. 

In the first stage, we proposed a HHC conceptual framework to offer a taxonomy in three different 

dimensions from which HHC logistics can be viewed (see Figure 5 in Chapter 2). A complete explanation 

of the conceptual framework is provided in Chapter 2. Second, we identify the state of the art of models 

and methods used to support logistics decisions in HHC. Results of this review are presented in Chapter 3. 
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In the third stage, and based on the state of the art, we designed and validated a semi-structured inquiry to 

investigate the methods used by HHC providers to support logistics management decisions. The inquiry 

was divided into six sections defined by the conceptual framework (see Figure 5 in Chapter 2). The first 

section of the inquiry was dedicated to characterize HHC providers and the services they offer. In the 

second section we evaluated service processes and their maturity levels. Sections three to six were 

dedicated to the four logistics management functions respectively: network design, transportation 

management, staff management, and inventory management. For these four sections, standard questions 

were included in order to identify aspects such as registers characteristics, staff team to support decisions, 

decisions supported on software, and the identification and implementation of improvement opportunities. 

The complete inquiry applied in the study is presented in Appendix B. 

To evaluate the maturity level of each of the service processes, we implemented the Capability Maturity 

Model (CMM) (Kerrigan, 2013). The term "maturity" refers to the degree of formality and process 

optimization from ad hoc practices, to formally defined steps, to managed result metrics, and finally active 

process optimization. Based on a standard maturity scale, each level of the model was adapted to evaluate 

the maturity of logistics processes in HHC providers. The evaluating scale used is illustrated in Figure 7. 

Appendix B includes the maturity level scale for each service processed evaluated. 

 

Figure 7. Maturity levels of the Capability Maturity Model (CMM) 

We identified the population of HHC providers in the state of Valle del Cauca in the fourth stage of the 

research, in order to apply the semi-structured inquiry. The identification was based on the ―Registros 

Especiales de Prestadores de Servicios de Salud, de la Dirección de Prestación de Servicios y Atención 

Primaria del Ministerio de Salud y Protección Social‖, which offers information about the registers of 

health care providers by the MHSP in Colombia (Colombia, 2013). We found that as of December 2013, 

71 institutions were certified by the MHSP to offer HHC services in the state of Valle del Cauca and 40 of 

them were located in the state capital, Cali. 

The fifth stage was dedicated to the contact and invitation of all HHC providers in the state of Valle del 

Cauca to participate in the study. This cycle of contact was done from November 2012 to April 2013. 

During these six months of contact, all HHC providers in the state were invited to participate in the study 

3. Defined
The process is defined as a standard business process

2. Repeatable
The process is documented but not standardized

1. Initial
The process is recognized but undocumented; its deployment is 
ad hoc

5. Optimized
The process is optimized and includes the use of information 
technology

4. Managed
The process is quantitatively managed with performance 
indicators
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by three means: an invitation letter from the municipal secretary of health (MSH), a cycle of contacts by 

telephone and e-mail, and a second invitation letter from the MSH. 

In the sixth stage we applied the semi-structured inquiry to the HHC providers that accepted their 

participation in the study. The inquiry was applied by three means: personal interview, on-line interview, 

and a personal work meeting. In each of the three methods to apply the inquiry, a register and validation of 

each of the answers was done, and we offered accompaniment through the fill process. Every HHC 

provider that participated in the study designated a Service Manager or Service Coordinator to complete 

the inquiry. In some cases, additional consults with other managers were done to confirm answers and 

registers. 

Once the stage of application and validation of the inquiries was completed, in the seventh stage we 

proceeded to process and analyze the obtained data. For each section of the inquiry, we estimated 

centering and dispersion metrics for questions that allowed such analysis, and we also performed an 

exhaustive enumeration for each of the HHC providers for questions that required it. We processed also 

maturity levels for each of the service processes and the logistics functions. For each section we analyzed 

the obtained results and identified improvement opportunities and future work. 

 

4.3  Results 

4.3.1 Characterization of HHC Providers 

From the 71 HHC providers of the state, 40 are located in Cali, and only 31 were effectively providing 

HHC services. Out of these, 12 institutions (39%) responded to the inquiry, despite the efforts to enlist 

most of them. However, those responding to the study allowed drawing critical clues about the logistics 

management of HHC in Cali and the state of Valle del Cauca. 

The 12 institutions are located in the urban area and one of them has offices in three cities: Palmira, Buga 

and Tuluá. The providers‘ state coverage includes eight municipalities with roughly 70% of the total 

population in the state: Cali, Jamundí, Yumbo, Cerrito, Palmira, Buga, Tuluá, and Buenaventura. The 

average age of the HHC providers is 10 years; whereas the oldest provider is the Hospital Universitario 

del Valle which has offered the service since the late 70‘s, four HHC providers were certified by the 

MHPS in the last five years, and two more were certified in December 2012. All providers work as IPS 

(Institución Prestadora de Servicios de Salud) and four of them deliver services as a third-party to other 

health care provider and private companies. Most providers measure the HHC system capacity in terms of 

patients/month with an average of 230 in the coverage area. One of the two largest HHC providers 

reported 16.000 patients/year in the state and 34.000 patients/year in Colombia. 

The type and number of services that each provider offers, and the patient referral source of the 12 

respondent providers are illustrated in Figures 8 to 10. Seven providers indicated that patient‘s referral 

institutions are mainly IPS‘s; one receives patients from the Transit Accidents Obligatory Insurance 

(SOAT) and from the Swedish Society for Dermatology and Venereology. Interestingly, four companies 

(33%) receive patients referred from specialists. 
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Figure 8. Type of services offered by HHC providers in the state of Valle del Cauca, Colombia 

 

 

Figure 9. Number of services offered by HHC providers in the state of Valle del Cauca, Colombia 

 

This characterization showed three important results. First, the two main HHC providers belong to large 

health care and insurance companies in the country. However, a significant number operates in an 

informal scheme, despite their certification from the MHSP. Most of them are small, familiar or single-

person institutions that employ medical staff through contract for services only, and provide the services 

as third-parties. This shows the need to improve control by health care authorities, as it is established in 

North America (Lahrichi et al., 2006) and Europe (van Campen and Woittiez, 2003). 

Second, there is an increase on the number and type of HHC services. Whereas different therapies remain 

the most common service, inclusion of services such as Specialist home visits and Auxiliary nursing care, 

increase the HHC portfolio up to 80 different types of health services. Third, there is a wide variation on 
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the metrics used to measure the capacity of a HHC provider. The two largest providers use a yearly metric 

with 16.000 and 1.700 patients/year, respectively, and few institutions have registers of the number of 

HHC visits/year. Previous metrics proposed by Hertz and Lahrichi (2009) recognize the need to measure 

workloads and capacity of a HHC system, and define that workload of medical staff depends on the type 

of patients assigned. Thereby, they proposed to measure workload in terms of a five patients‘ categories. 

These types of metrics can be used by local providers to improve their capacity to cover demand. 

 

Figure 10. Patients‘ referral sources of HHC providers in the state of Valle del Cauca, Colombia 

 

4.3.2 Service Processes 

Logistics strategy and service structure are planned by a third of the providers in a yearly basis, and nearly 

another third complete this process at the operative level. One of the providers with the highest maturity 

level reported the deployment of a Balance Score Card (BSC) methodology for developing the strategic 

plan. As part of the strategy planning, 75% of the providers estimate the demand for HHC services. One 

provider reported the use of formal statistics forecast systems and 92% indicated that their estimation is 

done empirically, based on demand historical data. 

An average maturity level of 3,2/5,0 was obtained by applying the CMM over six service processes: 

Patient Referral, Patient Admission, Appointment Scheduling, Visiting Patients, Billing Generating, and 

Payment Collection (see Figure 11). Ten providers indicated the use of software to support the Admission 

and Scheduling processes, whereas only four use software to Billing Generating and Payment. One of the 

providers reported the development of its own software for the first two processes, and another indicated 

the use of SAP as an Enterprise Resource Planner (ERP). 

The evaluation of the service processes and their maturity indicated two results. First, only one third of 

providers deploys a yearly strategic planning. This fact is influenced by the lack of demand registers and 

its corresponding estimation, and contrasts with statistics analysis in other countries (van Campen and 

Woittiez, 2003). Eight of the 12 providers reported that demand for services has presented a growing 

erratic behavior during the last ten years. Moreover, this increase on demand has generated disruptions on 
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the service delivery as commented by all providers, resulting in under or non-served patients. However, 

only five providers registered unsatisfied demand. The absence of demand registers limits the ability of 

providers to plan the delivery of HHC services and to complete a comprehensive analysis of their capacity 

to cope with demand variations. 

 

Figure 11. Capacity Maturity Model for Service Processes in HHC, in Valle del Cauca, Colombia 

Second, a standardization of service processes is required if HHC providers wish to improve their 

performance and to reach high maturity levels. For the Patient Referral and Patient Admission processes, 

administrative procedures for patients and IPS must be documented and standardized to assure that HHC 

is delivered as prescribed. At this point, medical and administrative follow-up should be planned, to assure 

that medical feed-back is provided to the referral institution or party when the HHC cycle is completed. 

Currently only two institutions provide this feed-back, thus limiting the prescription for HHC services. 

Figure 12 illustrates the comparison between the average maturity levels of the sector and two providers 

denominated A and B, which represent respectively the highest and the lowest maturity levels in the 

service processes. 

At the Appointment Scheduling process is vital to have a clear definition of the service level desired. Three 

quarters of the institutions include a service promise that indicates a time window in which the medical 

service will be delivered, which is a minimum standard in other countries (Eveborn et al., 2006). The 

fulfillment of this service promise is evaluated by only 67% of the institutions. The standardization of 

service times and a correct use of performance metrics such as patient satisfaction, service opportunity and 

continuity, can contribute to improve the service delivery process. 
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Figure 12. Comparison of Capacity Maturity Model for Service Processes in HHC: Sector Average and 

Two HHC providers 

 

4.3.3 Network Design 

This is a critical logistics decision in HHC systems. Five providers (42%) divide the urban areas into 

districts in order to reduce the travel time of the medical staff for HHC delivery. The average maturity of 

the districting configuration is 1,6/5,0, and two providers indicate the use of software to support this 

decision. On average, providers divide the urban area into eight districts and the average frequency to 

review this decision is 2,33 years. Criteria considered to evaluate the districting configuration include the 

number of patients and the number of visits per district (25% has the registers of number of visits by 

district). Other criteria such as staff assignment and balanced workloads are used in a smaller proportion 

and included empirically. 

Half of the HHC institutions reported the need to improve these decisions through the implementation of 

software and the inclusion of neighborhoods‘ risk information, due to the increase of violent attacks 

against medical staff. These results indicate the need of models and methods to support districting 

decisions and to allow managers to include aspects of the service in the context such as demand diversity, 

the need for balanced workload assignment, and the assignment of medical staff to service delivery in the 

urban area. 

 

4.3.4 Transportation Management 

A HHC system cannot function without transport facilities. A quarter of the institutions reported the use of 

their own fleet for transporting medical staff and delivering the service. In seven institutions, medical staff 

is responsible for their own transportation and two of them use a combination of these two transportation 

systems. The frequency to complete the assignment and scheduling of patients‘ visits to the medical staff 
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vary among the institutions. Eight providers (67%) do this process for each admission, two of them do it 

twice a day and two do it daily. Seven providers (58%) use software to support this decision, and most of 

them consider patient priority and staff travel distance as the main criteria. 

Most of the institutions indicated that the number of visits per day assigned to each medical staff varies 

within 6-10. In this assignment, only five providers (42%) reported the inclusion of time breaks for 

medical staff; more than half (58%) does not include lunch breaks for medical staff. The profile of 

personnel supporting appointment scheduling decisions is in the health field, and most of the time the 

process is completed by auxiliary nurses. 

For a quarter of providers, appointment scheduling represents 20-30% of the operative costs of the HHC 

services. Transportation time and cost of the medical staff cannot be eliminated because service is 

delivered at patient´s location. However, this process can be improved through the use of IE techniques 

(Eveborn et al., 2006; Bennett, 2012), allowing managers to reduce transportation costs, to maximize 

patients and staff satisfaction, and to improve the general quality of the service delivery. 

 

4.3.5 Staff Management 

HHC institutions use a combination of four employment types for medical staff. Nine of them (75%) 

reported the use of direct employment and six out of these nine use a combination of third-party 

employers and contracts for services. Two providers (17%) reported the employment of medical staff 

through worker cooperatives (CTA Cooperativas de Trabajo Asociado) which use unfair compensation 

schemes, and only one employs medical staff through contract for services only. 

According to the type of HHC services provided, institutions employ auxiliary nurses (92%), nurses 

(83%), general practitioners (83%), specialists (58%), physical therapists (100%), occupational therapists 

(83%), and respiratory therapists (92%). Table 4 illustrates the type of employment for these medical 

professionals. Figure 13 allows observing the proportions for each of the type of employments for each 

medical professional. 

The average maturity level to define the number and type of medical staff to employ is 2,7/5,0. Most 

providers make employment decisions based on experience and historical demand data, and none 

indicated the use of software to support these decisions. Although seven institutions (58%) indicated that 

the number of medical staff is accurate and enough, only two of them reported a monthly staff turnover of 

15% for auxiliary nurses, 40% for nurses, and 3,8% for therapists. 

Five providers (42%) reported a cost estimation of medical staff over the operative costs of the HHC 

system; four of them indicated that this cost represents over 40-80%, and the fifth indicated that this cost 

is between 80-100%. This result indicates that staff management is a key point in HHC logistics 

management. Related decisions as Staffing, Shift Scheduling, and Staff Allocation (see Figure 5 in Chapter 

2) are complex problems, and there is a wide set of works that demonstrate the improvements achieved 

when implementing IE techniques in similar health services. Moreover, these decisions influence on the 

medical staff stability and team work, and therefore on the service quality. 
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Table 4. Employment of medical staff by HHC providers, in Valle del Cauca, Colombia 

 Employed  Employment Type n[%]
(a)

 

Medical Staff n [%] Direct Third-Pt. CTA Services 

Auxiliary nurse 11 [92] 7 [58] 4 [33] 1 [8] 2 [17] 

Nurse 10 [83] 7 [58] 1 [8] 0 [0] 3 [25] 

General practitioner 10 [83] 9 [75] 7 [58] 0 [0] 6 [50] 

Specialist 7 [58] 2 [17] 0 [0] 0 [0] 2 [17] 

Physical therapist 12 [100] 4 [33] 2 [17] 1 [8] 8 [67] 

Occupational therapist 10 [83] 4 [33] 2 [17] 0 [0] 7 [58] 

Respiratory therapist 11 [92] 4 [33] 2 [17] 1 [8] 7 [58] 

Other
(b)

 3 [25] 1 [8] 2 [17] 0 [0] 2 [17] 

(a) Number (n) and proportion (%) of institutions that employ each medical professional, for each type of employment. 
 (b) Include: nutritionists (25%), psychologists (25%), and speech-language pathologist (17%). 

 

 

Figure 13. Type of employment for each medical professional by HHC providers, in Valle del Cauca, 

Colombia 

 

4.3.6 Inventory Management 

Inventory of medicines, supplies and medical devices, are managed with three different strategies: owned 

pharmacy service, in-house service, and a third-party service. Only the provider dedicated to deliver 

therapies, does not hold any type of inventory. For medicines and supplies, three providers (25%) use their 

own service, seven (58%) have in-house service, and one (8%) has a vendor managed inventory scheme 
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with its correspondent EPS (Empresa Promotora de Salud). Ten providers offer medical devices and five 

of them (42%) have their own service, whereas the other five use a combination of in-house and third-

party inventory providers. 

These results contrast with inventory management practices in countries with solid national health care 

systems. Previous studies reveal that most of HHC providers are internally responsible for controlling 

inventories along the HHC supply chain (Bennett, 2013; Chahed et al., 2009). Inventory decisions can be 

outsourced with third-parties, but better analytical and quantitative support must be provided to improve 

their management. 

 

4.4  Discussion 

The results of this study allowed identifying how HHC providers make logistics decisions and how the 

service delivery process can be improved in order to ensure the service quality. Furthermore, these results 

can be an input for designing and planning HHC services in the state, and for benchmark studies. 

The characterization of HHC providers indicated three improvement opportunities. First, more detailed 

control can be performed by health care authorities over the certified HHC institutions. The fact that 

22,5% of the certified institutions does not operate continuously and all logistics management is done 

empirically, shows a need for implementing more rigorous methods used for planning, designing and 

operating HHC services. Second, there is a need for standardizing the metric used to measure the capacity 

of HHC providers. They must identify their capacity to meet service demand as well as it is mandatory for 

IPSs to determine the number of available beds when they offer hospitalization services. Although a 

metric of patients/year is a general one, the number of visits per patient can fluctuate significantly, and 

therefore a better metric can be the number of visits/year. Third, due to the increasing number and type of 

HHC services, the capacity measurement can be indexed for each type of service, in order to have a better 

knowledge of each HHC provider. 

The evaluation of service processes and their maturity allowed identifying two main recommendations for 

improving logistics management of HHC providers. First, the strategic planning and the estimation of 

requirements for a HHC system can be improved through a detailed register of served and non-served 

demand of HHC visits, and its corresponding statistical analysis. These registers allow HHC managers the 

possibility to complete an integrated analysis of the system capacity, and to identify resources 

requirements and their corresponding allocation to cope with demand variations. Second, maturity levels 

can only be improved if standards are defined. An average maturity level of 3,2/5,0 over service processes 

indicates a need for process standardization and improvement in HHC delivery. Processes such as Patient 

Referral, Patient Admission, and Appointment Scheduling are not clear in several cases for patients, 

referral institutions and medical professionals, and only two institutions provide a medical feed-back 

report to the original referral source. 
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4.5  Chapter Summary and Conclusions 

In this chapter we have presented the first logistics management study on the performance of health care 

institutions certified by the MHSP to provide HHC services in the state of Valle del Cauca, Colombia. The 

study consisted of six axes defined by the structured framework proposed in Chapter 2. Based on the 

results of the literature review, a semi-structured inquiry was designed, validated and applied to 

investigate the methods used by HHC providers to support logistics management decisions. The inquiry 

also evaluated the maturity levels of each of the service processes, using the Capability Maturity Model 

(CMM). All inquiries and evaluation models were applied with a standardized and objective procedure to 

all HHC providers who voluntarily accepted to participate in the study. Despite the efforts completed with 

the support of the municipal secretary of health to involve all active HHC providers in the region, 

participation was not mandatory. These procedures, the design and validation of the semi-structured 

inquiry and the standardization on the procedures to process results data, guarantee the objectivity of the 

study. 

Among other relevant findings, the study presented in this chapter has identified the need to develop a 

more integrated health logistics network and standardization of logistics process to improve HHC delivery 

through IE optimization techniques. First, attention should be placed on network design decisions, 

especially on the districting configuration of services. Half of the providers indicated that this process 

needs to be improved, and robust epidemiological criteria, demand for services, balance workloads for 

medical staff, and the feature of safety issues to enter specific urban zones have to be included in the 

analysis. 

Second, the integration of transportation management and network design decisions should be considered, 

given the relevance of travel times and costs to provide the service. Because of geographical dispersion of 

patients and security constraints, special attention should be placed on appointment scheduling, estimation 

of service and travel times, and assignment of patients to medical staff. 

Third, there is a need to acknowledge the relevance of the staff management in HHC services. A proper 

definition of staff requirements and its correspondent assignment to serve patients are critical decisions 

that directly influence the patient service quality and the work conditions of the medical staff. All 

improvements that can be made based on the findings of this study should lead to more efficiency and 

better quality of HHC services for the most important party of the health care system: the patient. 

Knowledge of the population epidemiological profile in the area of influence is vital to improve the 

organization, quality and efficiency of HHC providers. Likewise, logistics of HHC delivery can be 

improved with epidemiological information about disease prevalence and incidence, demographic profile 

(age, sex, fertility and mobility), and socioeconomic level (income and education) of the population 

served. Also, distance from health facilities and communication infrastructure (roads, streets, transport, 

and telephones) are critical inputs for network design, transportation and staff management, and inventory 

management of medicines, supplies and medical devices, used by HHC providers. 
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5. A Home Health Care Districting Problem in a Rapid-

Growing City 

 

5.1  Introduction 

The Home Health Care (HHC) logistics management framework proposed in Chapter 2, allowed 

identifying that the districting configuration of an urban area is a major strategic decision that defines the 

network design of the service and influences decisions at tactical and operational decision levels. The 

review of the state of the art presented in Chapter 3, also revealed that few works have addressed the 

districting problem in the context of developing countries, and important features such as the 

diversification of HHC services, the differentiation among patients and medical staff, and the security 

levels of urban zones have not been specifically included in the analysis despite their impact on the design 

and operation of real HHC systems. Moreover, the diagnosis of HHC providers in a large region of 

Colombia presented in Chapter 4, allowed evidencing the challenges and improvement opportunities that 

HHC managers face when making logistics decisions. Therefore, the contribution of this chapter is the 

inclusion of real features that characterize districting decisions when HHC services are delivered under the 

particular conditions of a developing country. As indicated, such features have not been yet considered in 

the literature, and our objective is to reduce the gap between the state of the art and the real operative 

conditions of HHC providers in a rapid growing city. 

Colombia is the second populated country in Latin America with nearly 46 million inhabitants (World 

Bank, 2012). As other countries in the region, Colombia faces a severe health crisis with a very restrictive 

budget for health services and a growing population. As stated before, HHC services have appeared as an 

alternative to improve the performance of health care providers and the utilization of scarce resources, 

providing a lower general cost for the health system. In Colombia, the health care system is regulated by 

the government through the Ministry of Health (MHSP: Ministerio de Salud y de Protección Social). 

However, to date, an important fraction of the service is delegated to the private sector, under an 

employer-based social insurance scheme. This scheme creates a combined Social Security System (SSS), 

in which part of the health service is provided by the government to the under-privilege non-working 

population through a subsidized system, and the other part is provided by private insurance companies in 

an employer-based system. As of December 2013, 482 institutions are certified by the MSPS to provide 

HHC services in Colombia. 

When providing HHC services, the partitioning of an urban area into suitable districts is a major decision 

known as districting (Gutiérrez and Vidal, 2012). The districting problem (DP) consists of defining 

districts made up of several territorial basic units in order to ensure that the service is delivered to the 

patients‘ location at the prescribed times, and to assign balanced workloads to the medical staff. The 

WHO identified that to strength district health care, it is essential to improve tactical and operational 

management (Tarimo 1991). According to the author, six key issues pertain to this type of management, 
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which includes: (i) personnel and training, (ii) organizational structure, (iii) the health care team, (iv) 

delegation, supervision and incentives, (v) supplies, logistics and maintenance, and (vi) financial 

management. These issues must be integrally coordinated to ensure that HHC goals are achieved. 

Given a districting configuration, medical staff will be then assigned to take care of patients in each 

district, and therefore, the size of an urban district will partly define the time that medical staff will spend 

traveling among patients‘ houses, and actually taking care of patients when performing medical activities. 

From the workload assigned to a medical staff in HHC, these two activities (traveling and taking care of 

patients), are usually known as travel workload and visit workload, respectively. Rasmussen et al. (2012) 

defined these activities as Road time and Face-To-Face time, and identified that an important aim when 

assigning medical staff is to maximize the Face-To-Face time. Equivalently, it is expected that the 

districting configuration contributes in the maximization of the time that medical staff spends taking care 

of patients (visit workload), minimizing likewise the time they have to spend traveling among patients 

(travel workload). 

The DP has been studied in political contexts, school and police districting, and sales territories. As 

previously presented in Chapter 3, three authors have studied this problem in the HHC context. Blais et al. 

(2003) solved a practical districting problem in the management of public HHC services for a local 

community health clinics center in Montreal, in the province of Quebec, Canada. Bennett (2010) studied a 

home health nurse districting problem through a set partitioning model, which was solved by a column 

generation heuristic that integrated ideas from optimization and local search. Benzarti (2012) studied the 

problem in the French context. More recently, Bennett (2012) described the home health nurse districting 

problem as a tactical decision, and identified formulations and solution methods for this problem. The 

author presented a survey of the relevant literature of the problem and found that the works of Blais et al. 

(2003), Bennett (2010), and Hertz and Lahrichi (2009) are the three studies published that present 

computational results for the districting problem in HHC. A detailed analysis of these works is presented 

in Gutiérrez and Vidal (2013a). 

The diagnosis of HHC providers presented in Chapter 3 allowed identifying that currently in Colombia, all 

decisions related to districting in HHC are manually made, and there is not a formal methodology to 

estimate demand among basic units, neither to define districts nor assign resources to them (Gutiérrez et 

al., 2014a). As a result, HHC providers face unbalanced workloads among medical and administrative 

staff among districts, and long travel distances of medical staff. The districting configuration has a direct 

impact on medical staff capacity and productivity, as well as on the quality of the service provided. 

Furthermore, we have not found an application of the problem in HHC that considers the socio-economic 

conditions of developing countries. Thereby, we are interested in studying the districting problem within 

the HHC services, considering the effect of rapid-growing cities, a social and political phenomenon that 

occur specially in such countries. 

In this chapter we study the districting problem in HHC (DPHHC) in the context of a rapid-growing city, 

and describe how socio-economic conditions of a developing country can be included in the analysis. The 

chapter is organized as follows: First we identify how different mathematical formulations can be used to 

support DPHHC decisions. Then we propose a bi-objective mathematical model which includes arising 

issues in rapid-growing cities, and explain our solution strategy. After that, we present a case of study of a 

rapid-growing city, and explain real data collection and parameter estimation procedures. We then provide 

an analysis and discussion of the results obtained. Finally, we present our conclusions and future research. 
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5.2  Research Methodology 

5.2.1 The districting problem in HHC: Prior Research 

A recent review of the literature showed that two formulations are appropriate for the DPHHC: location-

allocation (LA) and set partitioning (SP) (Bennett, 2010). Moreover, a variation from the first formulation, 

known as facility-location (FL), has proved to be appropriate for certain conditions of the DPHHC. The 

first formulation requires a fixed set of district centers, and decisions include the assignment of each 

subunit to exactly one district center. The facility-location (FL) formulation does not require a predefined 

set of district centers. Instead, this formulation allows m district centers to be selected from n basic units. 

In the set partitioning (SP) formulation, a subset of the potential feasible districts is selected such that each 

subunit is assigned to exactly one district center. This formulation does not require a fixed set of district 

centers. 

Table 5 presents a summary of the three common formulations for the DPHHC. For each formulation, we 

identify the authors whose work is attributed to, the notation, the mathematical formulation, and an 

explanation of each equation. This summary allows identifying common mathematical structures that can 

be implemented, and provides elements to justify the selection of a particular formulation in order to 

include arising issues of the problem in a given context. 

Table 5. Common mathematical formulations for the DPHHC 

Location-Allocation (LA) 

Hess et al. (1965) 
Facility-Location (FL) 

Hojati (1996) 
Set-Partitioning (SP) 

Bennett (2010) 
Notation: 

𝑚: defined set of district centers 

𝑛: set of basic units 

𝑐𝑖𝑗 : cost of assigning subunit 𝑖 to 

district center 𝑗  
𝑥𝑖𝑗 : binary variable indicating 

whether subunit 𝑖 is assigned to 

district center 𝑗 
𝑑𝑖 : demand of basic unit 𝑖,  
𝑎 =  𝑑𝑖𝑖 /𝑚: average demand 

Notation: 

(additional to Hess et al., 1965) 

𝑚: set of potential district centers 

𝑛: set of basic units 

𝑥𝑖𝑗 : variable indicating the fraction 

of subunit 𝑖 to be assigned to 

district center 𝑗 
𝑦𝑗 : binary variable indicating 

whether subunit 𝑗 is selected as a 

district center 

Notation: 

𝒟: set of all feasible districts  

𝛾𝑖𝑗 : binary parameter indicating 1 

if district 𝑗 includes subunit 𝑖 and 0 

otherwise 

𝐶𝑗 : cost of district 𝑗 

𝑦𝑗 : binary variable indicating 

whether district 𝑗 is selected 

 

Formulation: 

𝑀𝑖𝑛   𝑐𝑖𝑗 𝑥𝑖𝑗

𝑛

𝑖=1

𝑚

𝑗 =1

 
 

(1) 

Subject to:  

 𝑑𝑖𝑥𝑖𝑗

𝑛

𝑖=1

= 𝑎 , ∀𝑗 
 

(2) 

 𝑥𝑖𝑗

𝑚

𝑗 =1

= 1,             ∀𝑖 
 

(3) 

𝑥𝑖𝑗  ∈ {0,1} (4) 
 

Formulation: 

𝑀𝑖𝑛   𝑐𝑖𝑗 𝑥𝑖𝑗

𝑛

𝑖=1

𝑚

𝑗=1

 
 

(5) 

Subject to:  

 𝑥𝑖𝑗

𝑚

𝑗=1

= 1,             ∀𝑖 
 

(6) 

    𝑑𝑖𝑥𝑖𝑗

𝑛

𝑖=1

= 𝑎 𝑦𝑗 , ∀𝑗 
 

(7) 

    𝑦𝑗

𝑛

𝑗 =1

= 𝑚 
 

(8) 

𝑥𝑖𝑗 ≤ 𝑦𝑗 , ∀𝑖, 𝑗 (9) 

0 ≤ 𝑥𝑖𝑗 ≤ 1, ∀ 𝑖, 𝑗 (10) 

𝑦𝑗  ∈ {0,1} (11) 
 

Formulation: 

𝑀𝑖𝑛  𝐶𝑗𝑦𝑗

𝑗  ∈ 𝒟

 
 

(12) 

Subject to:  

 𝛾𝑖𝑗  𝑦𝑗

𝑗  ∈ 𝒟

= 1, ∀𝑖  

(13) 

     𝑦𝑗

𝑗  ∈ 𝒟

= 𝑚 
 

(14 

𝑦𝑗  ∈ {0,1} (15) 
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Table 5. Common mathematical formulations for the DPHHC (Continued) 

 

Location-Allocation (LA) 

Hess et al. (1965) 
Facility-Location (FL) 

Hojati (1996) 
Set-Partitioning (SP) 

Bennett (2010) 
Objective 

(1) Minimizes the total cost of 

assigning subunits to district 

centers 

Objective 

(5) Minimizes the total cost of 

assigning subunits to district 

centers 

Objective 

(12) Minimizes the total cost of all 

selected districts 

Constraints 

(2) Ensure that demand assigned to 

each district is equal to the average 

demand 

(3) Ensure each subunit is assigned 

exactly to one district 

Constraints 

(6) Same as (3) 

(7) Same as (2) if a district is open 

(8) Ensure 𝑚 districts are selected 

(9) Ensure subunits can only be 

assigned to selected districts  

Constraints 

(13) Ensure that each subunit 𝑖 is 

included in exactly one district 

(14) Ensure that 𝑚 districts are 

selected 

 

The LA formulation is attributed to Hess et al. (1965), who presented the model for a political districting 

problem. The main advantages of this model are the ease of understating and implementation. The FL 

formulation was presented by Hojati (1996), in a political context. This model offers the same advantages 

of the LA and does not require a predefined set of district centers. As it is unlikely that exact balance of 

attributes can be achieved, typical LA and FL models for HHCDP found in the literature replace the 

equality constraints (2) and (7) in Table 5, with a set of lower and upper bound inequality constraints. 

The SP formulation provides the flexibility to construct feasible districts within an auxiliary problem (AP) 

and to evaluate their cost in a master problem (MP) in a scheme that efficiently connects both problems. 

Exact and approximate solution approaches are found in the literature for solving this formulation in the 

context of political districting problems (Garfinkel and Nemhauser, 1970; Mehrotra et al., 1998; Bozkaya 

et al., 2003; Ricca and Simeone 2008). A main drawback of this formulation is that, given the structure of 

the MP and AP, the inclusion of variants of the original DPHHC has to be done in the AP, generating a 

greater complexity in this problem and possible infeasibilities when connecting both problems. 

 

5.2.2 Modeling the DPHHC in a rapid-growing city 

Common criteria considered in the DPHHC include contiguity, compactness, balance or equity, continuity 

of care, respect of natural boundaries and socio-economic homogeneity. Benzarti (2012) provides a 

detailed classification of DP criteria into three categories: geographical aspects, activity measure, and 

comparison between different districting configurations. Besides these criteria, we are interested in the 

inclusion of key features arising in rapid-growing cities and developing countries. Most of those issues are 

closely related with social and economic phenomena occurring in such contexts. 

 

The rapid-growing city feature refers to population increase in urban areas due to, among other reasons, 

the emigration of people from rural areas (UN, 2011). This phenomenon has intensified in the last decades 

in Latin America, where 79% of the population lives in cities. This trend makes this region the one with 

the biggest proportion of population in urban areas among the developing countries in the world 

(PNUMA, 2010). This condition results in common problems of urban areas: the proliferation of marginal 
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neighborhoods, the increment of epidemic diseases, the weakness of governmental control and security, 

and the lack of access to basic services such as health services (Vij, 2012; UNFPA, 2011). 

 

The implication of the rapid-growing city feature on the DPHHC is due to three factors: geographical 

disposition of the population, security conditions to access certain neighborhoods, and trends of demand 

for HHC services. In general, new population arriving to an urban area locates in the periphery of the city, 

expanding the coverage area. Most of the time these are marginal areas and access to those neighborhoods 

is limited due to geographical reasons or to the lack of street networks. Furthermore, because of social and 

economic difficulties that these populations face, the security of the medical staff is at risk, so that many 

HHC providers have restrict coverage policy to certain neighborhoods and day-time hours. Likewise, the 

quantity and types of demand for HHC has increased, due to the increase of the population, their aging, 

and their social and sanitation conditions, leading to higher morbidity. 

 

Consequently, we include the described features into four arising issues. First, due to the increase in 

diversity of demand for HHC services, we consider the set 𝐴, which identifies the different types of 

medical activities. This implies that demand for HHC services must be indexed by the type of activity 

𝑎 ∈ 𝐴. Second, given the complexity to measure service times due to different types of patients and their 

pathologies, we include the set 𝑃 to identify each type of patient. Therefore, service times must be indexed 

by type of activity 𝑎 ∈ 𝐴 and type of patient 𝑝 ∈ 𝑃, as 𝑠𝑡𝑎𝑝 . Third, the diversification of patient types, 

pathologies and medical activities generates the need to differentiate among the types of medical 

professionals that can perform each medical activity. Hence, we include the set 𝐾 which defines the types 

of medical staff, and the subset 𝑆𝑘  which allows identifying the set of activities 𝑎 ∈ 𝐴 , that can be 

performed by each type of staff member 𝑘 ∈ 𝐾, where  𝑆𝑘 = 𝐴𝑘 . Fourth, due to the security risks that 

medical staff faces, we include the variation of security levels in each basic unit 𝑖, with the parameter 

𝑟𝑖  ∈ [0,1]. The inclusion of this parameter allows partial demand satisfaction in basic units in which 

security levels are less than 1. Conversely, if 𝑟𝑖 = 1, then the demand of basic unit i can be fully satisfied. 

 

To include the four arising issues in the DPHHC, we adapted common formulation structures from the LA 

model and from ideas presented by Blais et al. (2003) and Bandara and Mayorga (2011). The LA 

formulation offers a flexible structure that allows including variants of the original problem. Moreover, 

ideas from the selected authors allow improving the quantification of workloads and the estimation of 

travelling distance among districts. As previously indicated, the workload assigned to a staff member 

includes the travel workload and the visit workload, which correspond respectively to the time dedicated 

to travel among patients‘ homes and the time dedicated to take care of patients performing medical 

activities. The travel workload is defined by the total time that the entire workforce will travel among all 

districts in the planning horizon. The visit workload is defined as the total time that the entire workforce 

will dedicate to take care of all type of patients, performing all type of medical activities, in the planning 

horizon. Because the DPHHC decisions are made for a strategic-tactic horizon, workload estimations are 

integrally completed for all type of patients and all medical activities for such period. 

 

Advisedly, we did not include constraints to force contiguity among basic units of a given district. Given 

the strategic-tactical scope of the decision and the geographical distribution of demand for different types 

of HHC services, each type of staff member may be required to travel among non-contiguous basic units  

to cover all types of services, while obtaining a good utilization of working time and reducing travel 



Doctoral Thesis 

63 

workloads. Galvis and Mock-Kow (2014) propose first and second order contiguities in a DPHHC in a 

similar context; their results show that larger travel workloads are generated when including such 

constraints. 

 

Besides the sets and parameters explained above, the model formulation includes a set of basic units 𝐼 that 

must be assigned to one and only one district 𝑚 from the set of districts, 𝑀. The demand for HHC 

services, that is the number of annual visits required in each basic unit 𝑖 ∈ 𝐼, for each medical activity 𝑎, 

for each type of patient 𝑝 is denoted as 𝑑𝑖𝑎𝑝 . The service time for each medical activity 𝑎 and each type of 

patient 𝑝 is denoted as 𝑠𝑡𝑎𝑝 . The time to travel between basic units 𝑖, 𝑗 ∈ 𝐼 is defined as 𝑡𝑖𝑗 . 

 

The model identifies the inclusion of each pair of basic units into each district. Consequently, the binary 

decision variable 𝑥𝑖𝑗𝑚  takes the value of 1 if both basic units 𝑖 and 𝑗 are assigned to the same district 𝑚; 0, 

otherwise. This formulation allows quantifying the total distance travelled by the medical staff in each 

district 𝑚. Similarly, the binary variable 𝑦𝑖𝑚  controls the assignment of each individual basic unit 𝑖 to a 

district 𝑚. Furthermore, decision variables  𝛿𝑚
−  and  𝛿𝑚

+  quantify the lower and upper deviations of the 

workload of each district 𝑚, from the average workload 𝑊 . Auxiliary variables 𝑉𝑚 , 𝑇𝑚 , and 𝑊𝑚 , denote 

the visit, travel, and total workloads for each district 𝑚, respectively. The proposed bi-objective mixed-

integer program follows: 

 

 𝑀𝑖𝑛: 𝑓1 =      𝑑𝑖𝑎𝑝  𝑟𝑖  𝑡𝑖𝑗 𝑥𝑖𝑗𝑚

𝑝∈𝑃𝑎∈𝐴𝑗  ∈ 𝐼 |𝑗 >𝑖𝑖  ∈ 𝐼 𝑚  ∈ 𝑀

 

 

(16) 

 𝑀𝑖𝑛: 𝑓2 =  (𝛿𝑚
− +  𝛿𝑚

+ )

𝑚  ∈ 𝑀

 

 

(17) 

   

 Subject to:  

   𝑦𝑖𝑚

𝑚  ∈ 𝑀

= 1, ∀ 𝑖 ∈ 𝐼 

 

(18) 

  𝑥𝑖𝑗𝑚 ≤  𝑦𝑖𝑚 , ∀  𝑖, 𝑗  𝑝𝑎𝑖𝑟𝑠  |𝑗 > 𝑖 , 𝑚 ∈ 𝑀 

 

(19) 

  𝑥𝑖𝑗𝑚 ≤  𝑦𝑗𝑚 , ∀  𝑖, 𝑗  𝑝𝑎𝑖𝑟𝑠  |𝑗 > 𝑖 , 𝑚 ∈ 𝑀 

 

(20) 

  𝑦𝑖𝑚 +  𝑦𝑗𝑚 −  𝑥𝑖𝑗𝑚 ≤ 1, ∀  𝑖, 𝑗 ∈ 𝐼  |𝑗 > 𝑖 , 𝑚 ∈ 𝑀 

 

(21) 

    𝑑𝑖𝑎𝑝  𝑠𝑡𝑎𝑝  𝑟𝑖  𝑦𝑖𝑚

𝑝∈𝑃

=  𝑉𝑚
𝑎∈𝐴𝑖∈𝐼

, ∀𝑚 ∈ 𝑀 

 

(22) 

     𝑑𝑖𝑎𝑝  𝑟𝑖𝑡𝑖𝑗  𝑥𝑖𝑗𝑚

𝑝∈𝑃

=  𝑇𝑚

𝑎∈𝐴𝑗  ∈ 𝐼 |𝑗>𝑖𝑖 ∈ 𝐼 

, ∀𝑚 ∈ 𝑀 

 

(23) 

 𝑊𝑚 = 𝑉𝑚  +  𝑇𝑚 , ∀𝑚 ∈ 𝑀 
 

(24) 
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  𝑊𝑚 /  𝑀 

𝑚  ∈ 𝑀

= 𝑊  

 

(25) 

 𝑊𝑚 +  𝛿𝑚
− −  𝛿𝑚

+ =  𝑊 , ∀ 𝑚 ∈ 𝑀 
 

(26) 

 𝑥𝑖𝑗𝑚  ∈  0,1  ,         𝑖, 𝑗  𝑝𝑎𝑖𝑟𝑠 |𝑗 > 𝑖 , 𝑚 ∈ 𝑀 

𝑦𝑖𝑚  ∈  0,1   ,         ∀ 𝑖 ∈ 𝐼, 𝑚 ∈ 𝑀   
 𝛿𝑚

− , 𝛿𝑚
+ ≥ 0  ,         ∀ 𝑚 ∈ 𝑀  

(27) 

(28) 

(29) 

 

The objective function (16) minimizes the sum of the total Travel Workload between every basic unit for 

every district, such that  𝑖, 𝑗  𝑝𝑎𝑖𝑟𝑠 ∈  𝐼 |𝑗 > 𝑖 (selecting 𝑖 and 𝑗 in this way helps reduce computational 

time). On the other hand, the objective function (17) minimizes the sum of the total Workload Deviations 

from the average workload 𝑊 , among all districts. Constraints (18) ensure that each basic unit is assigned 

to only one district. Constraints (19)–(21) are logical inequalities that control the assignment of each basic 

unit to each district, and the assignment of both units 𝑖 and 𝑗 to district 𝑚. Constraints (19) and (20) ensure 

that 𝑥𝑖𝑗𝑚  must be equal to zero, unless both  𝑦𝑖𝑚  and  𝑦𝑗𝑚  are equal to 1. Constraints (21) ensure that if 

both basic units 𝑖 and 𝑗 are selected for district  𝑚, then 𝑥𝑖𝑗𝑚  must have value 1. Note that the inclusion of 

decision variables 𝑥𝑖𝑗𝑚  and constraints (19)–(21), corresponds to the linearization of the product of 

variables (𝑦𝑖𝑚 ∗ 𝑦𝑗𝑚 ) as an equivalent quadratic formulation in the objective function 𝑓1 (i.e. replacing 

𝑥𝑖𝑗𝑚  for (𝑦𝑖𝑚 ∗ 𝑦𝑗𝑚 ) in 𝑓1). Constraints (22)–(25) estimate respectively, visit 𝑉𝑚 , travel 𝑇𝑚 , and total 𝑊𝑚  

workloads for each district 𝑚, and the average workload 𝑊  for a selected districting configuration. In 

constraints (26), lower and upper deviations from the average workload 𝑊  of each district 𝑚  are 

quantified. Finally, constraints (27)–(29) define the nature of the decision variables. 

A possible improvement of model (16)–(29) is to estimate Workload Deviations as the range between the 

maximum and minimum workload of all districts 𝑊𝑚𝑎𝑥  and 𝑊𝑚𝑖𝑛 , i.e.  (𝑊𝑚𝑎𝑥 − 𝑊𝑚𝑖𝑛 ). This can be 

done by including constraints 𝑊𝑚𝑎𝑥 ≥ 𝑊𝑚  and 𝑊𝑚𝑖𝑛 ≤ 𝑊𝑚 , ∀𝑚 , and replacing 𝑓2  with 𝑀𝑖𝑛: 𝑓2 =

(𝑊𝑚𝑎𝑥 − 𝑊𝑚𝑖𝑛 ). These changes also allow excluding the strict equality constraints (25) and (26) and 

facilitate the solution process by defining a larger feasible region. We performed a set of computational 

experiments with these changes and found that when values of 𝑖 ∈ 𝐼 and 𝑚 ∈ 𝑀 increase, computational 

times are equivalent to those obtained with the initial formulation of Workload Deviations. Furthermore, 

optimizing 𝑓1  in isolation produces a value of (𝑊𝑚𝑎𝑥 − 𝑊𝑚𝑖𝑛 ) = 𝑊𝑚𝑎𝑥 , since 𝑊𝑚𝑖𝑛 = 0  satisfies 

constraints 𝑊𝑚𝑖𝑛 ≤ 𝑊𝑚 , ∀𝑚, and no parallel estimation of 𝑓2  is obtained. Hence, we discarded these 

changes. 

 

5.2.3 Solution Strategy 

We follow a lexicographic approach to solve the mathematical model and performed a parametric analysis 

for different values of 𝑚. The ordering of objectives 𝑓1 and 𝑓2, as they are shown in (16) and (17), was 

established based on the regional study of HHC providers (Gutiérrez et al., 2014a). The study identified 

that reducing travel time of the medical staff is a priority for HHC providers. Moreover, it was evidenced 

that no attention has been given to balance workloads among districts. 
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Firstly, each objective (16) and (17) is optimized individually, subject to constraints (18)–(29), referred as 

Ω. The optimal value of each objective 𝑙 is denoted by 𝑓𝑙
∗. This process was implemented according to the 

parametric analysis, testing different districting configurations. Besides objectives 𝑓1 and 𝑓2, we evaluated 

two performance metrics: Total Workload 𝑇𝑇  and Average Workload. Since the total Visit Workload 𝑉𝑇 is 

independent of the districting configuration (𝑉𝑇 represents constant yearly demand for services), these two 

metrics depend on the Travel Workload, and thus they vary according with the configuration. Therefore, 

we also evaluated the ratio 𝑇𝑇/𝑉𝑇  (i.e. the ratio between of visit time and travel time). 

Secondly, we evaluated the efficient frontier and identify the trade-offs between objectives (16) and (17). 

For doing so, we implemented the ideas from Sefair et al. (2012) and estimated a compromise threshold 

for objective 𝑓1 , denoted by (1+∝) , where ∝  represents the maximum acceptable deterioration of 

objective 𝑓1. We solved the model to optimize the objective shown in (17), subject to the set of constraints 

Ω. We added constraints (30), which guarantee that the new solution is at least 100 1+∝ % of the total 

travel distance achieved in 𝑓1
∗. 

      𝑑𝑖𝑎𝑝  𝑟𝑖  𝑡𝑖𝑗 𝑥𝑖𝑗𝑚

𝑝∈𝑃𝑎∈𝐴𝑗  ∈ 𝐼 |𝑗>𝑖𝑖  ∈ 𝐼 𝑚  ∈ 𝑀

≤  1+∝ 𝑓1
∗ 

(30) 

This procedure allows identifying acceptable trade-offs between objectives to produce good compromise 

solutions. Moreover, HHC managers can evaluate possible deteriorations on Travel Workloads to obtain 

more balanced districting configurations and improving Workload Deviations. 

We implemented the solution approach in Xpress-IVE (version 7.4), in a Dell computer with a 2.67 GHz 

processor and 4,00 GB in RAM. Computational times to solve each objective functions varied between 86 

seconds and 72 minutes, and complete solutions for all the approach were obtained in less than 120 

minutes. 

 

5.3  Results 

5.3.1 Case Study: Cali, Colombia 

According to the city annual report, the city of Cali‘s population in 2013 reached 2.319.655 inhabitants, 

and projections to 2015 estimate a population nearly 2,4 million in the urban area (DAP, 2012). By 

Municipal Agreements 15 of 1988, 10 of 1998, and 134 of 2004, the city is divided into 22 communes. 

The total surface of the city is 560,3 square kilometers, which results in a density of 4.200 habitants per 

square kilometer. Figure 14 illustrates that Cali´s population varies significantly among communes. 

Furthermore, socio-economic distribution varies among communes, which induces a higher variability 

between the different types of SSS, including the population covered by the Sistema de Selección de 

Beneficiarios para Programas Sociales (SISBEN). 
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Figure 14. Cali, Colombia: Geographical Location and Population Density 

Based on a study of HHC providers in the state of Valle del Cauca (Gutiérrez et al., 2014a), and a 

collaborative work with one of the two largest HHC providers in Colombia, we modeled, implemented, 

and validated a DPHHC of the urban area of Cali, capital of the state. Problem instances are based on real 

data provided by a HHC provider in Cali, which annually takes care of near 16.000 patients, employs 560 

people of more than five types of medical staff, and provides eight types of HHC services. This provider 

offers HHC services in 12 cities in the country, which include Bogotá, Cali, Medellín, Barranquilla, and 

Cartagena, among the largest cities in Colombia. 

As many other HHC providers that participated in the study of the state, the institution that provided real 

data reported improvement challenges in the districting configuration. As a major issue, the provider 

claimed an inefficient staff assignment to patient visits, which has led to hire more medical staff. 

However, despite the increment of workforce, managers and administrative staff complain about 

unbalanced work assignments among districts. As it could be evidenced, this imbalance is due to the 

diversity of demand for medical activities, the types of patients, and the types of medical staff. Having a 

district with 100 acute patients that require a single Practitioner Visit each, is different from having a 

district with 100 chronic patients that require Auxiliary Nursing Care each or a set of Therapies. 

Moreover, HHC providers reported that risk levels in communes are becoming a security issue for medical 

staff. 

 

5.3.2 Data Collection and Parameter Estimation 

We obtained real data of demand for HHC services in Cali and estimated the annual demand for the eight 

types of services delivered in each of the 22 communes of the city. We also estimated the standard service 

time for each service, and the definition of each type of medical staff to perform every service (Table 6). 
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Table 6. HHC Services offered in Cali, Colombia 

Type of Medical Activity 

𝒂 ∈ 𝑨 

Type of Medical 

Staff 

𝒌 ∈ 𝑲 

Group 

Standard 

Service Time 

𝒔𝒕𝒂    , [min] 

Annual 

Demand 𝒅𝒂
     

[annual 

visits] 
Medicines Supply (MSP) 

Auxiliary Nurse (AN) 
G1 

30 45.950 

Auxiliary Nurse Care (ANC-6) 360 5.240 

Auxiliary Nurse Care (ANC-12) 720 15.040 

Auxiliary Nurse Care (ANC-24) 1.440 38.360 

Nursing Care (NCR) Nurse (NU) 30 12.530 

General Practitioner Visit (GPV) Gn. Practitioner (GP) 

G2 

30 6.590 

Specialist Home Visit (SHV) Specialist (SP) 30 2.180 

Therapies Home Visit (THV) Therapist (TE) 60 176.360 

 

According to the results from the HHC providers study in the state, and the type of patients proposed by 

Hertz and Lahrichi (2009), we considered five patient categories: (1) Acute Short-Term (AST); (2) Acute 

Post-Hospitalization (APH); (3) Chronic Long-Term (CLT); (4) Chronic Loss of Autonomy (CLA); (5) 

Palliative Care (PAC). Then, we estimated service times for each activity  𝑎 ∈ 𝐴  and each type of 

patient 𝑝 ∈ 𝑃. For these estimations we also considered each type of medical staff 𝑘 ∈ 𝐾, and its relative 

cost for the HHC system. As shown in Table 2, medical staff of group G1 can perform medical activities 

one to five, which are the most time demanding ones, varying from 30 minutes to 1.440 minutes (i.e. a 24-

hour shift for Auxiliary Nursing Care), per patient per visit. On the other hand, medical staff of group G2 

includes general and specialized medical professionals, who perform medical activities six to eight, whose 

services vary from 30 to 60 minutes per patient per visit. 

To estimate travel times among basic units, neighborhoods representing the geographical center of each 

commune were selected, and travel times among them were estimated using Google Maps®. Furthermore, 

security level estimations for each basic unit were based on violence registers of the city (DAP, 2012). 

Violence acts registers were used to estimate relative violent acts of the total violent acts of the city. Nine 

basic units correspond to those with the largest proportion of violent acts (42% approx.), and were given a 

value of 𝑟 = 0,6. Seven basic units correspond to the 30% of violent acts and were given a value of 

𝑟 = 0,8. Six basic units represented 28% of violent acts and were given a value of 𝑟 = 1,0. 

 

5.3.3 Results Analysis and Discussion 

Table 7 presents the results obtained when minimizing objective 𝑓1, for values of 𝑚, from 1 to 12. As 

expected, and given the structure of equation (16) to estimate Travel Workload, the value of objective 𝑓1 

decreases as the number of districts increases. Furthermore, Total Workload, Average Workload, and 

Ratio 𝑇𝑇/𝑉𝑇  decrease as the number of districts increases (see Figure 15). However, Workload Deviations 

increase from 𝑚 = 1 to 𝑚 = 3 and reach the minimum possible value at 79.658 hours/year, when 𝑚 = 4. 

The improvement of objective function 𝑓1 implies a deterioration of objective 𝑓2, which evidences the 

trade-off between the two objectives. 
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Table 7. Results minimizing Travel Workload (𝒇𝟏) 

m 
𝒇𝟏

∗ : Travel 

Workload 

[hr/year] 

Total 

Workload 

[hr/year] 

Average 

Workload 

[hr/year] 

𝒇𝟐:Workload 

Deviations 

[hr/year] 

Ratio        

𝑻𝑻/𝑽𝑻 

1 1.132.067 2.230.377 2.230.377 0 103,07% 

2 435.002 1.533.310 766.655 210.800 39,61% 

3 242.188 1.340.498 446.833 277.036 22,05% 

4 179.018 1.277.328 319.332 79.658 16,30% 

5 129.777 1.228.087 245.617 346.956 11,82% 

6 94.087 1.192.397 198.733 340.506 8,57% 

7 72.868 1.171.178 167.311 231.159 6,63% 

8 55.736 1.154.045 144.256 172.255 5,07% 

9 43.844 1.142.154 126.906 263.710 3,99% 

10 34.324 1.132.633 113.263 199.284 3,13% 

11 27.805 1.126.115 102.374 226.629 2,53% 

12 22.307 1.120.617 93.385 244.243 2,03% 

 

 

 
Figure 15. Optimized values when minimizing Travel Workload (𝒇𝟏) 

 

Table 8 presents the results obtained when minimizing objective 𝑓2, for values of 𝑚, from 1 to 12. As 

expected, Workload Deviations increase as the number of districts increases. Similarly to the results 

obtained when minimizing objective 𝑓1, Total Workload, Average Workload, and Ratio 𝑇𝑇/𝑉𝑇  decrease 

when increasing 𝑚. However, reduction rates behave differently. Although these metrics become larger 

when minimizing 𝑓2  (except when 𝑚 = 5 ), higher reduction rates are achieved when values of 𝑚 

increases from 3-4, 4-5, and 7-8. Furthermore, variations of Travel Workload behave at different rates. As 

it is likely in this case, reduction rates are smaller to the point of impair Travel Workload when 𝑚 

increases from 6 to 7. 
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Table 8. Results minimizing Workload Deviations (𝒇𝟐) 

m 
𝒇𝟐

∗ :Workload 

Deviations 

[hr/year] 

Total 

Workload 

[hr/year] 

Average 

Workload 

[hr/year] 

𝒇𝟏: Travel 

Workload 

[hr/year] 

Ratio        

𝑻𝑻/𝑽𝑻 

1 0 2.230.383 2.230.383 1.132.073 103,07% 

2 11.492 1.579.638 789.819 481.328 43,82% 

3 18.046 1.448.363 559.545 350.053 31,87% 

4 24.600 1.317.087 329.272 218.777 19,92% 

5 30.408 1.226.503 174.402 128.193 11,67% 

6 36.217 1.225.637 204.273 127.327 11,59% 

7 37.083 1.226.503 175.413 128.193 11,67% 

8 37.949 1.172.423 146.553 74.113 6,75% 

9 47.158 1.163.543 131.010 65.233 5,94% 

10 56.367 1.154.663 115.466 56.353 5,13% 

11 80.945 1.149.851 105.443 51.541 4,69% 

12 105.523 1.145.040 95.420 46.730 4,25% 

 

To identify the trade-offs between objectives 𝑓1 and 𝑓2, we obtain their efficient frontier (see Figure 16). 

We also identify the current districting configuration of the HHC institution that provided real data 

instances and the average configuration of the sector obtained in the study of the state. As observed, the 

highest improvements are achieved when the districting configuration changes from 𝑚 = 1 district (no 

districting at all), to 𝑚 = 2, 3. Moreover, when comparing the frontier against real configurations (𝑚 = 3 

for the HHC institution, and 𝑚 = 8 for the sector), significant improvement opportunities are evidenced.  

 

 
Figure 16. Efficient Frontier: Travel Workload (𝑓1) and Workload Deviations (𝑓2) 

Better districting configurations, measured in Travel Workload and Workload Deviations, can be obtained 

when features of a rapid-growing city are integrally included in the analysis. The inclusion of the 

population disposition improves the estimation of patient‘ locations, distances and travel times, and their 

accessibility factors. The differentiation of types of medical activities, types of patients, and types of 
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medical staff produces more accurate demand estimations, and therefore allows a better resource 

assignment. Also, the inclusion of security factors for each basic unit provides a more detailed control for 

services delivery. 

To estimate compromise thresholds between objectives 𝑓1 and 𝑓2, we performed a parametric analysis of 

∝, considering the average configuration of the HHC sector in the city, with 𝑚 = 8. Furthermore, we 

selected such configuration given the stability that analysis values reach when 𝑚 = 8 for both 𝑓1  and 

𝑓2 .We evaluated values of ∝ = 1%, 5%, 10%, 15% − 30%, since 30% is the maximum deterioration 

allowed for  objective 𝑓1 (see Table 9). Given the structure of the mathematical model (16)-(29) and the 

integer-binary nature of variables 𝑥𝑖𝑗𝑚  and 𝑦𝑖𝑚 , allowing deteriorations of  1+∝ 𝑓1
∗ of Travel Workload 

results in districting configurations with values of 𝑓1 <  1+∝ 𝑓1
∗, and larger significant improvements of 

original Workload Deviations (𝑓2) when minimizing objective 𝑓1 in isolation (i.e. new  𝑓2 ≪ 𝑜𝑟𝑖𝑔𝑖𝑛𝑎𝑙 𝑓2). 

To illustrate the effect of the compromise thresholds, the solutions of the optimization models are 

displayed using ArcGIS (ESRI, 2013) (see Figure 17). 

Table 9. Trade-offs Analysis: Travel Workload (𝒇
𝟏
) and Workload Deviations (𝒇

𝟐
) 

∝ 

[%] 

𝒇𝟏: Travel 

Workload 

[hr/year] 

𝒇𝟐:Workload 

Deviations 

[hr/year] 

Total 

Workload 

[hr/year] 

Average 

Workload 

[hr/year] 

Deterioration 

of 𝒇𝟏
∗  

Improvement 

of 𝒇𝟐 

1 55.735 172.255 1.154.045 144.256 0,00% 0,00% 

5 56.478 155.369 1.154.788 144.348 1,33% 10,87% 

10 57.400 146.450 1.155.710 144.464 2,99% 17,62% 

15 57.969 99.811 1.156.279 144.535 4,01% 72,58% 

20 58.779 92.211 1.157.089 144.636 5,46% 86,80% 

25 62.303 93.706 1.160.613 145.077 11,78% 83,83% 

30 63.094 74.474 1.161.404 145.176 13,20% 131,30% 

 

The trade-offs between objectives 𝑓1 and 𝑓2 are also illustrated in Figure 18. Deteriorations of 𝑓1
∗ of less 

than 10%, produce improvements of 𝑓2 larger than 80%. See for example Table 5 and Figure 5 when 

∝ = 20%. In that case, deterioration of 𝑓1
∗  results in a 5,46% and produces an improvement of 𝑓2  of 

86,80% from the original value of 𝑓2 when minimizing objective 𝑓1 in isolation. These results show that 

small deteriorations in Travel Workload (less than 10%) can produce large improvements in Workload 

Deviations (more than 80%), obtaining therefore more balanced workloads and better districting 

configurations. 
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(a) Minimizing: Total Travel Workload 

individually 

 

(b) Thresholds: Total Travel Workload vs. 

Workload Deviations (∝ = 20%) 

Figure 17. Districting Configurations Obtained 

 

 

Figure 18. Trade-offs Analysis: Improvements of Workload Deviations (𝑓2) due to Deterioration of 

Travel Workload (𝑓1
∗) 
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5.4  Chapter Summary and Conclusions 

In this chapter we have studied the DPHHC in the context of a rapid-growing city, and described how 

socio-economic conditions of a developing country can be integrally included in the analysis through a bi-

objective mathematical model. It was shown that better districting configurations, measured in Travel 

Workload and Workload Deviations, can be obtained when arising features are integrally included. The 

inclusion of the population disposition improves the estimation of patient‘ locations, distances and travel 

times, and their accessibility factors. The differentiation of types of medical activities, types of patients, 

and types of medical staff produces more accurate demand estimation, and therefore allows a better 

resource assignment. Also, the inclusion of security factors for each basic unit provides a more detailed 

control for services delivery. 

The proposed solution method included a lexicographic order of the objectives and a maximum 

deterioration of the objective with higher priority. This approach allowed identifying the efficient frontier 

and trade-offs between objectives. These analyses showed that small deteriorations in Travel Workload 

(less than 10%), can produce large improvements in Workload Deviations (more than 80%), obtaining 

therefore more balanced workloads and better districting configurations. Furthermore, the analysis allows 

HHC managers studying a set of different possible solutions, varying the values in which each objective is 

deteriorated or improved. 

Finally, although the proposed model and its solution method for the DPHHC were implemented and 

validated in the case study for the urban area of Cali, the approach can be easily extended for other HHC 

providers in other cities in Colombia and other developing countries. This study allowed us to work with a 

wide range of actors of HHC services: general managers, administrative and health staff, medical staff and 

practitioners, and most importantly, patients. This experience showed that quantitative and qualitative 

techniques can be used to help health providers to improve the delivery of HHC services. Moreover, it was 

evidenced that medical criteria and better patients‘ characterizations can be integrally included in the 

analysis, and that administrative and economic criteria can be optimized, ensuring a good quality service 

to patients. 
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6. A Staffing-Recruitment Problem in Home Health Care 

 

6.1  Introduction 

Based on the Home Health Care (HHC) logistics management framework proposed in Chapter 2, the 

literature review studied in Chapter 3, and the logistics diagnosis of HHC providers presented in Chapter 

4, in this chapter we study the staffing-recruitment problem as one of the key logistics decisions of the 

staff management function. Furthermore, staffing decisions are part of the hierarchical interdependencies 

between different planning horizons of the network design and the staff management functions, and 

consequently we study the characteristics and features of these decisions, in order to complete the analysis 

and develop an integrated approach that addresses the hierarchical conditions. 

Recent changes in health care systems worldwide have created new challenges for health human resources 

management. This management, often denoted in the literature as Workforce Planning, Workload 

Management, and Manpower Planning among other common terms, refers to the efficient and effective 

allocation of human capital resources to cover demand requirements for services and goods. According to 

Khoong (1996), the goal of a staff management system is ―to ensure that the right people are available at 

the right places and at the right times to execute corporate plans with the highest quality levels‖. In health 

care services, this is one of the greatest challenges that managers face today, since such resources 

represent the largest portion of the budget for most of healthcare organizations (Ozcan, 2009), and 

simultaneously medical staff is responsible for offering the best possible service to patients. 

A report of the World Health Organization (WHO) indicated that managing and deploying human 

resources efficiently are key challenges for the health care industry in the coming decennia due to the 

increasing demand for care, costly technologies, and health care provision (Zurn et al., 2005). The report 

also identified that recruitment, employment and retention problems should be appropriately addressed 

since staff shortages and inadequate and/or unmotivated health care workers have adverse effects on the 

performance of health care services and the quality of care. Staff management in HHC faces these 

challenges in a complex setting in which coordinated medical care should be delivered to patients‘ homes 

rather than hospitals, and therefore managers should synchronize the efficient use of resources. 

As mentioned before, a HHC system is a service network that includes the patient, the person who asks for 

the home care, the people involved in the logistics implementation and in the financial aspect of the 

service, and the home care team (Bricon-Souf et al., 2005). Staff management corresponds to one of the 

logistics functions that managers have to face when coordinating this services network (Gutiérrez and 

Vidal, 2013b), and it is often seen as a multi-phase sequential planning and control process that consists of 

three decision problems: staffing, shift scheduling, and staff allocation. As recently stated by Gutiérrez 

and Vidal (2013b) and Maenhout and Vanhoucke (2013), there is a hierarchy among each of decision 

problems that impose constraints in lower planning levels and influence the performance of the HHC 

delivery network: the staffing decisions restrict shift scheduling decisions, while shift scheduling decisions 
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then restrict the allocation alternatives. Although most of the literature has focused on solving scheduling 

and allocation problems at operational levels, research needs have been identified at tactical and strategic 

levels (Turner et al., 2010a). It has been proved that, given the limited resources and the very restrictive 

budgets for health care, especially in developing countries, the location and allocation of long-lasting 

resources at strategic and tactical levels are key decisions that determine the performance of the health 

delivery system in a large proportion. Therefore, in this chapter we focus on the staffing-recruitment 

decision problem in HHC services. 

 

6.1.1 Problem description 

The goal of HHC services when they first appeared around 1950, was to improve the performance of 

health care providers and the utilization of scarce resources, providing a lower general cost for the health 

system and improving patients' life quality (Cotta et al., 2001). To achieve these objectives, and to ensure 

that health services are delivered at patients' homes as prescribed, HHC managers must make sure that the 

"right" number of the "right" types of medical staff are available at the "right time", for the "right patient". 

Medical staffing levels impact waiting times, patient throughput, and the quality and effectiveness of the 

services provided by the health care system (Tomblin and O‘Brien-Pallas, 2004), as well as the 

performance of other staff management decisions at lower planning levels. 

We refer to the staffing-recruitment problem in HHC (SRPHHC) as the process of determining the 

required number of each type of staff to hire at each period to satisfy demand requirements and minimize 

staffing costs. Current work legal regulations and HHC settings make these decisions a difficult task, 

especially in developing countries where health workers operate in situations of resource scarcity of all 

kinds (Zurn et al., 2005). Such regulations influence the way medical professionals are hired and in 

working times availability. We study those influences on the SRPHHC, and explicitly consider the 

different type of legal hires and the work regulations for working hours in a developing country in Latin-

America. 

With respect to work legal regulations, we focus our study on Colombia, the second populated country in 

Latin America with nearly 46 million inhabitants (World Bank, 2012). In Colombia, three hiring types are 

legal according to the work regulations in 2014: direct employment, employment through third-parties, 

and employment through contract for services. Moreover, according to the Law 50 of 1990 (article 20), 

regular working hours are 48 hours/week and eight hours/day. These hours can be completed from 06:00 

to 22:00, and night hours go from 22:00 to 6:00 (Law 789, 2002). The yearly average working time is 52 

weeks and its equivalent vacation time corresponds to 15 labor days. A staff member can work a 

maximum of two overtime hours/day, and 12 overtime hours/week. The overcharge of an overtime hour is 

calculated based on the regular working hour defined by the concerted monthly salary and the time of the 

day and the week: night hour, day overtime-hour, night overtime-hour, holiday day overtime-hour, and 

holiday night overtime-hour. As evidenced by Rogers et al. (2004), medical errors and negative effects on 

patients safety increase significantly when medical staff work more than 40 hours/week. Despite these 

evidences, regulations in Colombia make a 48 hours/week the mandatory minimum working time that 

could go up to 60 hours/week when considering 12 hours/week of overtime. This legal requirement clearly 

puts patients safety at risk, but it is the way the government legislates working guidelines, and therefore 

we explicitly include it in the SRPHHC with the aim to formulate a more realistic mathematical model. 
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Due to the required mobility of medical staff within urban areas and to technical characteristics of medical 

procedures at patients' homes, empirical evidence shows high staff turnover ratios in HHC settings. 

Although this is not a desired condition in health services, work legal regulations and working 

environments promote their occurrence, generating the need to consider such issue in staffing-recruitment 

decisions. To integrate the effect of this condition, we include the learning-curve phenomena which states 

that as long as an individual or organization increases his/its experience in a specific task for producing a 

unit or service, the time and cost dedicated to each unit or service decreases. Yelle (1979) presents various 

definitions of ―learning-curve‖ in a seminal work that reviewed the theory and applications of this 

concept. In this chapter, we consider the learning-curve factor as a proportion of the working time reduced 

due to the possible inexperience of a new hired medical staff. 

Other characteristics of the SRPHHC include the planning horizon, initial conditions of the system, and 

medical staff travel times. Given the frequency and horizon in which HHC providers review staffing 

decisions, we consider a one year horizon with monthly reviews of the decisions (Gutiérrez et al., 2014a). 

As we study the decision problem for providers who already deliver the service, we include the number of 

available staff at the beginning of the planning period, as the workforce already hired by the HHC 

provider. To integrate the nature of the HHC service in which medical care is delivered to patients‘ homes, 

we consider an estimation of the working time dedicated to travel among patients. This estimation is based 

on the districting configuration of an urban area in a similar context (Gutiérrez and Vidal, 2014), in which 

the maximum time spent by a medical staff to travel between two patients‘ homes is minimized. Finally, 

because demand requirements are identified for each of the type of HHC services, and each of these 

services is performed by a different type of staff member, we assume that the decision problem is 

separable for each type of staff. This does not imply that demands for different type of HHC services are 

independent of each other. It implies that demand requirements are treated separately for each type of 

service and each type of staff. This can be also assumed, since it was found that in the context no 

synchronization conditions are required for different medical procedures, performed by different medical 

staff members, at the same time at a patient's home (Gutiérrez et al., 2014a). 

 

6.1.2 Literature review 

The work of Gutiérrez and Vidal (2013a) presents a critical review of models and methods to support 

logistics management decisions in HHC services. The authors presented a three-dimension framework and 

provided a detailed review of management problems at the strategic, tactical and operative decision levels. 

At the tactical level, and for the staff management decisions, the work by Hertz and Lahrichi (2009) deals 

with the problem of assigning patients to nurses for HHC services, to improve the workload assignment 

achieved by the districting configuration defined in Blais et al. (2003). Additionally, the work of Carello 

and Lanzarone (2014) is dedicated to study the nurse-to-patient assignment problem under uncertainty and 

continuity of care conditions. The works by De Angelis (1998), Kommer (2002), and  van Campen and 

Woittiez (2003) study patient admission policies in HHC, but they do not focus on the capacity 

determination of the system through the staffing of medical staff decisions. 

Staffing decisions in health care have been widely studied in the literature. Since the work by Schneider 

and Kilpatrick (1975) and Martel and Price (1981), there have been different operations management 

studies that have formulated mathematical models to support medical staffing decisions. In general, most 
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relevant research has focused on solving methodologies to study the interface among the staffing and the 

scheduling problem (Henderson et al., 1982; Easton et al., 1992; Venkataramana and Brusco, 1996; Beliën 

and Demeulemeester, 2008).  However, most authors recognize that while staffing focuses on the 

budgeted number of nursing hours, the nurse scheduling problem has a smaller impact on the overall 

workforce cost (Burke et al., 2004). 

At the health care public policy level, Hu et al. (2013), Lavieri and Puterman (2009), Lavieri (2009), and 

Lavieri et al. (2008) develop integrated models to support workforce planning decisions at the very long-

term (20 years or more), and at infinite-horizon planning periods. O‘Brien-Pallas et al. (2001) present a 

work commissioned by the WHO that describes different models and approaches to integrated workforce 

planning and service planning in health care. At the strategic-tactical planning level, Özdemir and Talay-

Değirmenci (2013) propose a stochastic model and provide an easy-to-implement optimization tool for 

admission decisions to specialized training programs designed for service industries. The works by 

Maenhout and Vanhoucke (2013), Véricourt and Jennings (2011), Daviaud and Chopra (2008), and Gans 

and Zhou (2002)  model the staffing problem as a queue system, and Jun et al. (1999) show the advantages 

of modeling the problem through computer simulation. 

We consider the impact of the learning-curve phenomena effect, due to the required mobility of medical 

staff within urban areas, to technical characteristics of medical procedures at patients' homes, and to high 

turnover ratios in HHC settings. There is a vast empirical literature on this phenomena (Arlotto et al., 

2014), as well as papers devoted to effective control of factors that affect or depend on learning (Wiersma, 

2007; Dada and Srikanth, 1990). However, to the best of our knowledge, there is not published work that 

explores the impact of the learning-curve phenomena effect in staffing problems in HHC. In this chapter, 

we focus on the learning-curve at the individual level, i.e. each single medical staff worker. 

With respect to the analysis of medical staffing problems in developing countries, Fritzen (2007) identifies 

the needs and current weakness in the strategic management of the health workforce in such contexts. The 

author shows evidence that health sectors in developing countries have faced a wide variety of systemic 

pressures in recent years towards marketization of health services (Colcloough, 1997), civil service 

restructuring (Jeppsson et al., 2003), decentralization (Bossert and Beauvais, 2002; Jeppsson, 2002) and 

an overall trend towards increasing geographical and socioeconomic disparities in many countries Fritzen 

(2007). Tijdens et al. (2013) developed a statistical analysis to explore human health resources 

remuneration and compared wage levels and rankings in 20 countries that include the three largest 

countries in Latin America. Denton (2013) presents a series of management models for health care 

operations and an application of locating scarce resources in developing countries. 

The contribution of this chapter is twofold. First, in contrast to the literature where no work has been 

published in the staffing-recruitment decisions in HHC, we propose a mixed integer linear programming 

model to support these decisions in a yearly planning horizon, considering HHC logistics settings through 

the inclusion of the working time dedicated to travel among patients and the learning-curve phenomena. 

Second, given the work legislation in developing countries, the proposed model incorporates work 

guidelines regarding legal types of hiring and working hour regulations. The objective of this work is to 

offer support to HHC managers when facing staff-recruitment decision, considering the available models 

in the literature and the real conditions of health systems. As indicated by O‘Brien-Pallas et al. (2001), 

health human resource planning in most countries has been poorly conceptualized, intermittent, varying in 

quality, profession-specific in nature, and without adequate vision or data upon which to base sound 
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decisions. We aim to fulfill this gap in a specific context, and to present evidence to support that the 

efficiency and effectiveness of health service delivery depends to a great extent on the effective 

deployment and use of medical staff. 

 

6.2  A mathematical model for the SRP in HHC 

6.2.1 Model description 

The proposed model concerns the staffing-recruitment (SR) problem for HHC services (SRPHHC), in 

which health managers face the monthly decision to define how many staff members, of each of the 

professional types should be hired by each of the hiring types, in order to satisfy demand requirements and 

minimize total staffing costs. We consider a one-year planning horizon, with monthly reviews of the SR 

decisions. Due to the strategic-tactical nature of the SR decisions, we assume that an initial number of 

medical staff is available at the beginning of the planning horizon. This implies that the HHC provider has 

a number of 𝑁 available staff members, and the model will define which of the hiring types should be 

used for each of them. 

We included three components of SR costs: employment, salary, and layoff costs. The employment cost 

comprises all costs that the HHC provider must assume to complete the recruitment process. This cost can 

be internal for the provider or it can be paid to a third-party which hires the staff member.  The salary cost 

corresponds to the monthly payment made to each staff member, and includes the agreed wage, social 

security payments, and all work legal payments required by the law. The layoff cost represents the cost 

that the HHC provider has to assume when an employee is fired from the job position, he/she quits, or the 

contract voids or is completed. Each of the SR costs is quantified for each of the hiring types. 

In order to include an estimation of the travel time that staff members dedicate to travel among patients‘ 

homes, we used results from Gutiérrez and Vidal (2014), in which estimations of such times were 

obtained according to the districting configuration of the urban area. In their model, the authors minimized 

the maximum travel time that a staff member should travel in a given district to reach patients‘ homes. We 

used those results as an input parameter for the SRP. Furthermore, to quantify the gained experience by a 

former staff member, and the time of training and learning required by a new hired staff, we assume that 

the available working time of a new staff member is reduced by a fraction 𝑙𝑐𝑓 for the first month, which 

corresponds to the learning-curve factor. The lcf corresponds to a fraction of the monthly available 

working time that a new staff members uses to learn and gain experience performing HHC medical 

procedures. Thus, the lcf takes a value between cero and one, which multiplied by the available working 

time in a month, will result on the effective available working time for any new staff member. 

The proposed approach works as follows: Given the initial number of available staff 𝑁, the model defines 

how many staff members should be hired by each hiring type, in a way that demand requirements are 

satisfied and total staffing costs are minimized. At the beginning of each month, the model identifies the 

number of available staff, the number of additional staff to hire, and the number of staff to layoff, for each 

type of hire. Because demand requirements are identified for each of the type of HHC services, and each 

of these services is performed by a different type of staff member, we assume that the model can be used 

for each type of medical separately. This implies that demand requirements are treated separately for each 
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type of service and each type of staff. This can be also assumed, since it was found that in the context no 

synchronization conditions are required for different medical procedures, performed by different medical 

staff members, at the same time at a patients home (Gutiérrez et al., 2014a). Figure 19 illustrates the model 

approach. 

 

Figure 19. SRPHHC: Model Approach 

 

6.2.2 Model Formulation 

The model formulation includes a set of 𝑇 periods, which correspond to each of the 12-months of the 

yearly planning process. The model also considers a set of each type of hiring 𝐻, that allows identifying 

each of the legal hiring alternatives that HHC managers have. Parameters include the monthly demand for 

services 𝑑𝑡  and staffing costs of salary 𝑠 , hiring 𝑒 , and layoff 𝑙 , for each type of hiring . The initial 

number of available staff 𝑁 is considered known, and we denote the monthly hours dedicated by each staff 

member to travel among patients as 𝑡𝑟𝑎𝑣, and dedicated to medical meetings in which the progress of 

each patient is evaluated for the medical team, as 𝑚𝑒𝑒𝑡. To quantify the learning-curve effect, we include 

the parameter 𝑙𝑐𝑓. This parameter affects additional staff members only for one month. We assume that if 

this staff is kept for the next period, they become part of the available staff members who already have 

experience. We also consider the factors in which the regular salary is incremented when a staff member 

works overtime hours as 𝑜𝑡𝑓, and when a staff member is hired to work hours of service only, 𝑠𝑓. The 

average working hours that each staff member should legally work in a month basis is denoted by 𝑎𝑤𝑡.  

The model identifies at the beginning of each period, the available number of staff, the number of 

additional staff to hire, and the number of staff to layoff, by each type of hires. These decisions are 

denoted by 𝑥𝑡 , 𝑦𝑡 , and 𝑧𝑡 , respectively. Furthermore, decision variables 𝑜𝑡  and 𝑤𝑡  quantify 

respectively the number of overtime hours to hire at the beginning of each period 𝑡 for each hiring type , 

and the number of hours to hire as service for each period 𝑡. Sets, parameters and variables of the model 

are summarized in Table 10. 

1 2 12 Period

Type of Hires

Type of Staff

Available Staff

Staff to hire

Staff to layoff

N

Available Staff

Adittional Staff

Staff to layoff

Available 

Staff

Staff to hire

Staff to layoff

Available Staff

Adittional Staff

Staff to layoff

Staff to hire

Staff to layoff

Staff to hire

Staff to layoff

Available 

Staff
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Table 10. Sets, parameters and variables for the SRPHHC 

Sets 

𝑇: Set of periods, indexed by 𝑡  

𝐻: Set of type of hires, indexed by  

Parameters 

𝑑𝑡 : Demand for services measured in the number of monthly hours required in period 𝑡, 

[hours/month] 

𝑠 : Salary cost of type of hiring , [$/month] 

𝑒 : Employment cost of type of hiring , [$] 

𝑙 : Layoff cost of type of hiring , [$] 

𝑁: Initial number of available staff at period 𝑖 = 1, [number of staff] 

𝑡𝑟𝑎𝑣: Number of hours dedicated to travel among patients per employee, per month, [hours/month] 

𝑚𝑒𝑒𝑡: Number of hours dedicated to meetings per employee, per month, [hours/month] 

𝑙𝑐𝑓: Learning curve factor [%] 

𝑜𝑡𝑓: Overtime factor [%] 

𝑠𝑓: Service hours factor [%] 

𝑎𝑤𝑡: Average working time; regular working hours per employee, per month, [hours/month] 

Variables 

𝑥𝑡 : Number of staff available at the beginning of period 𝑡 by the type of hiring  

𝑦𝑡 : Number of additional staff to hire at the beginning of period 𝑡 by the type of hiring  

𝑧𝑡 : Number of staff to layoff at the beginning of period 𝑡 of the type of hiring  

𝑜𝑡 : Number of overtime hours to hire at the beginning of period 𝑡 by the type of hiring  

𝑤𝑡 : Number of service hours to hire at the beginning of period 𝑡  

 

The mathematical formulation is as follows: 

𝑀𝑖𝑛:   𝑠(𝑥𝑡 + 𝑦𝑡)

  ∈ 𝐻 𝑡  ∈ 𝑇

+   (𝑒𝑦𝑡) + (𝑙𝑧𝑡)

  ∈ 𝐻 𝑡  ∈ 𝑇

+   (𝑜𝑡𝑓𝑜𝑡)

  ∈ 𝐻 𝑡  ∈ 𝑇

+  (𝑠𝑓𝑤𝑡)

𝑡  ∈ 𝑇

 

 

 

(31) 

 Subject to:  

  𝑥1

  ∈ 𝐻

= 𝑁, 𝑡 = 1 

 

(32) 

  𝑥𝑡 =  𝑥𝑡−1, + 𝑦𝑡−1, − 𝑧𝑡−1, ,   𝑡 = 2. .  𝑇 , ∀  ∈ 𝐻 

 

(33) 

  (𝑥𝑡 +  𝑦𝑡 𝑙𝑐𝑓 −  𝑧𝑡)𝑎𝑤𝑡

  ∈ 𝐻

+  𝑜𝑡

  ∈ 𝐻

+ 𝑤𝑡 − 

 

 (𝑥𝑡 +  𝑦𝑡)𝑡𝑟𝑎𝑣

  ∈ 𝐻

−   (𝑥𝑡 +  𝑦𝑡 )𝑚𝑒𝑒𝑡

  ∈ 𝐻

≥ 𝑑𝑡 , ∀ 𝑡 ∈ 𝑇 

 

(34) 

  𝑜𝑡

  ∈ 𝐻

=  (𝑥𝑡 +  𝑦𝑡)𝑜𝑡𝑓

  ∈ 𝐻

, ∀ 𝑡 ∈ 𝑇 

 

(35) 

  𝑥𝑡 , 𝑦𝑡 , 𝑧𝑡  ∈ 𝑍+, ∀  𝑡 ∈ 𝑇,  ∈ 𝐻 

 𝑜𝑡 , 𝑤𝑡 ≥ 0  ,        ∀  𝑡 ∈ 𝑇,  ∈ 𝐻 

(36) 
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The objective function (31) minimizes the total staffing-recruitment costs (𝑇𝑆𝑅𝐶). The first component of 

(31) is the salary costs for all types of hires. The second component corresponds to the costs of 

employment and layoff. Components three and four represent respectively the cost of overtime hours and 

the cost of service hours. Constraints (32) define the initial number of available staff, provided by the 

districting configuration. Constraints (33) are the balance equations for periods 𝑡 = 2. .  𝑇 . Constraints 

(34) ensure that demand requirements for each period 𝑡  are accomplished. In this equation the first 

component corresponds to the available working time defined by the number of available staff and their 

average working time. The second component corresponds to the overtime and service hours. Components 

three and four correspond to time dedicated to travel among patients and to attend medical and 

administrative meetings. Constraints (34) are determinant for the service, since they include patients 

requirements in the right hand side of the equation, expressed in the number of monthly hours that must be 

dedicated to take care of patients and fulfill their medical treatments. Constraints (35) control the 

maximum number of overtime hours that can be worked in a period, given the number of hired staff. 

Constraints (36) define the nature of decision variables. 

 

6.2.3 Solution Approach 

We evaluated the proposed model (31)–(36) for five different types of medical staff: Auxiliary Nurses 

(AN), Nurses (NU), General Practitioners (GP), Specialists (SP), and Therapists (TE). The regional study 

presented in Chapter 4, allowed identifying that one of the consequences of the increase of HHC demand 

is the diversification in the type of services. In the related literature, it is common that demand is estimated 

only for one type of service and one or few types of patients. However, in practice, most of HHC 

providers offer from 60 to 80 different type of services to different type of patients (Gutiérrez et al., 

2014a). This also implies the diversification in the type of medical staff that can perform each of the 

services. Moreover, the same study identified that the performance for each of the HHC medical activities 

are separable, and each type of medical staff delivers the service individually. Therefore, we solve the 

SRPHHC model for each type of staff separately. 

Given the initial value of available staff 𝑁, we evaluated the model iteratively for each type of staff, until 

finding the optimum value of 𝑇𝑆𝑅𝐶∗ and consequently the optimum value of 𝑁∗. Once these values were 

quantified, we identified the SR decisions for each period, and check the feasibility of the demand 

satisfaction constraints. 

We developed a parametric analysis of the model, and found that two parameters are key drivers in the 

performance metrics. First, demand registers for HHC services is one of the most important parameters 

because it represents patient pathologies, medical treatments, and needs for home visits. Moreover, 

demand variations directly affect SR decisions and the definition of the system capacity. Therefore, we 

solved the model in a set of random instances in which monthly demand 𝑑𝑡  is generated for each family of 

services and each month, according to the historical behavior and demand patterns. In this way, given the 

optimum value of 𝑁∗, we identified aggregated SR policies for each type of staff and each period. 

Second, the monthly time dedicated to travel among patients for each staff member 𝑡𝑟𝑎𝑣 , directly 

influences the system capacity and consequently SR decisions. Although this value is a result of a higher 

level decision and the scope of the SR problem does not include its analysis, we evaluated the impact of 

the parameter on the SRPHHC. Consequently, for each type of medical staff, we evaluated SR decisions 
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for 15 different values of 𝑡𝑟𝑎𝑣, and identified trade-offs between the parameter and the total staffing-

recruitment costs 𝑇𝑆𝑅𝐶. 

We implemented the solution approach in Xpress-IVE (version 7.4), in a Dell computer with a 2.67 GHz 

processor and 4,00 GB in RAM. The average computational time to solve the SRPHHC for each type of 

staff was less than 0,5 seconds. 

 

6.3  Results 

This section aims to validate the proposed model and to use the developed procedure to design hiring 

policies. To provide a realistic test environment, we use the problem settings of one of the largest HHC 

providers in Colombia. The model, however, can easily handle a variety of other HHC providers‘ sizes 

and types. First, we describe the characteristics of the chosen HHC provider, and the logistics conditions 

identified for these providers in the country. We also explain the data collection and analysis, and the 

conditions of the real life problem test environment. Second, we report results obtained with real data and 

evaluate the robustness of the results through a set of randomly generated instances. Third, we complete a 

sensitivity analysis of key parameters, evaluating the effect of the districting configuration on the SRP, 

and considering different values for the initial conditions of the decision problem. 

 

6.3.1 A Case Study 

Similarly to the case studied for the districting problem, the health provider considered is one of the 

largest institutions in Colombia, and offers HHC services in 12 cities in the country. The provider takes 

care of more than 35.000 patients per year, employs nearly 1.000 people of more than five types of 

medical staff, and provides eight families of HHC services. Based on a study of HHC providers (Gutiérrez 

et al., 2014a), and a collaborative work with this institution, we were able to obtain data regarding demand 

requirements, type of medical services and medical staff, type of legal hires, salary costs such as hiring, 

wages and layoffs, time for medical meetings, and working regulations. 

As other HHC providers in the region, the selected institution reported that medical staff costs represent 

from 60% to 80% of the operative costs (Gutiérrez et al., 2014a). Moreover, the institution indicated that 

staff management and the specific decision of the number of staff members to hire each month are the 

greatest challenges to cover demand fluctuations. Despite the absence of data registers to quantify 

performance indicators, the general perception among medical staff is that demand requirements exceeds 

current staff capacity and that high turnover rates affect the system. On the other hand, administrative 

managers complain about the increment of staffing costs and argue low efficiency indicators such as the 

number of patients visit for each staff member. 
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6.3.2 Data Collection and parameter estimation 

In order to determine initial conditions for the model, we evaluate different values of 𝑁  and 𝑡𝑟𝑎𝑣 , 

obtained from the optimal districting configuration defined for the case of study in Chapter 5 (Gutiérrez 

and Vidal, 2014). Given the geographical dispersion of patients and their corresponding pathologies and 

medical treatments, the districting configuration defines the assignment of basic units to districts, and 

determines the minimum time that staff members have to travel between two patients. This value is then 

used to estimate the time 𝑡𝑟𝑎𝑣 for each type of staff member, according to the type of services that 

delivers. In this way, we used real data for the parameters indicated in Table 10, to determine optimum 

values of 𝑁 and 𝑡𝑟𝑎𝑣 for each staff member. 

We estimated demand parameters for each of the eight families of services, as the number of required visit 

hours for each type of staff member. We completed this process in the same way we did for the districting 

configuration problem, and based on demand registers for the number of monthly patient visits. In the 

estimation, we considered the type of service, and according to the type of patient, we calculated total time 

requirements for each type of staff. In this way, we obtained the parameter 𝑑𝑡  for 12 months, for each of 

the five types of medical staff. Moreover, to randomly generate demand for patients‘ visits, we considered 

real registers of 30 months for each family of service. Through a best-fit statistical evaluation and using 

indicators such as Kolmogorov-Smirnov and Square-Chi, we found that for most family services, demand 

registers follow a bell-shaped distribution such as Normal, Weibull, Logistic and Lognormal. Thus, being 

𝑑  the average monthly demand and 𝜎  the demand standard deviation for each family of services, we 

generated random demand values in the range  𝑑 ± 𝑘𝜎   for each month, using a factor 𝑘 = 1,96 which 

covers a 97,5% of demand variations in most cases. 

We consider two legal types of hiring, directly and through third-parties, and the possibility to hire staff 

members for services only. The monthly average time dedicated to meetings 𝑚𝑒𝑒𝑡, was provided by the 

HHC institution and set in 8,5 hours/month. Likewise, the learning-curve factor 𝑙𝑐𝑓, i.e. the effective 

monthly working time of a new staff member due to lack of experience, was estimated in 80%. The 

average monthly working time 𝑎𝑤𝑡, was estimated on a basis of 52 weeks/year, 12 months/year and 48 

working hours/week, for a total of 208 working hours/month. Staffing cost parameters were calculated 

based on real data, and considering the direct type of hiring as the basis for costs estimations. To preserve 

data confidentiality, we calculated relative staffing cost based on the direct hiring, for each cost and for 

each type of hiring. For example, the salary cost for a nurse (NU) hired through direct employment is 1,0 

$/month, through third-parties is 1,2 $/month, and for services 1,5 $/month (this last value is equivalently 

calculated for the cost for hour of service). Finally, the overtime factor 𝑜𝑡𝑓 is calculated as an average of 

each of the type of overtime hours, in 1,5. 

 

6.3.3 Results Analysis and Discussion 

First, we solved the proposed model (31)–(36) using real data for each type of staff. Results of staffing-

recruitment decisions for each month, for the five types of medical staff are illustrated in Table 11: 

Auxiliary Nurses (AN), Nurses (NU), General Practitioners (GP), Therapists (TE), and Specialists (SP). 

For all types of medical staff, we found that no overtime hours (𝑜𝑡 = 0), neither service hours (𝑤𝑡 = 0) 

are hired, and therefore we did not include such variables in these results. In general, the estimation of 
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staff requirements in the districting phase underestimates real needs to hire medical staff for services with 

a high volume of demand, such as those provided by AN and TE. This is natural due to the data 

aggregation and the strategic-tactic horizon of the first decision. For each type of staff, we found the initial 

required number of staff 𝑁∗ that minimizes the total staffing-recruitment costs (𝑇𝑆𝑅𝐶∗). However, the 

solution approach for the SRPHHC allows finding optimal staffing-recruitment decisions, and balancing 

the number of staff hired and layoff each period. 

Due to the inclusion of real factors that reduced the total working time of each staff member such as 𝑡𝑟𝑎𝑣, 

𝑚𝑒𝑒𝑡  and 𝑙𝑐𝑓 , the SR model identifies larger staff requirements in a more accurate level than the 

estimation provided by the districting configuration. For all the types of medical staff evaluated in the case 

of study, hiring medical staff members through a direct contract in a larger proportion from the beginning 

of the planning horizon produces reductions in staffing-recruitment costs. This means that, despite demand 

variations for patients‘ visits, it is better to keep a larger base of direct employment for the medical staff in 

terms of salary, hiring and layoffs costs. Furthermore, due to the learning-phenomena effect, demand 

variations can be better covered with previously trained and experienced staff, than reactively hire 

temporary staff members with no previous experience. 

Table 11. Optimal staffing-recruitment decisions for each type of medical staff 

Staff AN  NU  GP  TE  SP 

𝑵∗ 724  7  5  148  2 

𝑻𝑹𝑺𝑪∗ 11.623,7  204,72  90,6  1.915,8  29,2 

T 𝑥𝑡  𝑦𝑡  𝑧𝑡   𝑥𝑡  𝑦𝑡  𝑧𝑡   𝑥𝑡  𝑦𝑡  𝑧𝑡   𝑥𝑡  𝑦𝑡  𝑧𝑡   𝑥𝑡  𝑦𝑡  𝑧𝑡  

1 724 49 0  7 2 0  5 2 0  148 0 0  2 0 0 

2 773 0 10  9 0 0  7 0 0  148 0 0  2 0 0 

3 763 0 0  9 6 0  7 0 0  148 1 0  2 0 0 

4 763 149 0  15 1 0  7 0 0  149 0 0  2 0 0 

5 912 65 0  16 3 0  7 0 0  149 0 0  2 0 0 

6 977 0 0  19 1 0  7 0 0  149 9 0  2 0 0 

7 977 113 0  20 0 2  7 1 0  158 5 0  2 0 0 

8 1.090 1 0  18 0 0  8 0 0  163 0 0  2 1 0 

9 1.091 0 60  18 0 0  8 0 0  163 1 0  3 0 0 

10 1.031 0 119  18 0 0  8 0 0  164 0 0  3 0 0 

11 912 0 0  18 1 0  8 0 0  164 2 0  3 0 0 

12 912 0 0  19 0 0  8 0 0  166 21 0  3 0 0 

 

Consider for example the case of HHC services provided by Therapists (TE). The districting configuration 

estimates that an initial number of 𝑁 = 86 therapists are needed to cover demand requirements. However, 

iteratively solving the model (31)–(36) allows finding that the best initial number of therapists to initiate 

the planning horizon is 𝑁∗ = 154, which generates a minimum total staffing-recruitment cost of 𝑇𝑅𝑆𝐶∗ =

1.915,8, given the districting configuration. Figure 20 illustrates demand requirements and SR decisions 

for each month of the planning horizon. In terms of SR costs, it is better for the system to begin the year 
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with a large base of direct employments, and layoff a number of staff members originally hired in addition 

by third-parties when demand for services reduces. 

During the optimization process we observed that demand variations are covered by direct employment 

for TE in a 100%, an additional hirings are also completed through direct employment (see Table 11 for 

variable 𝑦𝑡  in periods 3, 6, 7, 9, 11, and 12). Neither staff members are hired to work for services only, 

nor overtime hours are used. Another benefit of the solution approach is that it allows balancing the 

number of staff hired and layoff each period. As observed from Table 11 and Figure 20, the model finds a 

staffing-recruitment configuration in which no layoffs are used in any month. This is a desired not only to 

reduce staff turnover and maintain their work stability, but also preserve the continuity of service and 

improve patients‘ satisfaction. 

 
Figure 20. Staffing-recruitment decisions for Therapists (TE) 

Second, to evaluate the robustness of the model and the obtained results, we solve the proposed model in 

ten different instances for each type of medical staff. For these evaluations we used randomly demand 

parameters, the initial value of 𝑡𝑟𝑎𝑣 defined by the districting configuration, and the optimum value of 𝑁∗ 

obtained through the iteratively solution of model (31)–(36) with original real data. For each type of 

medical staff and each set of instances, we computed the coefficient of variation for the optimum staffing-

recruitment cost of (𝑇𝑅𝑆𝐶∗) obtained in each case. Table 12 presents these results with other descriptive 

statistics also computed for the objective function (𝑇𝑅𝑆𝐶∗), for each type of staff. As can be seen from 

this table, the coefficient of variability reaches the maximum value for Auxiliary Nurses (AN) and Nurses 

(NU). However, for other type of medical staff, where service times present low variations, this coefficient 

reduces to values around 5%. These results indicate that although the approach is sensitive to service time 

variations, the model provides robustness to support staffing-recruitment decisions. 

Table 12. Robustness analysis for 𝑻𝑹𝑺𝑪∗ for random instances for each type of medical staff 

Staff Minimum Average Maximum 
Standard 

Deviation 

Coefficient 

of Variability 

AN 7.500,1 12.849,6 14.863,5 2.083,8 16,22% 

NU 167,1 221,1 263,2 28,0 12,67% 

GP 90,6 101,9 111,4 5,4 5,29% 

TE 1.856,9 2.046,6 2.260,2 123,5 6,03% 

SP 27,9 21,0 34,9 15,4 73,39% 
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To illustrate the robustness of the approach, consider again the case of HHC services provided by 

Therapists (TE). Table 13 presents average optimal staffing-recruitment decisions for the instances 

evaluated, as well as the average total staffing-recruitment cost denoted by 𝑇𝑆𝑅𝐶∗         . The value of 𝑇𝑆𝑅𝐶∗         =

2.046,6 represents an increment of a 6,83% with respect to the initial value obtained with the instance of 

real data. This implies that, considering demand variations in a range  𝑑 ± 𝑘𝜎   with 𝑘 = 1,96  which 

covers a 97,5% of the cases, the proposed approach generates average staffing-recruitment policies with 

variations of the 𝑇𝑆𝑅𝐶∗          of less than 7%. For the evaluated instances, average SR decisions use a different 

configuration of available and additional staff members, with 96% and 4% respectively. Neither staff 

members are hired to work for services only nor overtime hours are used, maintaining the results obtained 

with real data. 

Table 13. Average staffing-recruitment decisions for Therapists (TE) for random instances 

Staff TE 

𝑵∗     721 

𝑻𝑺𝑹𝑪∗           2.046,6 

T 𝑥𝑡  𝑦𝑡  𝑧𝑡  𝑜𝑡  𝑤𝑡  

1 109 32 0 0 0 

2 141 0 0 0 0 

3 141 0 0 0 0 

4 141 4 0 0 0 

5 145 0 1 0 0 

6 144 7 0 0 0 

7 151 11 0 0 0 

8 162 5 0 0 0 

9 167 7 0 0 0 

10 174 4 0 0 0 

11 178 1 0 0 0 

12 179 11 0 0 0 

 

Third, to evaluate the impact of the districting configuration on the SRP, we completed a sensitivity 

analysis considering different values for the initial conditions for the parameter 𝑡𝑟𝑎𝑣, and evaluated the 

effects on the total staffing-recruitment costs (𝑇𝑆𝑅𝐶) for each type of staff. We did not consider different 

values for 𝑁∗ because this implies a different districting configuration which is not part of the scope of the 

SRP. Thus, we used original values of 𝑁 obtained from the districting problem. We solve the model (31)–

(36) for 15 different values of 𝑡𝑟𝑎𝑣 within the range [15,30] for each type of staff. The evaluation of the 

model revealed that small reductions in the parameter 𝑡𝑟𝑎𝑣  of one minute (changing from 26 to 25 

minutes), can produce decreases on the total staffing-recruitment costs (𝑇𝑆𝑅𝐶) up to 9,56% (see Figure 

21).  

As can be seen in Figure 21, major impacts of the parameter 𝑡𝑟𝑎𝑣 are on services delivered by NU, GP 

and TE. This is due to the number of daily visits that these medical staff perform during the day (six to 



Home Health Care Logistics Management Problems 

86 

eight, on average), while AN can visit only one or two patients per day, if services of 6, 12 and 24 hours 

are delivered. Furthermore, due to the low demand for SP visits, the 𝑇𝑆𝑅𝐶  is affected in a smaller 

proportion by changes on the parameter 𝑡𝑟𝑎𝑣. These results evidence that the districting configuration has 

a major impact on SR decisions. 

 

Figure 21. Effect of the initial conditions of 𝑡𝑟𝑎𝑣 on the 𝑇𝑆𝑅𝐶 

 

6.4  Chapter Summary 

In this chapter we have studied the SRPHHC, integrating current work regulations related to the different 

alternatives to hire medical staff and working time availabilities, as well as HHC settings which imply, 

among other features, the time staff members dedicate to travel between patients‘ homes and the learning-

curve phenomenon. These factors were explicitly included in a mixed integer linear programming model 

that allowed finding optimal staffing-recruitment decisions in terms of salary, employment, and layoffs 

costs. We proposed an iterative solution approach which, based on a defined set of initial conditions, finds 

the optimal number of initial staff members required, in order to cover patients‘ demand fluctuations in a 

yearly planning horizon. The model was used to define staffing-recruitment decisions for five types of 

medical staff, evaluated with real data, and with a set of random instances, generated based on a real-life 

HHC provider. 

The proposed approach offers HHC managers support when making staffing-recruitment decisions, with a 

monthly frequency in a yearly planning horizon. The inclusion of three sources of staffing costs, allowed a 

more integral evaluation of hiring and layoffs decisions, and derived in a stabilization of the workforce. 

Moreover, the recognition of the working time dedicated to complete medical and administrative 

meetings, and to travel between patients‘ homes, provided a more real estimation of the system capacity. 

In general, results showed that hiring a larger number of staff members through direct employment 

produces an overall lower staffing-recruitment cost for the system, and reduces staff turnover ratios by the 

reduction of layoffs. These guidelines also allowed reducing the use of overtime and services hours. The 

hiring of staff members through third-parties was used specially to cover high demand fluctuations, and 

the inclusion of the learning-curve phenomenon provided a more accurate estimation of the medical 

experience of staff members to perform HHC medical activities. 
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The sensitivity analysis of key parameters provided by the initial conditions of the SR system evidenced 

the direct impact that decisions in higher planning levels and in the network design function have on the 

staffing-recruitment decisions. The evaluation of the model showed that small reductions in the parameter 

𝑡𝑟𝑎𝑣  of one minute (changing from 26 to 25 minutes), can produce decreases on the total staffing-

recruitment costs (𝑇𝑆𝑅𝐶) up to 9,56%. These results evidenced that staffing decisions are part of the 

hierarchical interdependencies present between different planning horizons of the network design and the 

staff management functions. This chapter provided a study the characteristics and features of SR 

decisions, in order to complete the analysis and develop an integrated approach that addresses the 

hierarchical conditions. 
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7. Integrated Approach to Support Logistics Decisions with 

Hierarchical Interdependencies: Districting and Staffing 

Problems in HHC 

 

7.1  Introduction 

Previous developments in Chapters 5 and 6, provide an individual study of each of the problems that 

define the hierarchical interdependencies between network design and staff management logistics 

functions in HHC. Recent works in the literature identify the integration of decisions in different planning 

horizons as an important research opportunity, and as one of the most promising improvement 

opportunities for real-life HHC operations. To the best of our knowledge, the first published work that 

studied the hierarchy among logistics decisions in HHC is due to Nickel et al. (2012) who presented a 

combination of mid-term and short-term planning support for HHC services offered in Germany. 

Moreover, as previously indicated, other works addressing the hierarchical structure in different planning 

levels, include applications on the location health care facilities in developing countries (Galvão et al., 

2002, Rahmana and Smith, 2000, Hodgson, 1998); production planning (Söhner and Schneeweiss, 1995, 

Schneeweiss and Schneider, 1999, Schneeweiss, 2003a, Tischer and Carrión, 2003); supply chain 

(Homburg and Schneeweiss, 2000, Schneeweiss, 2003b, Schneeweiss et al., 2004, Schneeweiss and  

Zimmer, 2004); and project planning (Motoa and Sastrón, 2000). 

In this chapter we propose an integrated approach to incorporate the hierarchical interdependencies 

between network design and staff management decisions in HHC. For doing so, we develop a two-stage 

problem approach to support districting and staffing-recruitment decisions in an integral hierarchical 

structure, defining the relations of anticipation, instruction and reaction. In the first stage, we solve a bi-

objective districting problem (DP) for a long-term planning horizon using a lexicographic method. At this 

point, we include the features of a rapid-growing city such as the diversification of medical activities, type 

of patients, type of medical staff, and safety levels to access basic units. To define families of services, we 

use each type of medical staff, and each family includes the set of medical activities that can be performed 

by the corresponding type of staff. Also, an initial system capacity estimation is completed in terms of 

medical staff requirements, according to the family of services. In the second stage, we develop a mixed 

integer lineal programming model that supports staffing-recruitment (SR) decisions for each month of a 

yearly-planning horizon, using the results obtained in the first stage. At the second stage, different 

alternatives to hire medical staff and work legal regulations are included, and the relation of 

workload/capacity is evaluated to determine integral optimum values for both stages. 

The chapter is organized as follows. First, we present the integrated approach, defining the detail of the 

relations of anticipation, instruction and reaction. For each relation, we present the formulations of the 

mathematical models used at each stage, and the solution approaches implemented. Then, the 

experimental analysis is presented, offering an explanation of the test instances design and the values 
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assumed for the experimental trials. Based on the experimental design, we present the results obtained 

with a set of random generated instances. Finally, we conclude the chapter and present future research 

opportunities. 

 

7.2  Integrated Approach to model Hierarchical Decisions 

The hierarchical interdependencies among districting and staffing decisions imply three relations: 

anticipation, instruction and reaction. First, in the anticipation relation, HHC demand requirements are 

estimated with different levels of aggregation and decomposition, according to the decision problem to 

solve. These estimations must consider key drivers that define patients‘ demand requirements in an 

integral way. Thus, the differentiation among the type of patients, the type of medical activities, and their 

respective type of medical professionals must be considered. Moreover, at the higher decision level, 

demand requirements need to be aggregated into yearly visits and hour requirements for all family of 

services, and for each basic unit of the urban area. On the other hand, at the lower decision level, hour 

requirements must be decomposed for each family of services and for each month of the yearly-planning 

horizon. These estimations reflect patients‘ needs in terms of medical treatment requirements, and 

therefore the must be carefully completed, in order to ensure good service quality levels. 

Once demand estimations are completed, the districting configuration of the urban area for a long-period 

term is defined in the first stage of the approach solving the DP, which will impose the relation of 

instruction from the higher decision level. At this stage, the assignment of basic units to districts is 

completed, considering visits and travel workloads, with a bi-objective mathematical model that 

minimizes total distances travelled by staff members and finds balanced workloads among districts. The 

relation of instruction corresponds to three decisions: the districting configuration, an estimation of the 

system capacity with the definition of the initial number of staff members required, and the maximum 

time spent by a staff member traveling between two basic units of a given district. 

At the second stage of the approach, staffing and recruitment decisions are made for each month of a 

yearly-planning horizon, based on the instruction received from the first stage. By solving the SR, the 

number of required staff members to hire by each of the hiring alternatives are defined for each family of 

services (or type of staff member), with the objective to minimize total staffing-recruitment costs of 

salaries, hiring and layoffs. The optimization of the SRP allows defining the system capacity in terms of 

medical staff. This definition becomes the relation of reaction from the second stage to the first one. 

Lastly, to complete the hierarchical cycle, results from the SRP are imposed to the DP to evaluate the 

feasibility of the workload/capacity ratio. If the new solution of the DP produces the original districting 

configuration obtained in the first stage, then we conclude that the workload/capacity ratio is feasible, and 

therefore optimal solutions of the DP and the SR are integral optimum configurations for the urban area 

and for the staffing-recruitment decisions. Conversely, if a new districting configuration is found, we 

solve stages one and two again and evaluate feasibility of the workload/capacity ratio until the 

configuration satisfies both optimal conditions of the DPH and the SRP. 

The overall structure of the hierarchical approach is illustrated in Figure 22. In this section we provide a 

detailed description of the relations of the integrated approach. For the sake of clarity, we also provide a 
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detailed definition of each of the terms used in each of the relations of the approach in Table 14. Note that 

for decision variables definition, we have used lower case letters to refer to the first stage (DP), and upper 

case letters for the second one (SRP). 

 

Figure 22. Hierarchical Interdependencies Overall Structure 

 

Table 14. Nomenclature for the Integrated Approach 

 Type Notation Description 

A
n

ti
ci

p
at

io
n

 

Set 

𝐴 Set of medical activities, indexed by 𝑎 

𝑃 Set of type of patients, indexed by 𝑝 

𝐾 Set of type of medical staff, indexed by 𝑘 

𝐼 Set of basic units, indexed by 𝑖 
𝑇 Set of periods, indexed by 𝑡 

𝑆𝑘  
Set of activities 𝑎 ∈ 𝐴, that can be performed by the type of staff member 𝑘 ∈ 𝐾, 

 𝑆𝑘 = 𝐴𝑘  

Parameter 

𝑣𝑡𝑎𝑡      
Average number of visits for type of activity 𝑎 ∈ 𝐴, in period 𝑡 ∈ 𝑇, 

[visits/month] 

𝜎𝑡𝑎𝑡       
Standard deviation of the number of visits for type of activity 𝑎 ∈ 𝐴, in period 

𝑡 ∈ 𝑇, [visits/month] 

𝑣𝑡𝑎𝑡  Monthly visits for each type of activity 𝑎 ∈ 𝐴, in period 𝑡 ∈ 𝑇, [visits/month] 

𝑣𝑎𝑎  Annual visit requirements for type of activity 𝑎 ∈ 𝐴, [visits/year] 

𝑣𝑎𝑘𝑘  Annual visit requirements for type family of services 𝑘 ∈ 𝐾, [visits/year] 

𝑣𝑖𝑘𝑖𝑘  
Number of visits required in basic unit 𝑖 ∈ 𝐼, for family of services 𝑘 ∈ 𝐾, 

[visits/year] 

𝑣𝑡𝑝𝑎𝑡𝑝  
Monthly number of visits of activity 𝑎 ∈ 𝐴, for period 𝑡 ∈ 𝑇, for type of patient 

𝑝 ∈ 𝑃 [visits/month] 

Districting Problem
O.F.: Min. Travel Distances

Min. Workload Deviations
s.t. Baisc units assignment

Workloads deviations

Capacity estimation

Five Years / Yearly

Network Design

Anticipation
Demand Estimation:
- Type of patient

- Type of medical activity
- Type of medical staff

Instruction
- Districting Configuration
- Staff Requirements

- Maximum distances

Reaction
- New staff requirements
- System capacity

One Year / Monthly

Staffing
O.F.: Min. Staffing-Recruitment

Costs

s.t. Initial capacity
Demand satisfaction
Periods balance

Staff Management

Integral
Optimum
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Table 14. Nomenclature for the Integrated Approach (Continued) 
 Type Notation Description 

A
n

ti
ci

p
at

io
n

 

Parameter 

𝑣𝑡𝑖𝑝𝑎𝑡𝑖𝑝  
Monthly number of visits of activity 𝑎 ∈ 𝐴, for period 𝑡 ∈ 𝑇, for basic unit 𝑖 ∈ 𝐼, 

for type of patient 𝑝 ∈ 𝑃 [visits/month] 

𝑠𝑡𝑎     Average service times for each type of medical activity 𝑎 ∈ 𝐴, [hours/visit] 

𝛽𝑝  Time service deviation for type of patient 𝑝 ∈ 𝑃, [hours/visit] 

𝑠𝑡𝑎𝑝  Service time for type of medical activity 𝑎 ∈ 𝐴, for patient 𝑝 ∈ 𝑃 [hours/visit] 

𝑑𝑡𝑘𝑡𝑘  
Monthly demand requirements in period 𝑡 ∈ 𝑇, for the family of services 𝑘 ∈ 𝐾, 

[hours/month] 

𝑑𝑡𝑖𝑘𝑡𝑖𝑘  
Monthly demand requirements in period 𝑡 ∈ 𝑇, in basic unit  𝑖 ∈ 𝐼, for family of 

services 𝑘 ∈ 𝐾, for all basic units[hours/month] 

𝑑𝑎𝑘𝑘  
Annual demand requirements for each family of services 𝑘 ∈ 𝐾, for all basic 

units [hour/year] 

𝑑𝑖𝑘𝑖𝑘  
Demand requirements in each basic unit 𝑖 ∈ 𝐼, for each family of services 𝑘 ∈ 𝐾, 

[hour/year] 

𝑘𝑑 Safety factor to cover demand variations 

𝜑𝑖  Proportion of demand for each basic unit 𝑖 ∈ 𝐼, where  𝜑𝑖 = 1𝑖∈𝐼 , [%] 

𝜆𝑝  Weighting factor for type of patient 𝑝 ∈ 𝑃, [%] 

𝑟𝑖  Security level of basic unit 𝑖 ∈ 𝐼, [%] 

In
st

ru
ct

io
n
 

Set 
𝑀 Set of districts, indexed by 𝑚 

𝐶 Set of pair of basic units  𝑖, 𝑗  with compatibility 𝑐𝑖𝑗 = 0. 

Parameter 

𝑐𝑖𝑗  Compatibility factor between basic units  𝑖, 𝑗 ∈ 𝐼 

𝑡𝑖𝑗  Time to travel from basic unit 𝑖 to basic unit 𝑗 [hours] 

𝑌𝑊𝑇 Yearly working time, [hours/year] 

Objective 

Function 

𝑓1 First objective function of the DPHHC: minimizes the total travel workload 

between every basic unit for every district [hours] 

𝑓2 Second objective function of the DPHHC: minimizes the total workload 

deviations from the average workload 𝑊 , among all districts [hours] 

𝑓3 Third auxiliary objective function of the DPHHC: minimizes the maximum time 

𝑚𝑎𝑥𝑡𝑟𝑎𝑣, spent by a staff member traveling between two basic units, [hours]  

 1+∝  Compromised threshold between objective functions 𝑓1 and 𝑓2, [%] 

Decision 

Variable 

𝑋𝑖𝑗𝑚  Binary variable that indicates if both basic units 𝑖 and 𝑗 are assigned to district 𝑚, 

∈  0,1  
 𝑌𝑖𝑚  Binary variable that indicates if basic unit 𝑖 is assigned to district 𝑚, ∈  0,1  
 𝛿𝑚

−  Lower deviation of the workload of district 𝑚 from the average workload 𝑊 , 

[hours] 

 𝛿𝑚
+  Upper deviation of the workload of district 𝑚 from the average workload 𝑊 , 

[hours] 

𝑉𝑚  Auxiliary variable that quantifies the visit workload of district 𝑚, [hours] 

𝑇𝑚  Auxiliary variable that quantifies the travel workload of district 𝑚, [hours] 

𝑊𝑚  Auxiliary variable that quantifies the total workload of district 𝑚, [hours] 

𝑊  Auxiliary variable that quantifies the average workload, [hours] 

𝑉𝐾𝑚 ,𝑘  Auxiliary variable that quantifies the visit workload of district 𝑚 ∈ 𝑀, for the 

family of services 𝑘 ∈ 𝐾, [hours] 

𝑇𝐾𝑚𝑘  Auxiliary variable that quantifies the travel workload of district 𝑚 ∈ 𝑀, for the 

family of services 𝑘 ∈ 𝐾, [hours] 

𝑊𝐾𝑚𝑘  Auxiliary variable that quantifies the total workload of district 𝑚 ∈ 𝑀, for the 

family of services 𝑘 ∈ 𝐾, [hours] 
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Table 14. Nomenclature for the Integrated Approach (Continued) 

 
Type Notation Description 

In
st

ru
ct

io
n
 

Decision 

Variables 

𝑁𝑆𝑚𝑘  
Estimation of the number of staff required in district 𝑚 ∈ 𝑀, for the type of staff 

𝑘 ∈ 𝐾, [number of staff] 

𝑁𝑘  
Estimation of the total number of staff required in a given districting 

configuration, for the type of staff 𝑘 ∈ 𝐾, [number of staff] 

R
ea

ct
io

n
 

Set 𝐻 Set of type of hires, indexed by  

Parameter 

𝑠  Salary cost of type of hiring  ∈ 𝐻, [$/month] 

𝑒  Employment fixed cost of type of hiring  ∈ 𝐻, [$] 

𝑙  Layoff fixed cost of type of hiring  ∈ 𝐻, [$] 

𝑁 Initial number of available staff at period 𝑡 = 1, [number of staff] 

𝑡𝑟𝑎𝑣 
Number of hours dedicated to travel among patients per employee, per month, 

[hours/employee-month] 

𝑚𝑒𝑒𝑡 
Number of hours dedicated to meetings per employee, per month, [hours/ 

employee-month] 

𝑙𝑐𝑓 Learning curve factor [%] 

𝑜𝑡𝑓 Overtime factor [%] 

𝑠𝑓 Service hours factor [%] 

𝑎𝑤𝑡 
Average working time; regular working hours per employee, per month, [hours/ 

employee-month] 

Objective 

Function 
𝑓4 

Objective function of the SRPHHC: minimizes the total staffing-recruitment costs 

[$/year] 

Decision 

Variable 

𝑥𝑡  
Number of staff available at the beginning of period 𝑡 ∈ 𝑇 by the type of hiring 

 ∈ 𝐻, [number of staff] 

𝑦𝑡  
Number of additional staff to hire at the beginning of period 𝑡 ∈ 𝑇 by the type of 

hiring  ∈ 𝐻, [number of staff] 

𝑧𝑡  
Number of staff to layoff at the beginning of period 𝑡 of the type of hiring  ∈ 𝐻, 

[number of staff] 

𝑜𝑡  
Overtime hours to hire at the beginning of period 𝑡 ∈ 𝑇 by type of hiring  ∈ 𝐻, 

[hours/month] 

𝑤𝑡  Service hours to hire at the beginning of period 𝑡 ∈ 𝑇, [hours/month] 

 

7.2.1 Anticipation: Demand estimation in HHC 

The relation of anticipation implies the process of estimating demand for HHC services. This is a key 

process because demand values are input parameters for both the DP and the SRP, which correspond to 

the instruction and reaction relations, respectively. The level of aggregation/decomposition in the 

estimation of demand for each decision problem varies according to the planning horizon. In the first 

stage, at the higher planning horizon, the DP uses aggregated data and considers yearly demand 

requirements for all types of HHC services integrally. In the second stage, at the lower planning horizon, 

the SRP uses disaggregated data and considers monthly demand requirements for each type of HHC 

service, independently. 

The districting configuration of an urban area has to be done integrally for all type of patients, medical 

services and medical staff, because the assignment of basic units to districts is a long-term decision and 

such definition is not done for each type of medical services or staff, but for all of them at once. As 

indicated before, most of the available works in the literature estimate demand for HHC as the number of 

yearly visits for one type of service and one type of medical staff. Only the works by Benzarti et al. 
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(2013), Lanzarone et al. (2010), and Lahrichi et al. (2006), make a differentiation among the type of 

patients, their evolution in the HHC system, and the heaviness of patients and types of medical staff, 

respectively. However, in practice, the increasing demand for these services, due to the diversification of 

pathologies, generates the need to differentiate among these factors. 

Consequently, we complete demand estimations for the DP problem integrally considering a set of 

medical activities 𝑎 ∈ 𝐴, a set of patients 𝑝 ∈ 𝑃, a set of medical staff 𝑘 ∈ 𝐾, and the subset 𝑆𝑘  which 

identifies the set of activities 𝑎 ∈ 𝐴, that can be performed by the each of staff member 𝑘 ∈ 𝐾, where 

 𝑆𝑘 = 𝐴𝑘 .   As explained in Chapter 5, we also include the estimation of service times for each type of 

activity and each type of patient with the parameter 𝑠𝑡𝑎𝑝 , and the security level 𝑟𝑖  for each basic unit in 

which demand is aggregated. Let us define 𝑣𝑡𝑖𝑝𝑎𝑡𝑖𝑝  as the number of visits required for medical activity 𝑎, 

in month 𝑡, in basic unit 𝑖, and for the type of patient 𝑝. The number of annual visits required in each basic 

unit 𝑖, for each type of family service 𝑘, 𝑣𝑖𝑘𝑖𝑘  is defined by: 

 𝑣𝑖𝑘𝑖𝑘 =    𝑣𝑡𝑖𝑝𝑎𝑡𝑖𝑝  𝑟𝑖
𝑝∈𝑃𝑎∈𝑆𝑘𝑡∈𝑇

, ∀ 𝑖 ∈ 𝐼, 𝑘 ∈ 𝐾 
(37) 

The estimation of the monthly demand in hours, in period 𝑡, in basic unit 𝑖, for the family of service 𝑘 is 

defined by: 

 𝑑𝑡𝑖𝑘𝑡𝑖𝑘 =   𝑣𝑡𝑖𝑝𝑎𝑡𝑖𝑝 𝑠𝑡𝑎𝑝 𝑟𝑖

𝑝∈𝑃𝑎∈𝑆𝑘

, ∀ 𝑡 ∈ 𝑇, 𝑖 ∈ 𝐼, 𝑘 ∈ 𝐾 (38) 

The annual demand in hours, for each basic unit 𝑖, and each family of service 𝑘 is defined by: 

 𝑑𝑖𝑘𝑖𝑘 =    𝑣𝑡𝑖𝑝𝑎𝑡𝑖𝑝  𝑠𝑡𝑎𝑝  𝑟𝑖
𝑝∈𝑃𝑎∈𝑆𝑘𝑡∈𝑇

, ∀ 𝑖 ∈ 𝐼, 𝑘 ∈ 𝐾 
(39) 

As decisions in the SRP can be done independently for each type of medical staff (i.e. each type of family 

of services), the estimation of the monthly demand in hours, for each month 𝑡, and each type of medical 

staff 𝑘, is given by: 

 𝑑𝑡𝑘𝑡𝑘 =  𝑑𝑖𝑘𝑖𝑘

𝑖  ∈ 𝐼

, ∀ 𝑡 ∈ 𝑇, 𝑘 ∈ 𝐾 
(40) 

In this way, demand requirements for the DP, for each basic unit 𝑖, for each type of family service 𝑘, are 

estimated by the expression (37) in the number of annual visits 𝑣𝑖𝑘𝑖𝑘 , and in expression (39) in the 

number of annual hours 𝑑𝑖𝑘𝑖𝑘 . Demand requirements for the SRP are estimated in hours for each month 𝑡, 

and each type of medical staff 𝑘, by the expression (40) with the parameter 𝑑𝑡𝑘𝑡𝑘 . 
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7.2.2 Instruction: The Districting Problem in HHC 

The first stage of the integrated approach that defines the relation of instruction corresponds to the 

districting decision problem in HHC (DPHHC). To support this decision, we formulate an optimization 

model based on the structure proposed in Chapter 5 (see model (16)–(29)). Therefore, we include all 

arising issues of a rapid-growing city, considering the demand diversification, the type of patients, the 

type of medical staff, and the security levels in each basic unit. 

In order to improve the performance of the optimization process, the solutions of the districting 

configurations, and its integration with the SRP, we implemented three changes in the model (16)–(29). 

First, we designed a demand estimation procedure out of the optimization process. In this procedure, 

annual demand estimations for each basic unit and each type of family of services are completed using 

expressions (37) and (39). These expressions allow including demand diversification due to the type of 

activities and type of patients, and help reducing the number of dimensions in which demand requirements 

are indexed. Second, we included a compatibility set of basic units 𝐶, that defines for each pair of basic 

units 𝑖 and 𝑗, which can be part of a same district given their contiguity of second level. If two basic units 

A and B are contiguous, and B and C are contiguous, then A and C have a contiguity of second level 

(Galvis and Mock-Kow, 2014). Thus, we included the parameter 𝑐𝑖𝑗  that takes the value of 0, if basic 

units 𝑖 and 𝑗 have a contiguity of second level, and 1 otherwise. A pair of basic units 𝑖 and 𝑗 are included 

in set 𝐶 if and only if 𝑐𝑖𝑗 = 1 (i.e. those units that do not have contiguity of second level). Third, we 

included the estimation of the required number of each type of staff in each district 𝑁𝑆𝑚𝑘 , and in the 

overall urban area 𝑁𝑘 , to cover visits and travel workloads. The improved model DPHHC follows: 

 𝐷𝑃𝐻𝐻𝐶 :   

 𝑀𝑖𝑛: 𝑓1 =     𝑣𝑖𝑘𝑖𝑘  𝑡𝑖𝑗 𝑋𝑖𝑗𝑚

𝑘  ∈ 𝐾𝑗  ∈ 𝐼 |𝑗>𝑖𝑖 ∈ 𝐼 𝑚  ∈ 𝑀

 

 

(41) 

 𝑀𝑖𝑛: 𝑓2 =  (𝛿𝑚
− +  𝛿𝑚

+ )

𝑚  ∈ 𝑀

 

 

(42) 

 Subject to:  

   𝑌𝑖𝑚

𝑚  ∈ 𝑀

= 1, ∀ 𝑖 ∈ 𝐼 

 

(43) 

  𝑋𝑖𝑗𝑚 ≤  𝑌𝑖𝑚 , ∀  𝑖, 𝑗  𝑝𝑎𝑖𝑟𝑠  |𝑗 > 𝑖 , 𝑚 ∈ 𝑀 

 

(44) 

  𝑋𝑖𝑗𝑚 ≤  𝑌𝑗𝑚 , ∀  𝑖, 𝑗  𝑝𝑎𝑖𝑟𝑠  |𝑗 > 𝑖 , 𝑚 ∈ 𝑀 

 

(45) 

  𝑌𝑖𝑚 +  𝑌𝑗𝑚 −  𝑋𝑖𝑗𝑚 ≤ 1, ∀  𝑖, 𝑗 ∈ 𝐼  |𝑗 > 𝑖 , 𝑚 ∈ 𝑀 

 

(46) 

   𝑑𝑖𝑘𝑖𝑘  𝑌𝑖𝑚 =  𝑉𝑚
𝑘  ∈ 𝐾𝑖  ∈ 𝐼

, ∀𝑚 ∈ 𝑀 

 

(47) 

    𝑣𝑖𝑘𝑖𝑘  𝑡𝑖𝑗 𝑋𝑖𝑗𝑚 =  𝑇𝑚

𝑘  ∈ 𝐾𝑗  ∈ 𝐼 |𝑗>𝑖𝑖 ∈ 𝐼 

, ∀𝑚 ∈ 𝑀 

 

(48) 
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 𝑊𝑚 = 𝑉𝑚  +  𝑇𝑚 , ∀𝑚 ∈ 𝑀 
 

(49) 

  𝑊𝑚 /  𝑀 

𝑚  ∈ 𝑀

= 𝑊  

 

(50) 

 𝑊𝑚 +  𝛿𝑚
− −  𝛿𝑚

+ =  𝑊 , ∀ 𝑚 ∈ 𝑀 
 

(51) 

 𝑌𝑖𝑚 + 𝑌𝑗𝑚 ≤ 1, ∀  𝑖, 𝑗 ∈ 𝐶, 𝑚 ∈ 𝑀 

 

(52) 

  𝑑𝑖𝑘𝑖𝑘  𝑌𝑖𝑚 =  𝑉𝐾𝑚 ,𝑘

𝑖  ∈ 𝐼

, ∀𝑚 ∈ 𝑀, 𝑘 ∈ 𝐾 

 

(53) 

   𝑣𝑖𝑘𝑖𝑘  𝑡𝑖𝑗 𝑋𝑖𝑗𝑚 =  𝑇𝐾𝑚𝑘

𝑗  ∈ 𝐼 |𝑗>𝑖𝑖 ∈ 𝐼 

, ∀𝑚 ∈ 𝑀, 𝑘 ∈ 𝐾 

 

(54) 

 𝑊𝐾𝑚𝑘 = 𝑉𝐾𝑚𝑘  + 𝑇𝐾𝑚𝑘 , ∀𝑚 ∈ 𝑀, 𝑘 ∈ 𝐾  
 

(55) 

 𝑊𝐾𝑚𝑘 / 𝑌𝑊𝑇 = 𝑁𝑆𝑚𝑘  , ∀𝑚 ∈ 𝑀, 𝑘 ∈ 𝐾 
 

(56) 

  𝑊𝐾𝑚𝑘 / 𝑌𝑊𝑇

𝑚  ∈ 𝑀

= 𝑁𝑘  , ∀ 𝑘 ∈ 𝐾 

 

(57) 

 𝑋𝑖𝑗𝑚  ∈  0,1  ,         𝑖, 𝑗  𝑝𝑎𝑖𝑟𝑠 |𝑗 > 𝑖 , 𝑚 ∈ 𝑀 

𝑌𝑖𝑚  ∈  0,1   ,         ∀ 𝑖 ∈ 𝐼, 𝑚 ∈ 𝑀   
 𝛿𝑚

− , 𝛿𝑚
+ ≥ 0  ,         ∀ 𝑚 ∈ 𝑀  

𝑁𝑆𝑚𝑘 , 𝑁𝑘  ≥ 0 ,         ∀ 𝑚 ∈ 𝑀, 𝑘 ∈ 𝐾   

(58) 

(59) 

(60) 

(61) 

 

Similarly to the model (16)–(29), the objective function (41) minimizes the sum of the total travel 

workload between every basic unit for every district, such that  𝑖, 𝑗  𝑝𝑎𝑖𝑟𝑠 ∈  𝐼 |𝑗 > 𝑖 . On the other hand, 

the objective function (42) minimizes the sum of the total workload deviations from the average workload 

𝑊 , among all districts. Constraints (43) ensure that each basic unit is assigned to only one district. 

Constraints (44)–(46) are logical inequalities that control the assignment of each basic unit to each district, 

and the assignment of both units 𝑖 and 𝑗 to district 𝑚. Constraints (47)–(50) estimate respectively, visit 𝑉𝑚 , 

travel 𝑇𝑚 , and total 𝑊𝑚  workloads for each district 𝑚 , and the average workload 𝑊  for a selected 

districting configuration. In constraints (51), lower and upper deviations from the average workload 𝑊  of 

each district 𝑚 are quantified. The compatibility defined by the second level of contiguity is guaranteed in 

constraints (52). Constraints (53)–(55) estimate respectively, visit 𝑉𝐾𝑚𝑘 , travel 𝑇𝐾𝑚𝑘 , and total 𝑊𝐾𝑚𝑘  

workloads for each district 𝑚, and for each type of family of services 𝑘. In constraints (56), the required 

number of each type of staff in each district 𝑁𝑆𝑚𝑘  is estimated according to the given configuration, and 

constraints (57) complete this estimation for the overall urban area by calculating 𝑁𝑘 . Finally, constraints 

(58)–(61) define the nature of the decision variables. 

To solve the DPHHC, we used the solution approach proposed in Chapter 5. First, each objective function 

(41) and (42), corresponding to objective functions 𝑓1  and 𝑓2  respectively, are optimized individually 

subject to constraints (43)–(61), referred as Ω. In this process, the best number of districts 𝑚∗ is identified, 
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solving each model consecutively for different values of 𝑚. Then, we followed the lexicographic approach 

between objectives 𝑓1 and 𝑓2, and found the best values of the compromised thresholds (1+∝), achieving 

integral solutions in terms of the total travel workload and the balanced workloads among districts. 

The relation of instruction that the DPHHC generates in the first stage to the SRPHHC in the second stage 

comprises three decisions. The first decision determines the districting configuration in which basic units 

will be aggregated to deliver HHC services. This configuration determines not only the structure in which 

patients‘ demands will be distributed, but also the assignment of medical staff to each district. The second 

decision provides an estimation of the total number of each medical staff required to cover travel and visit 

workloads 𝑁𝑘 , given the obtained configuration. The third decision defines the maximum time spent by a 

staff member traveling between two basic units in a given district, 𝑚𝑎𝑥𝑡𝑟𝑎𝑣. To estimate this time, we 

use constraints defined by Ω, and given the obtained configuration, a new objective function is minimized. 

The 𝑚𝑎𝑥𝑡𝑟𝑎𝑣 is obtained by solving the following model: 

 𝑀𝑖𝑛: 𝑓3 = 𝑚𝑎𝑥𝑡𝑟𝑎𝑣 

 

(62) 

 Subject to:  

 Ω 
 

(63) 

 𝑚𝑎𝑥𝑡𝑟𝑎𝑣 ≥  𝑡𝑖𝑗  𝑌𝑖𝑚 + 𝑌𝑗𝑚 − 1 , ∀  𝑖, 𝑗  𝑝𝑎𝑖𝑟𝑠, 𝑚 ∈ 𝑀 (64) 

 

Forcing the model (62)–(64) to obtain the districting configuration given by the lexicographic solution of 

(41)–(61), the maximum distance travelled by a staff member is calculated by minimizing 𝑚𝑎𝑥𝑡𝑟𝑎𝑣. 

Constraints (64) ensure that 𝑚𝑎𝑥𝑡𝑟𝑎𝑣  is equal to the largest time spent by a staff member traveling 

between two basic units of a given district. It is important to clarify that, although expressions 𝑓1 and 𝑓3 

pursue similar objectives, they are not equivalent. In fact, different districting configurations are obtained 

when using each expression. Therefore we force model (62)–(64) with the optimal configuration found by 

solving (41)–(61) with the lexicographic approach to calculate the value of 𝑚𝑎𝑥𝑡𝑟𝑎𝑣. 

 

7.2.3 Reaction: The Staffing-Recruitment Problem in HHC 

The second stage of the integrated approach that defines the relation of reaction corresponds to the 

staffing-recruitment problem in HHC (SRPHHC). In this stage medical staff hiring‘ decisions are defined 

for each type of staff member and each month of a yearly planning horizon. Similarly to the formulation 

of the DP, we formulate an optimization model to support SR decisions based on the model structure 

proposed in Chapter 6 (see model (31)–(36)). Thus, we consider a set of  𝑇 periods, and a set for the types 

of hiring 𝐻, that allows identifying each of the legal hiring alternatives. Parameters include the monthly 

demand in hours for each type of medical staff 𝑑𝑡𝑘𝑡𝑘 , defined by expression (40). Staffing costs of salary 

𝑠 , hiring 𝑒 , and layoff 𝑙 , for each type of hiring , are also considered as parameters. Other input data 

include the monthly time dedicated to meetings, 𝑚𝑒𝑒𝑡, the effect of the learning-curve effect as parameter 

𝑙𝑐𝑓, the factor in which the regular salary is increased when a staff member works overtime hours as 𝑜𝑡𝑓, 

and the average working hours that each staff member should legally work, 𝑎𝑤𝑡.  
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To initialize the optimization process at the second stage, the SRPHHC receives from the DPHHC three 

instructions: the districting configuration of the urban area, the estimation of the initial number of 

available staff for each type of staff 𝑁𝑘 , and the maximum time spent by a staff member between two 

basic units of a given district, 𝑚𝑎𝑥𝑡𝑟𝑎𝑣. According to the type of staff member, the monthly number of 

hours dedicated by each staff member to travel among patients 𝑡𝑟𝑎𝑣 is calculated based on the instruction 

𝑚𝑎𝑥𝑡𝑟𝑎𝑣. As a result, the SRPHHC identifies independently for each type of staff, the number of staff 

available, to hire, and to layoff at each period 𝑡, for each hiring type , as 𝑥𝑡 , 𝑦𝑡 , and 𝑧𝑡 , respectively. 

Furthermore, decision variables 𝑜𝑡  and 𝑤𝑡  quantify respectively the number of overtime hours to hire at 

each period 𝑡 for each hiring type , and the number of hours to hire as service for each. The SRPHHC 

model follows: 

 𝑆𝑅𝑃𝐻𝐻𝐶 : 

 
 

 

𝑀𝑖𝑛: 𝑓4 =    𝑠(𝑥𝑡 + 𝑦𝑡)

  ∈ 𝐻 𝑡  ∈ 𝑇

+   (𝑒𝑦𝑡) + (𝑙𝑧𝑡)

  ∈ 𝐻 𝑡  ∈ 𝑇

+ (𝑜𝑡𝑓𝑜𝑡) +  (𝑠𝑓𝑤𝑡)

𝑡  ∈ 𝑇

 

 

 

(65) 

 Subject to: 

 

 

  𝑥1

  ∈ 𝐻

= 𝑁, 𝑡 = 1 

 

(66) 

  𝑥𝑡 =  𝑥𝑡−1, + 𝑦𝑡−1, − 𝑧𝑡−1, ,   𝑡 = 2. .  𝑇 , ∀  ∈ 𝐻 

 

(67) 

  (𝑥𝑡 +  𝑦𝑡 𝑙𝑐𝑓 − 𝑧𝑡)𝑎𝑤𝑡

  ∈ 𝐻

+  𝑜𝑡

  ∈ 𝐻

+ 𝑤𝑡 − 

 

 (𝑥𝑡 +  𝑦𝑡)𝑡𝑟𝑎𝑣

  ∈ 𝐻

−   (𝑥𝑡 +  𝑦𝑡 )𝑚𝑒𝑒𝑡

  ∈ 𝐻

≥ 𝑑𝑡𝑘𝑡 , ∀ 𝑡 ∈ 𝑇 

 

(68) 

  𝑜𝑡

  ∈ 𝐻

=  (𝑥𝑡 +  𝑦𝑡)𝑜𝑡𝑓

  ∈ 𝐻

, ∀ 𝑡 ∈ 𝑇 

 

(69) 

 𝑥𝑡 , 𝑦𝑡 , 𝑧𝑡 , 𝑜𝑡 , 𝑤𝑡 ≥ 0  ,        ∀  𝑡 ∈ 𝑇,  ∈ 𝐻 (70) 

 

The objective function (65) minimizes the total staffing-recruitment costs defined as 𝑓4. Constraints (66) 

define the initial number of available staff, provided by the districting configuration. Note that the vector 

𝑁𝑘  provided as the instruction, becomes a scalar as the value of 𝑁  in constraints (66), because the 

SRPHHC is solved for each type of staff, independently. Constraints (67) are the balance equations for 

periods 𝑡 = 2. .  𝑇 . Constraints (68) ensure that demand requirements for each period 𝑡 are accomplished. 

In these constraints 𝑑𝑡𝑘𝑡𝑘 becomes 𝑑𝑡𝑘𝑡  for each type of staff 𝑘 ∈ 𝐾 . Constraints (69) control the 

maximum number of overtime hours that can be worked in a period, given the number of hired staff. 

Constraints (70) define the nature of the decision variables. 

To solve the SRPHHC we used the solution approach proposed in Chapter 6. We evaluated the model 

(65)–(70) iteratively for each type of staff, until we found the optimum value of 𝑓4
∗ and consequently the 
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optimum value of 𝑁∗. Once these values were quantified, we identified the SR decisions for each period, 

and check the feasibility of the demand satisfaction constraints. 

The relation of reaction corresponds to the estimation of the optimum initial number of staff required for 

each type of staff 𝑁∗, in order to minimize 𝑓4
∗, obtained during the optimization process of model (65)–

(70). Therefore, each value of 𝑁∗ obtained for each type of staff member 𝑘, is aggregated again into a new 

vector 𝑁𝑘
′ , that defines a new constraint for the DPHHC in the model (41)–(61). The new constraint is 

defined by the following expression: 

  𝑊𝐾𝑚𝑘 / 𝑌𝑊𝑇

𝑚  ∈ 𝑀

≤ 𝑁𝑘
′  , ∀ 𝑘 ∈ 𝐾 

(71) 

 

Constraints (71) guarantee that the districting configuration defined by the DPHHC, assigns at the most 

𝑁𝑘
′  staff members for each type of staff 𝑘, to cover visits and travel workloads in the overall urban area. 

This new model is referred as 𝐷𝑃𝐻𝐻𝐶′ . Moreover, the new number of available staff members 𝑁𝑘
′  

guarantees that the total staffing-recruitment costs 𝑓4  are minimized during the 12-months planning 

horizon, given the districting configuration. 

To complete the cycle of the relations of anticipation-instruction-reaction, the 𝐷𝑃𝐻𝐻𝐶′  is solved again 

with the solution approach proposed for this stage. The aim of this phase is to evaluate the feasibility of 

the workload/capacity ratio, given by the travel and visits workloads estimated and the assignment of 

medical staff resources defined by the SRPHHC. If the new solution of the 𝐷𝑃𝐻𝐻𝐶′  produces the original 

districting configuration obtained in the second phase by solving 𝐷𝑃𝐻𝐻𝐶, then we conclude that the 

workload/capacity ratio is feasible, and therefore optimal solutions of the 𝑆𝑅𝑃𝐻𝐻𝐶 and the 𝐷𝑃𝐻𝐻𝐶 are 

integral optimum configurations for the urban area and for the staffing-recruitment decisions. 

In order to illustrate the detail of each of the stages and relations of the integrated approach we present 

Figure 23, in which the superior area represents the DPHHC. In this stage districting decisions are made 

assigning basic units to districts by finding a tradeoff between functions 𝑓1 and 𝑓2. Given the optimal 

configuration, the number of each type of staff 𝑁𝑘  is estimated and function 𝑓3  is minimized. These 

instructions are imposed to the second stage. In this stage, illustrated in the inferior area of Figure 23, the 

SRPHHC is solved iteratively for each type of staff member 𝑘, until find the initial number of staff 

required 𝑁𝑘
∗ that minimizes each 𝑓4

∗. These reactions are imposed again to the first stage, evaluating the 

feasibility of the workload/capacity ratio. If such ratio is feasible, and the initial districting configuration is 

preserved, an integral optimal is declared. 

 



 

 

 

Figure 23. Hierarchical Interdependencies: Detailed Structure of the Two-stage Approach
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7.3  Experimental Analysis 

In this section, we provide an experimental analysis in order to evaluate the applicability of the proposed 

approach in the logistics management of HHC systems. To complete the experimental analysis, we 

designed a set of test instances based on a general class of HHC provider identified in the context 

(Gutiérrez et al., 2014a). This class of provider operates mostly in urban areas, offers a diverse portfolio of 

health services and therefore, hires different types of medical professionals. Due to the diversification of 

pathologies in the patients‘ population, general class HHC providers recognize the need to differentiate 

among the type of patients. In this section, we describe the general characteristics followed to design test 

instances similar to real HHC providers. Furthermore, we define the conditions to generate visits and 

demand requirements, and give detail of the particular values used to generate data values. Given the 

conditions for the test instances, we provide an explanation of the experimental design. 

 

7.3.1 Test Instances Design 

In this section we describe the general characteristics followed to design test instances similar to real HHC 

providers. Furthermore, we define the conditions to generate visits and demand requirements, and give 

detail of the particular values used to generate data values. All values assumed to generate randomly 

instances are indicated in Table 15. 

General characteristics of the test instances are as follows: 

 Families of medical activities 𝑎 ∈ 𝐴 are defined based on the type of staff member 𝑘 ∈ 𝐾 that can 

perform each type of activity, identified by the subset 𝑆𝑘 . 

 The set of medical activities 𝑎 ∈ 𝐴 include eight types: (1) Medicine Supply (MSP), (2) Auxiliary 

Nurse Care 6-Hours (ANC-6), (3) Auxiliary Nurse Care 12-Hours (ANC-12), (4) Auxiliary Nurse 

Care 24-Hours (ANC-24), (5) Nursing Care (NCR), (6) General Practitioner Visit (GPV), (7) 

Therapist Home Visit (THV), and (8) Specialist Home Visit (SHV). 

 The set of type of medical professionals 𝑘 ∈ 𝐾 include five types: Auxiliary Nurse (AN), Nurse (NU), 

General Practitioner (GP), Therapist (TE), and Specialist (SP). 

 The subset 𝑆𝑘  is defined as follows: AN can perform medical activities (1) to (4), NU perform activity 

(5), GP activity (6), TE activity (7), and SP activity (8). 

 Five types of patients are considered: (1) Acute Short-Term (AST); (2) Acute Post-Hospitalization 

(APH); (3) Chronic Long-Term (CLT); (4) Chronic Loss of Autonomy (CLA); (5) Palliative Care 

(PAC). 

Due to the relevance of demand data for both the DPHHC and the SRPHHC, we considered the following 

conditions to randomly generate demand requirements: 

 The average number of visits for each type of activity 𝑎 ∈ 𝐴, in period 𝑡 ∈ 𝑇, is known and identified 

as 𝑣𝑡𝑎𝑡     . 

 

 The standard deviation of the number of visits for each type of activity 𝑎 ∈ 𝐴, in period 𝑡 ∈ 𝑇, is 

known and identified as 𝜎𝑡𝑎𝑡      . 
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 Monthly visit requirements for each type of activity 𝑎 ∈ 𝐴, in period 𝑡 ∈ 𝑇, measured in the number of 

visits per month, 𝑣𝑡𝑎𝑡  are randomly generated in the range  𝑣𝑡𝑎𝑡      ± 𝑘𝑑𝜎𝑡𝑎𝑡       , using a factor of 

𝑘𝑑 = 1,96, which allows covering a 97,5% of demand variations in most cases.  

 

 Annual visit requirements for each type of activity 𝑎 ∈ 𝐴, 𝑣𝑎𝑎 , measured in the number of visits per 

year, are defined as: 

 𝑣𝑎𝑎 =  𝑣𝑡𝑎𝑡

𝑡  ∈ 𝑇

, ∀ 𝑎 ∈ 𝐴 
(72) 

 Annual visit requirements for each type family of services 𝑘 ∈ 𝐾, 𝑣𝑎𝑘𝑘 , measured in the number of 

visits per year, are defined as: 

 𝑣𝑎𝑘𝑘 =  𝑣𝑎𝑎

𝑎  ∈ 𝑆𝑘

, ∀ 𝑘 ∈ 𝐾 
(73) 

 The number of visits required in each basic unit 𝑖 ∈ 𝐼, for each family of services 𝑘 ∈ 𝐾, are denoted 

as 𝑣𝑖𝑘𝑖𝑘 , and defined using the proportion of demand for each basic unit 𝜑𝑖 , where  𝜑𝑖 = 1𝑖∈𝐼 , and 

the security factor 𝑟𝑖 , as follows: 

 𝑣𝑖𝑘𝑖𝑘 = 𝑣𝑎𝑘𝑘 ∙ 𝜑𝑖 ∙ 𝑟𝑖 , ∀ 𝑖 ∈ 𝐼, 𝑘 ∈ 𝐾 (74) 

 To estimate the monthly proportion of visits that is attributed to each type of patient 𝑝 ∈ 𝑃, for activity 

𝑎 ∈ 𝐴, for period 𝑡 ∈ 𝑇, 𝑣𝑡𝑝𝑎𝑡𝑝 , we used the weighting factor 𝜆𝑝  and the monthly visit requirements 

𝑣𝑡𝑎𝑡  as follows: 

 𝑣𝑡𝑝𝑎𝑡𝑝 = 𝑣𝑡𝑎𝑡 ∙ 𝜆𝑝 , ∀ 𝑡 ∈ 𝑇, 𝑎 ∈ 𝐴, 𝑝 ∈ 𝑃 (75) 

 Average service times for each type of medical activity are defined by 𝑠𝑡𝑎    . According to each type of 

patient 𝑝 ∈ 𝑃, service times for each activity and each type of patient 𝑠𝑡𝑎𝑝  are randomly generated 

using the range  𝑠𝑡𝑎    ± 𝛽𝑝 , where 𝛽𝑝  is the time service deviation for each type of patient 𝑝 ∈ 𝑃. 

 

 Monthly demand requirements for each family of services 𝑘 ∈ 𝐾, in period 𝑡 ∈ 𝑇, 𝑑𝑡𝑘𝑡𝑘 , measured in 

the number of hours required per month are calculated by: 

 𝑑𝑡𝑘𝑡𝑘 =   𝑣𝑡𝑝𝑎𝑡𝑝 ∙ 𝑠𝑡𝑎𝑝

𝑝  ∈ 𝑃𝑎  ∈ 𝑆𝑘

, ∀ 𝑡 ∈ 𝑇, 𝑘 ∈ 𝐾 
(76) 

 Annual demand requirements for each family of services 𝑘 ∈ 𝐾, 𝑑𝑎𝑘𝑘 , measured in the number of 

hours required per year are calculated by: 

 𝑑𝑎𝑘𝑘 =  𝑑𝑡𝑘𝑡𝑘

𝑡  ∈ 𝑇

, ∀ 𝑘 ∈ 𝐾 
(77) 

 Demand requirements in each basic unit 𝑖 ∈ 𝐼, for each family of services 𝑘 ∈ 𝐾, are denoted as 𝑑𝑖𝑘𝑖𝑘 , 

and defined using the proportion of demand for each basic unit 𝜑𝑖 , where  𝜑𝑖 = 1𝑖∈𝐼 , and the 

security factor 𝑟𝑖 , as follows: 

 𝑑𝑖𝑘𝑖𝑘 = 𝑑𝑎𝑘𝑘 ∙ 𝜑𝑖 ∙ 𝑟𝑖 , ∀ 𝑖 ∈ 𝐼, 𝑘 ∈ 𝐾 (78) 
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Particular values assumed to generate data values are indicated in Table 15 and defined based on the 

following rules: 

 To generate monthly visit requirements 𝑣𝑡𝑎𝑡  for each type of activity 𝑎 ∈ 𝐴, in period 𝑡 ∈ 𝑇, we used 

values indicated in the column (3) of Table 15. As indicated, for each activity 𝑎 ∈ 𝐴, the average 

number of visits 𝑣𝑡𝑎𝑡      is the first value, and the standard deviation 𝜎𝑡𝑎𝑡       is expressed in parenthesis. For 

example, consider the case of the medical activity MSP. The average number of monthly visits for this 

activity is 3.950, and the standard deviation is 775. 

 To estimate demand requirements according to the type of patient 𝑝 ∈ 𝑃, we used two configurations 

of the weighting factor 𝜆𝑝 :  0, 20;  0,20;  0,20;  0,20;  0,20  and  0, 30;  0,25;  0,20;  0,15;  0,10 . 

 Service times for each type of medical activity and each type of patient, are also presented in Table 

15. Column (4) indicates the average service time 𝑠𝑡𝑎     for activity 𝑎 ∈ 𝐴, and columns (5) to (9) 

indicate the ranges  𝑠𝑡𝑎    ± 𝛽𝑝 , for each type of patient 𝑝 ∈ 𝑃. 

 To distribute annual visits and demand requirements in each basic unit 𝑖 ∈ 𝐼, we generated a random  

number 𝜑𝑖  in the range  0, 1  in such a way that  𝜑𝑖 = 1𝑖∈𝐼 . 

 Security factors 𝑟𝑖  were randomly generated for each basic unit 𝑖 ∈ 𝐼, in a way that the factor will be 

one of the three scales of security:  0, 6;  0,8;  1,0 . These values were considered real security 

information data of Colombian cities, as explained in Chapter 5. 

 Three sizes of urban areas were considered: 𝐼 =  10, 20, 30 . For each size, urban areas correspond to 

768 square kilometers (24km x 32km), 1.600 square kilometers (40km x 40km), and 2.500 square 

kilometers (50km x 50km), respectively. 

 To calculate distances and travel times among basic units, the Euclidian distance was computed first, 

from the center point of each pair of basic units  𝑖, 𝑗 ∈ 𝐼. Then, based on results of circularity indexes 

studied by Vidal (2013) and López and Zapata (2014) in the Colombian context, we considered a 

circularity index factor of 1,302 and an average speed of 40 km/hour. 

 Three type of hiring alternatives are considered: Direct Employment (DE), Third-Parties (TP), and 

Services Only (SO). 

 Staffing costs were calculated as relative values for each type of staff and each cost (salary, hiring, 

layoff). 

 The number of monthly hours dedicated by each staff member to attend medical meetings 𝑚𝑒𝑒𝑡 was 

assumed in 8,5 hours/month. 

 The learning curve factor for a new staff member 𝑙𝑐𝑓 was set to 80%. 

 The average overtime factor 𝑜𝑡𝑓 was estimated in 1,5%. 

 The average service-hour factor 𝑠𝑓 was estimated in 1,5%. 

 The yearly working time for all staff members 𝑌𝑊𝑇 was set to 2.496 hours/year. 

 The monthly average working time for all staff members 𝑎𝑤𝑡, was set to 208 hours/month. 
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Table 15. Values assumed for the instance generation 

(1) (2) (3) (4) (5) (6) (7) (8) (9) 

Type of 

Medical 

Staff 

𝒌 ∈ 𝑲 

Type of 

Medical 

Activity 

𝒂 ∈ 𝑨 

Monthly 

Demand 

𝒗𝒕𝒂𝒕       

 [visits] 

Average 

Service 

Time,𝒔𝒕𝒂    

[min] 

Type of Patient 𝒑 ∈ 𝑷: 𝒔𝒕𝒂𝒑 

1 

AST 

2 

APH 

3 

CLT 

4 

CLA 

5 

PAC 

Auxiliary 

Nurse (AN) 

Medicines 

Supply  

(MSP) 

3.950 

± 𝑘𝑑 (775) 

30 ±10 

[20,40] 

±10 

[20,40] 

±15 

[15,45] 

+ 20 

[30,50] 

+ 20 

[30,50] 

Auxiliary 

Nurse Care 

(ANC-6) 

425 

± 𝑘𝑑 (95) 

360 [360] [360] [360] [360] [360] 

Auxiliary 

Nurse Care 

(ANC-12) 

1.230 

± 𝑘𝑑 (320) 

720 [720] [720] [720] [720] [720] 

Auxiliary 

Nurse Care 

(ANC-24) 

3.200 

± 𝑘𝑑 (860) 

1.440 [1.440] [1.440] [1.440] [1.440] [1.440] 

Nurse 

(NU) 

Nursing 

Care 

(NCR) 

1.250 

± 𝑘𝑑 (230) 

30 ±10 

[20,40] 

±10 

[20,40] 

±15 

[15,45] 

+ 20 

[30,50] 

+ 20 

[30,50] 

Gen. 

Practitioner 

(GP) 

Gen. 

Practitioner 

Visit (GPV) 

565 

± 𝑘𝑑 (82) 

30 ±10 

[20,40] 

±10 

[20,40] 

±15 

[15,45] 

+ 20 

[30,50] 

+ 20 

[30,50] 

Therapist 

(TE) 

Therapies 

Home Visit 

(THV) 

14.700 

± 𝑘𝑑 

(2.300) 

60 ±20 

[40,80] 

±20 

[40,80] 

+ 25 

[60,85] 

+ 30 

[60,90] 

+ 30 

[60,90] 

Specialist 

(SP) 

Specialist 

Home Visit 

(SHV) 

185 

± 𝑘𝑑 (25) 

30 ±10 

[20,40] 

±10 

[20,40] 

±15 

[15,45] 

+ 20 

[30,50] 

+ 20 

[30,50] 

 

7.3.2 Experimental Research Design 

The experimental design to complete the analysis is illustrated in Table 16. For the DPHHC, we evaluated 

instances of three different sizes, defined by the number of basic units, 𝐼 =  10, 20, 30 . For each problem 

of size 𝐼, we considered two configurations of the weighting factor for each type of patient 𝑝 ∈ 𝑃, 𝜆𝑝 : 

 0, 20;  0,20;  0,20;  0,20;  0,20  and  0, 30;  0,25;  0,20;  0,15;  0,10 . For each configuration 𝜆𝑝 , we 

randomly generated a set of five instances, evaluating ten instances for each size 𝐼, and 30 instances in 

total. 

In the first stage of the approach, we find the best districting configuration for each instance following the 

solution approach described in Chapter 5. First, we evaluated the DPHHC (model (41)–(61)) for different 

values of the number of districts 𝑚, in the range  1%, 50%  of the number of basic units 𝐼. Then, after 

selecting the best value of 𝑚∗ in terms of objective 𝑓1, we evaluated the compromised threshold  1 + 𝛼 , 

for different values of 𝛼 in the range  1%, 30% , and found the best possible combination of  1 + 𝛼  that 

provided the best trade-off between objectives 𝑓1 and 𝑓2. In other words, we found the best value of 𝛼 that 

provided simultaneously, the minor deterioration in 𝑓1
∗  and the major improvement in 𝑓2

∗ . Once the 

districting configuration was defined, we identified the total required number of medical staff of each type 
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𝑘 ∈ 𝐾, 𝑁𝑘 , and calculated the maximum time spent by a staff member traveling between two basic units 

of a given district 𝑚𝑎𝑥𝑡𝑟𝑎𝑣 , solving the model (62)–(64). These three decisions correspond to the 

instruction relation generated from the DPHHC to the SRPHHC. 

Table 16. Experimental Design 

    DPHHC: SRPHHC: Reaction 

𝐼 𝑚 
 1%, 50%  

𝛼 
 1%, 30%  

𝑝 ∈ 𝑃 

𝜆𝑝  

Instructions 

BU assignment 
𝑁𝑘

∗: 
 𝑁 ± 𝜕𝑁  

new vector 

𝑁𝑘
′  

10  1, 5  
To find: 

𝑚∗ 

To find: 

 1 + 𝛼 ∗ 

 
 
 
 
 
0, 20
0, 20
0, 20
0, 20
0, 20 

 
 
 
 

;

 
 
 
 
 
0, 30
0, 25
0, 20
0, 15
0, 10 

 
 
 
 

 

𝑚𝑎𝑥𝑡𝑟𝑎𝑣: 

𝑡𝑟𝑎𝑣𝑘  

𝑁𝐴𝑁   𝑁 ± 120%𝑁  𝑁𝐴𝑁
∗ = 𝑁𝐴𝑁

′  

𝑁𝑁𝑈   𝑁 ± 100%𝑁  𝑁𝑁𝑈
∗ = 𝑁𝑁𝑈

′  

𝑁𝐺𝑃   𝑁 ± 50%𝑁  𝑁𝐺𝑃
∗ = 𝑁𝐺𝑃

′  

𝑁𝑇𝐸   𝑁 ± 100%𝑁  𝑁𝑇𝐸
∗ = 𝑁𝑇𝐸

′  

𝑁𝑆𝑃   𝑁 ± 50%𝑁  𝑁𝑆𝑃
∗ = 𝑁𝑆𝑃

′  

20  2, 10  
To find: 

𝑚∗ 

To find: 

 1 + 𝛼 ∗ 

 
 
 
 
 
0, 20
0, 20
0, 20
0, 20
0, 20 

 
 
 
 

;

 
 
 
 
 
0, 30
0, 25
0, 20
0, 15
0, 10 

 
 
 
 

 

𝑚𝑎𝑥𝑡𝑟𝑎𝑣: 

𝑡𝑟𝑎𝑣𝑘  

𝑁𝐴𝑁   𝑁 ± 120%𝑁  𝑁𝐴𝑁
∗ = 𝑁𝐴𝑁

′  

𝑁𝑁𝑈   𝑁 ± 100%𝑁  𝑁𝑁𝑈
∗ = 𝑁𝑁𝑈

′  

𝑁𝐺𝑃   𝑁 ± 50%𝑁  𝑁𝐺𝑃
∗ = 𝑁𝐺𝑃

′  

𝑁𝑇𝐸   𝑁 ± 100%𝑁  𝑁𝑇𝐸
∗ = 𝑁𝑇𝐸

′  

𝑁𝑆𝑃   𝑁 ± 50%𝑁  𝑁𝑆𝑃
∗ = 𝑁𝑆𝑃

′  

30  3, 15  
To find: 

𝑚∗ 

To find: 

 1 + 𝛼 ∗ 

 
 
 
 
 
0, 20
0, 20
0, 20
0, 20
0, 20 

 
 
 
 

;

 
 
 
 
 
0, 30
0, 25
0, 20
0, 15
0, 10 

 
 
 
 

 

𝑚𝑎𝑥𝑡𝑟𝑎𝑣: 

𝑡𝑟𝑎𝑣𝑘  

𝑁𝐴𝑁   𝑁 ± 120%𝑁  𝑁𝐴𝑁
∗ = 𝑁𝐴𝑁

′  

𝑁𝑁𝑈   𝑁 ± 100%𝑁  𝑁𝑁𝑈
∗ = 𝑁𝑁𝑈

′  

𝑁𝐺𝑃   𝑁 ± 50%𝑁  𝑁𝐺𝑃
∗ = 𝑁𝐺𝑃

′  

𝑁𝑇𝐸   𝑁 ± 100%𝑁  𝑁𝑇𝐸
∗ = 𝑁𝑇𝐸

′  

𝑁𝑆𝑃   𝑁 ± 50%𝑁  𝑁𝑆𝑃
∗ = 𝑁𝑆𝑃

′  

 

In the second stage we solved the SRPHHC (model (65)–(70)). To find the optimum number of the initial 

number of staff 𝑁∗ that minimizes objective 𝑓4, we solve the problem independently for each family of 

services 𝑘 ∈ 𝐾. Moreover, for each 𝑘 ∈ 𝐾, we solved the model (65)–(70) iteratively, varying the value of 

𝑁 in a range  𝑁 ± 𝜕𝑁  defined in Table 16 for each 𝑘 ∈ 𝐾, where 𝜕 is a value between  0,1  for families 

of services provided by NU, GP, TE, and SP. For services provided by AN we consider variations of 𝜕 in 

the range  0, 1,2 . The variation ranges of 𝜕 are assumed in such a way due to the volume of demand 

requirements for each family of services. In a general HHC provider, the family of services provided by 

AN typically represents the major volume of visits and demand requirements, and therefore larger number 

of medical staff requirements. We solve the model iteratively only for values of  𝑁 ± 𝜕𝑁 ≥ 0. 

Once the optimum number of the required initial staff 𝑁∗ is identified for all 𝑘 ∈ 𝐾, the new vector 𝑁𝑘
′  is 

formed, and constraints (71) are imposed to model (41)–(61), solving the 𝐷𝑃𝐻𝐻𝐶′ . At this point, the 

feasibility of the workload/capacity ratio is evaluated, and by the solution of model 𝐷𝑃𝐻𝐻𝐶′ , we 

determine if a new districting configuration is required, or if the original configuration obtained in the first 

stage is kept despite the changes in the values of 𝑁𝑘  to 𝑁𝑘
′ . If a new districting configuration is found, we 

solve again stages one and two and evaluate the values of 𝑁𝑘
′  until the configuration satisfies both optimal 

conditions of the DPHHC and the SRPHHC. 

 

 



Doctoral Thesis 

105 

7.3.3 Hierarchical Interdependencies Experiments 

The first stage of the approach involves solving the DPHHC to define districting configuration of the 

urban area, estimate the initial number of staff required of each type of staff, and calculate the maximum 

time spent by a staff member traveling between two basic units of a given district. We evaluated each 

instance of size 𝐼 for the different values of 𝑚 defined in the experiment design, which implied that the 

DPHHC was solved 270 times for each objective 𝑓1 and 𝑓2, (50 with 𝐼 = 10; 90 with 𝐼 = 20; 130 with 

𝐼 = 30), in order to find their corresponding optimal values. Having the individual optimum values of 𝑓1
′  

and 𝑓2
′ , we applied the lexicographic solution approach, and found the best compromised threshold  1 + 𝛼  

for each instance. The averages of the optimum values 𝑓1
∗ and 𝑓2

∗ found by following this procedure for 

each set of instances and their corresponding standard deviation (indicated within parenthesis) are 

presented in columns (2) to (5) of Table 17. As it can be deduced from these values, coefficients of 

variability for these metrics vary from 2,90% to 6,28%, which evidences the stability of the experiments. 

Table 17. Results of Hierarchical Experiments 

𝐼 𝑚∗     𝑓1
∗    𝑓2

∗    𝛼  𝑓3
∗    𝜆𝑝  𝑁𝑘

     𝑓4
  𝑁𝑘

∗     𝑓4
∗    

10 [4,5] 
43.851 

(1.728) 

82.335 

(2.390) 

8,43% 

(0,26%) 

21,6 

(0,97) 

 
 
 
 
 
0, 20
0, 20
0, 20
0, 20
0, 20 

 
 
 
 

 

269 

8.075,8 

(714,2) 

525 

7.608,32 

(703,4) 

4 8 

3 3 

71 108 

1 1 

 
 
 
 
 
0, 30
0, 25
0, 20
0, 15
0, 10 

 
 
 
 

 

272 

8.320,1 

(721,0) 

539 

7.806,9 

(710,4) 

5 8 

3 4 

84 112 

1 1 

20 [5,8] 
61.209 

(2.180) 

99.691 

(4.391) 

6,94% 

(0,41%) 

29,8 

(1,03) 

 
 
 
 
 
0, 20
0, 20
0, 20
0, 20
0, 20 

 
 
 
 

 

373 

12.696,8 

(1.124,7) 

702 

11.983,4 

(1.119,2) 

5 6 

3 4 

78 143 

1 1 

 
 
 
 
 
0, 30
0, 25
0, 20
0, 15
0, 10 

 
 
 
 

 

382 

13.136,2 

(1.205,4) 

714 

12.437.4 

(1.198,7) 

5 7 

3 5 

86 154 

1 1 

30 [10,14] 
90.072 

(3.287) 

127.446 

(5.918) 

9,72% 

(0,37%) 

34,4 

(1,72) 

 
 
 
 
 
0, 20
0, 20
0, 20
0, 20
0, 20 

 
 
 
 

 

390 

19.833,7 

(1.459,6) 

724 

18.708,3 

(1.207,5) 

5 6 

4 5 

89 131 

1 2 

 
 
 
 
 
0, 30
0, 25
0, 20
0, 15
0, 10 

 
 
 
 

 

398 

20.602,1 

(1.683,6) 

747 

19.757,8 

(1.305,2) 

6 7 

4 5 

94 165 

1 2 
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The range in which the best number of districts 𝑚∗ varies, for each size of instance 𝐼 =  10, 20, 30 , is 

[4,5], [5,8], and [10,14], respectively. This finding offers HHC managers better and more accurate ranges 

when defining districting configurations. In practice, most of the time the number of districts 𝑚 is decided 

based on the detail of the basic unit data availability or by the numbers used in urban planning processes. 

These ranges allow ensuring that good compromised solutions can be found for districting decisions, in 

terms of the total travel workloads (𝑓1) and balanced workloads (𝑓2) among districts. 

To complete the first stage, the maximum time spent by a staff member traveling between two basic units 

given the optimum configuration, was calculated solving the model (62)–(64) for each instance, and the 

average values of 𝑓3
∗    obtained for each set of instances are indicated in column (6) of Table 17. Lastly, the 

initial number of staff required of each type of staff were estimated with equations (57) for each instance. 

At this point, the weighting factor 𝜆𝑝  directly affects service times for each type of patient 𝑝 ∈ 𝑃 and 

demand requirements in hours, therefore the average values of 𝑁𝑘
     are identified for each combination of 

𝜆𝑝 . The districting configuration and values of columns (6) and (8) of Table 17 correspond to the 

instruction relation from the DPHHC to the SRPHHC. 

At the second stage, we solved the SRPHHC for each instance. Due to the ranges in which the values of 

𝑁𝑘  were evaluated, the model was solved an average of 105 times for each type of staff, per instance, in 

order to find the value of 𝑁𝑘
∗ that minimized objective 𝑓4. Column (10) of Table 17 presents the average 

values of 𝑁𝑘
∗     obtained for each set of instances and each combination of 𝜆𝑝 . As can be inferred from these 

results, the weighting factor 𝜆𝑝  directly influences on staff requirements, evidencing the relevance of 

identifying patient profiles according to their pathologies and medical treatments. Moreover, it is 

evidenced that, at the first stage of the hierarchical approach, the DPHHC underestimates staff 

requirements for services with high volumes of visits and hours, such as those provided by AN and TE, 

while it provides more accurate estimations for services with low volume of visits and hours, such as those 

provided by NU, GP and SP. 

The average total staffing-recruitment costs for all type of staff members, for each set of instances, 

obtained first when using values derived from the DPHHC as 𝑁𝑘 , and second with solutions 𝑁𝑘
∗ obtained 

by iteratively solving the SRPHHC, are presented in columns (9) and (11) of Table 17, as 𝑓4
 and  

𝑓4
∗   , respectively. As observed, improvements in the total staffing-recruitment costs, from the first stage to 

the second one, vary from 4,10% to 6,17%. This shows that, although the DPHHC provides an overall 

estimation of staff requirements for a yearly planning horizon, the SRPHHC provides a more detailed and 

accurate definition of such requirements, and allow reducing staffing-recruitment annual costs up to 5%, 

on average. 

To complete the relation of reaction from the SRPHHC to the DPHHC, the new vector 𝑁𝑘
′  was formed for 

each instance with values of 𝑁𝑘
∗ of column (10) in Table 17, and constraints (71) were imposed to model 

(41)–(61), solving the 𝐷𝑃𝐻𝐻𝐶′ . We found that in all of the 30 instances evaluated, the workload/capacity 

ratios were feasible, and the new values of 𝑁𝑘
∗  satisfy all constraints of the original districting 

configuration obtained by the solution in the first stage of the DPHHC. These results allow us to confirm 

the hierarchical structure among districting and staffing decisions in HHC, and to conclude that the 

proposed approach offers a method to find integral optimums among the two objectives. 
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In order to provide a detailed example of the integrated approach, let us consider the case of an urban area 

of 1.600 square kilometers (40km x 40 km), where patients‘ population is distributed into 20 basic units of 

8km x 8km each, and they follow the second patient configuration 𝜆𝑝   0, 30;  0,25;  0,20;  0,15;  0,10 . 

The optimal districting configuration obtained at the first stage when solving the DPHHC and minimizing 

𝑓1 individually is illustrated in Figure 24–(a), with a value of 𝑓1
′ = 59.875 hours/year. This configuration 

produces a value of 𝑓2 = 95.458 hours/year, which is high compared when the result when minimizing 𝑓2
´ 

individually, which generates a value of 𝑓2
′ = 42.179. Therefore, using the lexicographic approach, we 

found a compromised threshold between  𝑓1 and 𝑓2 of (1 + 7,32%), that produces an improvement in 𝑓2 

of an 80,3% from 95.458 to 76.673, with a small deterioration of 𝑓1
′  of 7,32% from 59.875 to 64.257. The 

compromised threshold and improved districting configuration is illustrated in Figure 24–(b). 

  

 

(a) Minimizing 𝑓1
′   

individually 

(b) Thresholds: 𝑓1
∗ vs. 𝑓2

∗ 

(∝ = 7,32%) 

Figure 24. Districting Configurations Obtained 

The maximum time 𝑓3
∗ spent by a staff member given the districting configuration of Figure 24–(b) takes 

31,25 minutes and is travelled between basic units 12 and 20. The estimation of the staff requirements for 

each type of staff 𝑁𝑘  provided at the first stage, are presented in column eight of Table 18. The districting 

configuration, the maximum time, and the estimation of the staff requirements, correspond to the 

instruction relation between the DPHHC and the SRPHHC. The total staffing-recruitment cost obtained 

with such values of 𝑁𝑘  is 𝑓4 = 13.250,6. 

Table 18. Results of Hierarchical Experiments 

𝐼 𝑚∗ 𝑓1
∗ 𝑓2

∗ 𝛼 𝑓3
∗ 𝜆𝑝  𝑁𝑘  𝑓4 𝑁𝑘

∗ 𝑓4
∗ 

20 8 64.257 76.673 7,32% 31,25 

 
 
 
 
 
0, 30
0, 25
0, 20
0, 15
0, 10 

 
 
 
 

 

398 

13.250,6 

733 

12.526.5 

6 7 

4 5 

88 163 

1 1 

 

1 2 3

4 5 6 7

8 9 10 11 12

13 14 15 16

17 18 19 20

1 2 3

4 5 6 7

8 9 10 11 12

13 14 15 16

17 18 19 20

District: 1 2 3 4 5 6 7 8
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Given the instructions provided by the DPHHC, the SRPHHC is solved in the second stage and the values 

of the initial number of staff members required for each type of staff 𝑁𝑘
∗ are found in such a way that the 

total staffing-recruitment cost is minimized. Columns (10) and (11) of Table 18 present the values 

obtained for 𝑁𝑘
∗ and the optimum value of 𝑓4

∗, respectively. As seen, the improvement reached in objective 

𝑓4 is 5,47%. 

 

7.4  Chapter Summary 

In this chapter we have developed an integrated approach to support logistics decisions with hierarchical 

interdependencies, related to network design and staff management decisions in HHC. We designed a 

two-stage problem approach to support districting and staffing-recruitment decisions an integral 

hierarchical structure, defining the relations of anticipation, instruction, and reaction. The mathematical 

formulations and solution approaches developed in Chapters 5 and 6 were used in an integral scheme, in a 

way that particular conditions present in real-life HHC systems in developing countries were 

simultaneously considered for each decision problem. 

In the anticipation relation, all demand estimations were completed for each stage of the approach, in 

different levels of aggregation and decomposition. In the relation of instruction, an improved version of 

the DPHHC was solved, and three instructions were obtained: the districting configuration of the urban 

area, an estimation of the system capacity measured in the number of required staff member for each of 

their types, and the calculation of the maximum time spent by a staff member traveling between two basic 

units of a given district. With these instructions, the SRPHHC was solved in the relation of reaction, 

evaluating the feasibility of the workload/capacity ratio, and finding integral optimum values for both 

stages. 

The integrated approach was evaluated in a large set of random instances based on real-life data from one 

of the largest HHC providers in Colombia. Results showed that the proposed approach allows finding 

better districting configurations and staffing-recruitment decisions, in terms of the travel and visits 

workloads assigned to each district in a long-term planning horizon, and in terms of annual staffing-

recruitment costs in a medium planning horizon. Moreover, the approach finds integral optimal values for 

both decision problems, offering a balance between the financial and technical sustainability of the HHC 

provider, as well as ensuring good service levels for patients and stable working conditions for the medical 

staff. 
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8. General Conclusions and Future Research 

 

One of the most significant healthcare trends recently witnessed worldwide is the shift of treatment from 

hospitals to homes in order to gain a cost advantage, improve life quality of patients, and optimize the use 

of scarce resources assigned to health care delivery. As patients and health care institutions prefer home 

health care (HHC) over hospitals, mainly for the convenience and cost-effectiveness that it offers, HHC 

providers face demand increases due to, among other reasons, better treatment quality ensured by trained 

medical professionals. The integration and coordination of HHC services networks is a complex task and 

managers have to face many logistics decisions when designing, planning, and operating the system. HHC 

logistics management involves decision-making problems such as network design, transportation, staff, 

and inventory management at the strategic, tactical, operational, and real-time levels. The main motivation 

of this work was precisely to study models and methods to support logistics decisions at the strategic and 

tactical planning levels. The results from this thesis present several contributions, from the practical, 

methodological and theoretical perspectives. In this chapter, we summarize these contributions for each of 

the chapters presented in this thesis and present general conclusions and future research opportunities. 

This thesis provides an insightful study of Home Health Care Logistics Management Problems 

(HHCLMP) in the context of developing countries, where combined social security systems are present. In 

such contexts, part of the health service is provided by the government to the under-privilege non-working 

population through a subsidized system, and the other part is provided by private insurance companies in 

an employer-based system. The study of HHCLMP presented in this thesis, goes from a detailed review of 

the state of the art in the literature and in real-life HHC systems, to the development of an integrated 

approach to support logistics decisions in different planning horizons with hierarchical interdependency, 

passing through to the characterization of the features that define network design and staff management 

problems in HHC. 

In Chapter 2, we proposed a structured framework for HHCLMP which allowed us to identify each of the 

logistics decisions for each of the planning horizons in HHC, as well as the sequence of health services 

provided when a patient enters into the system. We identified three planning horizons namely strategic, 

tactical and operational; four logistics functions: network design, transportation management, staff 

management, and inventory management; and a set of service processes grouped in three categories: 

medical services, patient services, and support services. We characterized each of the logistics functions 

and each of the service processes, and presented a brief literature review of the logistics problems 

involved. This work evidenced that the most critical problems faced by HHC providers are related to the 

location and allocation of long-lasting resources at the strategic and tactical levels, due to their impact in 

operative decisions and the partial definition of the performance of the health care delivery system. 

Moreover, the review showed that more research attention should be placed on the study of the 

hierarchical structure of logistics management decisions in HHC. The proposed framework constitutes one 

of the methodological contributions of this thesis, and provides a structured taxonomy to study logistics 

problems in HHC. Furthermore, the developed framework partially answered the first research question 
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proposed for this dissertation, as well as the accomplishment of the first specific objective presented in 

Chapter 1. 

In Chapter 3, a critical review of models and methods available in the literature to support logistics 

decisions in HHC was provided. The taxonomy defined by the framework proposed in Chapter 2 was 

used, thus we followed the classification of logistics problems according to the planning horizon: the 

strategic level corresponded to design and planning decisions, the tactical level corresponded to resource 

planning and allocation, and the operational level corresponded to service scheduling. A detailed analysis 

of each of the works found in the literature was provided, and we presented a synthesis with the main 

characteristics of those works in Tables 1 to 3. The literature review allowed us to conclude that the 

majority of the models to support logistics decisions in HHC have been developed at the operational level, 

for staff routing and scheduling problems, and are based on developed countries. These findings 

evidenced that more research is needed to improve the logistics performance of HHC systems in 

developing countries, and that the inclusion of particular features of such context is required, in order to 

offer better support for decision making in real-life health systems. The main contribution of the review is 

the classification of the logistics problems according to the proposed framework and the identification of 

the characteristics of the models and methods, including the authors, the problem type, the problem 

characteristics, the objective(s), the model structure, and the solution methods. This chapter also answered 

partially research questions one and two proposed for the dissertation, and contributed to the 

accomplishment of the second specific objective presented in Chapter 1. 

In Chapter 4, we presented the first logistics management study on the performance of health care 

institutions certified by the Ministry of Health and Social Protection (MHSP) to provide HHC services in 

the state of Valle del Cauca, Colombia. The study consisted of six axes defined by the structured 

framework proposed in Chapter 2: (i) characterization of HHC providers, (ii) description and evaluation 

of service processes and maturity; and how logistics decisions are made in (iii) network design, (iv) 

transportation management, (v) staff management, and (vi) inventory management. Based on the results 

of the literature review presented in Chapter 3, a semi-structured inquiry was designed, validated and 

applied to investigate the methods used by HHC providers to support logistics management decisions. The 

inquiry also evaluated the maturity levels of each of the service processes, using the Capability Maturity 

Model (CMM). Results showed that currently in Colombia 482 health care institutions are certified by the 

Ministry of Health and Social Protection (MHSP) to provide HHC services, of which 71 are located in the 

state, and 40 in the capital of the state. An average maturity level of 3.2/5.0 showed the improvement 

opportunities over service processes and logistics management decisions. We also concluded that the 

documentation and standardization of service processes is required if HHC providers wish to improve the 

service delivery and reach high maturity levels through optimization techniques. The results from this 

chapter completed the answers for research questions one and two proposed for the dissertation, and 

contributed to the accomplishment of the second specific objective presented in Chapter 1. 

In Chapter 5, we studied the districting problem in HHC (DPHHC), as part of the logistics decisions that 

define the hierarchical interdependencies between network design and staff management. We studied the 

problem in the context of a rapid-growing city, where conditions of developing economies affect the 

health care delivery process. Three factors were integrally studied: the geographical disposition of the 

population, security conditions to access basic units, and trends on demand for HHC services. We 

proposed a bi-objective mathematical model and identified trade-offs, allowing finding better 
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compromised solutions. We evaluated the model with real data instances from a HHC institution which 

delivers services in the largest cities in Colombia. Results showed that better districting configurations can 

be obtained and deteriorations of less than 10% in Travel Workload can produce improvements of more 

than 80% in Workload Deviations. The main contribution of this chapter is the inclusion of factors present 

in real-life HHC systems, such as demand diversification due to different type patients' profiles, medical 

activities, and urban areas safety information, into common mathematical formulations structures 

available in the literature for the DPHHC. Moreover, the inclusion of two conflictive objectives and the 

lexicographic solution approach implemented had not been studied before for DPHHC in such context, 

which represents a theoretical and practical contribution. The development of this chapter answered 

partially to the second research questions proposed for the dissertation and contributed to the 

accomplishment of specific objectives two and three presented in Chapter 1. 

In Chapter 6, we studied the staffing-recruitment problem (SRP) in HHC (SRPHHC), also a part of the 

logistics decisions that define the hierarchical interdependencies between network design and staff 

management. The SRP refers to the process of determining the required number of each type of staff to 

hire at each period to satisfy demand requirements and minimize staffing costs. Given the relevance of the 

problem, we proposed a mathematical model that supports monthly decisions of a year planning horizon. 

With the aim to include real-life features from HHC systems, we explicitly modeled different type of legal 

hires and the work regulations for working hours in a developing country. Moreover, we included the 

effect of the learning-curve phenomenon and considered the time that medical staff spends traveling 

between patients‘ homes. The model was evaluated with real data and with a set of random instances 

generated based on a real HHC provider. Besides stability and robustness, the model and the solution 

approach proposed allowed finding optimal staffing-recruitment decisions. The contribution of this 

chapter is twofold. First, the proposed model considered HHC logistics settings through the inclusion of 

the working time dedicated to travel among patients and the learning-curve phenomena. Second, given the 

work legislation in developing countries, the proposed model incorporated work guidelines regarding legal 

types of hiring and working hour‘s regulations. The results from this chapter completed the answer for the 

second research question proposed for this dissertation, and contributed to the accomplishment of the 

second specific objective presented in Chapter 1. 

In Chapter 7, we designed an integrated approach to incorporate the hierarchical interdependencies 

between network design and staff management decisions in HHC. A two-stage problem approach to 

support districting and staffing-recruitment decisions was proposed in an integral hierarchical structure, 

defining the relations of anticipation, instruction, and reaction. The mathematical formulations and 

solution approaches developed in Chapters 5 and 6 were used in an integral scheme, in a way that 

particular conditions present in real-life HHC systems in developing countries were simultaneously 

considered for each decision problem. In the anticipation relation, all demand estimations were completed 

for each stage of the approach, in different levels of aggregation and decomposition. In the relation of 

instruction, an improved version of the DPHHC was solved, and three instructions were obtained: the 

districting configuration of the urban area, an estimation of the system capacity measured in the number of 

required staff member for each of their types, and the calculation of the maximum time spent by a staff 

member traveling between two basic units of a given district. With these instructions, the SRPHHC was 

solved in the relation of reaction, evaluating the feasibility of the workload/capacity ratio, and finding 

integral optimum values for both stages. The integrated approach was evaluated in a large set of random 

instances based on real-life data from one of the largest HHC providers in Colombia. Results showed that 
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the proposed approach allows finding better districting configurations and staffing-recruitment decisions, 

in terms of the travel and visits workloads assigned to each district in a long-term planning horizon, and in 

terms of annual staffing-recruitment costs in a medium planning horizon. Moreover, the approach finds 

integral optimal values for both decision problems, offering a balance between the financial and technical 

sustainability of the HHC provider, as well as ensuring good service levels for patients and stable working 

conditions for the medical staff. The contribution of this chapter is twofold, theoretical and 

methodological, for two reasons: first, to date, no work in the literature has studied the integration of 

strategic and tactical logistics decisions in HHC. Several authors identified such integration as a research 

opportunity, and we have addressed the study of two important logistics problems in the design and 

operation of HHC delivery systems. Second, despite the evidence of the increasing interest to study 

operational problems in health care systems of developed countries, to the best of our knowledge, this 

thesis is the first research focused on the inclusion of real-life social and economic features present in 

developing countries. Furthermore, we have implemented an innovative set of Industrial Engineering tools 

to integrally support logistics management problems, especially in countries with combined health care 

delivery systems by private and public providers. The results from this chapter answered the third research 

question proposed for this dissertation, accomplished the third specific objective, and together with the 

deployment of Chapters 2 to 6, accomplished the general objective proposed for the thesis, and presented 

in Chapter 1. 

Finally, future research opportunities, derived from the results of each chapter presented in this thesis are 

the following: 

 Due to the limited nature of resources and the very restrictive budgets for health care, especially in 

developing countries, most of the critical management problems faced by HHC providers are related 

to the location and allocation of long-lasting resources at strategic and tactical levels. These are key 

decisions that determine the performance of the health delivery system in a large proportion, and 

therefore more attention should be placed on methodologies and models to support these decisions. 

 Few researches have focused on the inclusion of real features in the modeling process of HHC 

logistics management problems. Key real features as the diversification of patients‘ pathologies and 

HHC service references, as well as work legal regulations for medical staff have received little 

attention in the research literature. The inclusion of these features in logistics problems in HHC may 

provide significant improvements in these systems. 

 The evolution of models and methods reported in the literature showed that the integral study of 

different logistics decisions in different planning horizons is an important research opportunity in 

HHC management. Some opportunities are: the development of models to support fleet selection and 

sizing and supplier selection; the inclusion of insurance coverage and districting configurations on 

patient admission; the modeling of work legal regulations in models to support shift scheduling 

decisions in HHC; and the development of models to support inventory policies for medicines, 

supplies, and devices along the HHC delivery network. 

 The characterization of HHC providers indicated three research opportunities. First, more detailed 

control can be performed by health care authorities over the certified HHC institutions. Second, there 

is a need for standardizing the metric used to measure the capacity of HHC providers. They must 

identify their capacity to meet service demand as well as it is mandatory for IPSs to determine the 

number of available beds when they offer hospitalization services. Third, due to the increasing number 
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and type of HHC services, the capacity measurement can be indexed for each type of service, in order 

to have a better knowledge of each HHC provider. 

 The evaluation of service processes and their maturity levels in HHC providers, allowed identifying 

two improvement opportunities for HHC logistics management. First, the strategic planning and the 

estimation of requirements for a HHC system can be improved through a detailed register of served 

and non-served demand of HHC visits, and its corresponding statistical analysis. Second, maturity 

levels can only be improved if standards are defined. Therefore, the standardization of service 

processes and robust progress in the maturity scale are the basis to the implementation of optimization 

techniques, and the improvement of real-life HHC logistics management through quantitative 

techniques. 

 The study of the DPHHC in the context of rapid-growing cities present in developing countries 

derived into two research opportunities. First, the inclusion of other objectives in the bi-objective 

mathematical model proposed can offer larger improvements in such decisions, and the opportunity to 

integrate patients and medical staff wishes in a quantitative manner. Moreover, this inclusion offers 

the opportunity to study other solution approaches for multi-objective problems in HHC. Second, 

although the proposed model and its solution method for the DPHHC were implemented and validated 

in the case study for the urban area of Cali, the approach can be easily extended for other HHC 

providers in other cities of developing countries worldwide. Through this study, it was evidenced that 

medical criteria and better patients‘ characterizations can be integrally included in the analysis, and 

that administrative and economic criteria can be optimized, ensuring a good quality service to patients. 

 The study of the SRPHHC in the context of a developing country where health services are provided 

in a combined scheme by private and public institutions, allowed identifying an important research 

opportunity: given the work legal regulations in such context, and considering that in several cases 

legal working hours exceed the maximum levels identified to keep patients safety from medical errors, 

it is required to scientifically evaluate the impact of these working hours excesses on patients safety. 

A quantitative measure of these impacts will provide the evidence to demonstrate the importance of 

integrally consider the assignment of workloads to medical staff and the patients‘ medical evolution in 

HHC systems. 

 More research attention should be placed on the study of the hierarchical integral structure of logistics 

management decisions in HHC. An integrated analysis of logistics decisions among different decision 

levels can provide a better support, if the impact of long-term and medium-term decisions is integrally 

evaluated. Few works have addressed this integration, and, to the best of our knowledge, this thesis 

constitutes the first work that studies the hierarchical interdependencies between strategic and tactical 

logistics decisions in HHC. Future research opportunities involve the integration of logistics decisions 

in the strategic, tactical, and operational levels, among different logistics functions such as network 

design, transportation management, staff management, and inventory management. 
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