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Abstract. The home health care routing and scheduling problem (HHCRSP) is
an extension of the vehicle routing problem (VRP) that are scheduled and routed
to perform a wide range of health care services. Nurses, doctors and/or care-
givers provide these services at patients’ home. In this study, a mathematical
model for HHCRSP is presented. The model is extended to take into account
additional characteristics and/or constraints based on specific services, patient
needs. In the home health care (HHC) problems, services that must be per-
formed simultaneously or within a convinced time are undoubtedly very
important. Thus, we consider several numbers of services, skill requirements for
the care workers and time windows. Generally, the main aim of the HHC
problems is minimizing the travelling distance as well as maximizing the
patients’ satisfaction. Thus, the model in this study contains both of these
objectives taking into account several measurements.

Keywords: Home health care - Routing and scheduling -
Mathematical model + Time windows * Multiple services

1 Introduction

Vehicle Routing Problem (VRP) is one of the main problems in logistics and opera-
tions research literature. After the first study by Dantzig and Ramsey [7], it has been
applied to many fields and many studies have been published by deriving different
extensions. Research on multi-featured VRPs, taking into account different features,
constraints and systems, has been actively used to elicit realistic determinations and
theoretical challenges, and to combine real-life cases and combinations of constraints in
practice.

Especially in European countries, increasing the population of elderly people and
patients with chronic diseases, having the lower cost compared to the hospital and the
developments in health care technologies make the home health care (HHC) more
preferable and advantageous. The other advantages of HHC are to cause reduction the
patient densities and hospitalization periods in hospitals. In addition, it is allowed for
the patients to be treated in their own homes by keeping away from the serious
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(bedridden and /or chronic) illnesses of hospital environment. Also, HHC, which is the
only way to reach some patients and prevents unnecessary occupation of hospitals,
draws the attention of the health sector and requires new strategies, policies,
arrangements and solution approaches to be developed for arising new needs and
problems.

Due to the demands and advantages of the HHC system, many hospitals have HHC
departments and give variety of the services to patient their own home through health
care staff/team. The team is included doctor, nurse, driver, dietitian, physical therapist,
psychologist and the like. They have different qualifications so give variety of services
to patient such as bloodletting, examine the patients, take the biological samples,
exercise, prepare diet and so on. The staff members/caregivers are typically equipped
with cars and other medical equipments and through this car, they make visits between
patients’ home and hospital. At the patients’ side, they need specific treatments and this
needs should be met by qualified staff members within a given time window.

Home Health Care Routing and Scheduling Problem (HHCRSP) is generally
defined as determining which health care staff should be served in the patients who
need to be visited by the health caregiver/staff in their homes. The aim of this problem
is to minimize the travelling cost or any other selected criteria or to maximize the
service quality with considering different constraints during the planning period.

The difference of HHCRSP from classical VRP can be summarized as follows; the
need for continuity of care in the health care staff-patient match, the interdependence,
separation of services and care services, and the consideration of health caregiver-
patient characteristics.

In the HHC system, there is a connection with two main problems; the first one is
which caregiver should be sent to the patient and the second one is routing the patients’
visits. These two problems can be handled separately or simultaneously. It is generally
considered to be the problem of routing of home health care because of the demand
from the patient or due to patients existing in the hospital system and corresponds to the
different VRP models in the literature [11].

In this study, a problem definition is made based on real-life case and a mathe-
matical model is proposed that is to route staff members and to schedule single, double
and triple service operations for the HCC. This problem is called as HHCRSP. The
following sections of the study are as follows. In Sect. 2, literature research for
HHCRSP is presented. An extended mathematical model is explained in detail and
demonstrated with a descriptive example in Sect. 3. Finally, the conclusion is given in
Sect. 4.

2 Literature

In recent years, Home Health Care Routing and Scheduling Problem, which can be
considered as an extension of VRP in the health sector, has attracted researchers’
attention. The study that is accepted as the first study is published by Begur et al. [2]. In
the following years, many other researchers studies and three review articles were
published in 2017 [6, 10, 13]. In these studies, in the literature, mathematical models
have variety of objective functions and different constraints are considered thus
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different solution approaches are developed. In these studies, there are several differ-
ences among the proposed models and solution approaches. First one is related to the
staff members (homogeneous or heterogeneous), second one is related to the services
that are provided by the caregivers (number of the services and simultaneous or
precedence services), third one is related to the objective function of the model
(minimized travelling time or maximized service quality), fourth one is related to the
scheduling time period (short or long term) and the last one is related to the
methodology (exact methods and/or heuristics). Homogenous staff member are con-
sidered in studies [1, 5, 14]; heterogeneous are taken into consideration in studies [2, 3,
9, 12, 15]. Interdependent services is included to the model in papers [5, 9, 12, 14]. As
an objective function, the studies with minimized traveling time/cost is dominant in the
literature [1-3, 5, 9, 11, 12, 14, 15] however, the studies with maximized patient
satisfaction/quality is rare [4, 8, 16]. Most of the researchers developed their model for
short term period [1, 3, 4, 5, 9, 11, 12, 14, 15], with few of them to consider long term
period [2, 8, 16]. Finally, the solution method is generally heuristics or metaheuristics
[1, 2,8, 3, 9], there are also studies that used both exact and heuristics methods together
[4, 5, 12, 15]. The contribution of this study is extending a mathematical model for the
HHCRSP that included time window, heterogeneous staff members and interdependent
three consecutive services. Moreover, in order to meet the all patients’ needs, the model
is allowed to enable tardiness and the sum of all tardiness is minimized while assigning
the patients qualified staff members.

3 Mixed Integer Programming Model for HHCRSP

The problem discussed in this study is a routing and scheduling problem in which the
patients are given by four different health care personnel / staff consisting of nurses,
nurses and doctors, physiotherapists and dietitians, and there is a interdependency
between the services. The objective function of the model is to minimize the total travel
time of the staff members while serving the patients as much as possible within the
specified time windows. Patients can request single, double or triple services. Within
the scope of this study, it is seen that the related services are consecutive and at most
three services could be given in consecutive terms.

The information regarding the types of staff members, the services provided is
given in Table 1. Also, single, double and triple services are shown in Table 2.

Table 1. The type of staff members and the services they are provided.

Staff members (v) | Services (s)

1 Nurse 1 Bloodletting

2 Nurse + doctor |2 Examine the patients
3 Physiotherapist | 3 Exercise

4 Dietitian 4 Prepare diet
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Table 2. Services based on the set of patients (C*, C¢, C").

Single service Double service Triple service

Bloodletting (1) Bloodletting, examine the Bloodletting, examine the patients,

Examine the patients (1 + 2) exercise (1 + 2 + 3)

patients (2)

Exercise (3) Bloodletting, exercise Bloodletting, examine the patients,
(1 +3) prepare diet (1 + 2 + 4)

Prepare diet (4) Bloodletting, prepare diet
a1+4

3.1 Assumptions

For the mathematical model, the following assumptions are made considering the
characteristics of the system.

e The planning period is one day.

All patients should be served during the day.

Each patient should be visited by staff member who is qualified to provide the
requested service.

There are four different types of staff members.

The routes of the each staff member start and end in the hospital.

Each patient is serviced within the specified period of time (time windows).
Patients may request single or multiple services.

There is a temporary relationship between services.

The services requested by the patients can be given consecutively.

Patients are provided with up to three consecutive services.

Tardiness is allowed to serve all patients.

3.2 Notation

C = Set of all patients

S = Set of offered service types

V = Set of staff members

C° = Set of all locations ,C° = C U {0}

C*® = Set of single service patients

C? = Set of double service patients, C* = C*™ U CPe¢

C' = Set of triple service patients
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C*"™ = Set of patients requiring simultaneous service

CP™¢ = Set of patients requiring service with precedence

e — 1, iff employee v € V is qualified to provide service operations € S
Yo, otherwise

I 1, iff patienti € C requires service operations € S
"0, otherwise

o™ = Minimal time between 1" and 2" service start times at patienti € C?, C'

O™ = Maximal time between 1" and 2" service start times at patienti € C?,C’

5?;”' = Minimal time between 2" and 3" service start times at patienti € C'

O™ = Maximal time between 2" and 3™ service start times at patienti € C'

lei, ;] = Time window of patienti € C

d;j = Travelling distance between locationsiandj; i,j € c’

Dis = Processing time of service operation s at patienti € C

U 1, iff staff member v moves fromito j for providing service operation s
v 0, otherwise

tis = Start time of service operation s atpatient i provided by staff member v

zis = Tardiness of service operation s at patient i

3.3 Mathematical Model

A mathematical model is extended based on the model proposed by Mankowska et al.

[12], considering the characteristic of the pilot hospital. The model is explained in
detail as follows.

minZ = D+ T + JsT"™. (1)

subject to

D=2 > D dii @)

vevV ieCUjeCU sES
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" >z i€ C,s € S.

Z Zxﬂivx = Z in()vs =1 WweV.

i€CO seS§ ieCO se§
E E Xjivs = E g Xjus VieC,veV.
jeCO seS jeCU seS

E eV E jeC‘)aVS'xjiVS =ry, VieC,seS

tivsl +pisl +dlj S Zjvsz +M(1 _xijvsz)
VieC’jeC,veV,s,s €S.

tvs>e YieCyveV,seSs.

ts <li+zs VieC,veV,seS.

min § : 2 :
tivzxz_livlsl 2 5il -M|2- xjivlsl - xjivzsz

jeco Jjeco

Vie CC v, va €V, 51,80 €81 s51<57.

max
livysy —livys Séi1 +M|2- E :xjivlsl - E :x.finSz

jeco jeco

Vie Cd,Ct,Vl,Vz e V,si,50 €85:51<95.

min § : § :
tiV3S3_livzsz Z 5,‘2 -M|2- xjivzsz - xjiV3S3

jeco jeco

Vie Cvy,v3 €V, 85,53 €S :s50<53.

max
Livys; —livas, S51’2 +M|2- E :xjivzsz - E :X.IAIAV&Y}

jeco jeco
Vie Cvy,v3 €V, 80,53 €S8 :50<s3.

Xijus € {0, ay,.155 Vi, j € CO,v €V, s ES.

livs,2is >0 Vi€ CO7V eV,ses.

(13)

(14)

(15)

(16)

In this study, three different performance measures are considered. The first one is
indicated by D which is the total distance traveled by all staff members, second one is
denoted by T and it is the total tardiness of services that start after the time windows
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and the last one is indicated by T,,,, and measures the maximal tardiness noticed all
service operations. The objective function shown in Eq. (1) is weighted and reflected
the combination of these three performance measures. According to the decision
maker, coefficients of the function can be modified. In constraints (2)—(4), we can see
the determination of the performance measures. Route of each staff member starts and
ends at the central office (hospital) and this condition is ensured by constraints (5).
Constraints (6), keeps the network flow even and constant. Constraints (7) guarantee
that every service operation s is provided by exactly one qualified staff member.
Starting time of service operations is calculated in constraints (8) considering pro-
cessing time of the service and travelling times between locations. Constraints (9) and
(10) are time windows and also calculate the tardiness of the services. Constraints (11)—
(14) show the temporal interdependencies for the double and triple service operations.
Minimal time distance between the service start times is ensured by constraints
(11) and (13); when maximal time distance is ensured by constraints (12) and (14).
Constraint (15), determined the decision variable of the route. Lastly, constraint (16) is
a non-negativity constraint for the other decision variables.

Table 3. Qualification of staff members.

Staff member (v) | Qualifications (a,)
s=1|s=2|s=3|s=4

1 1 0 0 1

2 1 1 0 0

3 0 0 1 0

4 0 0 0 1

Table 4. Service requirements of the patients.

Patient i Service Time Time
requirements window distances
(ris)
L N S A LB £ L R S
1 1 0 0 0 0 30 - - - -
2 1 1 0 0 10 95 100 150 - -
3 0 1 0 0 95 160 - - - -
4 0 0 1 0 50 300 - - - -
5 1 0 0 0 5 120 - - - -
6 0 0 0 1 20 400 - - - -
7 0 0 0 1 10 250 - - -
8 1 1 1 0 10 300 100 150 0 40
9 1 1 0 1 10 120 100 150 0 80
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3.4 Example

To demonstrate the process of the extended model, a problem instance with nine
patients, four services and four types of staff members is created. The locations of the
hospital and the patients are generated randomly in 50x50 distance units. Travelling
time is assumed to be the proportional to the travelling distance and it is Euclidean.
Qualifications of the staff members, service requirements of the patients, time windows
and time distances between services are displayed in Tables 3 and 4 respectively. There
is six single service patients, one double service patients and two triple service patients.
Processing time is assumed to be 10-time units for all service types. The weights of the
each objective function subgoals are set as equal. The instance problem is solved using
IBM ILOG CPLEX Optimization Studio linear programming software package Ver-
sion 12.6.1 in the computer that is Intel® Core™ i3-3217U CPU @1.80 GHz, 4.00 GB
Ram, 64-bit Operating System, x63-based processor. The optimal routing of the
instance and the time space diagram of this solution is shown in the Figs. 1 and 2
respectively.
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O  Triple service patient ..... #  Route of dietitian

Fig. 1. Optimal routing of the staff members for instance.

4 Conclusion

HHCRSP is an important problem for many countries, especially European countries
with high elderly population. In the literature, the number of studies on this subject has
increased in recent years. In this study, a mathematical model for the home health care
routing and scheduling problem is proposed with interdependent services. In real life,
services that provided by health care staff members is diverse because of the patients
needs and can be performed by at most three staff members simultaneously or con-
secutively. Therefore, this situation is considered in the mathematical model and
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Fig. 2. Time space diagram of the optimal solution for instance.

variables to reflect this real-life case are created. Especially when the increasing
demand and advantages of the HHC are taken into consideration, it is seen that many
hospitals now have HHC departments and after this stage, many problems has arisen in
the system. For these problems, researchers from different disciplines, especially
industrial engineers, should make suggestions and develop approaches for the
solutions.

For this purpose, in this study first the mathematical models for HHCRSP is
considered as an extension of the VRP and the existing literature is investigated. Then
an extended model is proposed for this problem. The proposed model is run for a
sample problem using the data from the pilot hospital selected for this research. For
staff members; acceptable travelling cost, for patients; reasonable waiting times and
tardiness or a combination thereof is observed from the sample problem solutions.

To sum up, the problem defined in this study is HHCRSP, which has a time
window, heterogeneous staff members and interdependent services. In the problem,
different than the studies in the literature, the situation where three consecutive services
can be handled is taken into consideration and the mathematical model is extended.
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