KU

Universitét fiir Bodenkultur Wien
University of Natural Resources
and Life Sciences, Vienna

Doctoral Dissertation

Decision support for home health care services
in urban regions

submitted by

Mag. Klaus-Dieter REST

in partial fulfilment of the requirements for the academic degree

Doktor der Sozial- und Wirtschaftswissenschaften (Dr.rer.soc.oec.)

Vienna, September 2021

Supervisor:

Univ. Prof. Mag. Dr. Manfred Gronalt
Institute of Production and Logistics
Department of Economics and Social Science



Contents

Preface ii
Affidavit ii

Acknowledgements iii

Summary iv

Zusammenfassung v
Il Framework Paper 1
1 Background and motivation 1
2 Problem description 4
3 Related work 7
4 Methods and results 12
5 Discussion 17
6 Conclusion and future research paths 19
Bibliography 24
List of figures / tables 25
Il Journal Publications 26
1 Trends and risks in home health care 27
2 Supporting urban home health care in daily business and times

of disasters 47
3 Daily scheduling of home health care services using time-dependent

public transport 53
4 Insights and decision support for home health care services in

times of disasters 84
Appendices 109

A Curriculum Vitae 109



Part |
Preface

Affidavit

| hereby declare that | have authored this dissertation independently, and that
| have not used any assistance other than that which is permitted. The work
contained herein is my own except where explicitly stated otherwise. All ideas
taken in wording or in basic content from unpublished sources or from published
literature are duly identified and cited, and the precise references included.

| further declare that this dissertation has not been submitted, in whole or in part,
in the same or a similar form, to any other educational institution as part of the
requirements for an academic degree.

| hereby confirm that | am familiar with the standards of Scientific Integrity and

with the guidelines of Good Scientific Practice, and that this work fully complies
with these standards and guidelines.

Vienna, Sept. 26, 2021 Klaus-Dieter REST (manu propria)



Acknowledgements

Without the support and advice of several people, | would not have been able to
successfully complete this thesis. Thus, | would like to express my gratitude to
the following:

First of all, | would like to thank my supervisors Manfred Gronalt and Patrick
Hirsch for their support, dedicated time and patience towards me. This work
would not have been possible without their guidance and valuable feedback.

| would also like to thank my colleagues at the Institute of Production and Logis-
tics for the pleasant atmosphere and inspiring conversations. | would especially
like to thank Maria and Marco for their constant support and for always lending
an ear and offer what advice they can.

Next, | am grateful to the Austrian Red Cross for their support in the form of ex-
pert knowledge and data. In particular, | thank Monika Wild and Harald Pfertner
for the good cooperation in numerous HHC related projects.

Furthermore, | acknowledge the funding of the projects | was able to work on as
part of this thesis. In this regard, thanks goes to the Austrian Research Promo-
tion Agency (FFG), the Austrian Ministry for Transport, Innovation and Technol-
ogy (BMVIT), as well as the Osterreichische Nationalbank (OeNB).

| also appreciate the feedback and comments on improving my work that | have
received from all the anonymous reviewers of my publications and from confer-

ence participants.

Ultimately, | am sincerely grateful to my family for supporting all of my decisions,
for always believing in me, and thus making this possible for me in the first place.

- Klaus-Dieter Rest



Summary

Home health care (HHC) services allow elderly and frail people to live indepen-
dently in their familiar environment. Due to current demographic and social de-
velopments, demand is expected to rise. Care-dependent people are in need
of continuous support. Thus, HHC service providers are facing two challenges:
an increased organizational effort due to the rising demand and the need for
comprehensive risk management.

This cumulative dissertation consists of three publications in renowned scien-
tific journals and one peer-reviewed extended abstract from an international con-
ference. It focuses on the optimization of the routing and scheduling of HHC
services, during both daily business and in times of disasters. While previous
research is limited to rural areas, the focus of this thesis is on urban areas.

The first publication describes the situation of HHC and explains its different re-
gional requirements. Based on literature research and the experiences of the
Austrian Red Cross (ARC), the impacts of different disaster scenarios are shown.
A Variable Neighborhood Search metaheuristic is applied to evaluate flood sce-
narios in predominantly rural regions.

The second publication, an extended abstract, presents a first version of the
Tabu Search metaheuristic, developed for urban use. A sensitivity analysis was
conducted to show the impacts of various disasters, including the effects of using
different modes of transportation.

The third publication contains a model formulation in the form of a mixed inte-
ger linear program. The main focus is on planning with public transportation,
considering time-dependent travel times. Three Tabu Search metaheuristics are
developed. In addition to the implementation of the HHC specific requirements,
the paper discusses different search strategies as well as the optimization of the
start times. Comprehensive numerical computations with real-world data from
the ARC show the potentials of the developed algorithms.

In the fourth publication, the complex interdependencies of the HHC system and
the cascading effects of selected disasters are investigated using Causal-Loop
diagrams. In a case study, the impacts of the COVID-19 pandemic on the working
times of nurses is outlined. A further development of the previous algorithms is
used for this.



Zusammenfassung

Mobile Pflegedienste ermoglichen alteren und gebrechlichen Menschen ein selbst-
bestimmtes Leben in ihrer gewohnten Umgebung. Aufgrund der aktuellen demo-
grafischen und gesellschaftlichen Entwicklungen ist ein weiter steigender Bedarf
zu erwarten. Da pflegebedirftige Menschen auf eine kontinuierliche Betreuung
angewiesen sind, stehen Anbieter mobiler Pflegedienste vor zwei Herausforde-
rungen: einem erhohten organisatorischen Aufwand aufgrund der steigenden
Nachfrage und der Notwendigkeit eines umfassenden Risikomanagements.
Diese kumulative Dissertation besteht aus drei Publikationen in wissenschaftli-
chen Zeitschriften und einem erweiterten Abstract einer internationalen Konfe-
renz. Sie beschaftigt sich mit der Optimierung der Einsatzplanung mobiler Pfle-
gedienste, sowohl im Tagesgeschaft als auch im Katastrophenfall. Wahrend sich
bisherige Forschungen auf landliche Regionen beschranken, liegt der Fokus der
vorliegenden Arbeit im urbanen Bereich.

Die erste Publikation beschreibt die Situation der mobilen Pflege und erlautert
deren unterschiedliche regionale Anforderungen. Basierend auf Literaturrecher-
chen und den Erfahrungen des Osterreichischen Roten Kreuzes (ORK) werden
die Auswirkungen verschiedener Katastrophenszenarien aufgezeigt. Eine Varia-
ble Neighborhood Search Metaheuristik wird angewendet, um konkrete Hoch-
wasserszenarien in Uberwiegend landlichen Regionen zu bewerten.

Die zweite Publikation, ein erweiterter Abstract, prasentiert eine erste Version,
der fUr den urbanen Einsatz entwickelten Tabu Search Metaheuristik. Mittels ei-
ner Sensitivitatsanalyse wurden die Auswirkungen von Katastrophen, auch unter
Verwendung verschiedener Verkehrsmittel, betrachtet.

Die dritte Publikation beinhaltet eine Modellformulierung in Form eines linearen
Programms. Im Fokus steht dabei die Planung mit 6ffentlichen Verkehrsmitteln
unter Verwendung tageszeitabhangiger Fahrzeiten. Drei Tabu Search Metaheu-
ristiken werden vorgestellt. Neben den spezifischen Anforderungen der mobilen
Pflege liegt der Fokus auf den verschiedenen Suchstrategien sowie der Optimie-
rung der Startzeiten. Ausfuhrliche numerische Analysen mit realen Daten des
ORK zeigen das Optimierungspotential auf.

In der vierten Publikation werden die komplexen Abhangigkeiten des Systems
der mobilen Pflege und die kaskadierenden Effekte einiger Katastrophen mittels
Causal-Loop-Diagrammen untersucht. Im Rahmen einer Fallstudie werden die
Auswirkungen der COVID-19 Pandemie auf die Einsatzzeiten der Pflegekrafte
berechnet.



Part Il
Framework Paper

1 Background and motivation

This cumulative dissertation consists of three publications in scientific journals
and one peer-reviewed extended abstract from an international conference. It
focuses on the optimization of the routing and scheduling of home health care
(HHC) services, during both daily business and in times of disasters, and was
motivated by the facts presented in the following subsections.

1.1 Increasing demand for home health care

A significant increase in demand for long-term care is expected and several rea-
sons contribute to this increase. Although long-term care services are also re-
ceived by younger people with disabilities, the main driver is the aging of the
population. In OECD countries, decreasing birth rates combined with increasing
life expectancy result in a growing share of elderly people in the total population.
While the share of those aged 65+ years amounted to 9% in 1960, it already
surpassed 17% in 2017 and is forecast to reach 27% by 2050. The increase is
particularly rapid in the 80+ age group. On average across the OECD countries,
this group will more than double between 2017 and 2050, from 4.6% to 10.1%
(OECD, 2019). Despite medical achievements, an increase in life expectancy
does not mean that these additional years will be spent in good health. The older
people get, the higher the risk of developing disabilities and being dependent on
support. As a result, across OECD countries, an average of 13% of the peo-
ple over 65 years received long-term care in 2017, either directly through care
providers or in form of cash services like care allowances. A total of 51% of all
recipients were aged 80 or older (OECD, 2019).

By tradition, most care services are provided by family members or friends. Ac-
cording to OECD statistics, 61% of it by women. However, their emancipation and
increased labor participation are steadily reducing this informal care potential.
The decline in family size and increasing geographic mobility are also contribut-
ing factors (OECD, 2019). As a result, long-term care is increasingly delivered
by professional service providers either in institutional care facilities (e.g., nurs-
ing homes), semi-institutional facilities (e.g., day-care centers) or by mobile care
services.



Many care-dependent people want to live in their familiar environment for as long
as possible. HHC services allow them to still receive professional care. As out-
lined in Rest et al. (2012), there are additional benefits of HHC, like enabling
earlier discharges from in-patient care. HHC also provides support and relief for
family members or other informal caregivers and allows to maintain social con-
tacts in order to prevent social isolation. After all, the HHC system is also more
cost efficient than institutional long-term care. Thus, in 2017, on average 68% of
the long-term care recipients in OECD countries received HHC services whereas
the governmental and compulsory insurance spending for HHC services amount
only to 33% of the total spending for long-term care (OECD, 2019).

HHC services are a fundamental component of the health care system of many
countries. In addition to the core service of providing professional medical care at
the client’s home, HHC service providers offer supplementary services like main-
taining social contacts (e.g., visiting services), assisting in everyday life (e.g.,
housekeeping, shopping, accompanying visits to doctors or authorities), trans-
portation services, equipment rental (e.g., nursing beds) and counseling. These
additional services are often as important as medical care and impact both the
physical and mental health of clients. Furthermore, these services are also used
to monitor the health status of the clients, which allows to quickly adapt the pro-
vided services to the changing needs.

1.2 Increasing frequency and severity of disasters

Care-dependent people, and especially those with limited mobility or medical
needs (e.g., diabetics, respirator dependents), rely on continuous care. Interrup-
tions can cause a serious deterioration of their health. Therefore, HHC service
providers must ensure business continuity. On top, the number of natural disas-
ter and extreme weather events increased steadily in recent decades. According
to the UN Office for Disaster Risk Reduction (UNDRR, 2020), 7,348 natural dis-
asters (excluding biological events) have been recorded in the last twenty years.
For comparison, between 1980 and 1999, 4,212 events were registered. The to-
tal number of persons affected increased from 3.25 to 4.03 billion and the number
of fatalities from 1.19 to 1.23 million.

Figure 1 shows how much the incidence of each type of disaster has changed. In
the last twenty years, climate-related disasters experienced the largest increase.
Floods and storms were the most frequent events in terms of numbers, with
the former increasing by 1,865 and the latter by 586. However, the number of
extreme temperature events has more than tripled in the same period (UNDRR,
2020).
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Figure 1: Total disaster events by type: 1980-1999 vs. 2000-2019 (UNDRR, 2020).

1.3 Increasing urbanization

Most of the existing HHC literature, both in terms of optimization and risk man-
agement, focuses either explicitly on rural areas or does not address the unique
requirements of urban regions. However, according to a study from the OECD
and European Commission (2020), the population living in cities with more than
50,000 inhabitants has more than doubled in the last 40 years. It went from
1.5 billion in 1975 to 3.5 billion in 2015 and is forecast to reach 5 billion by 2050.
Global population growth has led to an increase in population in all regions. How-
ever, as shown by Figure 2, the population is moving more and more to urban
areas. Compared to 1975, the share of the world’s population living in cities in-
creased from 37.3 % to 48.2 % in 2015. Although the increase is slowing down,
a share of 54.5 % is predicted for the year 2050 (OECD and European Commis-
sion, 2020).
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Figure 2: World population shares by degree of urbanization, 1975-2050 (OECD and European
Commission, 2020)

In terms of disaster impacts, cities are particularly at risk due to their higher
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population density. On the other hand, civil protection usually receives more
attention in urban regions. As a result, disasters in urban regions can be seen as
high-impact, low-probability events, i.e., events that rarely occur but have serious
consequences (e.g., failure of disaster protection systems).

In summary, HHC service providers face two challenges: an increased organi-
zational burden due to rising demand and the need for comprehensive risk man-
agement. The publications of this cumulative dissertation aimed to fill the gap in
research and support for HHC service providers in urban regions. The remain-
der of this thesis is structured as follows: Part Il contains the framework paper
of this cumulative dissertation and consists of the following sections. Section 2
describes the HHC problem that this research focuses on. A review of the rel-
evant literature is given in Section 3. Section 4 presents the main contributions
of the publications this thesis is based on, followed by a discussion of the results
in Section 5. Conclusions and an outlook on future research paths are given in
Section 6. In Part I, the journal articles constituting this cumulative dissertation
are provided.

2 Problem description

The HHC problem considered in this thesis has a daily planning horizon and aims
to address the specifics of urban HHC. It is based on the requirements of the Aus-
trian Red Cross (ARC) in Vienna. In Rest and Hirsch (2021), the HHC problem
was slightly adapted and customized for another large HHC service provider in
Vienna, which used the decision support system (DSS) resulting from this thesis
for several years.

Table 1: Differences between urban and rural HHC

urban rural
general demand higher demand for HHC lower demand for HHC
qualification more assistance services more medical services
avg. service time longer service times shorter service times
transportation mainly public transportation,  exclusively cars
sometimes cars, bicycles or
walking
avg. distance shorter distance longer distance

between clients

As outlined in Rest et al. (2012), there are several differences between rural and
urban HHC, which have been summarized in Table 1. In general, the demand
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for HHC services is higher in urban regions, due to the less pronounced social
structures resulting in a reduced potential of informal care (e.g., more solitary or
childless people). Next, health care facilities are more easily accessible. On the
one hand, because of the higher density of facilities and, on the other, because of
the better transportation infrastructure. This results in reduced demand for qual-
ified services (e.g., wound care), but an increased demand for support services
(e.g., housekeeping), with the latter taking more time on average.

The most notable difference for the scheduling of HHC nurses arises from the su-
perior transportation infrastructure. Combined with the usually shorter distances
between clients, this allows nurses to use other modes of transportation. While
in rural regions, cars are almost exclusively used, their use is discouraged in ur-
ban areas due to congestion and lack of parking. Thus, the majority of the HHC
nurses in Vienna use public transportation. Some nurses also use bicycles or
just walk if enough clients are located in their area of operation, like in apartment
complexes.

Due to the planning with public transportation, multimodality and time-dependent
travel times are taken into account. Several means of public transportation (e.g.,
a combination of buses and subways) are necessary to get from the point of
departure to the destination, and each of them operates according to its own
timetable. The varying departure intervals, as well as the occasionally divergent
routing of public transportation, result in different travel times between two loca-
tions throughout the day.

From an operations research perspective, the underlying problem is considered
a rich vehicle routing problem (VRP). The basis is a time-dependent VRP with
time windows that has been extended by HHC specific constraints. In Rest and
Hirsch (2016), a mixed integer linear program (MILP) of the problem is presented.
It is defined on a complete graph G = (V, A), where the vertex set V' contains the
depot of the HHC service provider as well as the home locations of the nurses
and clients. Due to the multimodality and time-dependent travel times, each arc
(i,j) € Ais assigned a travel time for public transportation, cars, bicycles and
walking. Only public transportation is considered to be time-dependent, making
their travel times dependent on the departure time ¢. In the following, the HHC
specifics are briefly described by the characteristics of the clients and the nurses.

Clients require one or more services (jobs) per day and each job...

» has to be carried out by a feasible and appropriately skilled nurse (i.e.,
qualification level, language skills).

* has to be carried out by a nurse that is not rejected by the client.
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* has to be assigned either to a nurse included in the clients’ team of pre-
ferred nurses or to the same nurse, all his/her other jobs of the day are
assigned to (for each qualification level).

* has to start within its given time window.

* has a predefined service time, which may not be shortened.
Nurses are required to...

« carry out jobs that are at most one level below their qualification level.

» obey working time restrictions (i.e., earliest/latest and minimum/maximum
working time).

* hold breaks when a certain working time is exceeded, and both the duration
and location of the break are part of the optimization (i.e., 1x 30, 2x 15, or
3x 10 minutes).

» work at most two shifts a day.
* not exceed the given limit for waiting times, occurring due to early arrivals.

» use one of the available transportation modes (i.e., public transportation,
cars, bicycles, walking).

« start/end their shift either at the depot or directly at the location of their
first/last job.

* not exceed the total overtime limit defined for all nurses.

The objective of the HHC problem is to minimize the sum of the working times of
the nurses and to maximize the satisfaction of the nurses and clients. The work-
ing time is defined as the sum of the travel and waiting times. To incorporate the
satisfaction, a weighted objective function is used in combination with additional
constraints. Thus, a surcharge for overtime, a compensation for working a sec-
ond shift, and an artificial penalty for overqualification is added to the objective.
The client’s satisfaction is represented by additional constraints concerning the
consistency of care in terms of the visiting times and nurses. These prefer solu-
tions in which the jobs of a client are performed by the same nurse, and within a
further tightened time window.

In Rest and Hirsch (2021), this problem definition is slightly adapted according to
the requirements of another large HHC service provider in Vienna. This results
in the following additions [+] and changes [=] to the previous problem definition.

+ Additional assignment constraints are added to allow exclusions based on
the gender of the nurses and clients, their allergies, and the transportation
mode used by the nurse (e.g., prohibit cars due to lack of parking).
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+ Additional constraints allow to directly manage the workloads of the nurses,
in order to achieve a similar workload of the nurses (relative to their target
working time).

+ The concept of 'multiclient jobs’ is introduced, which allows linking of two
jobs from different clients. Linked jobs must be performed by the same
nurse and in immediate succession.

+ Minimum and maximum time offsets between jobs are added to flexibly
manage the time between two jobs (e.g., at least 3h between a morning
and lunch job, guarantee a certain time between medical treatments).

+ For each nurse, a separate location can be defined to end the first shift and
to start the second shift.

+ For each nurse, the length and position of the mandatory break can be
predefined (e.g., 15 minutes before the last and second last job).

1

The previously hierarchical qualification structure is replaced with a set-
based system, in which nurses have one main and several permitted qual-
ifications. In order to carry out a job, its qualification must be covered by
these. Overqualification occurs in this system when a job does not match
the main qualification of the nurse.

3 Related work

This cumulative dissertation addresses two research areas in HHC: a) vulnera-
bility assessments of the HHC system and b) decision support for HHC planning,
as well as the combination of both areas.

3.1 Vulnerability assessments in the area of HHC

HHC services are an important component of the health care system in many
countries. Inherently, they provide unique opportunities to assist in the manage-
ment of disaster situations, both before and during a disaster. The US National
Association for Home Care & Hospice (NAHC, 2008) emphasize the role of the
HHC system for effective emergency planning and highlight, that its ability to de-
liver health services to individuals in non-structured environments makes them
ideal as key responders in times of crisis.

On the other hand, HHC services are themselves susceptible to disruptions in
their operation. They are complex systems whose functionality depends on the
smooth interaction of their critical components. In order to meet the needs of their
clients during disasters and emergency situations, HHC service providers need
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to adequately prepare themselves. Those participating in the US Medicare and
Medicaid programs are even legally required to do so. An emergency prepared-
ness program consisting of four elements is demanded: a) an all-hazards risk
assessment and emergency planning, b) policies and procedures for successful
execution of the emergency plan, ¢) a communication plan, d) a staff training and
testing program (Centers for Medicare & Medicaid Services, 2016).

Threats/Hazards
Identification

System Description Consequences
- Elements System Threat/Hazard - Economic
- Interconnectivity Vulnerabilities Likelihoods - Social
- Thresholds ¢ - Polmial
\

‘Risk Characterization‘
Vulnerability Assessment ‘

Risk Management
Planning

Figure 3: Risk assessment process according to Baker (2005)

Figure 3 shows the risk assessment process, as presented by Baker (2005).
The process starts with the identification of the relevant threats and hazards that
an organization is exposed to. Vulnerability assessments then examine whether
and how a system is vulnerable to these threats. In risk characterization, risks
are determined by assigning probabilities to each threat. The final step consists
of managerial decision making.

In this thesis, only the first two steps of the risk assessment process are ad-
dressed. The relevant threats were identified through extensive literature re-
views, the results of which were discussed with decision makers at the ARC.
Regarding the vulnerability analyses, most of the scientific literature studies the
lessons-learned from individual disasters. All-hazards risk assessments in the
field of HHC are rare. Doherty (2004) highlights the importance of an all-hazards
approach and proposes the standards of the Joint Commission on Accreditation
for Healthcare Organizations (JCAHO) as blueprint. The all-inclusive emergency
management plan of the JCAHO standard requires not only an all-hazards vul-
nerability assessment but also training and community participation. The au-
thor refers to various analysis models and raises questions that need to be ad-
dressed by the HHC service providers. Rodriguez and Long (2006) propose
a spreadsheet-based tool to assess the probability of an event, the risk to the
patient, and the level of preparedness. Furthermore, they list various possible
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threats and provide suggestions on what to consider when preparing for disas-
ters.

Since too little attention is paid to the complexity of the HHC system and the
disasters, the concept of Causal-Loop diagrams (CLD) is applied in one of the
publications of this thesis. CLDs are part of the System Dynamics toolset and
are used to visualize cause-and-effect relationships and feedback processes. To
my knowledge, they have not been used to model disaster impacts in the field
of HHC. However, CLDs have been successfully used in the context of risk as-
sessments, for example to analyze flood threat to an electricity substation Powell
et al. (2016). Berariu et al. (2015) use CLDs to visualize the cascading effects of
floods and heat waves on critical infrastructures.

3.2 Decision support for HHC planning

Due to the rising importance of HHC for today’s society, optimization of HHC ser-
vices is a quickly evolving research area. HHC service providers offer a variety of
services and operate under different legal conditions. Accordingly, a large num-
ber of publications covering different aspects of HHC were published in the last
decade. Hulshof et al. (2012) provides a literature review in which they catego-
rized planning decisions in HHC as strategic, tactical, and operational, as shown
by Table 2. The listed publications are also classified according to the applied
methods (i.e., computer simulation, heuristics, markov processes, mathematical
programming, and queuing theory).

The optimization of the routing of HHC nurses covered in this thesis, falls into the
category of offline operational planning and solves primarily the visit scheduling.
In addition, the staff-to-shift assignment as well as the tactical decision of staff-
shift scheduling are solved implicitly. Several comprehensive literature reviews
focus on this type of decision problem, the most notable among them being Cissé
et al. (2017), Fikar and Hirsch (2017), Grieco et al. (2020), and Mascolo et al.
(2021). They reveal various challenging routing problems with a wide range of
constraints and objectives. Most publications focus on a few individual aspects of
the problem (e.g., synchronization, continuity of care, or uncertainty) or attempt to
develop better solution approaches, usually to tackle real-world sized instances
with exact solution approaches.

However, research aimed at HHC routing in urban areas, considering public
transportation and/or time-dependent travel times, is still scarce. To my knowl-
edge, Rest and Hirsch (2016) is the first publication to fully cover these aspects.
In Hiermann et al. (2015), nurses can use either public transportation or cars. Al-
though travel time data are based on estimates from a public transportation ser-
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vice provider and on floating car data, a single estimate is used for each mode.
Thus, travel times are not dependent on the actual departure times. A combi-
nation of constraint programming with one of four implemented metaheuristics
(Variable Neighborhood Search, Memetic Algorithm, Scatter Search, and Sim-
ulated Annealing) is used to solve real-world instances from an HHC service
provider in Vienna. Szander et al. (2018) address sustainability aspects of urban
HHC routing. They compare the efficiency of nurses using buses, e-bikes, and
cars. The presented solution approach is based on Branch and Bound and the
problem is partitioned into several stages (i.e., grouping of clients, calculating the
load, assigning of nurses, calculating the costs, calculation the efficiency of each
mode of transportation). Although the authors claim that the calculation of travel
times for buses is based on their timetables and depends on the time of day, the
paper does not discuss the modeling of the time-dependent travel times.

The use of operations research methods and techniques to support HHC service
providers in times of disaster is still rather rare. There are few publications that
aim to integrate the impacts of complex crisis and disaster scenarios into the
optimization of HHC services.

Trautsamwieser et al. (2011) present a MILP and a Variable Neighborhood Search
metaheuristic to support the routing of HHC nurses. It has a daily planning hori-
zon and assumes that all nurses travel by car. The algorithm was tested with
both artificial and real-world data provided by the ARC, covering several districts
in Upper Austria. The impact of natural disasters is examined using a sensitivity
analysis that adds incremental delays to the travel times. Furthermore, a real-
world flood and official flood risk scenarios with a 30, 100, and 200 year return
period are analyzed.

Guinet et al. (2017) present a MILP to decide which patients need evacuation
during hydrological disasters, and which HHC resources must be assigned to
the non-evacuated areas. This problem formulation is improved in Barkaoui et al.
(2018). The previously predefined clustering of clients is replaced with a dynamic
risk-based clustering. The enhanced model incorporates the geographic proxim-
ity of the clients and their individual risk ratings for each time period to form
groups with similar risk behaviors. In addition to the allocation of HHC resources
and the decision of which groups to evacuate, the evacuation destination (i.e.,
regular hospital or temporary shelter) is also determined. However, neither of the
two publications addresses the routing of HHC nurses.

10



(dunuQ)

‘(s1senbau Juabin ‘wslesuasqge “6-8) sjuans pauuejdun o} ue|d sy} isnlpy Buiinpayosai USIA [euoneladp
"8sInu
yoiym Ag pue ‘ewi; pue Aep ydiym uo ‘pawiopad aq [|Im USIA YOIym auiwidldqg Buinpayos USIA
‘s|ong| Buiyels pasinbal ayj 198w 0] SYIYS 01 sasinu ubissy Juswubisse Ylys-ol-ye1s
"Jebeuew (auoO)
ased e 0} Jay/wiy ubisse pue a0 e Jo sjuswsalinbai a1ed ay) suiwlialeq 9Yelul pUB JUBWSSOSSY [euoneladp
‘pUBWISP 8y} 198W 0] JIYS B UO MIOM P|noys sasinu Auew moy auiwiale( Bulinpayos Yiys-yeis
"PaAJaS 8q pInoys 1s1| Builiem ayl uo SuUSID YdIym aulwiale( |0JIUOD UOISSIWPY
'sdnoub 1uslo pue S101ISIP 0] $S82IN0sal ubissy uoneoo|e Aloeden |eonoe|
‘(uoneliodsuely Jo sueaw) S9|OIYaA 19|} pue ‘(ABojouyos) uonewoul ‘[esipaw
““6-9) Juswdinba ‘(s)1sideiayl ‘sasinu “68) yeis jo Aloeded syl uoisuswi Buiuoisuswip Aloeden
"UOIJBUIPIO0D
anoidwil pue sawl] [9AeJ] Hwi| O] SI10LISIP Olul BaJe [euonelado ay) uolnilied Bunouisig
"92IAIBS
PJEPUB]S WNWIUIW B 8INSud 0] Sjudl|o |enualod Jo Jaquinu a8y} auiwialaqg 9zZIS [dued
CIVELS
p|noys Japinoid 821A18S DHH Ue S1ual|o JO SBWN|OA pue sadA)l ay) sulwislaqg Xiw asen
"J8}J0 PINOYS Japinoid 82IAI8S DHH UB S82IAISS UYdIym aulwalag XIW 82IAI8S
"'slopliAoid 821AI18S DHH JO Suoieo0| pue sadA} ‘Jequunu ay} suiwisle( abelanoo euoiboy
"sal}|10.} Jusiredul
1o} 9|qibije ae yoiym pue DHH 410} aiqibie ate sadA] Juaio yoiym auiwislaqg Aoijod uswaoe|d oibajes
uonduosep 1oys uoisioap Buluue|d [ona7

(2102) "[e 18 joys|nH uo paseq ‘QHH Ul suoisioap Buluueld jo uoneoyisse|) :g aqeL

11



4 Methods and results

This thesis focuses on the optimization of the routing and scheduling of urban
HHC services, during both daily business and in times of disasters. The differ-
ences between urban and rural HHC planning is discussed in Rest et al. (2012)
and has already been summarized in the beginning of Section 2. Furthermore,
the impacts of a broad variety of disasters have been analyzed. Again, the focus
of this particular publication was to outline the differences of disasters striking ur-
ban and rural regions. First, the vulnerable factors, which are essential to main-
tain HHC, have been identified, followed by descriptions of the effects various
disasters have on them. This study is based on extensive literature reviews as
well as expert knowledge from the ARC, which is not only one of the major HHC
service providers in Austria, but also has extensive expertise in health care and
disaster management. Finally, a numerical study shows the impacts of floods on
the scheduling of the nurses for three regions in Upper Austria. An existing solu-
tion approach has been adapted for the computation, which has been developed
by Trautsamwieser et al. (2011). The results demonstrate the potential uses of
DSSs in the event of a disaster. In addition to the efficient use of the available
resources, it is possible to identify those clients who can no longer be reached
due to the flood. However, the algorithm is not designed to use time-dependent
travel times and is therefore not suitable for urban HHC.

To support the daily planning of HHC nurses in urban regions, a new MILP as well
as three Tabu Search (TS) metaheuristics have been developed. They are pub-
lished in Rest and Hirsch (2016), and to my knowledge, this is the first publication
in the field of HHC optimization that explicitly incorporates the specifics of urban
regions. In addition to the various HHC-related requirements, the main focus of
this work is on planning with public transportation. For this reason, a whole sec-
tion of the paper is dedicated to the modeling of the travel times. In order to prop-
erly represent a public transportation network, the modeling must consider the
different modes of public transportation (i.e., bus, subway, train, streetcar) and
allow transfers between the different lines. The departure times of the vehicles
are based on the timetables of the individual lines and vary throughout the day,
resulting in time-dependent travel times. These are modeled with a discrete time
approach that uses a granularity of one minute, which is also the smallest unit
in the timetables of the public transportation service providers. A dynamic pro-
gramming algorithm is presented. It is inspired by the Decreasing Order of Time
algorithm of Chabini and Dean (1999) and allows to efficiently process timetables
and compute the required travel time matrices. It works on a complete directed
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graph and allows waiting for later departures at the same node, as well as walk-
ing to other nodes. The resulting travel times satisfy the first-in, first-out principle.
It is also known as non-passing property and states that traversing the same arc
at a later time, results in a later, or at best the same arrival, compared to the ar-
rival of an earlier departure. In addition to public transportation, nurses can also
use cars, bicycles, or walk. Their travel times are assumed to be independent of
the time of day and are based on publicly available OpenStreetMap data.

Three TS algorithms have been developed, based on the ideas of the Unified
TS of Cordeau et al. (2001). They were tailored to the time-dependent HHC
routing problem. One of the biggest challenges in time-dependent routing is the
optimization of the start times of the routes. Due to its complexity, it is usually per-
formed in a post-optimization phase by varying the start times in small steps. In
contrast, a binary search approach is presented and applied at each evaluation
of a solution. Another feature of the algorithms is the handling of the mandatory
breaks, which can be partitioned in order to replace waiting times. For this task, a
heuristic approach is applied that makes use of the forward time slack. The three
TS variants differ in the neighborhood structures and were developed to combat
the high computational effort. While the first variant (T7S) searches the whole
neighborhood in each iteration, the second (TSAS) uses a restricted neighbor-
hood of fixed size and the third (TSDYN), a dynamically adjusted neighborhood.
An estimate of the objective value is used to search only promising regions of the
neighborhood, which requires less computational resources to calculate.
Comprehensive numerical studies with real-world data from the ARC in Vienna
are conducted to show the potentials of the developed algorithms. 20 instances
with up to 202 jobs and 46 nurses were used and two operational scenarios are
considered. The first comply with the predefined rosters of the nurses, which
were provided by the ARC and specify the start and end times they are expected
to work. However, this significantly limits the search. Therefore, flexible working
times are used in the second scenario, which are determined by each nurse’s
working hours.

The comparison of the algorithms in Figure 4 shows that the TS is clearly su-
perior in the roster scenario. In case of flexible working times, the TSDYN out-
performs the others. It can be deduced that further limiting the neighborhood
in an already sparse solution space is too short-sighted and thus yields worse
solutions. On the other hand, for large solution spaces, it provides additional
guidance to direct the search to promising regions. If comparing with the actual
planning at the ARG, it is revealed that the developed algorithms can significantly
improve the routing of the nurses. With predefined rosters, average savings of
41.53% (TS) are achievable and without them, even higher savings of 51.08%
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Figure 4: Variation of deviations from the BFS for each TS version and for each operational
scenario after a computation time of 600 sec. (Rest and Hirsch, 2016)

(TSDYN). The detailed results are given in Table 3. Part of the savings can be
attributed to the reduction in the number of second shifts, which were significantly
reduced and, in some instances, even avoided altogether.

Table 3: Deviation from actual planning at ARC for each TS version and for each operational
scenario after a computation time of 600 sec. [in %] (Rest and Hirsch, 2016)

predefined roster flexible working time
TS TSAS TSDYN TS TSAS TSDYN

108 -37.78 -37.04 -34.67 -50.94 -50.74 -51.09
109 -29.82 -29.13 -28.71 -46.19 -46.82 -46.19
110 -40.68 -38.20 -40.85 -56.15 -55.94 -57.37
111 -51.46 -51.10 -47.76 -59.22 -58.22 -59.91
112 -40.79 -34.78 -38.00 -52.03 -52.58 -52.49
113 -49.25 -48.83 -48.88 -54.16 -53.93 -54.49
114 -48.85 -47.49 -48.47 -57.79 -56.30 -57.87
115 -61.06 -60.81 -59.61 -65.31 -64.02 -65.18
116 -37.66 -34.61 -37.40 -40.59 -39.86 -39.95
117 -45.72 -41.74 -4594 -51.85 -51.67 -52.54
118 -34.85 -33.51 -34.81 -38.70 -37.60 -38.70
119 -35.31 -35.25 -34.12 -43.99 -42.04 -44.16
120 -26.63 -23.84 -22.97 -39.96 -43.55 -44.06

mean -41.53 -39.72 -40.17 -50.53 -50.25 -51.08
stdv 9.50 10.02 9.79 8.20 7.83 8.04

In Rest and Hirsch (2015), the algorithms have been applied to analyze the im-
pacts of various disasters. A scenario analysis has been conducted to identify
the operational limits of the different groups of nurses. In addition, the effects
of using different transportation modes (i.e., public transportation, public trans-
portation during blackout, bicycles, walking) are outlined. Based on real-world
instances, additional instances are generated by gradually increasing the num-
ber of jobs and the service times of all jobs in steps of 5%. The jobs were
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randomly taken from a pool of jobs that would be served by the same group of
nurses, but on another day of the week. This guarantees that the chosen jobs are
in the same operational area. Because of the randomness, 10 instances have
been generated for each data set.

time +0% +5% +10% +15% +20%

jobs m h R R h R RS AR B AR
G, +0% |10 10 10 10|10 10 10 10(10 10 10 10(10 10 10 10(10 10 10 10
+ 5% |10 10 10 10|10 10 10 10|10 10 10 10|10 10 10 10|10 10 10 10
+10% |10 10 10 1010 10 10 10|10 10 10 10(10 10 10 10|10 10 10 10
+15% |10 10 10 10|10 10 10 10|10 10 10 10|10 10 10 10|10 10 10 10
+20% |10 10 10 10|10 10 10 10|10 10 10 10|10 10 10 10|10 10 10 10

G, +0% |10 10 10 10|10 10 10 10(10 10 10 10(10 10 10 10|10 10 10 10
+ 5% |10 10 10 10|10 10 10 10|10 10 10 10|10 10 10 10|10 10 10 10
+10% |10 10 10 10|10 10 10 10|10 10 10 10|10 10 10 10|10 10 10 10
+15% |10 10 10 10|10 10 10 10|10 10 10 10|10 10 10 9| 8 8 10 6
+20% |10 10 10 10|10 10 10 10|10 10 10 8 9 9 10 8|1 1 10 O

G; +0% |10 10 10 10|10 10 10 10(10 10 10 10(10 10 10 10|10 10 10 10

+5% |10 10 10 10|10 10 10 10|10 10 10 10f(10 9 10 9f(0O0 O 10 O
+10% (10 10 10 10|10 10 10 105 5 10 2|0 O 10 OO O 3 O
+15% |19 8 10 812 1 10 10 O 10/, 0|0 O 1 OO O O O
+20% (2 1 10 1)0 O 9 0)J]O O 1 0]J]O O O O|O O O O

G, +0% |10 10 10 10|10 10 10 10(10 10 10 10(10 10 10 10|10 10 10 10
+ 5% |10 10 10 10|10 10 10 10|10 10 10 10(10 10 10 10|10 10 10 10
+10% |10 10 10 10|10 10 10 10|10 10 10 10|10 10 10 10|10 10 10 10
+15% |10 10 10 10|10 10 10 10|10 10 10 10|10 10 10 10|10 10 10 10
+20% |10 10 10 10)10 10 10 10)10 10 10 10| 9 9 10 6|0 O 10/ 0

G; +0% |10 10 10 10(10 10 10 10(10 10 10 10(10 10 10 10(10 10 10 10
+ 5% |10 10 10 10|10 10 10 10|10 10 10 10(10 10 10 10|10 10 10 10
+10% |10 10 10 10|10 10 10 10|10 10 10 10|10 10 10 10|10 10 10 10
+15% |10 10 10 10|10 10 10 10|10 10 10 10|10 10 10 10|10 10 10 10
+20% |10 10 10 10)10 10 10 10|10 10 10 10f10 10 10 10(10 10 10 10

G; +0% |10 10 10 10|10 10 10 10f(10 10 10 10(10 10 10 10|10 10 10 10
+ 5% |10 10 10 10|10 10 10 10|10 10 10 10(10 10 10 10|10 10 10 10
+10% |10 10 10 10|10 10 10 10|10 10 10 10|10 10 10 10|10 10 10 10
+15% |10 10 10 10|10 10 10 10|10 10 10 10|10 10 10 10|10 10 10 10
+20% (10 10 10 10|10 10 10 9 )10 10 10 8|10 10 10 7|10 9 10 7

G, +0% |10 10 10 10|10 10 10 10|10 10 10 10(10 10 10 10|10 10 10 10
+ 5% |10 10 10 10|10 10 10 10|10 10 10 10(10 10 10 10|10 10 10 10
+10% |10 10 10 10|10 10 10 10|10 10 10 10|10 10 10 10|10 10 10 10
+15% |10 10 10 10|10 10 10 10|10 10 10 10|10 10 10 10|10 10 10 10
+20% |10 10 10 10)10 10 10 10|10 10 10 10f10 10 10 10f10 10 10 10

Gg +0% |10 10 10 10|10 10 10 10(10 10 10 10(10 10 10 10|10 10 10 10
+ 5% |10 10 10 10|10 10 10 10|10 10 10 10(10 10 10 10|10 10 10 10
+10% |10 10 10 10|10 10 10 10|10 10 10 10|10 10 10 10|10 10 10 10
+15% |10 10 10 10|10 10 10 10|10 10 10 10|10 10 10 10f(10 10 10 9
+20% |10 10 10 10)10 10 10 10} 10 10 10 10|10 10 10 10f{10 10 10 8
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Figure 5: Number of solvable instances for each scenario of increasing number of jobs and
service times, using various transportation modes (extended results from Rest and Hirsch (2015))

Figure 5 shows the results of this scenario analysis, which are an unpublished
extension of those in Rest and Hirsch (2015). The numbers indicate how many
of the 10 instances of each setting are solvable within a computation time of 5
minutes. The color coding is used to highlight the identified bottlenecks. Groups
G1, G5 and G; can completely handle a 20% increase in jobs and service times,
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independent of the considered transportation modes. The other groups except
G5 only show a bottleneck when there is a high increase of both factors. Only
group G5 struggles at an earlier stage. This group serves the 3rd and 11th district
of Vienna. The latter extends to the city border, has an industrial character and a
below-average age structure. This results in a lower density of clients and thus,
in longer travel times. In addition, this group has slightly less spare capacities
than other groups in normal business. It is also shown that the use of bicycles
is superior to the other modes of transportation. Except for group Gs, this trans-
portation mode allows to find feasible schedules for all instances.

The last publication that is part of this thesis is Rest and Hirsch (2021) and fo-
cuses on decision support in times of disasters. First, CLDs are used to model
the effects of epidemics, blackouts, heatwaves, and floods on the HHC system.
It aims to provide insights into the complex system of HHC and the cascading
effects of these disasters. Next, a case study of the COVID-19 pandemic is
presented. It describes both, the effects of the pandemic in Austria and the ac-
tions taken to combat it. HHC service providers and their nurses were especially
challenged by the pandemic. Elderly people and those with chronic diseases
are particularly at risk of getting very sick. Lockdowns, border and school clo-
sures, as well as illnesses of HHC nurses and dispatchers, have led to a re-
duction in available nurses. At the beginning, in spring 2020, there were also
no vaccines available and personal protection equipment (e.g., face masks) was
scarce. A DSS is presented and applied to real-world data from a large HHC
service provider in Vienna, in order to numerically analyze the impacts of the
pandemic. For the DSS, the algorithms developed for Rest and Hirsch (2016)
were further developed into a commercial product. While the previous TS al-
gorithms were implemented in C++ as a command line application, the further
development has been implemented as a Java-based web service. Its structure
is shown by Figure 6.

The DSS was used by a large HHC service provider in Vienna for several years
and due to the sensitivity of personal data, high priority was given to data protec-
tion. Thus, the structure of the DSS shows a 2-stage process. The geographi-
cal data is independently processed into time-dependent and time-independent
travel time matrices. Only the final travel time matrices are stored, which prevents
direct geographic traceability. In the second stage, the extended TS algorithm is
used to compute schedules for the anonymized instance data, submitted on-
demand by the HHC service provider. In addition to the extensions of the HHC
routing problem described in Section 2, the most significant algorithmic change
concerns the optimization of the start time. A new approach is presented, which
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Figure 6: Structure of the DSS (Rest and Hirsch, 2021)

does not postpone the start time too much in order to have more leeway in case
of delays. The DSS is used for numerical studies with 16 real-world instances.
The scheduling before and during COVID-19 is compared, as public transporta-
tion was scaled back during the lockdown. This resulted in an average increase
of the travel times (incl. waiting) and overtime of 6.6%. However, those instances
with a low share of cars in their modal split showed increases of up to 18%.
Furthermore, computations were made to compare the average overtime and
tardiness of the nurses when using the current modal split (i.e., mix of public
transportation and cars), only cars, bicycles, or walking.

5 Discussion

Facing an increase in demand of HHC services and in climate-related disasters,
HHC service providers are in need of support to tackle these two challenges.
The elderly and those in need of care are particularly affected by disasters. As
outlined in Rest and Hirsch (2021), the COVID-19 pandemic revealed the de-
pendencies and vulnerabilities of modern societies. The vulnerability analyses
provide insights into the complex system of HHC and show how it is affected by
different disasters. The presented DSS and its enhancement can make a signif-
icant contribution to support HHC service providers in increasing their disaster
resilience. It can be used during multiple phases of the disaster management
cycle. By optimizing the daily scheduling of HHC nurses, it can be used for
capacity analysis and planning (preparedness phase), as well as to guarantee
that the available staff is scheduled as efficient as possible in times of disasters
(response phase).

However, increasing the dependency on the IT infrastructure is potentially double-
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edged in its consequences, as shown in the vulnerability analysis of blackouts.
In addition, the accuracy of the decision support depends on the quality of the
underlying data. In times of disasters, data availability and quality might be insuf-
ficient. The DSS currently use freely available data, provided by Google, or gath-
ered by the OpenStreetMaps community. The benefits of community gathered
data has been shown for example during the Haiti earthquake in 2010, where
data has been collected by people in the field or by analyzing satellite and aerial
images (Soden and Palen, 2014). The use of such data increases the chances
that routable maps will be available in the event of a disaster. In addition, remote
sensing technologies can be used to automatically collect data. For example, the
co-authored research of Reyes-Rubiano et al. (2021) analyzes the deployment
of unmanned aerial vehicles to explore the accessibility of a road network.

Although HHC service providers already rely heavily on public transportation,
especially in regions with a sufficiently developed public transportation network,
it is hardly considered in the scientific community. The entire sector of long-term
care is experiencing a shortage of nurses and HHC is particularly affected. HHC
work is physically and mentally demanding, which is further exacerbated by the
traveling and irregular working hours. Through the developed DSS, HHC service
providers are supported in their daily planning activities. Its flexible design allows
to balance the often conflicting objectives according to the individual needs of
the HHC service provider, caregivers, and clients. This results not only in a more
efficient scheduling of the nurses, it also further speeds up the planning process
itself. It is also revealed that the DSS can significantly reduce the number of
required second shifts, which means a considerable improvement of the working
conditions of the nurses.

The consideration of various alternative modes of transportation can also con-
tribute to sustainability. As outlined by Haghshenas and Vaziri (2012), trans-
portation is an important aspect of urban sustainability, which has significant and
long-lasting economic, social, and environmental impacts. In addition, more and
more cities are banning cars and introducing car-free zones. Public transporta-
tion is one of the most efficient modes of transportation in urban regions. This
thesis outlines the impacts of using different modes of transportation and shows
that careful planning even allows to cover many distances by foot or (electric) bi-
cycles. A transportation service, as proposed by Fikar and Hirsch (2015), might
be an interesting alternative for regions with longer distances or a less developed
public transportation network.
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6 Conclusion and future research paths

This thesis presents solution approaches to tackle the increasing demand for
HHC services and to support them in times of disasters. Vulnerability analyses
were conducted to provide insights into the complex system of HHC and how it
is impacted by various disasters. CLDs were used to visualize selected disasters
to identify their cascading effects and feedback loops.

The published DSS for the HHC routing problem can be seen as one of the
most comprehensive in its field. It is based on the requirements of two major
HHC service providers in Austria and covers a wide range of aspects of the
daily routing of HHC nurses. It contains several working time regulations, flexible
breaks, constraints regarding consistency of care (i.e, nurses and visiting times),
workload distribution, and synchronization (i.e., time offsets, order of jobs). The
use of time-dependent public transportation is still a unique feature. The DSS
is highly flexible regarding its constraints and objective function, which allows to
adjust the planning according to the needs and preferences of the dispatchers.
The DSS is able to solve real-world sized instances within a few minutes. It
has been applied to various real-world instances from HHC service providers in
Vienna. The enhanced version of the DSS, presented in Rest and Hirsch (2021)
has been in use by a large HHC service provider for several years.
Nevertheless, there are numerous interesting ways to extend the presented re-
search. For example, future work should cover the stochastic and dynamic as-
pects of HHC. The current work assumes that the service times of the jobs have
a fixed length that is neither exceeded nor undercut. In fact, the service time
depends on the situation on site, especially on the client’s state of health. In
addition, due to the time-dependent travel times, small deviations in service or
travel times can cause major disruptions in the scheduling of the nurses. Due to
the short computation times, the DSS can be used for rescheduling. However,
it is usually preferred to adapt to the new situation with as few changes as pos-
sible, but this cannot be guaranteed with the current algorithms. Two research
directions can be envisioned: a) computing robust schedules by incorporating
uncertainties, and b) developing algorithms for rapid rescheduling.

In terms of disaster support, it must be noted that all presented solution ap-
proaches operate on the assumption that all jobs must be executed. While the
algorithms in Rest and Hirsch (2016) do not provide a solution if constraints are
violated, those in Rest and Hirsch (2021) return the best infeasible solution. How-
ever, in case the operational limits are exceeded, the computed schedules show
massive violations of time windows and working times and are practically use-
less. In such cases, triage is inevitable to maintain an orderly operation. This
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involves prioritizing the most critical jobs and postponing or, if possible, outsourc-
ing others. Cinar et al. (2021) address the provision of medical nutrition services
at the client’'s home, however, with a predefined assignment of clients to nurses.
The number of clients exceeds each nurse’s daily capacity, resulting in prioriti-
zation based on several factors, including the last visit time and severity of the
client’s condition. They present a MILP, a matheuristic called Successive Single
Period Heuristic, and an Adaptive Large Neighborhood Search metaheuristic.
Others, like Manerba and Mansini (2016) and Gobbi et al. (2019), work on a very
simplified version of the HHC problem even ignoring skill requirements. Integrat-
ing triage not only further complicates the HHC problem, but also raises ethical
questions about prioritizing visits.
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Abstract

Purpose — The number of care-dependent people will rise in future. Therefore, it is important to
support home health care (HHC) providers with suitable methods and information, especially in times
of disasters. The purpose of this paper is to reveal potential threats that influence HHC and propose an
option to incorporate these threats into the planning and scheduling of HHC services.
Design/methodology/approach — This paper reveals the different conditions and potential threats
for HHC in rural and urban areas. Additionally, the authors made a disaster vulnerability analysis,
based on literature research and the experience of the Austrian Red Cross (ARC), one of the leading
HHC providers in Austria. An optimization approach is applied for rural HHC that also improves the
satisfaction levels of clients and nurses. A numerical study with real life data shows the impacts of
different flood scenarios.

Findings — It can be concluded that HHC service providers will be faced with two challenges in the
future: an increased organizational effort and the need for an anticipatory risk management. Hence, the
development and use of powerful decision support systems are necessary.

Research limitations/implications — For an application in urban regions new methods have to be
developed due to the use of different modes of transport by the nurses. Additionally, an extension of
the planning horizon and triage rules will be part of future research.

Practical implications — The presented information on developments and potential threats for HHC
are very useful for service providers. The introduced software prototype has proven to be a good
choice to optimize and secure HHG,; it is going to be tested in the daily business of the ARC.

Social implications — Even in the case of disasters, HHC services must be sustained to avoid health
implications. This paper makes a contribution to securing HHC, also with respect to future
demographic trends.

Originality/value — To the best of the authors’ knowledge there are no comprehensive studies that
focus on disaster management in the field of HHC. Additionally, the combination with optimization
techniques provides useful insights for decision makers in that area.

Keywords Austria, Health care, Risk management, Rural areas, Urban areas, Home health care,
Disaster vulnerability, Decision support, Routing

Paper type Research paper

1. Introduction

Based on the current demographic and social developments in industrialized countries
a significant increase in the demand for home health care (HHC) can be expected in the
future. At the same time, however, the potential for family care reduces due to
prolonged employment and changes in family structures. HHC services allow frail
people to stay at home as long as possible and to receive professional help.
Furthermore, HHC implies lower costs for the social insurance system if compared to
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intramural health care (e.g. nursing homes, hospitals) (see e.g. Kaye ef al, 2009; Trends and risks

Biringer et al., 2010).

This paper describes the situation of HHC in industrialized countries and explains
the different requirements in organizing and planning of these services in rural and
urban areas exemplarily for Austria. Based on literature reviews and the experience of
the service providers, it is also shown how different disasters influence HHC. In most
studies the effects of disasters are analyzed after their occurrences. Thus, they show
the “lessons learned” from a concrete event. Preventive comprehensive studies on this
subject hardly exist. In this context, in Trautsamwieser et al (2011) a software
prototype has been developed in cooperation with the Austrian Red Cross (ARC), one of
the main HHC service providers in Austria. It serves as a decision support system
(DSS) and is able to optimize the daily scheduling of HHC services, as well as to depict
the effects of disasters. Therefore, the decision maker(s) can anticipate possible adverse
effects and take measures well in advance.

The main contribution of this paper is to reveal potential threats that influence
HHC. Based on the work in Trautsamwieser et al. (2011), an option to incorporate these
threats into the planning and scheduling of HHC services is proposed. The presented
approach was applied to carry out some additional numerical studies with flood data
and the results will be discussed with respect to practicability. Furthermore, this paper
describes the importance of HHC for industrialized countries and outlines the
differences between urban and rural HHC.

This paper is structured as follows. The HHC services and their relevance for
today’s society are described in Section 2. Additionally, we outline the differences
between urban and rural HHC. Section 3 contains the risk assessment and shows the
critical factors and vulnerability of HHC services. In Section 4, we apply a DSS from
Trautsamwieser ef al. (2011). We also present results of some numerical studies with
real-life data that show the applicability of the software prototype on different flood
scenarios in Upper Austria. Section 5 concludes the paper and gives an outlook on
future research on this topic.

2. The HHC system
HHC providers cover a wide range of services, reaching from qualified home nursing to
assistance in leading the household and maintenance of social contacts. These tasks
are performed by qualified health care and nursing staff, nursing assistants, geriatric
nurses, and home helpers. The stated core services are supplemented by additional
services, such as visiting services, meals on wheels, transport services, emergency call
systems, or equipment rental and consulting.

The main advantages of HHC services are (see e.g. Schaffenberger and
Pochobradsky, 2004):

+ Facilitation of care-dependent people to stay at home as long as possible.
» Prevention or delay of admission to hospitals or nursing homes.

« Enabling earlier discharge from in-patient care.

+  Support and relief for relatives or other informal caregivers.

« Maintenance of social contacts and prevention of social isolation.

In Austria, according to Statistics Austria (2011), a total of 433,880 people, representing
5.2 percent of the whole population received care allowance in 2009. A current report
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(Biringer et al., 2010) states that 58 percent of them are informally cared for at home by
their own families or friends. The remaining percentage counts to the formal sector of
care. This includes traditional elderly or nursing homes as a form of institutional care
and day-care facilities (together 16 percent), as well as HHC services (24 percent). The
remaining 2 percent are receiving fulltime care, 24 hours per day. Furthermore, there
are alternative concepts in development that are situated between HHC and
institutional care, such as the system of “assisted living” (Schneider et al., 2006).
Currently, these services count either to institutional care or HHC. Since all the
presented numbers include only those people who are reported to national subsidies,
the actual number of care-dependent people is estimated to be significantly higher.

Besides the social aspects, there are also monetary reasons to promote the
expansion of HHC services. In Austria, health care is within responsibility of the
federal states and therefore there is no homogeneous data available that is up to date.
Thus, we present only data of the two regions we consider more detailed in the
subsequent sections of this paper, namely Upper Austria (rural) and Vienna (urban).
According to Biringer et al. (2010) in Upper Austria the total expenses for intramural
care for the elderly (18,059 persons) reached about €123 million in 2009; while in the
HHC sector only €50 million (27,923 persons) were recorded. Thus, intramural care of
one person costs on average €6,816 while these costs amount only to €1,716 for HHC. In
Vienna the situation is similar; intramural health care counts to €435 million (13,950
persons) and HHC to €138 million (26,880 persons). This leads to average costs per
capita of €46,438 for intramural care and €5,126 for HHC. The high differences in costs
per capita are due to different cost structures in the provinces. Furthermore, the
average costs also depend on the quality and amount of services the clients have
received. The costs of informal care, however, are not well known, there are only rough
scientific estimates, which move in the range of €2 to €3 billion per year for whole
Austria (Schneider et al., 2006).

Similar results have been reported by Kitchener et al. (2006) and Kaye et al (2009),
who compared the expenditures for institutional and non-institutional long-term care
in the US Medicaid system. They found out that states, which are offering extensive
HHC services, were able to reduce their spending significantly. On average, total
expenditures per capita were $43,947 less per year.

2.1 Current and expected development of HHC

Although the organization of HHC systems differs from country to country, many
industrialized countries have reported an increased demand for HHC services in recent
years. A study of the OECD states, that per capita spending for long-term care has
increased in the past decade by an annual average of 6.5 percent across 24 OECD
countries (Fujisawa and Colombo, 2009). In this time the usage of health services has
also changed significantly. Elderly people want to remain in their familiar environment
as long as possible. Thus, the traditional retirement homes for people without great
care needs were less demanded. A look at the history of hours worked in HHC from
2000 to 2008 shows a change of + 29.4 percent for Austria (Bednar et al, 2010) and
thus supports this assumption for our test region. Given the current demographic and
social developments, not only a significantly increased demand for HHC, but also a
drastic reduction in informal care must be expected in future. Starting with around
15 percent in 2006, the share of the population aged 65 and above is estimated to reach
26 percent of the total OECD population until 2050. The group of aged 80 and above
is expected to increase its share by 2.5 times between 2008 and 2050 (Fujisawa and
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a shift in the age structure. Hence, those demographic groups with the highest
probability of being in need of care will grow disproportionately. Additionally, changes
in family structures, like the trends to more single households, childless families, and
rising divorce rates will also reduce family care potential as well as prolonged
employment (Schneider et al., 2006). Woodward et al. (2004) identified three trends for
the rapid growth in HHC expenditures in Canada. First, Canadian hospitals faced
financial constraints, which led to more aggressive discharge planning and shorter
stays. More people recovering from surgery or acute illnesses entered the HHC system.
Second, they mention demographic changes, which lead to more frail elderly people.
Third, they state that a growing segment of the population has chronic illnesses and
physical disabilities. These people also have a longer life expectancy and often want to
stay at home as long as possible.

There exist several models to predict the further demand for long-term care and its
expenditures. However, all of them predict a remarkable increase, even under favorable
assumptions. Oliveira Martins and de la Maisonneuve (2006) use both demographic
and non-demographic factors to determine future expenditures for 30 OECD countries.
They point out that expenditures are highly related to the shares of formal and
informal care. As labor force participation is expected to rise in future, informal care
has to be supplemented with formal care. One major driver are labor costs of staff,
which are given by 85 percent in the UK and between 70 and 90 percent in Germany.
Based on the considered scenario, the average spending on long-term care would rise
from 1.1 percent of gross domestic product (GDP) in 2005 up to 1.9 to 3.9 percent of
GDP by 2050. Hancock et al. (2007) combined a micro- and a macrosimulation model to
predict future trends in the key drivers of demand for long-term care in the UK.
Starting with a central base case, they evaluate different funding regimes and care
strategies (e.g. free personal care and different charging systems). Besides the
demographic development, their model incorporates some key factors like household
structures, home-ownership rates, and marital status. Three factors seem the most
important exogenous drivers of demand for and expenditure on long-term care: life
expectancy, disability, and unit costs. Results for the base case show an increase in
demand of 156 percent for residential care, 135 percent for local authority HHC, 119
percent for private HHC, and 111 percent for informal care until 2051. In addition to
this base case, also a low and a high expenditure scenario is presented, which differ in
the assumptions for the exogenous factors. A recent study by the Austrian Institute of
Economic Research (Muhlberger et al., 2008) includes similar factors as the study by
Oliveira Martins and de la Maisonneuve (2006). Besides the demographic changes and
the change in health condition, they also take the rising employment of women and
increases in the cost of care into account. Currently, about 80 percent of informal care is
still carried out by women. The authors predict the number of people receiving care
allowance to be 536,041 in the lower-bound and 623,083 in the average and upper-
bound scenario in 2030. The average scenario is subject to the same assumptions on
the number of recipients as the upper-bound scenario but differs on the assumptions
for cost trend and demand for formal care. The forecast of health care expenditures
shows a total increase of approximately 160 percent for the average scenario.
According to this forecast the share of nursing expenses on real GDP will hence
increase from 1.13 to 1.96 percent between 2006 and 2030 (Miihlberger et al., 2008).

In summary, it can be stated that within the next decades a massive increase in
demand for care services has to be expected in industrialized countries. As HHC
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services are both more cost-effective and usually preferred by care-dependent people,
this will lead to a further expansion of HHC services and their importance for the
society.

2.2 Scheduling and routing of HHC services

The task of scheduling nurses is quite complex and there are numerous factors that
must be considered to obtain a feasible solution. Especially HHC service providers that
are still planning manually need a lot of time for this task and the outcome is
presumably non-optimal. This shows itself particularly in the case of vacation or
illness of the experienced dispatchers. Another case in which planning time and
quality of solutions play an important role is in times of disasters. In such cases it is
necessary to adapt the routing accordingly as fast as possible and to use the limited
resources as efficiently as possible.

Looking at the published literature in the field of HHC reveals that the requirements
for planning and scheduling are rather similar in industrialized countries, and that
they mainly differ in the prevailing regulatory restrictions. Cheng and Rich (1998)
present a mathematical problem formulation for HHC scheduling in the USA. They
consider different types of nurses (part- and full-time) with varying qualification levels
that have to serve clients within a given time window. Nurses are starting their duty at
home. Their objective is to minimize the amount of overtime and part-time worked.
Eveborn ef al. (2006) developed a DSS called Laps Care to aid the planners of HHC
services in Sweden. Beside the medical skills, language knowledge, and the gender of
the nurses, they also consider that clients have preferred nurses and that some visits
require more than one nurse. Furthermore, nurses can use several modes of transport,
namely walking, bicycles, and cars. Bredstrom and Rénngvist (2008) also take
temporal constraints that impose pairwise synchronization and pairwise temporal
precedence between visits into account. Nickel ef al. (2009) presents an optimization
model for HHC in Germany. Within their model nurses are starting from a single depot
and the objective function consists of four objectives (patient-nurse loyalty, number of
unscheduled tasks, overtime costs, and traveling distance) that are combined within a
weighted objective function. Similar problem descriptions have also been published for
example by Akjiratikarl et al. (2007) for the UK, Rasmussen et al (2010) for Denmark,
or Trautsamwieser et al. (2011) for Austria.

Summarizing, the task of scheduling nurses consists of assigning visits to nurses
and to determine the optimal order in which they should be performed. Thereby,
assignment constraints (e.g. qualification levels, language skills, and gender), temporal
constraints (e.g. time windows and temporal dependencies), and working time
regulations (e.g. maximum working time, shift work, and mandatory breaks) must not
be violated. In addition, nurses could start their paid duty at different locations (depot,
at home, or at the first client) and may use various modes of transport, even in
combination. The objectives range from reducing traveling times (distances, or costs)
to increasing the quality of service. One of the major challenges in HHC scheduling is
that there are service peaks in the morning, at lunchtime, and in the evening.
Therefore, nurses are often employed part-time or work several shifts a day.

2.3 Differences between urban and rural HHC

The processes of scheduling and routing of HHC services show some differences
between urban regions and rural regions. The social structures are usually less
pronounced in urban areas. Additionally, the number of solitary or childless people is
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American Medicare system (Kenny, 1993) shows that, due to social structures, the
general demand for HHC is larger in urban regions. However, due to the better
infrastructure, the demand for qualified services is far smaller than in rural areas. On
the other hand, people living in rural regions receive not only more qualified services;
they also have a higher visitation frequency. In Austria, Schaffenberger and
Pochobradsky (2004) show that a notable difference can be observed in the demanded
qualification between Vienna and the remaining provinces. According to them, in
Vienna about 81 percent of the employed HHC staff were home helpers, 9 percent
assistant nurses, and only 10 percent qualified nurses in 2002. In the other provinces
the share of qualified nurses is between 22 and 36 percent.

There are also differences in organizational issues that occur mainly because of two
reasons. First, the internal structures of the HHC service providers differ from region to
region and second, HHC may be subject to various areas of responsibility. Both apply
to Austria, but also to the American Medicare system.

For example, in Upper Austria care-dependent people or their relatives are asking
for services at their next ARC base or at other HHC organizations. The scope of
services depends on the level of care dependency and is individually adapted to the
client. Depending on the address of the client, he/she is forwarded to the team leader,
who is responsible for this region. The team leader assigns the new visits to a nurse
who is organizing his/her route by himself/herself, manually. In contrary, in Vienna the
municipality-funded HHC is organized through an organization called “Fonds Soziales
Wien”. It collects all service demands and spreads them among all registered
organizations that are offering HHC services. This is done according to frame
contracts, which are negotiated at regular intervals. The organizations get a detailed
offer for a service which has to be performed. This offer includes type and service time,
and the number of visits. If known in advance, special requirements like language
skills are also given. When the ARC accepts the offer it is given to the team leader of
the corresponding district. He/she is then updating the scheduling and route planning.
This is done within a scheduling program that is also used for accounting. The nurses
are then able to view their schedule at any time with their personal digital assistants.
With these mobile devices they are also logging their activities.

If one directly compares the specifications of the previously described rural HHC
model with the requirements for an urban model, the most important differences show
up at the transport infrastructure. In urban areas like Vienna, access to institutional
care is easier because of a bigger density of facilities and a better transport
infrastructure. There is also a denser network with different modes of transport. Due to
the bigger traffic density, planning with cars will be though considerably more difficult
(e.g. traffic jams and searching for parking lots). At the ARC in Vienna about 90 percent
of the nurses use public transport to get to their clients whereas in the rural province of
Upper Austria all nurses are using cars. Moreover, the distances between the single
clients are usually smaller in cities so that nurses can also use bicycles or just walk. As
a consequence for routing, one has to consider multiple modes of transport for the
nurses on one tour as well as time-dependent travel times. The latter not only
addresses car traffic but also public transport. During rush hours for example, trains
and buses have significantly shorter intervals than during the rest of the day. At the
outskirts, those intervals are generally larger than at the city center. Time-dependent
travel times are needed on a detailed level without much aggregation to avoid larger
waiting periods at the stations. However, to service clients, who are hard to reach with
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public transport the ARC in Vienna also has a couple of cars, which may only be used
by qualified nurses.

3. Disaster vulnerability analysis

People with limited mobility or relying on medical supply (e.g. diabetics) do often need
consistent health care. Thus, regular treatments are also necessary in case of disasters.
HHC services must be prepared for such situations. Projections of the
Intergovernmental Panel on Climate Change (IPCC) (2007) imply that there will be
an increase in climate variability, changes in frequency, intensity, and duration of
extreme events. Thus, one should be prepared for an increased number of natural
disasters. The following assessment analyzes the potential threats and their impacts
on HHC and is based on literature reviews, complemented by previous experience of
the ARC. As many Red Cross organizations, the ARC is also one of the leading
emergency organizations in case of disasters. We highlight different consequences on
urban and rural regions, if they are significant. Due to the higher population density,
potential impacts are much higher in urban regions than in rural regions.

To the best of our knowledge, there are limited studies that focus on risk assessment
in the field of HHC, especially in a comprehensive manner. In general, the effects of
individual major disasters are analyzed for all aspects of life, or for the entire health
sector. One of the most extensive studies is that of Johnson and Galea (2009) which
focusses on the effects of disasters on population health, health systems, and their
infrastructure. Their study is based on nearly 200 articles and covers many different
types of disasters such as earthquakes, storms, floods, mass fires, terrorism, infectious
diseases, and technological disasters like the Enschede Fireworks Disaster of May
2000, and the Chernobyl Disaster of April 1986. A detailed risk assessment for natural
disasters is also provided by Melching and Pilon (2006). Besides the general effects,
they present background information regarding cause and incurrence of various
disasters. A good manual to develop an all-encompassing Hazards Emergency
Preparedness Plan for HHC and hospice has been given by the US National
Association for Home Care and Hospice (NAHC) (2008). It lists potential threats as well
as the vulnerable infrastructure.

3.1 Vulnerable factors in HHC
According to the description of HHC in Section 2, one can identify the following
important factors that are essential to maintain HHC:

«  Staff. The greatest asset of HHC service providers are their employees, both
nurses and administrative staff. Absence of the regular dispatchers often leads
to suboptimal schedules. Usually, deputies do not have enough experience for
such complex scheduling tasks where extensive knowledge of clients, services,
and nurses is required. On the other hand, if nurses are absent, other nurses with
appropriate qualification have to fill in for them. If there are no more nurses
available, the services must be limited or postponed. The reasons for unexpected
absence of employees are diverse, ranging from sickness of individual employees
up to a massive absence in the event of disasters. Additionally, motivation of the
employees is an important topic.

 Clients. Situations that lead to an increase in the number of clients or of the
service time require a particularly efficient planning to service all clients. If
this is no longer possible they must either be cared for by other organizations,
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« Communication. An increasing number of organizations are relying on mobile
communication technologies for controlling their HHC services. At the ARC in
Vienna for example, the dispatchers are creating schedules within their
operational software. Nurses are then able to view their plans through mobile
devices. As a consequence they are rarely at the base. Since time and activity 41
recording are also done electronically, information and communication
technologies are essential for almost all organizational activities, but this
leads to new vulnerabilities, especially in case of power outages.

«  Transport. Nurses rely on various modes of transport. Due to the lack of public
transport, nurses in rural regions almost always use cars. Whereas in urban
regions many, alternative and comprehensive modes are accessible, including
public transport. Furthermore, average distances between clients are much
lower in urban regions and thereby many routes are being covered by foot or by
bike. Cars are mostly used in the suburbs, where the intervals and driving times
of public transport are too large.

3.2 Effects of disasters on HHC
There are many possible disasters that are likely to influence the mentioned factors in
subsection 3.1. Disasters can be classified in man-made and natural disasters. The
former are of human origin and range from technical and/or human error to intentional
damage like terrorism. However, natural disasters are outside the direct human sphere
of influence. Table I summarizes the effects of disasters in the fields of transport,
nurses, clients, and communication and is the result of a literature review and the
practical experience of decision makers at the ARC,; it extends the findings presented in
Trautsamwieser ef al. (2011) significantly. The selection is based on the classification of
the International Disaster Database (EM-DAT, 2011), which lists the following groups of
natural disasters: geophysical (earthquake, volcano, mass movement), meteorological
(storm), hydrological (flood), climatological (extreme temperature), and biological
(epidemic). Furthermore, it is complemented with blackouts as technological disaster.
Earthquakes lead to building damages and other infrastructure failure in wide areas
and as they are usually not predictable they are latent threats, especially in densely
built-up areas. Depending on the magnitude, earthquakes are caused from minor

Influence disaster Nurses Clients Transport Communication
Number Number Service time Driving times Trafficability — Availability

Earthquake l 1 1 il ! l
Volcano l ) 1 1 ! l
Mass movement l 1 1 i | l
Storm ! T T 1 1 !
Flood ! 1 T 1 ! !
Heat wave l T 1 - > -
Cold wave o 1 1 - . o
Epidemic ! 1 il - — PN
Blackout l 1 1 il ! l

Table 1.
Notes: 1, increment; |, decrement; <, constancy Influences of disasters
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structural damage (e.g. falling objects) up to severe destruction of a whole region. Mori
et al. (2007) studied the health needs of people with chronic diseases during an
earthquake in Japan. They state that natural disasters have a large physical and
mental impact on people with chronic diseases. To minimize exacerbation of symptoms
one should pay attention to medication availability and appropriate food (e.g.
diabetics), but also for stress management or support for activities of daily living.

Current technology allows monitoring of volcanoes and as eruptions do not occur
without warnings, they can be predicted very well. Hence, there should be enough
time to prepare for the eruption. Consequently, the International Disaster Database
(EM-DAT, 2011) lists no volcanic disasters in industrialized countries with harm of
people. As the usual action is evacuation, volcanic eruptions do not influence HHC
significantly. Therefore, the classification in Table I must be seen as potential influence
only, if early warnings are failing.

Mass movements like landslides or avalanches mostly occur in alpine regions and
have a huge damage potential if directly hitting areas of settlement. Otherwise, they
may easily lead to isolation of certain regions, without infliction of major damage or
harm. Therefore, the number of clients is likely to increase and if nurses are not able to
get to work, their number is also decreasing. As transport and communication
infrastructure in alpine regions is usually sparse, failures lead to significant impairments.

Storm disasters may be classified into several sub-types, but the effects of each type are
more or less the same and mostly differ in the affected area. In particular the most common
local/convective storm will lead to prolonged driving times and to a reduced trafficability.
Roads could be blocked or closed, and power lines could break. Beem et al. (2008) analyze
the storm risk in Germany and present a comparison of gust speed and landscape
topology. They conclude that the impacts at open fields are much larger than at built areas
and therefore, rural regions are more vulnerable. At the same time, the number of available
nurses will reduce because some of them may not be able to get to work, while both the
number of clients and the service times will increase, since more people would need
assistance. Winter storms, which come along with heavy snowfall, will lead to similar
effects, due to restricted visibility or slippery roads (see e.g. Changnon, 2007; Norrman et
al., 2000). The impact of this type of disaster is much bigger in rural- than in urban regions,
due to the longer driving distances. Since most power lines in rural areas are overhead
transmission lines, snow breakage-induced blackouts could lead to impairments in
communication. Tornados and tropical storms have a particularly high potential for
destruction. While the former are highly localized and therefore easier to manage, the
second affects huge areas and thus requires a comprehensive disaster management.

Floods can occur in different ways, river floods, coastal floods, and flash floods.
Nowadays, river floods are more predictable and therefore provide time to prepare for
disaster response. In contrary, flash floods (e.g. caused by heavy rain) or coastal floods
(e.g. tsunamis), are hardly predictable, but lead to significant damage. Urban regions
are exposed to greater risks because they show large areas of sealed surfaces. The
flood risk analysis by Compton et al. (2008) for Vienna reveals that failure of protection
measures would lead to substantial damage of transport infrastructure, especially due
to possible flooding of underground lines. Thereby, they refer to similar events in
Boston, Seoul, Taipei, and Prague. Furthermore, floods often lead to power outages
within the flooded area, such that communication will be affected. Clients may need
additional services during such events, but limitations in the availability of nurses,
however, are only likely to be expected in individual cases, if the nurses are affected
themselves or are hindered to get to work.
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situation of the clients. However, recent experiences of the ARC revealed that there is
reduced availability of nurses during extreme heat events. The main reason for this are
cardiovascular diseases. Investigations of past heat waves (see e.g. Diaz et al, 2002;
PROCLIM, 2005; Moshammer et al., 2006, 2009) show that especially elderly and single
people are vulnerable to heat waves. Palecki ef al. (2001) further point out that there is a
more significant increase in mortality in urban areas, due to the social structure and
the urban-heat-island effect. The latter is responsible for the fact that temperature
within the city center is higher by up to 8°C and also does not drop significantly during
night. Transport infrastructure may be affected by extreme temperatures as road
surface could melt or crack and rails could deform. But usually this is only the case to a
very limited extent, therefore we do not take this into account.

The main problem of epidemics is the huge increase in the number of clients and
service times, paired with a significant decrease in nurse availability. During influenza
epidemics, Knebel and Phillips (2008) revealed that more care-dependent people would
be discharged from hospitals earlier, due to short capacities, and that about a quarter of
nurses will be sick themselves. Another problem arises from the fact that not all nurses
will appear at work, especially if no protective measures are taken (e.g. vaccines).
Ehrenstein et al. (2006), Mackler et al (2007), and Irvin et al (2008) analyze this
circumstance for different diseases like avian influenza and pox. They state that only
20 percent of the nurses are willing to work in the worst case. In this case no protective
measures are available. Furthermore, they mention that the willingness to work
increases with the qualification level of staff. Gershon et al (2007) state that the
incidence of new diseases seems to increase, and that climate change leads to a shift
in vector ranges, such that tropical diseases may occur in temperate regions.
Globalization also helps to spread diseases. Theoretically, epidemics may also
influence transport or communication infrastructure, but as this only happens if social
life totally collapses, we assume that they will not be influenced much.

As technological disaster, blackouts take up a special role since they are often the
result of other disasters or man-made and technical failures. In most cases, however,
external events such as extreme weather conditions or other disasters lead to
disturbances in the power supply. Pirker and Wiesinger (2005) give an overview of
impacts of storms, mass movements, or geographically large events like floods or
droughts. Power outages are affecting virtually every area of daily life. Schriimpf
(2008) exemplarily describes the impact of a blackout on normal daily routine. A recent
and more detailed study about the effects of large-scale and long-lasting blackouts was
carried out by the “Committee on Education, Research and Technology Assessment” of
the German Bundestag (Burchardt et al, 2011). They analyze the effects on several
critical infrastructures like telecommunication, transport (road, rail, water, and air),
supply of goods (e.g. water, food), and waste disposal, as well as on the financial and
health care sector. The authors conclude that after a few days the adequate supply of
the population is no longer ensured in affected areas. Freese et al. (2006) analyze the
impacts on New York’s emergency call system in August 2003, caused by a heat-
induced blackout. They reveal that cardiovascular- and respiratory problems, as well
as gastro-intestinal disorders have increased, due to the high temperature, increased
physical exertion, and failure of food-cooling systems. Therefore, increases in number
of clients and service times are most likely. Especially in urban areas, it will also come
to prolonged driving times and reduced trafficability, due to the collapse of electricity-
based modes of transport like underground, train, and tram. Using buses or cars

in HCC

43




JHLSCM
2,1

44

instead is also not a good alternative because of failure of traffic management
systems (e.g. traffic lights). Fickert and Malleck (2008) describe the impact on
telecommunication infrastructure. While the old-fashioned fixed phone line can often
be maintained for days, the supply of the new mobile and broadband technologies is
only possible for a few hours, at maximum. This hits especially those organizations,
which use mobile devices for managing their nurses.

Besides the described singular events, one should also consider that several
disasters could occur at the same time or that one disaster might trigger another one.
This could lead to multiplier effects and to larger impacts. An example of this can be
seen in the earthquake off the coast of Japan in March 2011, which led to a tsunami,
which itself triggered a nuclear disaster.

4. Real-life application for assisting HHC

We studied the HHC services of the ARC in detail for the two provinces: Upper Austria
and Vienna. In both regions the task of routing the nurses is done manually or only
with limited computational assistance. There is no DSS which computes and suggests
possible schedules. Together with the ARC we developed a mathematical model and a
software prototype to optimize the daily scheduling of rural HHC services. The main
requirements for the software prototype are as follows:

+ to find good and feasible solutions;
+ in short computation time; and

+ with the possibility to incorporate the different effects of disasters.

4.1 Solution approach

The developed model is based on a vehicle-routing problem (VRP) and takes all the
requirements of HHC in rural areas into account. The aim of the optimization is to
assign all service tasks a client needs to nurses and to determine the most efficient
visiting order, so that the sum of driving times and waiting times of nurses is
minimized. At the same time the satisfaction level of both clients and nurses should be
maximized. Several factors that may be considered as indicators of satisfaction were
incorporated into a weighted objective function. For the clients, the compliance of the
preferred nurses and treatment times are measured. On the side of the nurses, overtime
and overqualification, as well as the violation of the preferred working times and break
times are considered. Constraints that must not be violated are working time
regulations (maximum working hours, mandatory breaks, and shift work) and
treatment times, if they are time-critical (e.g. insulin shots). Furthermore, a nurse may
also medicate a client only if he/she has the necessary qualification level and shares at
least one common language with the client. It is also possible that a client rejects the
treatment of a specific nurse due to previous incidents; this is also possible for the
nurse. Moreover, there are also various employment contracts; nurses may start their
paid duty at home, at the ARC base, or at the first client’s home.

Small test instances of the problem can be solved exactly with the solver software
Xpress 7.0. However, for real-life instances it is not possible to find exact or even
feasible solutions within finite computing time. Therefore, we developed an algorithm
based on variable neighborhood search (VNS). We have chosen this metaheuristic,
because it has proven to be a good choice for solving VRPs. A detailed description of
the mathematical model formulation and the adapted VNS algorithm can be found in
Trautsamwieser et al. (2011).
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In the first step the required data are processed for the second step, the optimization
itself. This allows more flexibility since the optimization is independent from disaster
modeling. Although most of the scenarios presented in Table I are quite likely to
influence the test regions in Upper Austria, it is hard to predict the consequences on
HHC in quantitative measures without the corresponding data. Driving times, for
example, will increase in most cases but on which roads and by how much are not
easily answered questions. Various disasters are locally limited in their impact and
both intensity and the affected area cannot be accurately predicted, even with latest
forecast models. One just has to think of storm damage or flooding caused by heavy
rain. Therefore, we present results for disaster scenarios for which plausible data are
available. In the case of Upper Austria data for various flood scenarios are on hand.

The developed software prototype is quite flexible and easy to handle. The team
leader or any other person in charge can compute various scenarios. Typically, the
overall aim is a minimization of driving times and waiting times. Nevertheless, the
team leader can also account to the other attributes which lead to a higher satisfaction
level of nurses and clients. These attributes lose their attractiveness in case of
disasters, in which decision makers are mainly interested to find feasible schedules.
Those can be found by concentrating on a reduction of driving times and waiting
times. Hence, the other objectives like overtime have been neglected in the following
computations. Additionally, computing time often plays a vital role in case of disasters.
Therefore, the user of the software prototype can specify how much time she/he has at
disposal to compute a solution.

4.2 Numerical studies
The software prototype was tested for three different regions in Upper Austria. These
regions are affected by floods regularly. Region r; is a small urban region, whereas
regions rp and r3 are bigger in size and rural. For these three regions we obtained real-
life data from the ARC. Tables III-V give an overview on the problem sizes in these
regions. For example, in region r, there are 39 nurses employed to serve 196 clients.
Some of these clients have to be visited several times a day for different treatments.
Hence, in total 223 home visits are required. In region r; the number of clients equals
the number of visits, whereas in region rz 283 clients need 324 visits. Each visit is
characterized by a certain qualification level according to the nurses abilities needed
for this visit. A nurse is only allowed to visit a client if the qualification level of the
nurse is at least as high as the qualification level required for this visit. A visit with a
qualification level of 1 might be a simple aid in the household and is done by home
helpers, whereas a visit with a qualification level of 3 requires a qualified nurse.
The provided data contains the performed visits, the addresses of the participants,
the qualification level of both nurses and visits, and the daily contract working times of
the single nurses. The data of the duration of the visits as well as the time windows of
the visits, in which the treatment has to happen, are not yet recorded in an electronic
form. Sometimes the operative staff decides during the day if it is necessary to visit a
client in a specific time window. This is often based on information gathered in an
informal way (e.g. phone calls from colleagues or the client). Additionally, the service
times for the treatments are not standardized and depend on individual factors.
Nevertheless, we know that the duration of the visits is normally distributed with a
mean dependent on the qualification level. The following times in minutes are needed
on average to perform a visit with a certain qualification level: 1 (46.69 minutes),
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Table II.
Time-critical visits
for each region

2 (39.71 minutes), and 3 (28.81 minutes). The standard deviation is set to 15 minutes.
Each visit has to be covered within a time horizon of 720 minutes. Some of the visits are
assumed to be time-critical and have to be covered within a time frame of 120 minutes.
They are spread over the day randomly. Visits with a qualification level of 1 are usually
not time-critical, because they are not life-threatening. Some visits with a qualification
level of 2 or 3, as for example the change of bandages or an insulin shot, are however
time-critical. The concrete numbers of assumed time-critical visits for each region
(depicted in Table II) were generated through estimates of the decision makers and
evaluation of historical data.

According to the decision makers language skills are not relevant in these regions,
at the moment. This also holds for preferences of clients and nurses with respect to
their preferred working times and treatment times. According to the different work
contracts, nurses start their shift at home, at the ARC base, or at the first client’s home.

In the following we compare results for a normal day (ie. a day without any
disturbances), a recent flood scenario of the year 2002 (HW 2002), and three flood
predictions, estimated by “Hochwasserrisikozonierung Austria” (HORA). HORA is a
project funded by the Austrian Government to estimate future potential risks of flood
scenarios. Therefore, flood scenarios of the past have been analyzed to estimate 30-,
100-, and 200-year return flood discharges (HQ 30, HQ 100, and HQ 200). We have used
these estimations on the current data set to show the consequences of floods on HHC in
the corresponding regions. This was done within the geographic information system
(GIS) Arc GIS 9.3. The flood zones were used to identify impassable road segments.
Based on the remaining roads, shortest travel times were computed between all
locations (nurses, clients, and base). The shortest travel time calculation itself was done
by the “Department of Geoinformation and Property” of the federal government of
Upper Austria, since we did not have access to all required data. In order to calculate
travel times that largely correspond to reality, average travel speeds based on floating
car data were used therefore. For each scenario, the corresponding travel times were
stored in driving time matrices. After this first step of data preparation the
optimization starts.

To make suitable comparisons all results are based on the same data set, but with
different underlying driving time matrices. The solution values equal the sum of
driving times and waiting times for the whole schedule, measured in seconds. As the
VNS algorithm includes some randomness in its search procedure, the averages of ten
runs are reported. In general, we assume that in case of disasters the results will be
worse compared to a normal day. This means that the solution values will increase or
no feasible solution can be obtained. However, this is not always the case as shown
later. The number of available nurses usually decreases because some of them cannot
start their shifts, whereas the number of clients increases. In these computations the
number of clients does not increase, because we do not have any information about
clients who will only need treatment under such circumstances. Currently, there exists

Qualification level

Attribute region 1 2 3 Time window (minutes)
r - - 17 120
Iy - 26 19 120

I3 - 25 31 120




no reliable data about that; it can be assumed that this information is highly dynamic
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conditions for our computations. Some of the current clients may not be reached via the

road network in case of floods. A part of these clients might need to be evacuated and

brought to intramural facilities, whereas some treatments might be postponed to a

later time if they are not life-threatening. The decision rests with the person in charge.

As shown in Table III floods do not really have an effect on the results for region r;. 47

If an HW 2002 repeats, the flood neither leads to a reduction in the number of available

stuff, nor to a reduction in the number of clients. Moreover, no essential parts of the

road network are affected. Hence, the same solution value as under normal conditions

is obtained. For an HQ 30, the number of nurses decreases by two and the number of

clients that cannot be reached equals 28. In case of an HQ 100 and HQ 200 these

numbers change only slightly compared to an HQ 30. We obtain smaller solution

values for these scenarios compared to a normal day, because the problem size is

smaller and there exist a lot of short ways from one client to another, as region r; is a

small urban region. In Tables III-V the qualification level of the nurses and the required

qualification levels for the single visits are written in parentheses.
# # # # # # Solution value

Attribute nurses nUrses  nurses # visits  visits visits  (average of ten runs)

scenario 1) 2) 3) clients (1) 2) 3) (seconds)

Normal day 0 0 13 84 0 0 84 5,022

HW 2002 0 0 13 84 0 0 84 5,022 Table III.

HQ 30 0 0 11 56 0 0 56 4110 Data and results for region

HQ 100 0 0 10 56 0 0 56 4,092 r; — mean value of ten test

HQ 200 0 0 10 55 0 0 55 4,086 runs with 10° iterations
# # # # # # Solution value

Attribute Nnurses nurses  nurses # visits  visits  visits  (average of ten runs)

scenario 1 2) 3) clients (1) 2) ) (seconds)

Normal day 0 24 15 196 0 129 94 43,866

HW 2002 0 23 13 65 0 107 79 36,126 Table IV.

HQ 30 0 20 13 149 0 103 66 44,640 Data and results for region

HQ 100 0 20 13 147 0 103 64 45,960 ry — mean value of ten test

HQ 200 0 20 13 147 0 103 64 45972 runs with 10 iterations
# # # # # # Solution value

Attribute nurses nurses  nurses # visits  visits  visits  (average of ten runs)

scenario 1 2 3) clients (1) 2) ) (seconds)

Normal day 16 34 25 283 42 126 156 57,996

HW 2002 16 32 24 278 42 124 153 63,906 Table V.

HQ 30 15 29 22 24 27 108 124 70,680 Data and results for region

HQ 100 15 29 21 215 23 102 121 64,656 r3 — mean value of ten test

HQ 200 15 29 20 208 22 97 116 61,212

runs with 10° iterations
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Figure 1.
Extract of tours in region
r3 for a normal day

In region r, it can be observed that in case of the floods 2002 a smaller solution value
can be obtained. There are two reasons for this result. First, the number of nurses and
visits decreases in relation to a normal day. Second, the driving times do not increase a
lot between the clients in reach. An HQ 30, HQ 100, or HQ 200 in contrast leads to a
higher solution value, although the number of nurses and clients reduces even more.
However, in this region the driving times increase significantly and so more time is
required to visit all clients.

In region r5 the solution value increases for all disaster scenarios. The number of
nurses and the number of clients decreases in all cases. However, feasible schedules
can be found for all scenarios.

Figure 1 shows exemplary a part of the solution of region rs. On a normal day there
are 75 nurses available who have to handle 324 visits at 283 different clients. Since 21
nurses have to visit the ARC base first, many routes start and end there. The clients are
marked with circles and show the client ID, the nurses are marked with rectangles and
their ID, and the ARC base is symbolized through a rectangle with a cross. Figure 2
shows the same area as Figure 1, but in case of an HQ 200 flood. The flooded area is
shaded and all locations that are affected by the flood are crossed out in Figure 2. If a
client is not located directly within the flooded area but is surrounded by water and
therefore not reachable anymore, she/he is also crossed out if there is no suitable nurse
nearby. In the HQ 200 scenario the number of available nurses is reduced by 11 but also
the number of visits decreases significantly. The ARC base will also not be reachable in




case of such enormous floods. Although, only those nurses who drive directly to their
first clients are scheduled in the computed solution, other disaster scenarios may
require all nurses to obtain feasible solutions. For such situations all nurses should be
able to drive directly to their first clients, independent of their contract.

We presented results for a normal day and various flood scenarios. The
consequences of other disasters might be investigated by sensitivity analysis, since no
quantitative data are available for these disasters. Typically, the driving times increase
for many disasters as depicted in Table I. A possible scenario might be a reduction of
the travel speed such that driving times increase by a certain factor for a certain
number of roads. We also mentioned that both the number of clients and the service
times will increase. This may not hold for all clients because nurses could try to tighten
the service time at unaffected clients, if this is possible. Furthermore, there are
currently no data available about clients who only need treatment during disasters.
Hence, the number of clients and their service times are hard to predict and thus are
best modeled by a sensitivity analysis. The presented computations show that there is
still a buffer for new clients and extended service times even in case of an HQ 200.
Therefore, the ARC is prepared for a certain level of uncertainty in the tested areas.

5. Final remarks

Several studies indicate that industrialized countries will be confronted with an
increased demand for HHC in the future. Furthermore, it can be expected that the
number of natural disasters increase. Therefore, HHC service providers will be faced
with two challenges: an increased organizational effort due to the increased demand
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Figure 2.
Extract of tours in region
13 in case of HQ 200 floods
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and the need for an anticipatory risk management. As shown in Section 3 there are
many potential disasters that may influence HHC. We showed exemplary how
potential floods affect HHC in three regions in Upper Austria. To tackle the above-
mentioned challenges we presented a solution approach from Trautsamwieser et al.
(2011) that has been developed in cooperation with the ARC. The algorithm ensures
that resources are used as efficient as possible and the chosen design of the software
prototype also allows disaster modeling within GIS. This also opens up the possibility
to use real-time data, such as available at the public authorities. As disaster modeling
is done independently from optimization, various disaster types can be incorporated.

For further evaluation, the software prototype is going to be tested in the daily
business at the ARC in Upper Austria. Together with the ARC in Vienna, a software
prototype for optimization of HHC in urban regions is currently in development. Due
to the different requirements mentioned in Section 2, the developed software prototype
for rural regions is not suitable for urban regions. Especially the different modes
of transport and the usage of time-dependent travel times require different data
structures and algorithmic procedures. Additionally, an inclusion of sequenced visits
and divisible mandatory breaks further complicates the model.

For all presented flood scenarios feasible solutions could be found. Nevertheless,
still with optimization methods, disasters may occur that make it impossible to sustain
the care for all clients. Therefore, some kind of triage should be implemented in future.
At the ARC triage is based on the profound knowledge of the nurses and team leaders.
To build up a comprehensive and staff independent triage system, sufficient data about
the clients and their relatives are needed. These data are currently not available.
Furthermore, it is intended to enlarge the planning horizon from a single day to one
week. This gives decision makers more flexibility, as it offers the possibility to
postpone non life-threatening services to a later day in the week. Indeed, this leads to a
more complex model because one has to consider additional constraints like
mandatory rest periods or constancy of the servicing nurses.

The presented DSS was intentionally designed and developed to help HHC service
providers in industrialized countries like Austria to cope with the increasing demand
and to support them during times of disaster. As this DSS relay on modern information
technologies, its applicability in developing countries may be limited at the moment.
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Abstract: Home health care (HHC) services are of vital importance for today’s society. They
allow old and frail people a self-determined living in their familiar environment. Due to the
current demographic and social developments further increases in demand for HHC must be
expected. Additionally, people with limited mobility or relying on medical supply usually need
consistent care. Thus, HHC service providers will be faced with two challenges: an increased
organizational effort due to the rising demand and the need for an anticipatory risk management.
Previous research combining optimization and risk management in the field of HHC limits
itself to rural regions, where nurses are solely using cars. The presented work specifically
aims to deal with the peculiarities of urban regions. Together with the Austrian Red Cross
(ARC), a vulnerability analysis has been conducted in order to identify the critical success
factors and processes of HHC as well as potential threats. To support the daily scheduling, a
Tabu Search (TS) based metaheuristic has been implemented. As nurses can choose between
different transport modes (public transport, car, bike, and walking), time-dependent multimodal
transport has been considered. The TS has been tested with real-world data from the ARC
in Vienna to support both, daily business and scheduling in times of disasters. Significant
reductions of travel and waiting times can be obtained, such that more time remains for serving
the clients. Through sensitivity analysis the effects of disasters (esp. blackout, pandemics, and
heat waves) are visualized and the operational limits during such events are shown.
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1. INTRODUCTION mind that the planning of the nurses is quite complex but
usually done manually at the moment.

Home health care (HHC) services are of vital importance
for today’s society. Their services are ranging from qual-
ified home nursing to assistance in leading the household
and maintenance of social contacts. By this means, they
allow old and frail people a self-determined living in their
familiar environment but still receive professional help.

Even though it can be assumed that the number of (nat-
ural) disasters increases, the impacts of complex crisis
and disaster scenarios on HHC services have been hardly
discussed scientifically. Previous research combining opti-
mization and risk management in the field of HHC limits
itself to DSS’s for rural regions, where nurses are solely us-

Many countries are alrea.dy facing a significant increase ing cars. The presented work specifically aims to deal with
in demand for HHC services and due to the current de- ¢ peculiarities of urban regions. It is based on a collabo-

mographic and social developments further rises must be ;4300 project with the Austrian Red Cross (ARC), which
expected. In addition, people with limited mobility or 5110t only a main player in times of disasters, but also
relying on medical supply (e.g. diabetics) do often need o of the leading HHC service providers in Austria. The
consistent care. Hence, HHC services must be sustained .o, gidered HHC problem has a daily planning horizon and
by all means in order to avoid health implications. Thus, ¢ yrses can choose between different transport modes
HHC service prov1.der§ will be faced with tw.o.challenges: (public transport, car, bike, and walk), time-dependent
an increased organizational effort due to the rising demand ) jtimodal transport has been considered. A risk analysis
and the need for an anticipatory risk management. Addi-  paq heen carried out to identify the critical success factors
tionally, they are exposed to high cost pressure and are ¢ (' as well as potential threats. In times of disasters
thus, highly interested in suitable decision SUpport systems i1, officient usage of the limited resources is crucial. To
(DSS). Such systems lead not only to better solutions, but 1o aple to compute efficient schedules within short com-
also to a reduced planning effort; especially if one bears in putation time a Tabu Search (TS) based metaheuristic
has been developed and implemented. The TS algorithm
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daily business show that significant reductions of travel
and waiting times can be obtained, such that more time re-
mains for serving the clients. Through sensitivity analysis
the effects of disasters (esp. blackout, pandemics, and heat
waves) are visualized and the operational limits during
such events are shown.

This paper is structured as follows. Section 2 contains a
problem description, followed by a brief literature review
on daily HHC scheduling in Section 3. In Section 4
the vulnerability analysis is exemplarily shown for the
disasters that are of greatest importance for the ARC in
Vienna. Section 5 presents the designed and implemented
solution approach, followed by numerical results with
real-world data in Section 6. Finally, conclusions and an
outlook on future research are given in Section 7.

2. PROBLEM DESCRIPTION

From a modeling point of view, the considered problem
can be seen as a rich Vehicle Routing Problem with time-
dependent travel times, multimodal transport and HHC
related constraints. It is based on the demands of the
ARC in Vienna and can be described by the following
characteristics of clients and nurses.

Clients: Clients need one or more services (jobs) per day
and depending on the task that has to be carried out, a cer-
tain minimal qualification level is needed. For example, if
the job consists of cleaning or preparing lunch it is carried
out by home helpers, whereas for medical treatments (e.g.
medication, wound treatment, etc.) a qualified nurse is
needed. As it was not the intention of this work to address
the subject of triage in times of disasters, it is essential that
all jobs have to be carried out by appropriately qualified
nurses. However, it is assumed that nurses are allowed to
carry out jobs that require a qualification level that is one
level below their qualification. However, this overqualifica-
tion not only leads to dissatisfaction, but also to increased
costs for the HHC service provider and thus, should be
avoided. The type of service as well as the duration of the
service times are stated in a contract between the client
and the HHC service provider and thus are also not a
subject of change. Each job must start within a given hard
time window, whilst taking into account that clients have
some preferred visiting times. A smooth communication
and mutual trust between nurses and clients are crucial
for successful care. Therefore, the language skills of the
nurses and clients are required to match and clients may
have some preferred and/or rejected nurses (e.g. due to
personal dislike or previous incidents).

Nurses: Nurses are mainly characterized by their qualifica-
tion level, language skills, and working times. No central
base is used in the underlying test region and thus, the
working times of the nurses start at the first and end at the
last clients. Due to various contracts, nurses have different
contracted hours, earliest and latest as well as maximum
working times. The actual working time of a nurse is stated
by a roster that has been drawn up a few weeks ago.
The roster shows the working and resting days and defines
begin and end of duty for each nurse. Depending on the
scope of application, the optimization is either based on
the predefined roster or on flexible working times. For
the latter, only the scheduled daily working hours are

taken into account. This setting not only increases the
flexibility in times of disasters but may also be used for
deriving a roster in mid-term. As the majority of the jobs
are piling up at certain peak times (morning, noon, and
evening) nurses often have to work two shifts a day. These
second shifts are not very popular with the nurses and
thus, they should be limited to the minimum. In case a
nurse is scheduled to work a shift, his/her working time
must exceed a certain minimum working time, dependent
on whether the shift is a morning or an evening shift. If the
working time exceeds a certain amount of time, a break has
to be scheduled. To substitute waiting time, it is possible to
split the break into smaller parts. Thus, leading to a state-
dependent problem where the optimal break positions and
durations have to be determined.

The main objective is to minimize the sum of all tour
lengths, resulting in a minimization of travel and waiting
times as the durations of the jobs are fixed. To ensure
the satisfaction of clients and nurses a dual strategy is
followed. In this way, the problem can be easily relaxed
in order to increase the flexibility in times of disasters.
Factors with easily determinable impacts to the objective
(e.g. overtime, second shifts, and overqualification) are
integrated by using a weighted objective function and are
therefore measured in minutes. Other factors are imple-
mented through aspiration levels by introducing additional
hard constraints with user-defined parameters. Especially
aged people need consistency with respect to visiting times
and nurses. The first is implemented by an artificial reduc-
tion of the time windows, based on the actual visiting times
in the past. For the latter, the concept of “care teams” has
been introduced. Thus, for each client, a team of nurses
with whom he/she is already familiar is considered. These
teams may only be expanded by a limited number of
unfamiliar nurses. Finally, the dispatcher may also set a
limit to the total amount of overtime; but as overtime is
also part of the weighted objective function, it is used only
where it is beneficial for the whole solution.

What mainly distinguishes our problem from previous
work on HHC routing is that nurses may choose between
different individual transport modes (car, bike, walk) and
public transport. In urban regions with a well developed
public transport infrastructure the shorter distances be-
tween the clients encourage nurses to use public trans-
port, especially if traffic and parking conditions are taken
into account. In Vienna, for example, more then 90 % of
the HHC nurses use public transport. Within the public
transport system they have to switch between different
lines of buses, trams, subways, and trains to reach their
destinations. These are operating on timetables and as
there are severe fluctuations in the driving intervals, time-
dependent travel times must be considered in addition
to the multimodality, in order to obtain viable solutions.
However, routing with public transport is still hardly con-
sidered in literature and we are not aware of any published
work in this field, taking time-dependent travel times into
account; with the exception of conference presentations of
our working group (e.g. Rest and Hirsch (2013)).

3. LITERATURE REVIEW

Optimizing the scheduling of HHC services is a rather
young but quickly evolving research area. A recent com-
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prehensive literature review on both daily and periodic
HHC scheduling can be found in Trautsamwieser and
Hirsch (2014). For the daily scheduling many different
approaches have been published in the last 10 years. Be-
sides the varying legal and organizational requirements
the points of focus are diverse: Bertels and Fahle (2006)
list several relevant factors for an allocation of clients to
nurses. A a combination of Constraint Programming (CP)
and the metaheuristics Simulated Annealing and TS are
used to solve instances with up to 50 nurses and 326 jobs.
Akjiratikarl et al. (2007) use a Particle Swarm Optimiza-
tion based metaheuristic to compare themselves with real
world schedules from a local government authority in UK
as well as with a proprietary routing software. Eveborn
et al. (2006, 2009) developed a DSS called Laps Care for
Swedish HHC service providers. The problem is treated
as a set partitioning problem and solved by a solution
approach based on repeated matching. Considered modes
of transport are car, bicycle, and walking, but without
any combinations of them. They present results for real-
world instances, including an urban region, but because
of the short distances all trips are made by foot. Dohn
et al. (2008) use a Branch-and-Price approach to solve
real-world instances with up to 150 jobs and 15 nurses.
Elbenani et al. (2008) present a TS algorithm to solve
a real-world HHC problem in Canada. A unique feature
of this work is that nurses have to collect blood samples
from some clients and deliver them to the hospital within
a given time window. Braysy et al. (2009) use a commer-
cial VRP solver to optimize several communal services in
Finland (HHC, transportation of the elderly, and home
meal delivery). For HHC, the authors claim that nurses
can use different modes of transport (walking, car, bicycle,
and bus); however, a single average travel speed over all
modes is taken. Bredstrém and Ronnqvist (2007, 2008),
Rasmussen et al. (2012), and Mankowska et al. (2013)
focused their work on interdependent services, taking into
account, synchronization and temporal precedence. Bred-
strom and Roénnqgvist (2007) and Rasmussen et al. (2012)
use Branch-and-Price algorithms, but to reduce the com-
putational effort Rasmussen et al. (2012) further analyze
different clustering schemes. Bredstrém and Ronnqvist
(2008) and Mankowska et al. (2013) use metaheuristic
solution approaches to achieve short computation times.
Trautsamwieser et al. (2011) present a Variable Neigh-
borhood Search approach and a model formulation for
HHC in Austria, considering many legal constraints as
well as the satisfaction of nurses and clients. The authors
also analyze the possible impacts of some natural disasters
(esp. floodings) on the scheduling. However, this work is
based on time-independent travel times and is focused on
rural areas, where nurses only use cars. In Rest et al. (2012)
the vulnerability analysis is extended to urban regions.
The works of Trautsamwieser et al. (2011) and Rest et al.
(2012) provide the basis for the time-dependent, multi-
modal TS based solution approach presented in this paper.
Another recent work on urban HHC has been published by
Hiermann et al. (2013). The authors present a two-stage
approach combining CP with different metaheuristics to
solve real-world instances of an HHC service provider in
Vienna. Nurses are able to use either public transport or
cars. Their travel time data is based on estimates from a
public transport service provider and on floating car data.

However, a single estimate is used for each mode for the
whole day and thus, they do not rely on the actual time
of departure. In Fikar and Hirsch (2014) an alternative
mobility concept is proposed, in which a transport service
is used to transport nurses from one operational area to
another. Discussions with decision makers at the ARC
revealed that such a concept might also be useful in times
of disasters, as it relies only on a small number of cars to
sustain the mobility of all nurses.

4. VULNERABILITY ANALYSIS

For direct applicability in times of disasters, the solution
approach must be capable of finding good and feasible
solutions in short computation time and requires the pos-
sibility to incorporate the different effects of various types
of disasters. Relevant disaster events and their respective
impacts on HHC have been identified by combining the
thorough expertise of the ARC with findings in scientific
literature. Manuals for developing an hazards emergency
preparedness plan, as published by the United States Na-
tional Association for Home Care and Hospice (NAHC,
2008) are used to identify potential threats as well as the
critical success factors and processes. Most studies how-
ever, aim to reveal the “lessons learned” after occurrence
of a certain event and analyze its impact on all aspects
of life. Preventive comprehensive studies focusing on HHC
still hardly exists. A detailed risk assessment for natural
disasters is provided by Melching and Pilon (2006). Besides
the general impacts, they present background informa-
tion regarding cause and incurrence of various disasters.
Johnson and Galea (2009) are focusing on the effects of
many different types of disasters such as earthquakes,
storms, floods, mass fires, terrorism, infectious diseases,
and technological disasters on population health, health
systems, and their infrastructure. Table 1 summarizes the
identified critical success factors for planning and execu-
tion of HHC services, the relevant disaster events as well as
their expected impacts on the respective critical factors (1
suggests increment, | implies decrement, and <> assumes
constancy). For the ARC in Vienna, blackouts, epidemics,
and heat-waves are among the most important disaster
types. These are briefly described in the following; for
a comprehensive description it is refered to Rest et al.
(2012).

Blackouts are often the result of other disasters or man-
made- and technical failures. Large scale power failures are
affecting virtually every area of daily life. Burchardt et al.
(2011) study the effects of long-lasting blackouts on several
critical infrastructures like telecommunication, transport
(road, rail, water, and air), supply of goods (e.g. fresh
water, food), and waste disposal, as well as on the financial
and health care sector. It can be concluded that the
number of available nurses will decrease, while the number
of clients and service times will increase. Especially in
urban areas, blackouts will lead to prolonged driving times
and reduced trafficability due to the collapse of electric-
powered vehicles (e.g. trains, trams, subways) and to
failure of traffic management systems (e.g. traffic lights).
The operability of the telecommunication infrastructure
heavily depends on the availability of backup systems and
batteries. Current mobile and broadband technologies, for
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Table 1. Influences of disasters (Rest et al., 2012)

nurses clients transport communication

number number service time driving times trafficability availability
earthquake 1 T T 0 1 1
volcano 1 T T 0 1 1
mass movement 1 0 0 0 1 1
storm i 1 1 1 i 4
flood ! 1 1 1 ! !
heat-wave 1 T T — — R
cold-wave — 1T n “ > >
epidemic 1 n 0 <~ > ~
blackout 1 0 0 0 1 1

example, can be usually sustained only for a few hours, at
maximum.

Epidemics are characterized by a huge increase in the num-
ber of clients and service times, paired with a significant
decrease in the available nurses. According to Knebel and
Phillips (2008) it is expected that more care dependent
people would be discharged earlier from hospitals due to
short capacities in times of influenza epidemics. In addition
he assumes that about a quarter of the nurses will be sick
themselves. Another major problem arises from the fact
that not all nurses will appear at work. This effect has been
analyzed by Ehrenstein et al. (2006), Mackler et al. (2007),
and Irvin et al. (2008) for different diseases like avian
influenza and pox. The willingness to work mainly depends
on the available protective measures (e.g. vaccines) and
the nurse’s qualification and level of information. Adverse
effects on the transport or communication infrastructure
can be expected only if social life totally collapses.

Heat waves primarily affect the health situation of the
clients because of cardiovascular diseases. Therefore, in-
creases in number of clients and service times are most
likely. Investigations of past heat waves as done by Palecki
et al. (2001) or Diaz et al. (2002) showed that especially el-
derly and solitary people are vulnerable to heat waves and
that there is a significant increase in mortality in urban
areas. The latter is attributed to the urban-heat-island
effect which leads to temperatures within city centers
that are significantly higher than in the surroundings. In
addition, the ARC experienced that there is also a reduced
availability of nurses during extreme heat events. Impacts
on the communication and the transport infrastructure
(e.g. cracked or melted road surfaces, deformed rails) are
negligible, as these are usually locally limited.

5. SOLUTION APPROACH

The planning of HHC services is characterized by an
initial planning a few days in advance, and some short
term changes during the operated day. While the initial
planning is usually not time-sensitive, disruptions may
occur several times a day and require rapid rescheduling,
especially in times of disasters. To solve real world sized
instances within reasonable time a time-dependent TS
based solution approach has been developed and imple-
mented in the programming language c++. The algorithm
is based on the ideas of the unified TS, as used in time-
independent routing problems by Cordeau et al. (2001) or
Hirsch (2011). Thus, infeasible solutions are temporarily
allowed and a dynamically adapted weighted objective
function is used to guide the search process.

To speed up the search the developed TS dynamically
changes the size of its neighborhood. Starting with a
restricted neighborhood, its size is either increased or
decreased, dependent on the feasibility and quality of the
current solution at the end of each iteration. Particular
attention was also paid to the optimization of the starting
times of the routes. Due to the time-dependency this
is very time consuming, because small changes at the
beginning of a route can cause substantial increases in
subsequent travel times. However, the objective function
and data structure allow to speed up this task by applying
a binary search between a certain time interval. Thus, for
correct evaluation of the routes, their optimal start times
are always computed.

The underlying network of the algorithm is based on
timetable data from the public transport system as well
as time-independent travel times, extracted from Open-
StreetMap (OSM). OSM data has been taken as they are
not only available under a creative commons license, but
because they are usually of high quality in urban regions.
In addition, the OSM community has been actively en-
gaged in providing up-to-date geographical data during
past disaster events (e.g. during the 2010 earthquake in
Haiti) by digitizing aerial imageries or on-site data collec-
tion. For the modeling of the time-dependency, a discrete
time approach has been chosen. However, setting the time
intervals to the smallest considered time unit, lets the
travel time function behave like a discontinuous piecewise
linear function. Thus, it complies with the first-in first-
out principle. To efficiently compute time-dependent travel
time matrices out of the timetables, a dynamic program-
ming approach has been developed and implemented. It
is based on the ideas of the algorithm DOT (Decreasing
Order of Time) introduced by Chabini and Dean (1999).
Starting at the latest possible, it iterates through all time
intervals and at each step all possible combinations of
public transport modes (bus, tram, train, subway) are
checked for shorter travel times. Besides waiting at a sta-
tion, walking to nearby stations is also taken into account
in order to cope with the multimodality.

6. NUMERICAL STUDIES

To show the applicability of the presented solution ap-
proach several computational experiments with real-world
data from the ARC in Vienna have been carried out. For
daily business, instances with up to 202 jobs and 46 nurses
are used to compare the approach with the actual planning
at the ARC. For this computations it has been assumed
that all nurses use public transport to visit their clients.
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For the operational scenario with a predefined roster signif-
icant improvements can be obtained, with average savings
of about 41 % and up to 60 % for individual instances. For
the scenario without predefined working times, the aver-
age savings increases by additional 10 percentage points.
While the first scenario represents daily business, where
the dispatcher is legally bounded by the rosters that have
been given to the nurses a few weeks before, the second
is intended to be used for deriving a roster in mid-term.
Therefore, the total working time is only limited by the
contracted working times of the nurses. In addition, it is
possible to vastly reduce the number of second shifts for
both scenarios.

A sensitivity analysis has been carried out in order to
depict the effects of various disasters. It is also based on
real-world data from the ARC in Vienna. However, in the
absence of data of historical events the ARC data has
been stochastically modified. Given a real instance of a
certain day, both the number of jobs as well as the service
times of all jobs are increased in steps of 5 %. The added
jobs were randomly taken from a pool of jobs that are
located in the same area, but would usually be severed on
another day of the week. For each setting 10 instances have
been generated. To identify the operational limits during
times of disasters, they were solved with a relaxed version
of the TS algorithm. The prime principle during such
events is to maintain the care for all clients. Therefore, the
unrestricted time windows of the jobs are considered and
the overtime and care team limitations are neglected. It is
further assumed that nurses are able to use either public
transport, bicycles or just walking. Going by car has not
been considered for two reasons. First, in times of major
disasters it is very likely that traffic will collapse. But of
even greater importance for HHC service providers, also
for daily business, is the fact that more and more nurses
in urban regions do not have a driver’s license. In order to
model blackouts, another set of time-dependent travel time
matrices has been computed in which electric-powered
vehicles (e.g. trams, trains, subways) are excluded. The
results of this analysis are exemplarily shown in Figure 1
for four data sets A — D. It shows how many of these 10
instances can be solved within a computation time of 5
minutes.

While data set A seems to be insensitive to the considered
increases, B and D start to struggle with increases between
15 and 20 %. Data set D is the most vulnerable. Only a
few instances can be solved at a simultaneous increase of
10 %. It also revealed that a sole increase in service time is
easier to cope with than an increase in the number of jobs.
Regarding the different transport modes it can be stated
that the care can be sustained the longest if bicycles were
used. Because of the short distances between the clients,
cycling is usually the most efficient transport mode in
urban regions, also for daily business, especially if traffic
and parking conditions are taken into account. In the case
that the rostered working times can be neglected, all HHC
teams of the analyzed instances are able to cope with
increases in jobs and service times of 20 %, independent
of the considered transport modes.

predefined roster
time +0% +5% +10% +15% +20%
jobs 4R RARE I BRI RR|E SRR
A +0% |10 10 10 10|10 10 10 10|10 10 10 10|10 10 10 10|10 10 10 10
+5% (10 10 10 10|10 10 10 10|10 10 10 10|10 10 10 10|10 10 10 10
+10% [10 10 10 10|10 10 10 10|10 10 10 10|10 10 10 10[10 10 10 10
+15% 10 10 10 10|10 10 10 10|10 10 10 10|10 10 10 10[10 10 10 10
+20% |10 10 10 10|10 10 10 10|10 10 10 10|10 10 10 10[10 10 10 10
B + 0% |10 10 10 10|10 10 10 10|10 10 10 10|10 10 10 10|10 10 10 10
+5% (10 10 10 10|10 10 10 10|10 120 10 10|10 10 10 10|10 10 10 10
+10% (10 10 10 10|10 10 10 10(10 10 10 10|10 10 10 10|10 10 10 10
+15% |10 10 10 10|10 10 10 10|10 10 10 10|10 10 10 9|7 8 10 6
+20% |10 10 10 10/10 9 10 1010 10 10 8|9 9 10 8|1 1 10 O
C + 0% |10 10 10 10|10 10 10 10|10 10 10 10|10 10 10 10|10 10 10 10

+5% |10 10 10 10|10 10 10 10(10 10 10 10/10 9 10 9|0 0 10 O
+10% (10 10 10 10| 9 10 10 10/3 S5 10 2|0 O 10 0|0 O 3 O
+15% (9 8 10 8|2 1 10 1|0 O 10/ 0f0 O 1 0|0 O O O

+20% |2 1 10 1|10 0 9 0J]O0O O 1 O)J]O0O O O O|JO O 0 O
D +0% |10 10 10 10(10 10 10 10(10 10 10 10|10 10 10 10|10 10 10 10
+5% |10 10 10 10|10 10 10 10|10 10 10 10|10 10 10 10|10 10 10 10
+10% (10 10 10 10|10 10 10 10(10 10 10 10f 9 10 10 10|10 10 10 10
+15% |10 10 10 10|10 10 10 10|10 10 10 10|10 10 10 10(10 10 10 10
+20% |10 10 10 10]10 10 10 10]J10 9 10 10)] 9 9 10 6|0 O 10 O

8B bicycle R walking

@ public transport 4 blackout

1. Number of solvable instances for each data set at
increasing number of jobs and service times, using
different transport modes

7. CONCLUSION

Fig.

The demand for HHC services is rising and there are many
potential threats that may influence them. To tackle these
challenges, a time-dependent T'S based solution approach
has been developed and implemented. It ensures that the
available resources are used as efficient as possible. By
design, the disaster modeling is done independently from
the optimization. This allows to deal with various disaster
types and to incorporate real-time data, as available at
public authorities.

Disaster situations are usually highly dynamic events that
require repeated adjustments throughout a day. Even if
good schedules can be computed within seconds, the pre-
sented DSS is currently only capable of computing sched-
ules from scratch. Rescheduling requires an adjustment of
the input data and may lead to entirely different schedules
for the nurses. However, it might be preferable to adapt
to the new situation with as few changes as possible,
especially if communication is limited. Hence, its most
appropriate area of application is to support scheduling
in the day-to-day business as well as to raise awareness
and preparedness for disaster situations. Nevertheless, a
new solution approach that is operational in dynamic
environments, and thus able to overcome this limitations,
is currently in development.
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1 Introduction

Home health care (HHC) services are ranging from assistance in leading the
household and maintenance of social contacts to qualified home nursing. They allow
old and frail people a self-determined living in their familiar environment as long as
possible. Demographic (e.g., rising life expectancy) and social (e.g., more childless
families and prolonged employment) changes are leading to more care dependent
people and to a reduced potential of family care. As a result, many industrialized
countries are facing a significant increase in demand for HHC services and further
rises must be expected. Additionally, HHC service providers are exposed to high
cost pressure and are thus, highly interested in suitable decision support systems
(DSS). Due to various constraints the planning of the care staff’s schedules is quite
complex. Matta et al. (2014) depict the main processes and management decisions
after analyzing several HHC service providers in France and Italy. In Austria, the
planning process is usually still done manually. Hence, DSSs lead presumably not
only to better solutions, but also to a reduced planning effort.

The daily HHC scheduling problem can be summarized as follows: A certain
number of care staff members with different qualification levels has to visit a set of
clients at least once during a day. Assignment constraints and hard time windows of
these visits as well as maximum working times per day and mandatory break times
have to be observed. The mandatory break times can also be splitted. The objective
is to minimize the total travel- and waiting times of the care staff. Additionally,
factors influencing the satisfaction of the clients or the staff members are either
considered within the objective function or through hard constraints. A detailed
formal explanation of the problem can be found in Sect. 3.

The presented research is based on a collaborative project with the Austrian Red
Cross (ARC), one of the leading HHC service providers in Austria. According to
them, the majority of care staff in urban areas uses public transport (bus, tram,
subway, and train) to visit their clients, if there is a well-developed public transport
system. In the case of Vienna, more than 90 % of the ARC care staff uses
exclusively public transport. As public transport operates on timetables with varying
intervals and travel times during the day, time-dependent travel times are considered
to model real travel times the best possible way. Public transport also implies multi-
modality as different lines of the public transport system could be necessary to reach
the homes of the clients (e.g., the combination bus-subway-tram). Existing research
in the field of HHC usually considers just the use of a single mode of transport for
the staff and to the best of our knowledge, also none of these approaches are based
on time-dependent travel times. From a modeling point of view, the presented
problem can be seen as a time-dependent vehicle routing problem (TDVRP) with
additional HHC-related constraints.

The main contribution of this paper is to present solution approaches to solve the
introduced real-world HHC problem with time-dependencies and multi-modality. In
a first step we develop an efficient exact solution approach to compute time-
dependent travel times out of the timetables from the public transport service
providers. Time intervals of 1 min are used. The generated travel time matrices are
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then used as input for metaheuristic solution approaches. We have designed and
implemented three Tabu Search (TS) approaches and compare their solutions
against each other as well as with the actual planning of the ARC. The numerical
studies are based on real-world data and deal with problem sizes of up to 46 care
staff members and 202 visits. The results show that the solution approaches are
capable to provide solutions of good quality in short computation times. The
presented methods are tailored to the requirements of HHC in urban areas.
Nevertheless, it is worth mentioning that the introduced ideas can also be used with
adapted constraints in other application areas like for example service technician
routing.

Our research on the time-dependent HHC problem differs from the published
work by combining both research areas. Thus, we link a complex real-world
problem in the field of HHC with the complexity of time-dependent routing. The
contributions to the individual areas are as follows. For optimization of daily HHC
services, we extend the published work by considering additional constraints related
to working time restrictions (e.g., split breaks, minimal working times). In the area
of time-dependent routing, we present an efficient way to compute time-dependent
travel times out of timetable data as well as an approach to determine the optimal
start time of time-dependent routes.

The organization of the paper is as follows: Sect. 2 contains a literature review on
HHC as well as on time-dependent routing. In Sect. 3 a problem description is
given, including a linear programming formulation. Section 4 explains the modeling
aspects of the time-dependency, followed by our TS based solution approaches in
Sect. 5. To show the applicability of our approaches, numerical studies with real-
world data from the region of Vienna are presented in Sect. 6. Finally, conclusions
and an outlook on future research are given in Sect. 7.

2 Literature review

In the following we present an overview on literature about HHC scheduling and
time-dependent routing.

2.1 Home health care

The problem we are dealing with is usually addressed in literature as HHC problem.
Optimization in the field of HHC is a rather young but quickly evolving research
area, due to the rising importance of HHC for today’s society. Thus, many different
approaches have been published in the recent years. Besides the varying legal and
organizational requirements the points of focus are diverse: The first paper in this
field we are aware of, comes from Begur et al. (1997). The authors present a
sequential savings algorithm to solve a HHC problem in the USA. Cheng and Rich
(1998) introduce a model formulation for the HHC problem. They give both, a two-
and a three-index formulation and solve them with a construction heuristic as well
as with CPLEX as a MIP solver. Bertels and Fahle (2006) list several factors that are
relevant for an allocation of clients to care staff members. For solving their HHC
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problem they have developed a software called PARPAP, a combination of
Constraint Programming (CP) with the metaheuristics Simulated Annealing and TS,
which is able to solve instances with up to 50 staff members and 326 jobs. Eveborn
et al. (2006) developed a DSS called Laps Care for Swedish HHC service providers.
They treated the problem as a set partitioning problem and use a solution approach
based on repeated matching. Considered modes of transport are car, bicycle, and
walking. Nevertheless, these modes of transport are not combined during the trip of
a staff member. They present results for real-world instances, including an urban
region, where all journeys are made by foot due to the high density of clients. Their
recent work on this topic has been published in Eveborn et al. (2009). Akjiratikarl
et al. (2007) compare solutions obtained by a Particle Swarm Optimization based
metaheuristic with schedules from a local government authority in UK using its
existing manual processes and with a proprietary routing software. Elbenani et al.
(2008) present a TS algorithm to solve a real-world HHC problem in Canada. A
unique feature of this work is that nurses have to collect blood samples from some
clients and deliver them to the hospital within a given time window. To facilitate
continuity of care for clients requiring several visits a day, penalty costs are
introduced if the follow-ups are carried out by different nurses. Braysy et al. (2009)
present some case studies, which aim to optimize several communal services (HHC,
transportation of the elderly, and home meal delivery) in Finland by using a
commercial VRP solver. For HHC, the authors claim that care staff members can
use different modes of transport (walking, car, bicycle, and bus); however, a single
average travel speed over all modes is taken. Dohn et al. (2008) use a Branch-and-
Price approach to solve real-world instances with up to 150 jobs and 15 staff
members. Bredstrom and Ronnqvist (2007), Bredstrom and Ronngvist (2008),
Rasmussen et al. (2012), and Mankowska et al. (2013) focused their work on
interdependent services, taking into account pairwise synchronization as well as
pairwise temporal precedence between jobs. Like Dohn et al. (2008), Bredstrém and
Ronngvist (2007) and Rasmussen et al. (2012) also present a Branch-and-Price
algorithm. To reduce the computational effort, Rasmussen et al. (2012) further
analyze different clustering schemes. Bredstrom and Ronnqvist (2008) and
Mankowska et al. (2013) use metaheuristic solution approaches to achieve this
goal. Trautsamwieser et al. (2011) present a model formulation for HHC in Austria
considering many legal constraints as well as the satisfaction of clients and care
staff members through several factors within a weighted objective function.
Mandatory breaks are also included if the working time of a staff member exceeds a
certain amount of time, however, breaks are always of fixed length and can not be
partitioned into smaller parts. Trautsamwieser et al. (2011) also analyze the effects
of some natural disasters on the planning. While the focus of their work is on rural
areas, Rest et al. (2012) review trends and risks in HHC with a focus on urban
regions. Another recent work with a focus on urban regions has been published by
Hiermann et al. (2013). The authors present a two-stage approach that uses CP to
generate a feasible initial solution that is further improved with one of four
implemented metaheuristics (Variable Neighborhood Search, Memetic Algorithm,
Scatter Search, and Simulated Annealing). Care staff members are able to use either
public transport or cars. Their travel time data is based on estimates from a public
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transport service provider as well as on floating car data for the road network.
However, a single estimate is used for each mode and thus, they do not rely on the
actual time of departure. Real-world instances of an HHC service provider in
Vienna are used to evaluate their solution approach.

In addition to the daily scheduling of HHC services, there is also an increasing
research interest in the periodic/mid-term HHC problem. This problem is
characterized by a prolonged planning horizon of a week or more, which induces
additional constraints (e.g., rest periods, visiting frequencies, continuity of care) and
requires different modeling and solution approaches. Therefore, those who are
interested in this type of HHC problem are referred to the recent publications of
Cappanera and Scutella (2014), Liu et al. (2014), or Trautsamwieser and Hirsch
(2014) as these already contain comprehensive literature reviews.

2.2 Time-dependent routing

Using time-dependent travel times leads to schedules that are more viable,
especially in urban regions. Because of this main benefit, there were still some early
efforts to incorporate varying travel times into models and algorithms. Nevertheless,
not all of them satisfy the First-In First Out (FIFO) principle, although it is a natural
assumption. FIFO, also referred to as non-passing property, implies that a vehicle
departing from node i to node j using arc (i, j) at time ¢ will always arrive before or
at the same time as a vehicle using the same arc but departing at a later time:
Ajj(ty) <A;(t1) as long as t; > fy. Hence, the arrival time function A;; will be a non-
decreasing function of time. Malandraki and Daskin (1992) were among the first
who stated a mixed integer linear programming formulation of the TDVRP. A
stepwise travel time function is assumed, but as waiting at nodes is permitted, the
actual travel time function (after computing the shortest paths) behaves like a
continuous function, as long as the travel time is not increasing. FIFO is achieved
because in times of decreasing travel times, travel time will be substituted with
waiting time. However, one will arrive at the same time which does not represent
reality. To solve the model formulation, a nearest neighbor and a cutting plane
heuristic are presented. Hill and Benton (1992) present a modeling approach, where
the time-dependent information is assigned to the nodes instead of the edges. This
can be interpreted as the average speed for the area around a node. In this way they
wanted to simplify data collection and to reduce the computational effort. Their
usage of different speed levels for discrete time periods leads to piecewise constant
speed functions. As a result, the travel time function is also piecewise constant and
does not satisfy the FIFO property. To validate their approach the authors are
mentioning the implementation of a greedy heuristic for a TDVRP in a city with 210
locations and time-dependent travel speeds for 96 time periods. Ichoua et al. (2003)
also use piecewise constant speed, but in contrary to Hill and Benton (1992), they do
not assume constant speed over the entire length of the link. The travel speed is
adjusted when the vehicle crosses the boundaries of the time periods. Hence, the
travel time is computed by summing up the time used for each part of the link. This
approach results in a travel time function, that is piecewise continuous over the time
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and thus satisfies FIFO. Fleischmann et al. (2004) provide a modeling approach that
is based on linear smoothing of the travel time function. The underlying travel
speeds are considered to be piecewise constant, as given by traffic information
systems. Smoothing is used to comply with the FIFO property, as such speed data
usually leads to travel time functions with jumps between two time intervals. For
solving a VRP with customer and route time windows, where waiting is not
allowed, they have implemented various heuristics, based on combinations of a
savings heuristic, sequential insertion heuristic, and a 2-opt algorithm. Their
approach is tested on real data from logistics service providers in Berlin with up to
786 orders and 84 vehicles. The results are also analyzed with respect to different
numbers of time slots. More recent work on this topic has been done for example by
Kritzinger et al. (2011). The authors are tackling a TDVRP with soft time windows
by using a Variable Neighborhood Search procedure. Ehmke et al. (2012) are
presenting an optimization framework to solve the time-dependent traveling
salesman problem (TDTSP) and the TDVRP. The framework is based on several
simple heuristics, as well as on a TS based metaheuristic. In addition to
optimization, their work also focuses on data collection and preparation.

Optimizing the start time of a route has a major impact on the objective function,
due to the tradeoff between the travel time and the tardiness from time windows.
Even though, this is rarely discussed within current work which is based on heuristic
or metaheuristic solution approaches. Dabia et al. (2013) claim to be the first,
solving the TDVRP with time windows exactly, using a Branch-and-cut-and-price
algorithm. Time-dependency is modeled in the same way as in Ichoua et al. (2003),
stepwise speed functions are translated into stepwise linear travel time functions to
satisfy the FIFO principle.

3 Problem description

The HHC problem we are dealing with is based on the demands of the ARC and has
a daily planning horizon. It specifically aims to deal with the peculiarities of urban
regions and can be described by a given set of care staff members A and a given set
of clients C. Each client ¢ € C needs one or more services per day, while each
service is modeled as a single job j € J. Depending on the task that has to be
carried out, a certain minimal qualification level g; is needed. For example, if the job
consists of cleaning or preparing lunch it is carried out by home helpers, whereas for
medical treatments a nurse is needed. It is assumed that staff members are allowed
to carry out jobs that require a qualification level that is one level below their
qualification. The duration d; of a job j is of fixed length and the job must start
within a given hard time window bounded by [a;, b;]. A smooth communication and
mutual trust are crucial for successful care. Therefore, the language skills of the
staff members and clients, as well as the preferred or rejected (e.g., due to previous
incidents or personal dislike) care staff members of the clients have to be
considered. Along with the qualification, this information limits the assignment of
jobs to staff members. Rather than taking care of each restriction individually, we
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Table 1 Notations for the model formulation

Data

N Number of care staff members

S Number of shifts (tours)

C Number of clients

J Number of jobs

L Number of qualification levels

T Number of discrete time values during the working day

P Number of lengths in which the break can be partitioned
N ={1,..,N} Set of care staff members

./\/JF CN Set storing the feasible care staff member for each job j
S={1,...,8} Set of shifts

c=A{1,..,C} Set of clients

J={1,...,J} Set of jobs

Jo=A{1,..,J+1} Set of jobs including the artificial depot

L£L=A1,...,L} Set of qualification levels

T7=A{1,..,T} Set of discrete time values

P={p-:ref{l,...P}}
Wa
W,
ST
SC
ocC
D
MS
ES
PT
PR,
0]

4qj

O

dj
aj, bj
Ak, Br

Alml}k

ttzj[
9:S =N

Indexed set of break lengths

Contracted working time of care staff member n
Maximum daily working time of care staff member n
Time after which a waiting time leads to a second shift
Compensation for working a second shift

Compensation for overtime

Point of time marking the start of evening shifts
Minimum working time for morning shifts

Minimum working time for evening shifts

Working time after which a break is mandatory

Required break time if the care staff member of shift k needs to make a break
Maximum amount of overtime over all care staff members
Qualification level of job j

Qualification level of care staff member n

Service time for a job j

Lower and upper bound of the time window of job j

Lower and upper bound of the working time window of a care staff
member’s shift k according to the roster

Lower and upper bound of the working time window of a care staff
member’s shift k according to legal restrictions

Travel time from job i to job j departing at time ¢

Function matching shifts with corresponding staff members

Decision variables

Xijtk

Binary, 1 if the care staff member departs from job i at time ¢ in order to visit job j

on tour k, 0 otherwise

Yirk

Binary, 1 if a break of length r is made before job j on tour &, O otherwise
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Table 1 continued

Decision variables

Y Binary, 1 if there is a break on tour &, 0 otherwise

Zn Binary, 1 if care staff member n works a second shift, O otherwise

Vie, Vi Binary, 1 if shift k is used as an morning shift (v;) or evening shift (v;), 0 otherwise
u;, s; Arrival time (u;) and starting time (s;) of job j

Sk, Ex Starting (S;) and ending time (Ej) of shift k

0, O Overtime of care staff member n (0,) and at shift k (o;)

aggregate them into single sets N f, storing the feasible care staff member for each
job j.

Each staff member n € N is mainly characterized by his/her qualification level
0, and working times. In Austria, HHC service providers are legally obliged to
inform their employees some weeks in advance of their upcoming working times by
handing over a roster. The roster states the begin A; and end of each shift By and
deviations from the rosters imply overtime. The working time of each staff member
starts at the first and ends at the last client of his/her tour. As the majority of the jobs
are piling up in the morning, at noon, and in the evening, they often have to work
two shifts a day. Working a second shift is not very popular with the staff members
because in general, they are not able to make good use of the interruption. From a
modeling point of view we treat each shift £ € V as a single tour, using a matching
function J(k) to identify the corresponding staff member. Due to various contracts,
staff members have not only different contracted hours W, but also different legal
claims regarding working times (earliest working time Ay, latest working time By,
minimum working time for morning shifts MS and evening shifts ES, as well as
maximum total working times W,,), and break times PRy. To substitute waiting time,
it is possible to split the break into smaller parts. The possible break lengths are
given in the indexed set P. What mainly distinguishes our problem from previous
work in HHC is that care staff members use public transport. In urban regions like
Vienna, the denser public transport infrastructure together with shorter distances
between the clients encourage them to use public transport. This makes sense
especially when the traffic and parking situation are taken into account. Within the
public transport system staff members have to switch between different lines of
buses, trams, subways, and trains to reach their destinations. These are operating on
timetables and as there are severe fluctuations in the driving intervals, time-
dependent travel times are considered to obtain viable solutions. Especially in the
suburbs, there are severe fluctuations of travel times between rush hours and off-
peak times. The travel time between two jobs i and j at a certain departure time ¢ is
given by 1t;;;.

The following model formulation is presented in order to give a precise problem
description. We tried solving small instances with 6 staff members and 30 jobs with
the solver software FICO Xpress 7.0, but due to the large number of time intervals
(T =960) we are not able to get a solution with an acceptable gap within several
days of computation time. To solve real-world sized instances, we therefore propose
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solution approaches based on the metaheuristic TS as introduced in Sect. 5. Table 1
gives an overview on the notation. The binary decision variable x;;; = 1 if the care
staff member of shift k departs from job i at time 7 to carry out job j, O otherwise.
The starting times of the jobs are denoted by s; and take discrete values from set 7.
Similarly, u; represents the starting time of a break at job j and the length of the
breaks is encoded in the binary variable y;;. yjx = 1 if the staff member of shift k
makes a break of length r before serving the client of job j. S (resp. Ej) represents
the starting (resp. ending) time of shift k. The overtime of a staff member is counted
by o,. If a staff member works a second shift the binary variable z, = 1. The starting
time of a shift indicates if it has to be treated as a morning or an evening shift. If the
binary variable v, = 1 the staff member is working a morning shift, whereas v, = 1
indicates an evening shift, which has a larger minimum working time requirement.
In case v, = vy = 0, the shift is not performed at all.

minZ(Ek—Sk—PRk-Yk) (1)
keS
+0C o, (2)
neN
+SCY 2 (3)
neN

220, D ()

i€Jo jeJ t€T k€S:q;<Qun)

The main objective is to minimize the sum of all shift lengths (1), resulting in a
minimization of travel and waiting times as the durations of the jobs are fixed. To
ensure the satisfaction of clients and staff members a dual strategy is applied.
Factors with easily determinable impacts to the objective are integrated by using a
weighted objective function. Overtime (2), the number of second shifts (3), and
overqualification (4) are taken into account this way. All of these are not only costly
for the HHC service providers, they also have a negative impact on the satisfaction
of the staff members. To comply with the objective function, those factors are also
measured in minutes. Overtime is measured by the time exceeding the daily
working hours or, if the optimization is based on a given roster, by the deviations
from the roster. It is penalized with an overtime surcharge OC. The number of
second shifts gets multiplied with the time SC a staff member gets as compensation
for the double journey, while overqualification counts the time a staff member with
a higher qualification level performs a job that only requires a lower qualification.
Other factors are implemented through aspiration levels. This is either done by
adding constraints or by tightening given hard constraints. The given time windows
for jobs are quite long for HHC providers in reality. But especially aged people
require consistency with respect to visiting times. Therefore, dispatchers could
decide to tighten some time windows based on former visiting data in order to
satisfy these demands.

@ Springer



504 K.-D. Rest, P. Hirsch

D2 D =1 VjeJ (5)

i€eJo teT keS
Z Zx()jlk =1 VkeS (6)
JjeJo teT
Z Zx,'(),k =1 VkeS (7)
i€Jo teT
SN =) X V€T VkeS (8)
i€Jo teT heJo teT
SS xu=0 VieJkeS:ok) gNT (9)

i€Jo teT

(5) guarantee that each job is covered exactly once. Even if the computed schedule
may not need all care staff members, all of them leave the depot exactly once (6)—
(7). However, those who are not working, finish their tour immediately at the depot
(xp0ix = 1). To identify the start and end of a tour an artificial depot is used. The
flow conservation constraints are given by (8), while (9) allow only those staff
members to execute a job, who are feasible with respect to the qualification level,
language skills, and acceptance (no rejection by the client and/or staff member).

si=Y (t—d)> > xw VieJ (10)

teT JeTo k€S
Si Z a; Vi € \7 (11)
si<b; VieJ (12)
Si+Z(di+ttijt)zxzjtk§uj+bi(l — ZZx,j,k) VijeJ (13)
teT keS teT kesS
S + Z(dl + fl‘ij[) injtk Z I/tj — b](l — Z injtk) VZ,_] < j (14)
teT keS teT keS
u; + Z przytrk<sz VieJ (15)
re{l,.. keS
Z przyzrk<ST_1 Vie J (16)
re{l,..., keS

(10) link the start time of each job with the departure time ¢ encoded in the binary
variables x;x, and (11) and (12) force it to be within the time window of the job.
Equations (13)—(15) are responsible for setting the correct starting times of the jobs
and breaks. Equation (16) limit the waiting time before each job to less than ST
minutes. Waiting times of ST minutes or longer would otherwise interrupt the
working time and impose another shift.
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Sk:ZtZXOitk Vk e S (17)

teT ieJy
Ek:ZtZXiOIk Vke S (18)
teT ieJo
S >A, VkeS (19)
Sc<E, VkeES (20)
Ec<By VkeS (21)
Wo> > (Ex—Sc—PR.-Y) VYneN (22)
keS:9(k)=n
Vi = Z Zintk Vk e § (23)
teT:t<D ieJ
Vi = Z Zintk Vke S (24)
teTt>DieJ
MS vy +ES - v <E,—Sy—PR,- Yy, VYkeS§ (25)

(17) and (18) set the starting and ending times of the shifts. The compliance with the
earliest and latest working times is ensured by (19)—(21), while observance of the
maximum daily working time restriction is guaranteed by (22). Equation (23)—(24)
identify if the shift is a morning or an evening shift, depending on whether the shift starts
before time D or not. Subsequently, constraints (25) force that the right minimal working
time is taken into account, but only if the staff member actually works that shift.

or > Er — By Vke S
0, = Z O VneN (263)
keS:9(k)=n

on> > (Ex—Si—PR-Y) =W, VneN

2
keS:(k)=n ( 6b)

» 0,<0 (27)

neN

The overtime is computed either by (26a) or (26b), depending on the desired operative
scenario. Equation (26a) is used if a predefined roster is given, otherwise (26b) is
applied. In the first case, overtime occurs immediately if a staff member works outside
of his/her roster. A staff member may exceed his/her planned end of shift By, while
starting earlier is not permitted. Without a given roster, only the contracted working
time for each staff member W, is considered (26b). Equation (27) restricts the total
amount of overtime for the day over all care staff by the parameter O.

@ Springer



506 K.-D. Rest, P. Hirsch

w> Y. t+w) -1 VneN (28)

keS:0(k)=n

Sy>E +ST  VkheS:k<hAd(k) =0(h) (29)

Sp > E + ttij(Xion + ZXOﬂh -1)
1eT (30)
Vi,je J,t €T, k,h e S:k<hANv¥(k)=13(h)

In order to count the second shifts, the binary variable z, is set to 1 if a staff member
works two shifts (28). In such a case, it has to be ensured that the time between the
two shifts exceeds at least ST minutes (29), otherwise it counts as waiting time from a
legal point of view. Furthermore, the time between the two shifts must be sufficient to
travel from the last job of the first shift to the first job of the second shift (30).

Ye> (B — Sy —PT — PRy -Y)/PT —1 YkeS (31)

Yi < (Ex — Sy — PRy - Y)/PT YkeS (32)

w<PT+Sc+bi(1— > yin) VieT keS (33)

re{l,...P}

Y yin<1=) xom VieTkeS (34)
re{l,...,P} €T

> N yupr=PR Y VkES (35)

ieJ re{l,...P}

S k<)) xju GETkKES (36)
re{l,...P} i€J 1T

xije € 10,1} Vi,je Jo,t €T, ke S (37)

v €{0,1} Vie J,re{l,.. ,P},keS (38)

vi, v € {0,1} VkeS (39)

Y, € {0,1} VkeS (40)

7, €{0,1} VneN (41)

si,u; >0 VieJ (42)

SeE>0 VkeS (43)

0n, 0, >0 YneN (44)
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A break has to be scheduled if the working time of a staff member exceeds a given
amount of time PT (31)—(32). Furthermore, the break must start no later than PT
minutes after the start of the shift (33). Equation (34) limit the number of breaks before
each job to at most one and prevent that a break is made before the first job. Equa-
tion (35) guarantee that the single parts of the break sum up to the required break time
PRy of the staff member, if a break is required. To ensure that a staff member only
makes a break at the jobs on his/her tour, (36) link the corresponding decision vari-
ables. The model is completed by the binary and non-negativity constraints (37)—(44).

4 Travel time modeling

The calculation of (time-dependent) shortest paths is a field of research that has been
well researched. Given the time-dependent travel times for each arc, one can apply
modified versions of standard algorithms for the Shortest Path Problem (SPP). Such
algorithms are for example based on label setting or label correcting (e.g., Dijkstra or
A*). A huge compression and classification of different algorithms for the SPP is
given in Klunder and Post (2006); they implemented a total of 168 versions. Chabini
and Dean (1999) compare different algorithms for the time-dependent SPP, each
tested with FIFO and non-FIFO data. They also describe an algorithm called DOT
(decreasing order of time), which is based on dynamic programming.

The idea behind DOT is used to efficiently compute time-dependent travel times
out of the timetables of public transport service providers. Additionally, time-
independent walking times 77T} between clients and stations are computed out of
OpenStreetMap data using geographic information systems (ArcGIS 10). This
source has been chosen because the data usually contains more informal paths (e.g.,
through residential blocks) than commercial data and thus, it is more suitable for
urban regions. The dynamic programming approach works as follows:

Let G=(V,A) be a complete directed graph with a set of vertices V =
{0,1,...,m}andasetof arcs A = {(i,/)|i,j € V,i # j}.A; C A contains all outgoing
arcs from node i at time ¢t € T, and I(Z, j)| denotes the travel (ride) time needed to
traverse the arc from vertex i to j. At different times ¢ € T, the arcs between the same
vertices might have different lengths. While for the routing of the care staff only the
vertices of the clients are needed, V contains both, the locations of the clients as well as
the locations of the stations of the public transport system. The shortest travel time 77
from node i to node j departing at time ¢ can be computed by Algorithm 1.

Algorithm 1 Time-dependent travel time computation
tt;je = TTij VijeV,teT
fort =T-1 — 0do
for all € V do
for all (i,j) € A;x do
for all k € V do
e = min(tige, [(4, )] + tir e 4((,5)))
end for
end for
end for
end for
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The idea is as simple as efficient. First, all travel times are initialized with the
time-independent travel times for walking. Afterwards, as in Chabini and Dean
(1999), Algorithm 1 iterates through all time intervals, starting at the latest possible.
At each time ¢ and for each vertex i all outgoing arcs (i, j) are checked if using them
leads to a shorter travel time in order to reach vertex k, compared to the shortest
travel time from i to k that is already known at this time. Using this approach allows
to compute a travel time matrix for each minute of the day. Thus, our modeling of
the time-dependent travel times is based on a discrete time approach, but using 1
min as smallest unit, lets the travel time function behave like a discontinuous
piecewise linear function.

Figure 1 shows a typical travel time function for public transport, together with
the corresponding arrival time function. In this example a first service (e.g., a bus)
leaves the station at a departure time df = 5 and needs 5 min to reach its destination.
If one arrives earlier at this station, waiting time occurs at the station. Thus, the total
travel time consists of the waiting time plus the ride time. For example, leaving at
dt = 6 generates 4 min waiting time and 5 min ride time. After dt = 10 the service
interval is extended from 5 to 10 min while at df = 30 it is shortened again to 6 min.
Also the ride time is reduced to 3 min. While most of the time-dependency in public
transport is caused by the varying intervals of the services, there might also be some
fluctuations in ride times as well. For example, at certain times of the day it may
happen that buses drive different routes between two stations in order to avoid
traffic. The resulting arrival time function shows that our approach complies with
the FIFO condition; hence, passing is not an issue. For several modes of the public
transport system passing is also impossible by nature (e.g., trains, trams).

5 Solution approach

The planning of HHC services is characterized by an initial planning, usually a few
days in advance, and some short term changes during the day of operation. While
the initial planning is usually not time-sensitive, disruptions may occur several

travel time
15 7

depature
0 :
w5 time (dt)

55
arrival time

Fig. 1 Example for a typical travel and arrival time function for public transport
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times a day and require rapid rescheduling. For example, if a care staff member
reports sick in the morning all of his/her jobs have to be reallocated to the remaining
staff. On the other hand, it is also possible that a client no longer has to be visited
this day (e.g., due to hospitalization or family care), or that a new client enters the
HHC system (e.g., hospital discharge). To achieve short computation times and
good solution quality for real-world sized instances, we have developed three TS
based solution approaches. TS was first introduced by Glover (1986) and has since
been efficiently applied to various routing problems. A more recent publication
about the structure of TS based metaheuristics can be found in Glover et al. (2007),
together with an overview of innovative design strategies.

Algorithm 2 TS/TSAS/TSDYN: General structure

currentSolution s = initialSolution()
if s == feasible then
bestSolution s* = s
ok = [f(s) V (J, k) €
end if
while !terminate do
bestNeighbor s° = co
bestMoves M = s.estimateMoves()
for all j € M do
for all k € S do
for i = 0 — route[k].end() do
build new solution s’
move j to s’.route[k]|[]
s’.route[k].optimizeStart()
while s’.route[k].length > PT A s’.route[k].break < PRy do
s’.route[k].insertBreak()
s’.route[k].optimizeStart()
end while
s’ .evaluate()
s’.checkTabu()
if s’ == tabu then
s’.check Aspiration)()
end if
if s’.objective < s°.objective then
s°.objective = s’.objective
end if
end for
end for
end for
s =s°
if s == feasible A s.objective < s*.objective then
s*=s
end if
end while
return s*

The main principle of TS consists of a local search combined with memory
structures to guide the search and to avoid getting stuck in local optima. Starting
with an initial solution, in each iteration TS switches to the best solution within a
neighborhood as long as it is not flagged as ’tabu’ and therefore prohibited, if it does
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not meet the aspiration criteria. Our algorithms are based on the ideas of the unified
TS as used in time-independent routing problems (Cordeau et al. 2001; Hirsch
2011). Thus, infeasible solutions are temporarily allowed and a dynamically adapted
weighted objective function is used to guide the search process. In total, we
designed and implemented three different versions of time-dependent TS algo-
rithms, which differ in the size of the neighborhood and are completely
deterministic by design. Their general structure is roughly the same and outlined
in Algorithm 2. The first version, simply named TS, searches the whole
neighborhood in each iteration, the second uses an alternating strategy (TSAS),
while the third dynamically adjusts the size of the neighborhood (TSDYN). The
reason for developing different versions is the computational complexity of the
evaluation of a solution and the intention to reduce the computation time. The
starting time of a route not only influences the total amount of waiting time but also
the travel times, due to the time-dependency. Thus, the optimal starting time is
calculated immediately after composing a new route. In the next steps, breaks are
inserted if necessary and the resulting solution is evaluated. Finally, the current and/
or best solution, as well as all affected parameters are updated. This process is
repeated until one of the termination criteria, the number of iterations or the
maximum computation time, is reached. The important parts of our algorithms are
outlined in the following.

5.1 Solution representation and initial solution

In our solution approaches a solution is represented by a set of routes, whereas each
route represents a shift of a care staff member. Thus, if a staff member works two
shifts a day each shift corresponds to a separate route. The routes itself are
permutations of the assigned jobs and state the order in which they are carried out
by the corresponding staff member. They start at the first client and end at the last
client. The initial solution is based on an insertion heuristic. First, the jobs are
ordered according to their centered time windows. Beginning with the earliest, the
algorithm searches for the best assignments. The jobs of clients who have preferred
care staff members are given preferential treatment. Following the best insertion
principle, we try to insert them to every position of all preferred care staff members.
If the insertion leads to a feasible solution, the assignment with the lowest objective
value is accepted, otherwise the insertion of the job is postponed. In the next step the
postponed jobs are inserted into the schedules of staff members who are not rejected
by the client and who also have the appropriate skills and qualification level to carry
out the job. Again only feasible solutions are accepted. At the end, all unassigned
jobs are inserted according to the lowest objective value, which may lead to an
infeasible initial solution.

5.2 Neighborhood
The neighborhood of a solution is composed by applying a relocate move operator.

It extracts a job from its current route and re-inserts it into a different route. The
insertion in the new route is based on best insertion. Our TS approach searches the
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whole neighborhood for the best neighbor solution. All jobs are therefore relocated
and inserted at any position of all other routes. This also includes shifting jobs from
the first to the second shift of a care staff member. The TSAS and the TSDYN,
however, make use of a restricted neighborhood containing only a certain number of
promising moves, sorted according to the length of the travel time required to serve
a job. For example, moves affecting jobs at the beginning or at the end of a route are
only weighted with the travel time for the arrival or the departure. For jobs in
between, both the travel time for the arrival and for the departure are taken into
account. Thus, moves that will remove long travel times are favored in the search
process. The size of the restricted neighborhood is given by Rs, marking a
percentage of the most promising moves. While the TSAS uses a restricted
neighborhood of fixed size, the TSDYN adapts its size dynamically during the
search process. Starting with a small restricted neighborhood, its size is increased in
predefined steps R, if there was no improvement of the best found solution for a
certain number of iterations Ry. On the other side, its size is reset to its base value if
a new best solution is found. However, to avoid being too myopic, both algorithms
search the whole neighborhood after a certain number of iterations Fr. In order to
escape local optima the algorithms make use of different memory structures. The
most common is the tabu list, representing a short term memory. In our algorithms,
Tjx stores the iteration until a move containing a certain attribute (j, k) is not
permitted. Here, j represents the job that has been moved and k is the shift, the job
was assigned to, before executing the move. This prevents previously executed
moves to be reversed for a certain number of iterations. The duration a move is
considered tabu depends on the size of the instance. It is given by

0= ((loglo(J : S))3_‘, where J is the total number of jobs and S the number of

shifts of an instance. The slope of this function ensures that the length of the tabu list
is not too large to choke off the search process of small problem instances, but
increases according to the size of the neighborhood to provide adequate durations
for large problem instances. In addition to the tabu list a long term memory is used.
The objective value of the best feasible solution containing the attribute (j, k) is
stored in oj. It is used as aspiration criteria for good neighbor solutions that are
marked as tabu, in order to not reject promising solutions.

5.3 Evaluation and search guidance

A solution is evaluated according to the objective function given in Sect. 3.
However, all of our algorithms allow infeasible solutions during the search process
because of the sparse solution space. Therefore, an evaluation function f(s) =
c(s) + > a; - di(s) is used to determine the quality of a solution s. ¢(s) denotes the
objective value as stated in the model formulation, which is extended by the sum of
all kinds of weighted violations, denoted by d;(s) (e.g., violations of time windows,
overtime, minimum and maximum working times, latest working time). To quantify
these violations and to take into account the degrees of the violations, they are
measured by the amount of time the limits or time windows are deviated. To force
the search back to feasible solutions after exploring infeasible regions for a certain
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time, a dynamically adjusted weight o; is assigned to each of these violations. At the
end of each iteration the weights are increased or decreased, depending if the
selected neighbor solution s’ shows any of the violations. If d;(s") > 0 then
a; =0o; - (1 +0), else a; =0o;/(1 +0), with 6 as a positive input parameter. To
diversify the search a penalty factor p(s') = 4-c(s) - VJ - S+ 32 1yey Pix 18 added
to the evaluation function f(s’) if the neighbor solution is worse than the current
solution. As described in Cordeau et al. (2001) the penalty factor is composed of a

scaling factor ¢(s’) - v/J - S which depends on the size of the instance. The frequency
based memory p; counts how often the attribute (j, k) was already part of a current
solution in order to penalize solutions with frequently recurring attributes. Finally, a
control parameter 4 is used to set the intensity of the diversification.

5.4 Optimal starting times

Starting at the earliest possible starting time, which is given by the lower time
window of the first job in the route, is optimal with respect to the time window
violations. However, this is obviously suboptimal as it results in unnecessary
waiting times at the jobs as well as for public transport and it might also generate
overtime. In addition, because of the working time constraints, solutions without
optimized starting times might also be infeasible. In case of time-independent travel
times the optimal starting time can be efficiently determined by applying the
concept of the forward time slack (45) as described in Cordeau and Laporte (2003),
which is an extension of Savelsbergh (1992) in such a way that it also allows to
delay the start of the route even if there are already time window violations at some
jobs.

F; = min ( > wp + max(0, b —s,-)> (45)

| <j<
e NETES

Given a route with a fixed order of [ jobs, the slack at each job j can be computed by
summing up the waiting times w,, up to job j and the positive difference between the
end of the time window and the beginning of job j. The forward time slack F; for a
job i is then obtained by taking the minimum of the slacks of all following jobs j.
Computing the forward time slack can be done with a complexity of O(n) as a
whole iteration through the route is required, determining the optimal starting time
can be done afterwards in O(1).

For time-dependent travel times the forward time slack cannot be computed that
easily because the effect of a delay cannot be predicted efficiently. In contrast to the
time-independent case, a delayed starting time of 4 minutes at the first job does not
always result in a delay at the following jobs of < A minutes but can also be > A if
the travel time increases in the meantime. However, it is possible to compute the
latest arrival time b{"™* that will not cause any further time window violations for
each job within O(n).

@ Springer



Daily scheduling of HHC services using time-dependent... 513

b;nax = max(O, bl' - Sl') (46)
b"* = max(a;, min(b;, b"y — ”ﬁi+17b’."“f —d;)) (47)
F; = max(0, " — (s; —w;)) (48)

By iterating through the routes backwards, (46) determines the latest arrival time for
the jobs at the end of the route and (47) for all other jobs. For the last job, this
corresponds to the slack between the upper time window and the current starting
time of the last job. For all other jobs in the route, according to (47), the time
window of job i is compared with the previously computed latest arrival time of its
immediate successor, denoted by i + 1. Prerequisite is an additional set of time-
dependent travel time matrices ttgt, storing the shortest travel time from job i to j if
arrival should be at time ¢, which can be computed out of ##;;. The forward time
slack is then given by (48). Due to its complexity of O(n - T), determination of the
optimal starting time by varying the starting time in small steps is usually done as a
post optimization, as proposed for example by Fleischmann et al. (2004). However,
it is possible to reduce the computational effort to O(n - log T) by applying a binary
search in the interval [ag, bJ**] if the following conditions are met. First, the arrival
time function has to be a monotonically increasing function, which is ensured by the
FIFO-property, if it is satisfied. Thus, as long as postponing the start of the route
does not change the end time of the route, the search is continued in the second half
of the interval, otherwise in the first. Second, the evaluation function needs to be
monotonic as well and directly proportional to the route lengths. This guarantees
that minimizing the routes’ length also minimizes the other factors in the evaluation
function, if they are influenced by the start time of the route. Whereas the first
condition is met, the second holds with one exception. While all other parts of the
evaluation function are either not influenced by this procedure (e.g., overqualifi-
cation, number of second shifts, time window violations) or directly proportional
(e.g., overtime, maximum working time), only the minimum working time con-
straints are conflicting. However, it is debatable whether this exception is a limi-
tation or a desired behavior from the dispatchers perspective. As the route length
reduces, it might happen that the minimum working time gets violated and the
previously feasible solution is now marked as infeasible. On the other hand, it would
mean that a solution only satisfies the minimum working time constraint because of
the insertions of waiting times and such solutions are usually rejected by the
dispatchers.

Insertion of breaks If a staff member works more than a certain amount of time
she/he has to make a mandatory break. In our approach breaks are inserted
iteratively using the following rule. Within sequential order we try to insert the
largest break type p € P before job i...

1. ...with largest waiting time, where p <w;.
2. ...with largest waiting time, where p < F;.
3. ...with largest forward time slack, where p < F;.
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First we try to find a position where the waiting time covers the break at whole (1).
If the waiting time is not sufficient, we are looking for the largest waiting time
where an insertion is still feasible, according to the forward time slack (2). In this
way we are still able to reduce the waiting time. If this is not possible either, we only
try to find a feasible position (3), otherwise we add the break in the middle of the
route. As it is possible to partition the break in smaller parts, we have to evaluate the
route after each insertion and check if further parts are required.

6 Numerical studies

To show the applicability of the proposed solution approaches several computa-
tional experiments with real-world data from the ARC in Vienna have been carried
out. For privacy reasons, it must be mentioned that the data were made available to
us encoded, such that no direct reference to individuals is possible. In this paper two
operative planning scenarios were analyzed. The first is based on predefined rosters
and might be used for short term rescheduling. In this scenario care staff members
are scheduled according to their rosters, which define their actual working times as
well as possible second shifts. The second is based on flexible working times and is
intended to be used for deriving a roster in mid-term. Therefore, the total working
time is only limited by the contracted working time of the staff members and it is
assumed that each staff member is able to work a second shift. Thus, it is up to the
optimization to determine the most suitable working times for the care staff.

6.1 Real-world data sets

Two different data sets have been used for these computations. Both sets are taken
from actual planning data spanning a whole week and ordered by working groups.
For each day and group, the data include both, the rosters of the staff members, as
well as a list of jobs that must be performed by a staff member of this group. The
first data sets (/; —I;) were collected earlier in time and cover only one
geographical test area in the south of Vienna. Due to the fact that the service
areas of the groups are not congruent in their entirety with the test area, not all
relevant information about the whole working day of the staff members are
available. It happens that staff members serve clients who are located outside the
test region, or that jobs have to be scheduled which are usually carried out by staff
members from another group that is not included in the data. Therefore, this data set
is not used for the real-world comparison of our results with the actual planning at
the ARC. To overcome this shortcoming, data for whole Vienna has been collected
later on. However, this second provided data set (Ig — Ip) contains only one
qualification level. In total, three qualification levels (Q; — Q3) are considered. The
lowest level Q; comprises assistance in housekeeping, while the highest level Q3
includes medical services of nurses. The service times strongly depend on the
qualification level. As shown in Table 2, a job of level Q; ranges from 15 to 165
min, with a mean of 51.1 min, while a Q3 job requires only 23.9 min on average.
Nevertheless, the service times of the jobs are well known in advance as they are

@ Springer



Daily scheduling of HHC services using time-dependent... 515

Table 2 Data characteristics of

the service times per O 0> 03

qualification level Min. s 5 0
Max. 165 90 40
Mean 51.1 47.9 239
SD. 24.5 12.7 9.3

defined in service contracts with the clients, depending on the clients’ needs. The
available working time of the staff members, however, is almost independent of the
qualification of the staff member. On average, a care staff member is available for
about 390 min a day.

Table 3 shows the characteristics of each instance with respect to the total
number of jobs, clients, and care staff members, as well as their distribution by
qualification level. On the part of the staff members, also the number of second
shifts is given according to their rosters. For the first data set this number is only an
approximation because of the gaps in the given schedules. Usually, a staff member
of level Q; carries out 4 to 6 jobs per day, depending on the service time of the jobs.
For higher qualified staff members this ratio is usually significantly higher. The
number of services requiring a higher qualification is generally lower in urban
regions, due to a denser medical infrastructure. Therefore, those staff members have
a much larger service area. Unfortunately, their service area is not completely
covered by our test area, resulting in a surplus of staff members of level O, and Q3
in our data. However, as overqualification is permitted, these staff members are able
to carry out jobs that are one level below their qualification.

In the numerical studies, an overtime surcharge of OC = 0.5 for each minute of
overtime and a compensation of SC = 30 min for each second shift is presumed.
The total amount of overtime over the whole care staff is limited to O = 300 min. In
Austria, if a continuous working time of 360 min is exceeded, a break has to be
scheduled. Staff members of level Q; need a total break time of 30 min and
members of level O, and Q3 are entitled to an additional 15 min. The maximum
working time of a staff member is limited to either 8 or 9 h, depending on his/her
contract. The same applies to the start (6 am) and end times of a day (8 or 10 pm),
which leads to a planning horizon of 960 min. Thus, 960 asymmetric travel time
matrices have been computed, using the algorithm presented in Sect. 4. A total of
1,595 stations of the public transport system was taken into account during the
computation of the shortest paths between all clients, resulting in a dataset of about
27 GB. As these stations are not used during the scheduling, only the travel times
between the clients are needed, and because of the rather small number of clients
only a few MB of travel time data is stored in memory.

6.2 Parameter tuning
The algorithms have been implemented with C+4+, using MS Visual Studio 2012.

For the computation of the time-dependent travel times the parallel programming
API OpenMP has been used to take advantage of modern multi-core processors. On
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Table 3 Data characteristics of the real-world instances

Jobs Clients HHC staff
# 01 0)) 03 # # 01 O 03 2nd shifts

101 106 86 20 0 50 16 10 6 0 12
102 115 95 20 0 57 21 14 7 0 12
103 180 152 22 6 115 34 24 7 3

104 188 162 21 5 116 42 33 6 3

105 193 165 22 6 127 44 34 7 3

106 193 169 21 3 119 45 33 9 3 10
107 202 177 22 3 120 46 35 9 2 14
108 112 112 0 0 76 28 28 0 0 11
109 114 114 0 0 78 29 29 0 0 7
110 122 122 0 0 85 38 38 0 0 10
I11 123 123 0 0 75 29 29 0 0 8
112 123 123 0 0 82 37 37 0 0 12
113 126 126 0 0 75 28 28 0 0 6
114 131 131 0 0 81 28 28 0 0 6
105 155 155 0 0 114 34 34 0 0 0
116 155 155 0 0 102 35 35 0 0 4
117 157 157 0 0 103 36 36 0 0 6
118 166 166 0 0 112 35 35 0 0 4
119 167 167 0 0 108 34 34 0 0 5
120 173 173 0 0 118 35 35 0 0 8

the contrary, the TS metaheuristics were implemented as single-core applications.
Depending on the TS algorithms different input parameters are needed. While the
TS only needs values for ¢ € {0.1,0.3,0.5,0.7,0.9} and 4 € {0.01,0.015,0.02,
0.025}, the other versions also need parameters for the size of the restricted
neighborhood Rs € {0.2,0.4,0.6}, and the number of iterations after which a full
neighborhood search is carried out Fr € {2,4,6,8,10}. The TSDYN additionally
requires values for Ry, the time after which the restricted neighborhood is adapted,
as well as the increment R4 = 0.2. Ry depends on the size of the instance and is
given by Ry = [(logio(J - S)) - 1.5], where J is the total number of jobs and S the

number of shifts of an instance. The length of the tabu list is determined by 6 =

[(loglo(J : S))‘?’_‘ for all TS variants. In order to choose the best parameter settings,

all possible combinations of these values have been used to solve at least two
different instances, leading to a total of 600 individual solutions. Furthermore,
individual parameters were identified for each operational scenario as the solution
space at given rosters contains significantly less feasible solutions. The weights for
temporary violations «; were initialized with 1.0 and capped with 10°°. Table 4
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Table 4 Parameter selection for

cach TS version and for each Predefined roster Flexible working time
operational scenario TS TSAS TSDYN TS TSAS  TSDYN
5 0.3 0.1 0.5 0.5 0.1 0.5
) 0.020 0.010  0.010 0.025 0.015  0.020
Ry - 0.4 0.2 - 0.4 0.2
Fr - 2 6 - 2 10

summarizes the chosen input parameters for each TS version and for each
operational scenario.

6.3 Method comparison

In this section, the algorithms are compared with each other and with the current
planning at the ARC by solving the presented instances. Comparisons with exact
solutions or with benchmark instances from the literature cannot be given because
of the complexity of the presented HHC problem and the absence of similar VRP
instances with time-dependent travel times. As stated previously, we are currently
not able to solve even small instances with 6 care staff members and 30 jobs up to
optimality with the solver software FICO Xpress 7.0. However, this clearly outlines
interesting future research activities in order to improve the presented model
formulation.

The algorithms have been executed under Windows 7 on an Intel Core 17-4930K
with 64 GB memory. Even though the CPU provides six cores, the algorithms only
make use of a single core, and with respect to the memory capacity it can be
denoted, that the average memory requirements are around 1 GB. Due to the
different neighborhood sizes of the three TS versions, a fixed runtime of 600
seconds has been chosen to achieve a fair comparison of their performances.
Furthermore, real-world applicability requires short processing times in order to
cope with the rescheduling in daily business. As the design and implementation of
the algorithms do not contain any stochasticity, they have been executed only once.
Table 5 summarizes the results for all 20 instances for each operational scenario. It
shows the deviation from the objective value of the best found solution (BFS). As
the static service times at the clients count for about 85 % of the objective values in
our data, they are subtracted to obtain a clear picture of the real differences between
the algorithms.

With a given roster the TS clearly outperforms the other versions. It is able to
find the BFS 14 out of 20 times and shows only an average deviation of 0.35 %
from the objective values of the BFSs. The TSDYN performs second best, but by a
considerable distance. In case of flexible working times the results are contrary. In
this case, the TSDYN performs best followed by the TS. In the short term, limiting
the neighborhood increases the chance of missing good solutions, but in the mid- or
long term it may provide additional guidance to limit the search to promising
regions of the solution space. The TSAS is the worst performing algorithm in both
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Table 5 Deviation from the

BES for each TS version and for Predefined roster Flexible working time

each operational scenario after a TS TSAS TSDYN TS TSAS TSDYN

computation time of 600 s

[in %] 101 0.16  0.00 0.73 291 14.73 0.00
102 204 381 0.00 530  0.00 2.96
103 0.00 1.21 4.82 3.88  0.00 1.32
104 340 0.13 0.00 041 095 0.00
105 0.00 6.82 5.19 380 6.10 0.00
106 0.68  0.00 5.82 7.59  0.00 1.38
107 0.00 1.13 3.61 299 490 0.00
108 0.00 1.19 5.01 030 0.71 0.00
109 0.00 098 1.58 1.20  0.00 1.20
110 030 4.49 0.00 287 336 0.00
11 0.00 0.75 7.62 1.71  4.21 0.00
112 0.00 10.14 4.71 1.16  0.00 0.18
113 0.00 0.83 0.74 0.72 1.23 0.00
114 0.00  2.66 0.75 020 3.74 0.00
I15 0.00  0.66 3.74 0.00 3.71 0.37
116 0.00 490 0.41 0.00 1.21 1.07
117 040 777 0.00 1.45 1.83 0.00
118 0.00 205 0.06 0.00 1.78 0.00
119 0.00 0.11 1.85 0.31 3.79 0.00
120 0.00 3.80 4.99 732 091 0.00
Mean 0.35  2.67 2.58 221 266 0.42
SD 0.86  2.89 2.47 236 340 0.78
#bfs 14 2 4 3 5 13

predefined roster flexible working time
TS I]do oo Rl |----- 1
TSASHH|  |----- {1 o H ---1 o
TSDYN —{ | F---4 |:|1 o
| | | | | | | |
0.00 0.05 0.10 0.15 0.00 0.05 0.10 0.15

Fig. 2 Variation of deviations from the BFS for each TS version and for each operational scenario after a
computation time of 600 s

scenarios, if looking at all instances. Although it finds the BFS for a few instances,
the difference to the second-best solution is quite small. The TSAS needs to find a
tradeoff between the computation time and the possible loss of good solutions,
while dynamically adapting the size of the neighborhood allows to overcome this
burden. However, the results suggest that further restricting the neighborhood within
an already sparse solution space seems too myopic. With exception of the TSAS, the
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deviations from the BFS are quite small for the TS and the TSDYN in their
respective beneficial scenario. The variations of the results are also visualized in
Fig. 2.

Prolonging the computation time does not improve the results considerably. In
this regard, Table 6 shows the improvements of the first feasible solutions (FFS)
after 10 min and after 10 h. It implies a strong relationship between the applied TS
version and the operational scenario. If the algorithm performs well in the
operational scenario, only marginal savings can be achieved. At the predefined
roster scenario, for example, increasing the computation time of the TS to 10 h
allows to increase the reported objective values by 0.20 percentage points on
average and by 1.08 at most. Figure 3 exemplarily visualizes the convergence of the
search for both operational scenarios for a single instance. For imaging reasons, the
x-axis is scaled logarithmically and cut at 10° iterations, as no improvements have
been achieved afterwards. However, the total number of iterations each algorithm
performed within the 10 h limit is given in square brackets in the chart legend.

6.4 Real-world comparison

Table 7 shows the deviations of the objective values of our algorithms from the
actual planned routes at the ARC. For this purpose, the schedules we received from
the ARC are evaluated according to our objective function given in Sect. 3. The
scheduled end of each job is taken as departure time for the time-dependent travel
times. Any time window or working time violations that occur during the evaluation
of the ARC schedule are neglected.

Although it is evident which algorithm is suitable for which operational scenario,
significant savings can be achieved with all of them, if compared with the actual

140 ;

= 101 predefined roster
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L 100 1 w0
] .‘. \
£ 804 .
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10 100 1,000 10,000 100,000 1,000,000
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Fig. 3 Search convergence for each operational scenario of instance I13: deviation of the objective value
from the BFS at all iterations achieved with a computation time of 10 h [in %]
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Table 7 Deviation from actual

planning at ARC for each TS Predefined roster Flexible working time

version and for each operational TS TSAS TSDYN TS TSAS TSDYN

scenario after a computation

time of 600 s [in %] 108 —3778 —37.04 —3467 —5094 —50.74 —51.09
109 —29.82 —-29.13 —2871 —46.19 —46.82 —46.19
110 —40.68 —38.20 —40.85 —56.15 -—-5594 5737
111 —5146 —51.10 —47.76 —59.22 5822 —5991
112 —40.79 —-34.78 —38.00 —52.03 —-52.58 —52.49
13 —49.25 —4883 —48.88 —54.16 —5393 —54.49
114 —48.85 —47.49 —4847 5779 5630 —57.87
115 —61.06 —60.81 —-59.61 —65.31 —64.02 —65.18
116 —-37.66 —34.61 —-3740 —40.59 -39.86 —39.95
17 —45.72 —41.74 —-4594 —-51.85 —-51.67 —52.54
118 —34.85 -—-33.51 -—-3481 —-38.70 -37.60 —38.70
119 —3531 3525 3412 —4399 —-42.04 -—44.16
120 —26.63 —23.84 —2297 —39.96 —43.55 —44.06
mean —41.53 -39.72 —-40.17 —-50.53 —-50.25 —51.08
SD 9.50 10.02 9.79 8.20 7.83 8.04

planning of the ARC. This is explained by the short travel times in urban regions
combined with the fact that a compensation in the amount of 30 min working time is
accounted for a second shift. In almost each instance, it was possible to significantly
reduce the number of second shifts or even to avoid them entirely. As those shifts
are quite uncomfortable for most staff members, this result has a major impact on
their satisfaction. If using the TS, savings between 26.63 % and 61.06 % are
achievable, with a mean of 41.53 %. If not limited by a given roster, it is possible to
further increase the savings by an additional 10 percentage points, on average.

7 Conclusion and outlook

We present a mathematical model for the daily scheduling of HHC services, where
care staff members are using public transport with time-dependent travel times. The
time-dependent travel times are computed by a dynamic programming approach,
which is able to compute travel time matrices for each minute of the day out of
timetable data. Although this leads to the most accurate travel times, it also revealed
a drawback of our modeling approach of using minute-based travel times. Due to
the large number of time intervals, it was not possible to get an exact solution with
an acceptable gap within reasonable time for a small test instance with 6 staff
members and 30 jobs, using the solver software FICO Xpress 7.0. Nevertheless,
minute-based travel times are necessary for scheduling with public transport,
especially for services in sub-urban regions or during off-peak times.

To solve real-world sized instances within reasonable computation time we
developed three TS based metaheuristics. The TS always searches the whole
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neighborhood, the TSAS uses a restricted neighborhood of fixed size, and the
TSDYN adapts the neighborhood dynamically. In case of time-independent travel
times, optimizing the starting times of the routes is usually straightforward, but with
time-dependent travel times, this task requires a lot of computational effort. To
tackle this challenge, we use a binary search to identify the optimal time.

The approach has been tested with real-world data from the ARC in Vienna. Two
data sets with a total number of 20 instances of different sizes are used to compare
the algorithms with each other, as well as the actual planning at the ARC. The
largest instance consists of 202 jobs and 46 staff members. Two operational
scenarios are analyzed. The first is based on a predefined roster and represents daily
business, where the dispatcher is legally bounded by the rosters that have been given
to the care staff members a few weeks before. The second scenario assumes flexible
working times for the staff members and is intended to show the full potential
savings, if not limited by a given roster. It might be used to derive an optimized
roster in future. However, additional constraints dealing with rest periods and
overtime during a certain period would be needed in such a model. Furthermore, one
has to cope with the uncertainties in the data, which arise due to the temporal
distance between the drawing up of the rosters and the daily scheduling of the care
staff. These must also be kept in mind at the comparison of the results of the second
scenario with the planning at the ARC.

In the first scenario, the TS algorithm outperforms the other versions by almost
two percentage points. In the second scenario the results are contrary, with the
TSDYN outperforming the others. This behavior is explained by the sparse solution
space in the first scenario. A given roster already limits the solution space in a way
that an additional reduction of the neighborhood leads to unfavorable solutions.
With flexible working times, however, the restricted neighborhood acts as an
additional guidance into promising parts of the solution space. The dynamic
adjustment of the size of the neighborhood allows to overcome the tradeoff between
the computation time and the possible loss of good solutions.

If compared with the planning of the ARC, average savings of 41.53 % with a
given roster, and 51.08 % without a roster are achievable through optimization. As
for most real-world comparisons one has to bear in mind that the schedules with
which we compared our results may not be based only on the rosters of the care staff
members but also on undocumented knowledge we are not aware of. For example, it
is conceivably that staff members are available throughout the day according to
their rosters, but are scheduled only on the morning because of some private
appointments. The same might apply in the other direction when a staff member has
no duty but has to stand in for somebody who calls in sick.

In summary, it can be stated that there is a significant savings potential compared
to the current routing and using time-dependent travel times result in more reliable
schedules.

Day-to-day business in HHC is usually subject to stochastic and dynamic events
that require repeated adjustments throughout a day. For example, the actual service
time at a client depends on his/her health condition and thus, the scheduled service
time might be exceeded easily. In addition, it might happen that the client has been
hospitalized on short notice and the scheduled visit is canceled. Even if good
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schedules can be computed within seconds, the presented solution approach is
currently only capable of computing schedules from scratch. Rescheduling requires
an adjustment of the input data and may lead to entirely different schedules.
However, it might be preferable to adapt to the new situation with as few changes as
possible. Therefore, future research focuses on a new solution approach that is
operational in dynamic environments, and thus able to overcome this limitations. In
the mid-term, it is also planned to integrate additional independent transport modes
like cycling, car driving, or pickup services (see, e.g., Fikar and Hirsch 2014).
Allowing combinations of these moves the modal choice into optimization. This
facilitates the consideration of user-dependent requirements (e.g., maximum cycling
distance).
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Abstract

Home health care (HHC) services are of vital importance for the health care system
of many countries. Further increases in their demand must be expected and with it
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the course of the COVID-19 pandemic and its effects on HHC in Austria in spring
2020 are shown. A decision support system (DSS) to support the daily scheduling
of HHC nurses is presented and applied to numerically analyze the impacts of the
COVID-19 pandemic, using real-world data from a HHC service provider in Vienna.
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the peculiarities of urban regions. Various transport modes are considered, including
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1 Introduction

Many countries are experiencing a significant increase in demand for long-term care.
The average share of the population aged 65+ years in OECD countries increased
from about 9% in 1960 to 17% in 2015, and is forecast to reach 28% in 2050. The
share of those aged 80+ years is expected to grow even stronger. An increase in life
expectancy does not mean that the extra years are lived in good health. In fact, the risk
to develop disabilities and to need assistance also increases. On average across the
OECD countries, 13% of people over 65 receive long-term care and more than half of
them are 80+ years old (OECD 2017). Many care-dependent people are cared for by
friends or relatives. Others receive professional help either in nursing homes, day-care
centers, or their own homes through home health care (HHC) services. As outlined in
Rest et al. (2012), HHC services allow old and frail people to stay as long as possible
in their familiar environment but still receive professional care. Furthermore, the HHC
system is also more cost efficient than institutional long-term care.

HHC service providers offer a wide range of services, ranging from assisting in
daily life to qualified medical services. People with limited mobility or medical needs
(e.g., diabetics) require consistent services to avoid a deterioration of their health. But
even seemingly less important tasks like assisting in daily life are of vital importance.
These activities deal not only with personal hygiene or preparing meals, they are also
used to monitor the health of the people. This information is crucial to adapt the
services to the changing needs. Expecting an increase in demand and being a vital
part of the health care system, HHC services must be sustained by all means in order
to avoid health implications. To maintain business continuity, and thus continuity of
care, HHC service providers must prepare for a variety of disaster situations.

The aim of this paper is to analyze the effects of natural and technical disasters on
HHC services in urban regions. Based on information from the Austrian Red Cross
(ARC), one of the major HHC service providers in Austria, epidemics, heat waves,
floods, and blackouts have been defined as most important. Initial analysis and results
have been published in Rest et al. (2012) and in the conference proceedings of Rest and
Hirsch (2015). These findings are extended in two ways. First, the concepts of System
Dynamics (SD), especially Causal-Loop-Diagrams (CLDs), are used to visualize and
identify influential factors and vulnerabilities of HHC services. Second, in a case
study the impacts of the pandemic of the coronavirus disease 2019 (COVID-19) on
HHC in Austria in spring 2020 are analyzed. A decision support system (DSS) for
the daily scheduling of HHC nurses is presented and applied to analyze the impacts
of the COVID-19 pandemic. The DSS is a commercially available advancement of
the previously developed algorithms, published in Rest and Hirsch (2016). In contrast
to existing work, the DSS focuses on urban regions and allows planning with public
transport and with time-dependent travel times. It is applied to real-world data from
a Viennese HHC service provider to show the effects of the strict COVID-19 actions.
As different transport modes are considered, their impact on the planning is outlined
as well. The main findings of this work aim to raise the awareness of HHC service
providers regarding their vulnerabilities. The DSS itself can be used for the daily
scheduling as well as for training and capacity analysis and planning. During a disaster,
it guarantees that the available staff is scheduled as efficient as possible.
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The remainder of the paper is organized as follows: Sect. 2 discusses emergency
preparedness of HHC services and relevant literature in this field. Section 3 assess the
vulnerability of critical assets of HHC to the four mentioned disasters and plots them in
CLDs. In Sect. 4, the COVID-19 case study is presented, including the presentation and
application of the DSS using real-world data from a Viennese HHC service provider.
Final remarks and an outlook on future research are given in Sect. 5.

2 Emergency preparedness of HHC services

HHC provides unique capabilities to manage disaster situations, both before and dur-
ing the event. The ability to deliver health services in non-structured environments
makes them ideal as key responders in times of crisis (NAHC 2008). Identifying and
addressing the needs of vulnerable people has been the focus of several studies (e.g.,
Aldrich and Benson 2008; Khorram-Manesh et al. 2017). HHC services are tailored
to the needs of care-dependent people, a group mainly consisting of frail older adults
and people with disabilities. Exactly this group is disproportionately affected by emer-
gencies. According to Aldrich and Benson (2008), about 80% of older adults have at
least one chronic condition that makes them more vulnerable during a disaster. They
point out that, for example, 71% of the fatalities of the hurricane Katrina in 2005
were over the age of 65 and that the median age of the heat-related deaths during the
heat wave in Chicago 1995 was 75 years. Thus, HHC services already have direct
access to one of the most vulnerable groups, which provides in-depth knowledge of
their medical needs, impairments, resources, as well as their home environments. In
addition, it enables targeted dissemination of public health (e.g., about vaccinations)
and disaster preparedness information.

A manual for developing an all-hazards emergency preparedness plan is provided
by the NAHC (2008). It lists potential hazardous events that should be rated based on
probability, vulnerability and preparedness. Furthermore, a variety of recommended
actions are given to increase the resilience of HHC services. In scientific literature,
different approaches are proposed to increase the emergency preparedness of HHC
services. Wyte-Lake et al. (2015) present the results of a literature review examining
HHC organization policies and procedures, lessons learned in the field, and expert
recommendations. Most of the literature discusses only individual actions (e.g., patient
classification systems) or actions to tackle individual disasters (e.g., avian influenza).
All-hazards risk assessments are only addressed by Doherty (2004) and Rodriguez and
Long (2006). They provide advice on how to carry out risk assessments, particularly
by raising questions that need to be addressed by the HHC service providers. However,
the HHC system as well as various disaster events are complex systems that involve
numerous interdependencies. In our opinion, these interdependencies have received
little attention in the existing literature and risk assessment tools, but can be tackle by
applying SD methods.
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3 Vulnerability assessment and systems thinking

Risk assessments are an important part of the risk management procedure and a pre-
condition for the subsequent phases of the crisis management cycle (Pursiainen 2017).
As shown in Fig. 1, the first step of a risk assessment and management process is to
identify relevant threats and hazards. In the next step, vulnerability assessments are
used to evaluate the weaknesses of a system regarding these threats. Afterward, the
risks are determined by assigning likelihoods to each threat. The final step consists
of managerial decision making, heavily influenced by the resulting risk characteriza-
tions and the financial possibilities of an organization. The focus of this paper lies
on the vulnerability assessments as we think that the existing HHC literature and risk
assessment tools are deficient in this area. While they provide great guidelines for
the remaining steps, they offer little help in terms of insights into interdependencies.
According to Baker (2005), the main objectives of vulnerability assessments are to...

— understand the organization’s mission and mission-supporting systems.
— identify mission-threatening vulnerabilities of critical systems.

— understand system design and operation to determine failure modes.

— identify consequences of failures and cascading effects on other systems.

Understanding complex systems is the main goal of the SD methodology. To the best
of our knowledge SD methods have not been applied yet to model the HHC system. SD
has been described first by Forrester (1997) to model the behavior of complex systems
that are characterized by interdependencies of the influencing variables. CLDs are
one of the main concepts in the SD toolset and used to visualize cause-and-effect
relationships and feedback processes. A system is modeled as a network consisting
of nodes representing variables and links representing an interaction between two
variables. A link of a positive (resp. negative) interaction means a change in the same
(resp. opposite) direction, i.e., if the cause increases then the effect increases (resp.
decreases). Powell et al. (2016) show the advantages of using CLDs during the risk
assessment process and use them to analyze flood threat to an electricity substation.
CLDs are also well suited to visualize cascading effects of disasters, as shown by
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Berariu et al. (2015). They analyze cascade effects of floods and heatwaves and their
impact on critical infrastructures.

Expert interviews with decision makers of the ARC identified epidemics, blackouts,
heatwaves, and floods as their most significant disaster events. The ARC is not only
one of the largest HHC service providers in Austria, but also has extensive expertise in
health care and disaster management. The effects of these disasters have been analyzed
on the basis of scientific publications, addressing general disaster impacts on critical
infrastructure and lessons learned from specific events. The findings were modeled in
the form of CLDs and discussed and refined again with the ARC. In the following,
the CLDs for each of these disasters are presented.

3.1 Epidemics

Infectious diseases repeatedly affected large parts of the population within a short
period of time. Regionally confined outbreaks are classified as epidemics while the
term pandemic describes a worldwide spread. Gershon et al. (2007) state that more than
30 novel pathogens have been identified in the past 2 decades and that the incidence
of emerging pathogens is increasing. Globalization, with its increase in international
travel, fosters the spread of diseases and areas of high population density are par-
ticularly at risk. For example, the 2002 SARS outbreak started in China and spread
rapidly to Toronto, London, and New York. The US Centers for Disease Control and
Prevention estimates that the 2009 HIN1 (swine flu) outbreak resulted in about 60
million cases, 270,000 hospitalizations, and 12,500 deaths in the United States (CDC
2019). At the time of writing, the ongoing COVID-19 pandemic has already caused
massive economic damage and social restrictions worldwide. As of March 20, 2021,
the COVID-19 Dashboard of the Johns Hopkins University reports more than 122
million infections and more than 2.7 million deaths across 192 countries and terri-
tories (Johns Hopkins University 2021). The pandemic is described in detail in the
COVID-19 case study in Sect. 4.

The CLD in Fig. 2 shows the impact of epidemics. The intensity of an epidemic
directly affects the variable human health, which expresses the health of the population
and thus, the health of the nurses, the care-dependent people and their relatives. When
affected by the disaster, the overall health of the population decreases. This decreases
the number of available nurses. At the same time, people in poor health require
more care and those whose health condition previously allowed for a self-sufficient
life may now need care. The relation of vulnerable groups requiring additional care
during times of disasters is emphasized by several studies (e.g., Fernandez et al. 2002;
Khorram-Manesh et al. 2017). In addition, Knebel and Phillips (2008) point out that
the number of care-dependent people will also increase because more people are
discharged earlier from hospitals, due to short capacities. This is depicted in the CLD
by early dehospitalization. Thus, it can be concluded that the better the human health,
the lower the number of care-dependent people and the lower the average care time.
The human health is also an influential factor of the care efficiency. Both, the physical
and psychological health highly influences the efficiency of the conducted care.
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Fig.2 CLD of the disaster impacts of epidemics on HHC

Another major problem arises from the nurses’ ability and willingness to work.
They might be sick themselves or have to care for other family members like children
(e.g. due to the closure of schools and day-care centers). Knebel and Phillips (2008)
estimate that about a quarter of the nurses will be sick themselves during an influenza
epidemic. The willingness of healthcare personnel to work during different disease
outbreaks (e.g., avian influenza and pox) has been addressed by several studies (e.g.,
Mackler etal. 2007; Irvin et al. 2008). They conclude that without protective equipment
or vaccinations, few are willing to show up for duty, and even fewer if they fear that they
might spread the disease to their own family members. However, the willingness to
work increases with the staff’s qualification and level of information about the disease.
Thus, the variable information and protection measures directly affects not only human
health by preventing infections, but also the available nurses. The availability of
transportation also affect the nurses’ ability to work. Fuel supplies and public transport
might be limited because of high absenteeism or shut downs in order to limit the
spread of the disease (Knebel and Phillips 2008). The higher the availability of public
transport, the lower the travel times. The travel times are inversely proportional to
the care efficiency because the more time is spent for traveling, the less is available
for caring. A significant portion of care is still conducted by relatives and denoted
by the variable informal care. It is directly proportional to human health. The worse
the human health, the lower the amount of informal care. Relatives are unable to
carry out care activities for the same reasons as the nurses. However, they are more
affected as they might not have access to protective equipment or vaccinations to
protect themselves from infection.

The main challenge of epidemics can be summarized by a huge increase in the
number of care-dependent people and service times, paired with a significant decrease
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of the availability of nurses and informal care. The efficiency of the conducted care
services is also expected to decrease. A higher demand for HHC services (required
care) is thus offset by a reduced care potential (conducted care). The resulting gap
creates a reinforcing feedback loop as unsatisfied demand decreases the human health
of the care-dependent people. As a consequence, additional care is needed, which
again increases the gap.

3.2 Blackout

Blackouts refer to large-scale power outages that last for several days or even weeks.
However, even short-time interruptions of the electricity supply might result in cascad-
ing failures of critical systems. They are often the cascading result of other events (e.g.,
floods or winter storms) or of man-made- and technical failures. Alhelou et al. (2019)
published a survey on blackouts around the globe and their cascading events. Europe
in general, and Austria in particular, experience a very high level of electricity supply
security. The single European electricity market imposes both, threats and benefits to
supply security. Local shortages or disruptions might be compensated transnationally
to avoid serious incidents, but in the worst case, they have ripple effects on their sur-
rounding area, leading to large-scale power outages. For example, in September 2003,
a tree flashover at a high-voltage line in Switzerland triggered a sequence of events that
led to a separation of Italy from the European grid. Italy suffered a nationwide black-
out that took about 19 h to re-energize all regions (Alhelou et al. 2019). According to
Marston (2018), the US power supply suffers from its aging infrastructure and by the
diverse set of infrastructure owners and operators, making the US power system even
more susceptible to blackouts. The author also describes the impacts of various envi-
ronmental and human-related threats, like physical sabotage and cyberattacks on the
different electric system components (e.g., generation, transmission, or distribution).
The significant growth of electricity generation from renewable energy sources results
in an increasing supply volatility, thereby putting pressure on transmission and distri-
bution systems (Reichl et al. 2013). The flourishing demand for electric vehicles will
additionally stress the electricity supply. The frequency and scale of blackouts might
therefore increase. Figure 3 visualizes the impacts of a blackout on the HHC system.

Blackouts affect nearly every aspect of daily life. Alhelou et al. (2019) describe
the social, economic, and political impacts of blackouts on modern societies. For
HHC, the most important impacts are on telecommunications, transport, and the health
care sector. Most HHC service providers rely heavily on their IT and communication
systems. Schedules are usually sent electronically to mobile devices of the nurses.
These devices are also used to track and monitor the conducted care services directly
at the clients’ locations. Cowie et al. (2004) examine the impact of two widespread
blackouts on the internet communication. Only the internet backbones were unaffected
and thousands of institutional networks and millions of internet users where offline
for hours or days, including banks, companies, hospitals and government institutions.
Without IT systems and with limited ways of communication (modeled by availability
of ICT) the available nurses are expected to decrease. Furthermore, the scheduling of
the staff is less efficient, resulting in longer travel times and areduced care efficiency. A
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Fig.3 CLD of the disaster impacts of blackouts on HHC

blackout also directly affects the availability of transport. Electricity-based transport
(e.g., underground, train, and tram) will be inoperable and buses and cars suffer from
lack of fuel and the failure of traffic management systems (e.g., traffic lights). A lack
of availability of transport leads to longer travel times and to a reduction of available
nurses and informal care.

The impacts on the health care sector are well documented by previous incidents.
For example, the blackout that hit the northeast of the United States and the Cana-
dian province of Ontario in August 2003 lasted for several days. Freese et al. (2006)
reveal that the number of emergency calls increased by 103% in New York during this
time. As the blackout happened in summer, most medical emergencies were related
to cardiac and respiratory complaints. Beatty et al. (2006) emphasize the critical sit-
uation of those people, relying on electric equipment (e.g., lifting or oxygen devices)
or medicines that require constant refrigeration. The authors also address an increase
of foodborne diseases as well as contamination with untreated sewage. Klein et al.
(2005) present the lessons learned from hospitals’ perspectives. Compared to HHC,
hospitals are well controlled environments and well prepared for disasters. Neverthe-
less, serious problems were encountered, including lighting, water supply, sanitation,
hygiene, heating, ventilation, and air conditioning. Most of these issues were related
to failing generators and city-wide loss of tap water supply and sewage disposal. The
authors also identified staffing problems due to lack of communication, transportation,
and childcare.

It can be concluded, that blackouts decrease human health in various ways, but most
harm is done by the loss of electrically powered (medical) equipment or by the occur-
rence of diseases. The availability of safe food/water decreases without electricity,
which further reduces human health. Especially cities with many high-rise buildings
are at risk and depending on the season, the lack of heating or air conditioning further
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aggravates these adverse health effects. The lower human health, the higher the num-
ber of care-dependent people and the higher the avg. care time. On the other hand,
the informal care potential, the number of available nurses and the care efficiency are
reduced. The top part of the CLD shows the same reinforcing feedback loop as during
epidemics. Unsatisfied demand for care decreases the health of the care-dependent
people, leading to an even higher demand.

3.3 Heatwave

Heatwaves refer to continuous periods with high temperature that last for weeks.
Because of climate change and global warming, the frequency and intensity of heat-
waves is expected to increase. Chapman et al. (2013) outline that urban regions are
particularly affected by heatwaves, due to the urban heat island effect, which describes
that temperatures in city centers are up to 10 °C higher than in the surroundings. Cities
not only produce and absorb more heat, they also store it longer and therefore, they
cool off more slowly. The CLD for heatwaves, shown in Fig. 4, resembles the CLD of
blackouts in Fig. 3. The effects of both disasters are not only similar, but blackouts are
often the cascading result of heatwaves. The main difference is therefore, that the CLD
for heatwaves has been extended by an additional variable modeling the availability
of electricity. This variable corresponds to the previous blackout intensity.

The impacts of heatwaves on human health are well documented and several stud-
ies outline the causal relation of increased mortality and morbidity during heatwaves.
Mayrhuber et al. (2018) recently published a review on this topic in order to assess the
vulnerability across societies. They emphasize that elderly and chronically ill people
are among the most susceptible groups at risk. Being confined to bed, not leaving
home daily, and being unable to care for oneself result in the highest risk of death.
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The most common health implications are heatstroke, dehydration, cardiovascular,
and respiratory diseases (Haines et al. 2006). Heatwaves might result in water short-
ages and thus, in an increase of infectious diseases. Zander et al. (2018) describe the
effects of heat stress and relief measures on the workforce. Without relief measures
(e.g., cooling, resting, or hydration) high temperatures result in fatigue, headaches
and in reduced cognitive abilities and decision quality. The productivity of staff is
significantly reduced and the risk of work place accidents increases, thus impacting
the care efficiency and the available nurses.

In addition to the health effects, heat waves also affect the physical infrastruc-
ture. McEvoy et al. (2012) studied the impacts of a heatwave on Melbourne’s critical
infrastructure. They discovered severe impacts on the road, rail, and electricity infras-
tructure. The electricity generation is reduced during heatwaves. Hydro power stations
suffer from low water levels and the efficiency of steam turbines depend on the tem-
perature difference of the cooling water. However, the demand for electricity increases
significantly because of air conditioning. As a consequence, the heatwave resulted in
blackouts. More than a third of the train services were canceled because of the elec-
trical faults, buckling rails, and failing air conditioning of the trains. Road traffic was
affected by failing traffic management systems and by road bleeding (McEvoy et al.
2012). Similar findings have been reported by Arkell and Darch (2006) for London’s
transport network. It can be concluded, that heatwaves decreases both, the availability
of transport and the availability of ICT.

3.4 Flood

Different types of floods must be distinguished. River floods are usually slow-rising and
more predictable, providing time to prepare preventive actions. The predictability of
coastal floods depends on the cause. Heavy storms or hurricanes are well monitored and
allow for several days of preparation. Tsunamis however, are caused by spontaneous
events like earthquakes and provide only a few hours of preparation, at best. The least
predictable are flash floods, usually caused by heavy rain. Alpine and urban regions
are especially at risk as they have large areas of sealed surfaces. Figure 5 shows the
CLD of flood impacts on HHC. Again, this CLD has many similarities with the CLD
of blackouts, because floods often cause widespread blackouts by flooding electrical
equipment. However, evacuations have been included in the CLD. Usually, residents
are not permitted to stay in their homes if they are flooded or even threatened to be
flooded in near future. They often stay with relatives or at emergency shelters and
thus, might not need HHC services during this time. The more people evacuated, the
lower the number of care-dependent people in HHC.

The main impacts of floods are on human health, availability of transport, and
availability of ICT. The health impacts of floods have been analyzed by Jakubicka et al.
(2010). They distinguish short-term effects (e.g., injuries, or an increase in waterborne
diseases) and long-term effects (e.g., chronic disease, or mental health issues). The
disruption of sewage disposal and water treatment infrastructures has been identified
as one reason for disease outbreaks. Mental health impacts are based on the destruction
of property, loss of life, geographic displacement, or anxiety about event recurrence.
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Suk et al. (2019) published a literature review to show how cascade effects of floods
results in outbreaks of infectious diseases. According to Haines et al. (2006), large
parts of the city of Dresden lost electricity and fresh water for several days during
the flood that hit Europe in 2002. For the city of Vienna, floods are a high-impact
low-probability risk because of large-scale flood protections (e.g., Danube Island).
However, if these protections fail the effects are catastrophic, as outlined by the flood
risk analysis of Compton et al. (2009). The transport infrastructure would be heavily
damaged because of possible flooding of subway lines. The authors refer to subway
floodings in Boston, Seoul, Taipei, and Prague, which took them out of service for
several months. Road traffic concentrates itself on the remaining, non-flooded roads,
leading to congestion and prolonged travel times.

4 Decision support in times of disasters: a COVID-19 case study in
Austria

In late 2019, a novel coronavirus infection rapidly developed into an ongoing world-
wide pandemic. The main transmission takes place from person to person, either
through respiratory droplets (e.g., breathing, sneezing, coughing) or (in)direct con-
tact with an infected person. The infection mostly affects the respiratory tract, with
symptoms ranging from those of a common cold to very severe respiratory infec-
tions. While most infected people show only mild symptoms, older people and those
with pre-existing conditions are particularly at risk. As a result, more than half of all
COVID-19-related deaths in most EU countries are attributable to elderly residents of
long term care facilities and nursing homes (ECDC 2020). The World Health Orga-
nization declared the outbreak as a pandemic on March 11, 2020 (Kreidl et al. 2020).
As of March 20, 2021, the COVID-19 Dashboard of the Johns Hopkins University
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reports more than 122 million infections and more than 2.7 million deaths across 192
countries and territories (Johns Hopkins University 2021). In this section, the course of
the COVID-19 pandemic in Austria in spring 2020 is described as well as the actions
taken by the government and their effects on HHC. Subsequently, a DSS is presented
that aims to support HHC services by optimizing the daily scheduling of HHC nurses.
Based on the variables identified in Sect. 3, a case study with real-world data analyzes
the impacts of the COVID-19 pandemic on the scheduling of the nurses.

4.1 COVID-19 pandemic and measures in Austria

In spring 2020, there were no specific treatments or approved vaccines for COVID-19.
The measures and recommended actions focused on the treatment of the symptoms as
well as preventing the further spread of the disease. The first diagnosed infections in
Europe (January 24) were associated with travels from or to areas in south-east Asia. At
that time, the European countries relied on screening and isolating symptomatic people
coming from such an area or who had direct contact with a confirmed case. The first
major outbreak in Europe was in Lombardy, northern Italy and thus, in the immediate
vicinity of Austria (Moshammer et al. 2020). According to Kreidl et al. (2020), the first
diagnosed cases in Austria (February 25) were an Italian couple working in Innsbruck
but returning from Lombardy. Two days later, the first infected Austrian residents
where diagnosed in Vienna. In retrospect, it became apparent that there were already
large clusters of infections in skiing areas in the federal state of Tyrol. Between March
7 and 17 a total of 145 infections were diagnosed and attributed to a ski resort. It is
assumed that the crowding conditions in aprés ski bars with infected staff members
with mild symptoms during the influenza season resulted in an uncontrolled spread
of the virus. On March 12 Austria recorded the first COVID-19 fatality (Kreidl et al.
2020).

Desson et al. (2020) compare the policy responses of Austria, Germany and Swiss
in the early stage of the pandemic. With steadily increasing numbers of diagnosed
infections and hospitalizations, one of the first actions in Austria was the introduction
of selective border controls with health checks on March 6, especially on the Italian
border. On March 10, people were encouraged to practice social distancing and to
work from home, if possible. Public events like the upcoming Vienna City Marathon
have been canceled and public facilities (e.g., museums, federal gardens) were closed
(Desson et al. 2020). Universities were announced to close and switch to distance
learning by March 16, at the latest. Further measures for schools and limits on the
number of people attending events (incl. restaurants) have been promised. On March
12, the day of the first COVID-19 fatality, visits to hospitals were banned and actions
were taken to increase hospital capacities (e.g., postpone/cancel elective surgeries) and
to establish dedicated COVID-19 treatment centers (Pollak et al. 2020). In addition,
about 10,000 citizens completing their mandatory civil service were also moved into
health-care support roles as social care workers and paramedics (Desson et al. 2020).
As a result of the ski resort clusters, some Tyrolean communities were quarantined
for 14 days on March 13. In anticipation of a nationwide curfew, panic purchases took
place, overloading the supply chains of certain products. In addition, a ban on visits
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to nursing homes was announced (Pollak et al. 2020). On March 16, the Austrian
government declared a national state of emergency and initiated a strict nationwide
lockdown (Desson et al. 2020). Borders were closed, air traffic was largely suspended,
shops (apart from basic supply), restaurants, and bars were closed the following day
(Pollak et al. 2020). Strict contact regulations and curfews demanded that people leave
their home only for four reasons: (1) covering their basic needs (e.g., supermarkets,
pharmacies), (2) essential work, (3) assisting other people, and (4) taking walks alone
or with people from the same household. As a result of the lockdown, schools and
kindergartens were closed and public transportation reduced its operation significantly.
HHC nurses who are dependent on public transportation suffered from longer travel
times. On March 30, it was announced that a mouth nose protection must be worn
when shopping. The lockdown was gradually lifted on April 14, due to the successful
containment and its economic impacts. Smaller shops were allowed to reopen and
the requirement to wear a face mask was extended to public transport. On May 1,
the curfews ended and the remaining shops and body-related service providers (e.g.
hairdressers) reopened. Two weeks later, restaurants, bars, and cafes opened with
restricted numbers of visitors. Schools opened nationwide on May 18 (Pollak et al.
2020).

Schmidt et al. (2020) analyzed the impact of COVID-19 on users and providers of
long-term care services in Austria. On May 15, Austria had a total of 16,068 confirmed
COVID-19 cases and 628 attributed fatalities. 788 residents of nursing homes and 448
staff were tested positive as of May 6. While 28% of the infected residents died, the
number of cases in nursing homes is estimated to be low in comparison with other
countries. It is outlined that the Austrian long-term care system significantly relies
on migrant carers from Eastern European countries, who were heavily affected by
travel restrictions and border closures. To prevent staff shortages, staffing regulations
have been loosened to allow people with limited (e.g., in training) or no qualifications
to provide basic care. To avoid infections of the nurses and transmissions to clients,
recommendations for preventive and protective measures were published. However,
it was difficult to provide sufficient amounts protective gear during the first weeks
of the pandemic. In order to sustain the informal care potential, telephone hotlines
providing psychological counseling and self-help through online support networks
(e.g., online courses for unpaid carers) were provided (Schmidt et al. 2020). With
reference to the CLD for epidemics presented in Sect. 3.1, the mitigation measures
and their consequences are well locatable in the CLD. They mainly relate to human
health, available nurses, care-dependent people, and availability of public transport.

4.2 Decision support system

A DSS can support multiple phases of the disaster management cycle (mitigation, pre-
paredness, response, and recovery). For example, it allows HHC service providers to
determine their operational limits and to adjust their processes and capacity planning,
in order to enhance the resilience of their organization. Furthermore, a DSS can be
used for the training of the dispatchers and nurses to prepare for various disaster events.
During the response phase of a disaster, it guarantees that the available resources are
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used as efficiently as possible. By speeding up the planning process, a DSS also frees
time of the dispatchers for other important activities.

Applying operations research methods and techniques to support HHC received a
lot of attention in the recent years. The organization and processes of HHC service
providers differ even within a single country, resulting in a wide range of publications,
addressing different aspects of HHC. The literature review of Hulshof et al. (2012)
lists various decision problems in HHC on the strategic (e.g., districting, capacity
dimensioning), tactical (e.g., capacity allocation, staff-shift scheduling), and opera-
tional level (e.g., staff-to-visit assignment, route creation). Optimizing the routing of
HHC services, which is in the main focus of this section, is addressed in the compre-
hensive literature reviews of Fikar and Hirsch (2017) and Grieco et al. (2020). They
reveal various challenging routing problems with a wide range of regulative and oper-
ational constraints as well as diverse objectives. Despite the large number of works,
the impacts of disaster scenarios on HHC services have been hardly discussed. To the
best of our knowledge, there is only a limited number of publications to support HHC
in such times. Barkaoui et al. (2018) developed a mixed integer linear program with
a dynamic risk-based clustering. The model considers the geographical proximity of
the clients and each client’s predefined risk rating for each period. It is decided which
groups are evacuated and which HHC resources are assigned to the groups of clients
staying at home during forecastable natural disasters such as floods. The routing of the
nurses is not considered. Trautsamwieser et al. (2011) present a mixed integer linear
program as well as a Variable Neighborhood Search-based metaheuristic to support the
daily routing of HHC nurses in the rural area of Upper Austria. A sensitivity analysis
is carried out to show the impacts of natural disasters on the planning. A real-world
flood is analyzed as well as official flood risk scenarios with a 30, 100, and 200 year
return period.

The solution approach of the presented DSS and the underlying HHC routing prob-
lem are based on those published in Rest and Hirsch (2016). They have been further
developed by the same authors into a commercially used software that has been mar-
keted by the ingentus decision support KG, a spin-off of the Institute of Production
and Logistics of the University of Natural Resources and Life Sciences Vienna. The
DSS is used by a major HHC service provider in Vienna for their daily planning.
In total this service provider has about 750 nurses and over 3000 clients. The HHC
routing problem has a daily planning horizon and can be briefly described by the
characteristics of the clients and nurses.

Clients require one or more services (jobs) per day and each job...

— must be executed by a feasible and appropriately skilled nurse (i.e., qualification
level, language skills, sex, not excluded nurse or transport mode).

— has to start within its given (hard) time window.

— has a fixed duration that must not be shortened.

— should be assigned to the clients’ team of preferred nurses and all of his/her jobs
should be assigned to the same nurse (for each qualification level).

— should be planned so that the minimum and maximum time offsets between jobs
are fulfilled (e.g., 2h between a morning and lunch job).
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— thatis marked as *'multiclient job’ has to be carried out together with its counterpart
(i.e., same time and nurse).

Nurses are required to...

— carry out jobs that correspond to their primary qualification or that require a qual-
ification level that is included in their set of allowed qualifications (results in
over-qualification).

— obey working time restrictions (i.e., earliest/latest and minimum/maximum work-
ing time).

— hold breaks if the working time exceeds a certain time.

— work at most two shifts a day.

— use one of the available transport modes (i.e., public transport, cars, bicycles,
walking).

— start/end their shift either at a depot or directly at the location of their first/last job
and return to a predefined location if working two shifts.

— not exceed the total overtime limit defined for all nurses.

— have a similar workload compared to the other nurses (relative to their target
working time).

A weighted objective function balances the opposing goals of minimizing the route
lengths and maximizing the satisfaction of the clients and nurses. The client’s satis-
faction is mainly determined by the consistency of care regarding the visiting times
and nurses. For the nurses, overtime and over-qualification are crucial indicators for
their satisfaction. A total of 11 soft constraints are used to configure the tradeoffs
between the individual factors of the objective function. The actual weights have been
set together with the dispatchers and the managerial decision makers of the the HHC
service provider. In contrast to the algorithms published in Rest and Hirsch (2016),
the DSS must always present a schedule to the dispatcher. For this reason, only a few
hard constraints are considered. These consist of assignment constraints that can be
evaluated before the actual optimization. If the preliminary checks detect unassignable
jobs, the reasons for the infeasibilities are reported. In addition, the time windows of
jobs, the start and end times of a nurse’s shift as well as his/her total working time
limit can be marked as a hard constraint by the dispatcher. However, if no satistying
solution is found, the best infeasible solution is reported.

The presented HHC routing problem mainly distinguishes itself from other work
by the fact that public transport is considered. Public transport operates on timetables
that have different departure intervals and travel times during the day. Thus, their
time-dependent travel times are modeled using a travel time matrix for each minute
of the day. The DSS is able to process timetable data from public transport service
providers in the General Transit Feed Specification (GTFS) format, developed by
Google. Another unique feature are the mandatory breaks, which in contrast to previous
work, can be split into smaller parts. To the best of our knowledge, there are still
no other publications except for Rest and Hirsch (2016) in the field of HHC routing,
addressing one of these features. The routing itself is based on OpenStreetMap (OSM)
data, which is a viable alternative data source, especially in urban regions. The benefits
of community gathered data also ensures a better availability of routable maps in the
event of a disaster.
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Fig.6 Structure of the DSS

Time and efficiency are crucial for practical applications. Due to the complexity
of the routing problem, the DSS uses a Tabu Search metaheuristic. The algorithm
is explained in detail in Rest and Hirsch (2016). Its process can be summarized as
follows: First, an initial solution is generated with an insertion heuristic, based on the
centered time windows of the jobs. Afterward, neighbor solutions are generated by
moving individual jobs from one nurse to the routes of all other nurses. The insertion
into the new routes are based on the ’best insertion’ principle. During the evaluation
of the new routes, their starting times are optimized and breaks are inserted, if needed.
The route with the best objective value updates the current solution and the cycle of
generating new neighbor solutions continues until a termination criteria (i.e., elapsed
time, number of iterations without improvements) is met. The best found solution is
tracked during the search and returned at the end. The search process temporarily
allows infeasible solutions and uses a "tabu list’ to prevent the reversal of moves for a
certain amount of iterations. To further guide the search, dynamically adapted penalties
are added to the weighted objective function.

The presented algorithm is based on the same concepts used in Rest and Hirsch
(2016). However, several problem specific elements have been changed. The main
difference is the optimization of the start time of the nurses. In Rest and Hirsch (2016)
the aim was to determine the start time that results in the shortest working time of
the nurse. However, this might lead to considerably postponed start times, which
leave hardly any leeway for complications. Therefore, the algorithm of the DSS first
calculates the earliest possible end of the tour and then determines the latest start for
this end. Additional constraints have been implemented to cover the new requirements
regarding the multiclient jobs and the minimum and maximum time offsets between
jobs. A non-linear constraint was added to seek a balanced workload of the nurses.

For easy integration in existing systems, the DSS has been developed as a web
service using Java 8. This way, it is highly scalable to manage heavy workloads as
well as highly customizable and expandable with regard to constraints and objective
functions. It is able to solve real-world sized instances with about 250 jobs and 40
nurses within a few minutes. The DSS can be used to evaluate or improve the manual
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planning of the dispatchers or to compute schedules from scratch. The structure of the
DSS is shown in Fig. 6. For data protection reasons, a 2-stage process is followed. In the
first stage, geographical data is processed into time-dependent (i.e., public transport)
and time-independent (i.e., car, bike, walking) travel time matrices. Following the
principle of data minimization, only the final travel time matrices are stored, preventing
direct geographical traceability. In the second stage, the travel time matrices and the
submitted anonymized instance data are used to compute the schedule. The results are
returned as a report (Html format) and as raw data (Json format) in order to display
and further process the schedules in the existing software systems of the HHC service
provider.

4.3 Numerical studies

Based on the findings in Sects. 3.1 and 4.1, several strategies were followed to numeri-
cally assess the impact of the COVID-19 pandemic on HHC in Vienna. The focus was
laid on two areas, the transport infrastructure (travel times, availability of transport
modes) and the clients (duration of care). The DSS was adapted so that changes in
these areas can be done directly through input data modifications. Due to the sen-
sitivity of the real-world data, artificial manipulations such as adding and removing
clients, jobs or nurses were avoided. Unfavorable decisions can quickly lead to useless
instances whose results may even lead to wrong conclusions. For example, it is easy
to overburden some nurses while others hardly work at all because of exclusions. In
practice, dispatchers would then deploy nurses in or from different areas, but such
decisions are based on the expertise of the dispatchers. The specific settings of each
scenario are described below, together with their results.

The DSS is applied to real-world data from a major HHC service provider in
Vienna. A total of 16 instances (/1 — I1¢) from regular weekdays are available. For
data protection reasons, the instances originate from a corresponding period in 2019.
Geographically, the clients are spread across all districts of Vienna. Each instance
represents a group of nurses working in a certain area. The zoning has been done
by the HHC service provider, primarily based on public transport hubs. The working
times of the nurses are given by their contracts and the rosters of the corresponding
weekday. Table 1 shows for each instance the number of jobs, nurses, total shifts as well
as how many nurses use public transport or cars. The average walking time between
all clients is given as indicator for their geographical distribution. The walking speed
is based on 5 km/h, for cycling a speed of 18 km/h was assumed and for cars, the
speed is based on the OSM road types but set slightly below their limits. However, all
speeds are reduced by the actual speed limits on the streets. The qualification level of
all nurses and jobs correspond to those of home helpers. The service times of the jobs
vary between 15 and 165 min, averaging 49 min. The average length of the jobs’ time
windows is just under 2.5 h, but with a minimum length of 15 min and a maximum of
6.75 h for less time critical jobs.

The weight setting used for the computations of this paper are the same that the
dispatchers at the HHC service provider use in practice. In times of disasters, priorities
are usually shifting to ensuring the delivery of care. However, the DSS was designed
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Table 1 Data characteristics of the real-world instances

Jobs Nurses Shifts Pub. transp. Cars Avg. walking
#) (#) (#) #) #) (min)
I 139 28 34 21 7 32
6] 140 20 26 20 0 20
I3 138 18 27 18 0 19
Iy 123 20 24 15 5 26
I5 134 18 24 15 3 33
I 109 18 22 7 11 60
I7 133 24 33 20 4 34
Ig 136 27 35 23 4 22
Iy 135 21 29 18 3 22
1o 129 21 25 14 7 26
111 154 26 33 20 6 47
113 163 21 29 17 4 48
I3 121 17 21 16 1 33
114 140 25 32 18 7 32
115 122 26 31 26 0 22
L6 134 20 25 17 3 34

to always report a solution and its constraints have been configured so that the focus
is shifting in case of larger violations. For example, at low workloads, the focus is on
meeting the preferences of the clients (i.e., preferred nurses, consistency of care). On
the other hand, at high workloads, meeting the mandatory working time restrictions
is more important. Furthermore, using the real-world setting allows for a good com-
parability of the results from before and during the pandemic. All computations have
been carried out locally on a Lenovo ThinkPad T490 with an Intel Core 17-8565U
processor, 16 GB of RAM and running Windows 10 Pro. The computation time limit
has been set to 600 seconds per instance.

The first scenario analyzes transport infrastructure impacts. As outlined in Sect. 4.1,
only public transport was affected during the pandemic in Austria. In this scenario,
each instance is solved using the timetable data from before and during the lockdown.
As reference for a timetable without restrictions the day of January 13, was chosen,
a normal weekday without COVID-19 measures. For the second date, March 23 was
chosen, the same weekday but 1 week after the curfew came into effect. Just looking
at the raw GTFS data, it can be seen that there are substantially less connections
on this day. The modal split of the nurses, shown in Table 1, remains unchanged in
this scenario. Table 2 compares the resulting schedules for all instances before and
during the lockdown. As key performance indicators for the travel impacts the total
travel times (incl. waiting) as well as the total overtime of each instance are reported.
Additionally, these values were summarized to an objective value to show a percentage
increase. Overtime is defined as the time that a nurse works outside his/her defined
working time window (e.g., 7 a.m. to 2 p.m.). In addition, dispatchers define a target
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total working time for each shift of the nurse (e.g., 4 h) and exceeding these targets
also counts to overtime. This is done to balance the accumulated over- and undertime
of a nurse in order to reach his/her contracted working time. As a consequence, the
pre corona results already show a considerable overtime for those instances that were
submitted with minimum target working times (e.g., Ig, lo, I12).

It can be seen that the restrictions on public transport result only in small increases
in travel (incl. waiting) times and overtime, amounting to an average increase of
the objective value of 6.6%. However, individual instances like Iy, 14, I7, and Ii5
show increases from 10% up to 18%, which might be deemed already infeasible by
dispatchers. The biggest impact is caused by the share of cars in the modal split,
in combination with the average distances between clients. As car travels were not
affected by the COVID-19 actions, instances with a high share of car users (e.g., I,
I14) are less affected as long distances are then covered by nurses using cars. On
the other hand, nurses relying on public transport suffer even more from its reduced
availability the longer the walking distances between the clients are.

The second scenario aims to analyze the operational limits of the different instances
during the COVID-19 pandemic. In the CLD for epidemics in Sect. 3.1 itis outlined that
clients require more care in such disaster situations. Thus, it should be analyzed how
much the service times can be prolonged before capacity problems occur. Therefore,
the service times of all jobs are gradually increased in steps of 10%. Determining the
feasibility of an instance is difficult to generalize. From the perspective of a dispatcher,
even a minor delay at a single job might render the schedule infeasible, if he/she
considers it time critical. On the other hand, a slight violation of the maximum working
time can still be acceptable in order to guarantee care for all clients. Therefore, the
average overtime per nurse and the average time window violation per job are reported
as key performance indicators of the schedules. It has already been shown in the
previous scenario that the modal split has a large impact on the scheduling. Thus, all
computations are carried out also with additional transport modes. The current mix
of public transport and cars is used as reference and in case no changes to the modal
split are possible. Under the assumption that already existing cars are still available,
calculations were made in which all nurses, who previously used public transport, use
cars, bicycles or walking. The use of walking can be seen as a worst case scenario,
if public transport is shut down completely or if the dispatcher wants to minimize
the risk of infections. The calculations with public transport are again based on the
timetable data at the time of the lockdown.

Table 3 shows the impacts of the considered transport modes and the prolonged
service times on the average overtime and tardiness. Regarding the prolonged service
times, both the average overtime per nurse as well as the average tardiness indicate
an even increase for each transport mode. At first glance, the numbers seem to be
manageable by the HHC provider. At the current modal split the average tardiness
increases from about 5 min without prolonged service times up to 31 min at +50%.
Being late by 5 min is negligible and by half an hour is also most likely acceptable in
times of a pandemic, as long as the jobs are not time critical. On the other hand, the
average overtime of each nurse increases from 53 min to slightly more than 3 h. The
ability to work additional 3 h every day depends on the nurses’ contracted working
times. It is most likely not recommended for longer-lasting events like pandemics.
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Table 3 Impacts of transport modes and service times on overtime and tardiness (in min)

Prolonged service time

+ 0% +10% +20% +30% + 40% +50%
Current mix
Avg. overtime 53.4 77.4 101.0 131.1 157.2 189.1
Avg. tardiness 53 7.7 11.6 17.3 23.2 31.3
Car
Avg. overtime 32.8 54.1 77.6 107.7 134.4 165.4
Avg. tardiness 23 53 8.6 13.6 19.0 26.9
Bike
Avg. overtime 39.7 62.3 85.7 115.8 143.2 175.0
Avg. tardiness 3.1 6.6 9.7 14.3 20.4 28.4
Foot
Avg. overtime 55.3 79.3 103.4 132.7 159.5 191.3
Avg. tardiness 5.5 7.9 12.1 17.7 23.5 31.6

Considering the average instance size of 22 nurses and 134 jobs, even without pro-
longed service times, the COVID-19 situation results in a total overtime of about 19.5
h and a total tardiness of almost 12 h, on average across all instances. Thus, each
instance would need 2.5 additional full-term nurses, working 8 h a day, to compen-
sate the additional workload. The advantage of using cars was already apparent in the
previous scenario. In comparison with the current modal split, the overtime can be
reduced by 23% if all nurses have access to cars. The use of bicycles is inferior to
cars due to the lower average speed. Although the DSS is able to explicitly consider
times for parking, this feature is not used by the HHC service provider, because the
considered speed limits already result in realistic driving times. However, the bicycle
results are still significantly better then the current modal split. Furthermore, they are
an economically and ecologically viable alternative, and also usable by nurses who do
not have a driver’s license. Avoiding public transport only leads to a slight increase of
the average overtime by 2% across all scenarios.

5 Discussion and outlook

HHC services are rising in importance in the health care systems of many countries and
with it grows the need to sustain these services in times of disasters. Risk assessment
tools and guides support HHC service providers to secure their services. However,
they do not provide insights on interdependencies of complex systems like HHC.
CLDs have been used to visualize the impacts of epidemics, blackouts, heatwaves,
and floods on the HHC system. They help to understand the system design as well
as cascading effects. Additionally, SD simplifies the process of identifying points of
action in order to mitigate the impacts of disasters. For example, during an epidemic,
protective equipment is crucial as it prevents not only infection of HHC staff and
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transmission of the disease to clients, but increases their willingness to work. The
CLDs also show the importance of informal care, provided by friends and relatives.
This outlines the need for a close coordination with them. In case of their unavailability,
HHC services need to step in immediately to prevent health issues. On the other hand,
relatives might be able to reduce the pressure of HHC services if they are able to take
over some tasks.

In a case study, real-world data from a HHC service provider in Vienna was used to
show the impacts of the COVID-19 pandemic on HHC in spring 2020. Furthermore,
it shows the applicability of the presented DSS in times of disasters, which can be
used for the daily scheduling of the nurses to ensure that the limited resources are
used as efficient as possible. By speeding up the planning process, it frees time of
the dispatchers for other important activities. It also allows HHC service providers
to better prepare for disasters and helps to determine the operational limits of the
nursing teams, operating in different areas with different characteristics (i.e., distance
between clients, availability of public transport). The DSS also shows the effects of
using various transport modes. In urban regions, careful planning allows to cover many
distances by foot or (electric) bicycles.

While the DSS was used to analyze the impacts of the COVID-19 pandemic in
Vienna, it can also be applied to analyze other disaster scenarios, such as those pre-
sented in Sect. 3 of the paper. The applicability of the DSS in other regions and
countries depends on the organizational requirements of the respective HHC system.
However, as the DSS was developed as a commercial software, much attention was
paid to flexibility and customizability. Both, the objective function and the constraints
can be easily extended and adjusted to the new requirements. Most of the analysis can
be done by varying the input data, making the availability of reliable data one of the
biggest challenges.

However, the presented DSS has limitations. While supporting HHC service
providers, it further increases their dependency on IT systems, which are especially
vulnerable during disasters with limited availability of electricity. While it is designed
to run on low-powered hardware like notebooks, continuous local backups of the rele-
vant data are required. Furthermore, in its current stage of development, it is assumed
that all jobs have to be carried out. At some point during major disasters the operational
limits are reached. For these cases, a computer assisted triage system is needed to pri-
oritize the most critical jobs and to carry out as many jobs as possible. Future work
should also cover the dynamics of the HHC routing problem. The short computation
times of the DSS allows for rapid re-scheduling, but the generated schedules might
be entirely different each time. Especially with limited means of communications, it
is usually preferable to adapt to the new situation with as few changes as possible.
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