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MULTI-OBJECTIVE NURSE SCHEDULING
WITH SHIFT PREFERENCES IN A SURGICAL SUITE

Abstract

Nurse scheduling is a crucial part of hospital personnel scheduling. For effective nurse
scheduling, fair workload and job satisfaction should be taken into account, as these
factors directly affect the quality of service in healthcare systems. In this thesis
project, nurse scheduling constraints for a surgical suite are determined according to
government regulations, hospital management requirements, and nurse preferences.
Firstly, the nurses can determine their preference for off days based on the priority of
importance; for example, for their own planned surgeries, wedding day, or birthday.
Then, shifts are assigned subject to the constraints that ensure fair workload in
addition to the regulatory constraints. To generate an optimal nurse schedule which
provides fair workload and satisfies nurse preferences for off days, a multi-objective
integer program with hard and soft constraints is formulated in GAMS and solved
using CPLEX as a goal programming model. The main goal is increasing nurse
motivation in order to help reduce the mistakes caused by fatigue as a result of
working too many shifts. Therefore, service quality can improve in terms of patient
care while optimizing the work schedule of nurses. The optimal schedules under
various scenarios are compared to show the improvement in the schedule quality in
terms of performance measures such as the proportion of nurse preferences met and

distribution of unmet preferences.

Keywords: nurse scheduling; integer program; shift preferences; multi-objective
optimization; goal programming
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HEDEF PROGRAMLAMA KULLANARAK AMELIYATHANE HEMSIRE
CIZELGELEME PROBLEMI COZUMU

Ozet

Hemsire ¢izelgelemesi, hastane personel ¢izelgelemesinin 6nemli bir pargasidir.
Optimum hemsire ¢izelgelemesi olusturulurken g6z oOniine alinan adil is yiikii
dagilimi ve is memnuniyeti saglik hizmetlerindeki kaliteyi dogrudan etkilemektedir.
Bu tez projesinde, ameliyathane hemsire ¢izelgelemesi olusturulurken 6nemli kisitlar
yasalarin belirledigi ¢aligma saatleri, hastane yonetiminin gereksinimleri ve hemsire
tercihleri dikkate alinmistir Oncelikle, hemsireler, dnem arz eden 6ncelikli giinler i¢in
ornegin, kendi planli ameliyatlari, diigiin giinii veya dogum giinleri gibi giinleri
belirleyebilirler. Ardindan, vardiyalar diger kisitlamalara uygun olarak adil is ytikii
saglayacak sekilde tahsis edilir. Adil bir is yiikii dagilimini saglayan ve izin giinleri
icin hemsire tercihlerini karsilayan en uygun hemsire ¢izelgelerini olusturmak igin,
GAMS programinda tiim kisitlamalara sahip ¢ok amacgli bir tamsayr programi
olusturuldu ve hedef programlama modeli ile CPLEX kullanilarak ¢6ziildii. Projenin
amact hemsirelerin i memnuniyetini arttirmak ve orantisiz vardiya atamasinin
sonucunda ortaya ¢ikan yorgunlugun yol a¢tigi tibbi hatalar1 azaltmaktir. Boylece
hemsire memnuniyeti arttirilarak hizmet kalitesinin de arttirilmasi1 beklenmektedir.
Hemsire tercihleri degistirilerek birbirinden farkli senaryolar igin ¢izelgeler
olusturulmustur ve hemsire tercihlerinin karsilanma oranlari ile fazla mesailerin adil
dagilimi gibi performans Olglitlerine bakilarak cizelgeler arasinda kiyaslamalar

yapilmustir.

Anahtar Kelimeler: hemsire ¢izelgeleme; tam sayili programlama; ¢ok amagli en
iyileme; 0-1 hedef programlama
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Chapter 1

Introduction

Healthcare systems have experienced drastic changes in the last few decades
as a result of increasing population and technological developments that both
increased life expectancy and incurred additional costs. There have also been
budget cuts that force hospitals to use their resources more efficiently. Healthcare
organizations have to work twenty-four hours a day for every day of the year and
shift work is used in healthcare organizations in order to provide continuous service
for patients. An important resource of a hospital is its surgical suite of operating
rooms where nurse scheduling is one of the most challenging workforce planning
problems since the quality of care provided by nurses depends greatly on their shift
assignments and, thus, job satisfaction. Compared to the globally increasing
demand for healthcare, the supply and retention of qualified nursing staff has been
insufficient (Wright and Mahar, 2013). This makes nurse scheduling one of the
most significant issues in terms of hospital managements’ expectations to use their
budget wisely, patient expectations of continuous high quality care, and nurses’
expectations of fair workload distribution.

Nurse scheduling is the task of specifying the work pattern for individual
nurses and it can be generated manually by a head nurse or using software systems
for scheduling. In most hospital units, nurse schedules are still manually developed
by experienced head nurses who have to gather information from nurses about their
time conflicts and have to adjust schedules as needed. However, developing a fair
schedule manually is time consuming and difficult because of the vast number of
possible schedules and all the constraints to consider. In practice, nurse schedules

are typically developed for a period of four weeks. These schedules can be flexible,



changing every period, or fixed. Fixed (or cyclical) schedules generally provide
good solutions, but they cannot easily address staff preferences or fluctuating

demand (Zurn, 2004).While generating nurse schedules, significant constraints

should be considered such as observing work regulations, distinguishing between
permanent and temporary staff, ensuring that night and weekend shifts are
distributed fairly, allowing for leave and days off, and accommodating a range of
employee preferences (Clark and Walker, 2011). This project addresses the flexible
scheduling of nurses in a surgical suite where the nurse preferences for shifts are
used as input to generate fair shift assignments.

This thesis project is organized as follows. In Chapter 2, extensive literature
review about relevant work from nurse scheduling is presented. In Chapter 3, model
development for nurse scheduling is presented. In Chapters 4 and 5, solution
method and computational results are mentioned, respectively. Finally, conclusion

of the study results are explained in Chapter 6.



Chapter 2

Literature Review

In this chapter, a comprehensive overview of existing literature on nurse
scheduling is provided, which is a special case of personnel scheduling for

healthcare systems.

2.1 History of Nursing

Nursing is a crucial field of the health care system. Nurses have various
duties such as taking care of ill or injured people, providing health care to people,
prevention of illness, disabled, and dying people. In addition to their duties,
promoting of a safe environment, research, and participation in shaping health
policy and in patient and health systems management (ICN, 2017). Nursing abilities
can be categorized as professional responsibility and accountability, knowledge-
based practice, client-focused provision of service, and ethical practice (ICN,
2017).

In principle, the nursing profession has been around since the beginning of
time, though has substantially developed the course of history. The military has
always been playing a significant role in improving nursing education all over the
world. First of all, the English nurse Florence Nightingale is known as the founder
of modern nursing in the 19" and 20™ century. She not only is the founder of nursing
as it existed at that time but also lay the foundation for nursing as a profession. Her
renowned nursing career began within the Crimean War that took place in the mid
1850’s, tending to injured soldiers on the battlefield. Bellevue Hospital in New
York City, the first school in the United States, established in 1873 according to
Florence Nightingale's nursing principles was the Training School for Nurses



(Egenes, 2009). Moreover, Florence Nightingale had also contribution for Turkish
modern nursing. She came to Istanbul in 1854 to provide care to wounded the
Turkish and allied soldiers of the Crimean War. Despite of the fact that nursing in
Turkey has a very long history, written documentation about nursing did not exist
in the history. The nursing profession emerged in Turkey with the demands for
caregivers during the War of Tripoli in 1911 and the Balkan War in 1912. At the
time of the Ottoman Empire, women from wealthy families were joined up
voluntarily in a 6-month nursing course in Istanbul. Safiye Huseyin Elbi was the
first volunteer nurse to treat wounded soldiers on the battlefield and in hospitals
(Alpar and Bahcecik, 2009).

Many accomplished and effective nurses have developed high quality health
care and provided the modern nursing that still exists today. Some of the illustrious
nurses can be mentioned as; Clarissa Harlowe Barton, was known as "angel in the
battlefield" during the Civil War, was a nurse who founded the American Red Cross
soon after the Civil War. Linda Richards and Agnes Elizabeth Jones helped to create
a number of nursing schools throughout the U.S. and Japan during the mid to late
1800’s. Mary Mahoney became the first African-American woman to fulfill nursing
training and become a registered nurse in 1879. Today, 19.3 million nurses and
midwives exist according to the World Health Organization's (WHO) Report,
(2011). In the United States, the total number of nurses is 4.011.911 in the 2016
according to Redi-Data Inc. including number of registered nurse 3.184.283, and
the number of licensed practical nurse is 827.628. There are an estimated 7.3 million
nurses and midwives in the WHO European Region. This number is not sufficient
to meet demand. In Turkey, number of nurses is 125.191 according to Ministry of
Health report in 2012. Health education and health career report in Turkey (2010),
the number of nurses per 100.000 people in Turkey is very low compared to the
average of the countries in the European Region compared to the average of EU

member countries (Health education and health career report in Turkey, 2010).


http://www.allaboutturkey.com/istanbul.htm

2.2 Types of Nurses

Some of the important branch of nursing examples; ambulatory care
nursing, cardiac nursing, dental nursing, emergency nursing, genetics nursing,
home health nursing, medical-surgical nursing, neurosurgical nursing, nurse
midwifery, public health nursing, oncology nursing, radiology nursing, surgical
nursing, urology nursing etc. In this thesis project, cardiovascular nursing, general
surgery nursing and neurosurgical nursing are mentioned. Cardiovascular nurses,
also known as cardiac nurses, provide comprehensive cardiovascular care for
patients with acute and chronic heart disease (Graduate Nursing, 2017). General
surgery nurses help in general surgery procedures handle several tasks. They care
for patients before, during and after surgery. Neurosurgical nurses consider patients

with dysfunctions of the nervous system.

There are various types of nurses and types of nursing jobs. Types of nurses
each category of nurse brings specialized knowledge and skills to health care teams
and workplaces. Nurse types can be classified as: Registered Nurses (RNs), Nurse
Practitioner (NPs), Certified Nurse-Midwife (CNM), Clinical Nurse Specialist
(CNS), and Certified Registered Nurse Anesthetists (CRNA) according to

American Nurses Association.

2.2.1 Registered Nurses (RNs)

In general, registered nurses help in patients with illnesses, injuries and
medical conditions in hospitals and medical settings. They complete at least an
associate’s degree in nursing (ADN) or a Bachelor of Science degree in nursing
(BSN) and has successfully passed the National Council Licensure
Examination (NCLEX-RN) certification exam in the United States (AND, 2017).
They specialize in a field of practice, and assist physicians according to their
departments. Registered nurses have to meet a minimum required of practice hours
that outlined by a country, state, province or similar licensing body in order to
obtain a nursing license and undertake continuing education. Registered nurses

(RNs) have significant responsibilities which can be listed as providing health
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promotion, counseling and education, coordinating care with other healthcare
professionals, direct and supervise care delivered by other healthcare personnel like
LPNs and nurse aides, making decisions about necessaries based on interpret
patient information, conducting research, managing medications, wound care, and
other personalized interventions (American Nurses Association, 2017).

RNs provide health care in crucial locations for public such as hospitals,
nursing homes, medical offices, ambulatory care centers, community health centers,
schools, and retail clinics. They also practice in different areas such as camps,
prisons, sporting events and tourist destinations (American Nurses Association,
2017).

2.2.2 Advanced Practice Registered Nurses

Advanced practice registered nurse (APRN) is a general term given to a
registered nurse with post-graduate education in nursing. Advanced practice
registered nurses consist of four types of advanced practice nurse including nurse
practitioner (NP), certified nurse mid-wife (CNM), clinical nurse specialist (CNS),
and certified registered nurse anesthetists (CRNA) (ANA, 2017).

2.2.3 Nurse Practitioner (NP)

Nurse Practitioners (NPs) are usually educated in a master's program. They
provide a broad range of primary and preventive health care services, prescribe
medication, and diagnose and treat common minor illnesses and injuries. They can
work under the supervision of a physician (ANA, 2017). Their responsibilities can
be listed as diagnose diseases, prescribe meds and initiate treatment plans. Their
work places are clinics, nursing homes, hospitals, and private offices.



2.2.4 Certified Nurse-Midwife (CNM)

Midwives are primary health care providers to women during lifelong.
They provide woman gynecological and low-risk obstetrical care in hospitals, birth
centers, and homes. According to the Bureau of Labor Statistics (BLS, 2014), there
are currently over 6.000 nurse-midwives working in the United States, midwifery

is a career on the rise.

2.2.5 Clinical Nurse Specialist (CNS)

Clinical nurse specialists (CNSs) are advanced practice nurse who can
provide expert advice related to specific conditions. CNSs work in such as
hospitals, clinics, nursing homes, private offices, and community-based settings,
they care a wide range of physical and mental health problems. A clinical nurse
specialist work in a particular area of medicine. These areas include setting,
population, disease, health problem, care type. Clinical nurse specialists working
area where are indicated such as in a clinic, critical care or emergency room.
Besides, nurse specialists serve for a specific population, such as children, or adults.
They can focus on a specific disease such as cancer, heart disease or surgical.

2.2.6 Certified Registered Nurse Anesthetists (CRNA)

CRNAs provide anesthesia for surgeons, anesthesiologists, dentists,
podiatrists, and other qualified healthcare professionals (ANA, 2017). They are
certified to provide a full spectrum of anesthesia care, including for surgical
procedures, and may work with healthy to very sick individuals of all ages and all
levels of acuity (Nurse Journal, 2017). CRNAs practice in every health care settings
such as traditional hospital surgical suites and obstetrical delivery rooms; critical
access hospitals; ambulatory surgical centers; the offices of dentists, podiatrists,

ophthalmologists, plastic surgeons, and pain management specialists (ANA, 2017).



2.2.7 Operating Room Nursing (OR)

Operating rooms are the areas where enclosed and set apart for occupancy
the performance of certain procedures. Operating rooms are vital importance for
patients’ health. Operating room units should meet comfort conditions and design
parameters such as humidity, temperature, air flow, air flow types. For example,
temperature of operating rooms should be 21 °C + 3 °C, humidity should be between
30 % - 65 %. In operating rooms, decisions on nurses and operating rooms are
usually made strategic, tactical and operational levels. Operating rooms are the most
profitable and critical hospital resource as well as the most expensive resource.
Operating room units form approximately 33 % of the total cost of the health
institution in order to provide all of the indoor conditions (Balaras, Dascalaki and
Gaglia, 2007). In order to optimization for operating rooms, minimizing the waiting
time, maximizing utilization of resources in other departments, minimizing staffing
cost, the number and type of operating rooms available, and the number of surgeons
or surgical groups should be considered (Martinelly, Baptiste, and Maknoon, 2014).

In terms of scheduling, all surgeries in operating rooms can be categorized
into two broad categories: elective and non-elective surgeries. While non-elective
surgeries may include urgent cases, elective surgeries have been scheduled ahead
of time before the schedule has been closed (Narges, Hosseini and Taaffe, 2013).
Nurses play a significant role in operating rooms. Thus, nurse scheduling is very
important in terms of meeting patient demand. The objective is to use nurses
efficiently and to produce a balanced workload. The quality of the schedule may be
measured as penalty costs or scheduling costs (Cheang, Li, Lim, and Rodrigues,
2003).

In this study, operating room nurses are considered for elective surgeries.
Therefore, nurses who demand of work for elective nurses can be determined and
planned accurately before operations. Cardiovascular surgery, general surgery, and

neurosurgery nurse scheduling is studied in this project.



2.3 Nursing in Turkey

The Ministry of Health administers the health care system in Turkey.
Privatization has been growing rapidly in all sectors however, private health care
systems have become particularly common in recent decades (Tatar, 2011). Most
private health care centers have total or partial agreements with the General Health
Insurance Institute to provide some or all curative health care services. Private
insurance companies, mostly working internationally, provide some employees
with private insurance but employees are still required to pay a national insurance
premium. Nurses worked for a long time without any legislative definition. The first
law to regulate nursing was enacted in 1954 and revised in 2007 with some
intermittent regulation between these major enactments. Nursing now includes
specialized fields including occupational health nursing.

Three types of basic educational programs have been offered since 1920 in
Turkey which can be listed as diploma programs, associate-degree programs, and
baccalaureate programs. Additionally, graduate education in nursing has been
offered since 1968. The first legislation regulating professional nursing in Turkey
was passed in 1954. Nurses who do hold baccalaureate degrees work primarily in
big cities and at university and private hospitals. The law outlined educational
requirements for those desiring to become professional nurses. In April 2007, a
revision of the 1954 nursing law was passed. With the introduction of the 2007 law,
the specific responsibility and authority of nurses will be determined according to
their educational level. This revised law consist of a description of nursing, criteria
for entrance to a nursing school, criteria for nursing educational program content,
criteria for graduate specialist education, clarification of nursing roles and
responsibilities.

When graduate nursing school, nurses have to pass the exam for Public
Personnel Selection (KPSS) in order to serve in public services in Turkish health
care system. Candidates who pass this examination can start working in public
institutions. Those working in the public sector are called nursing candidates for
one year. The diplomas of those candidates who are successful at the end of the

one-year period are approved by the Ministry of Health. Although no central and



periodic examinations are provided to evaluate the proficiency of nurses, other than
the initial employment exams, institutions offer continuous education programs for
their employees. The Ministry of Health, the largest employer, carries out
continuous education for its employees in line with its own regulation for in-service
training (The Ministry of Health, 2007). The first Turkish Nurses Association was
established in 1933 and it has been a member of the International Council of Nurses
since 1949. Currently there are about 6000 members of the Association (Turkish
Association of Nurses, 2007). It has been through this Turkish Nurses Association
that the nurses in Turkey have been able to have their voice heard by the Ministry
of Health and other official organizations within the Turkish government (Dal and
Kitis, 2008). In addition to the Turkish Nurses Association, 25 special branch
associations add to the Association of Research and Development in Nursing, the
aim of which is to support and develop research in nursing. Some of the examples
of special branch associations include the following: the association of occupational
health nursing, the association of children’s surgery nursing, the society of Turkish
surgery nurses, the association of intensive care nurses, the association of
nephrology, dialysis, and transplantation nurses, the association of psychiatry
nurses, the association of neurosurgical nurses, the association of diabetes nurses,
the association of oncology nurses, and the association of child nursing. The Journal
of Turkish Nurses was founded and it has been published continuously since 1953
(Bayik, 2002).

2.4 Nurses’ Job Problems

Job dissatisfaction among nurses bring about to costly labor disputes,
turnover, and risk to patients. Nursing problems can be listed as hospital shortage
staffing level, long working hours, and patient concerns. Inadequate staffing of
nurses can not only endanger patient health and safety, and lead to greater
complexity of care, but also have an influence on nurses’ mental and psychical
health and safety by increasing occupational nurse fatigue, injury rate, and job
dissatisfaction. When healthcare costs increase, decreasing the number of staff

nurses is often seen as the sensible and effortless way to solve financial
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problems. Inappropriate staffing or increased workload give rise to critical
problems and stress for nurses.

National Nurses United (NNU) is working on implementing federal
legislation to establish nationwide nurse-to-patient ratio guidelines. Nurse-to-
patient ratios indicate that the number of nurses on a shift plays a significant role in
patient safety and quality of care. Table 2.1 shows the minimum registered nurse-
to-patient ratios for each unit according to the U.S. federal regulations (NNU,
2017). We make use of the provided nurse-to-patient ratio for operating rooms in

our case study.

Table 2.1: Proposed federal registered nurse-to-patient ratios in the U.S.

Intensive/Critical Care | 1:2 | Medical/Surgical 1:4
Neonatal Intensive Care | 1:2 | Psychiatric 1:4
Operating Room 1:1 | Rehabilitation 1.5
Post-anesthesia 1:2 | Burn Unit 1:2
Pediatrics 1:3 | Intermediate Care 1:4
Emergency Room 1:3 | Coronary Care 1:2
Well Baby Nursery 1:6 | Acute Respiratory Care | 1:2

2.5 Personnel Scheduling

Personnel scheduling can be defined as generating and arranging duty
timetables for employees while considering certain work regulations, coverage
constraints, or personnel preferences in order to satisfy the demand for the goods
and services of organizations. Personnel scheduling has been studied widely for
several decades in various application areas such as transportation systems,
healthcare systems, call centers, emergency services, restaurants, hotels, and retail
stores. First of all, the required number of staff should be determined based on their
skills and staff members are assigned to shifts in order to meet the service needs.
Then, staff members are assigned to their tasks so as to satisfy work requirements
at various times. Shift assignment should take into account work regulations
determined by governments or other authorities, distinguish between full-time and
part-time staff, distribute shifts fairly among staff, and consider staff preferences.
These constraints can be classified as hard constraints, that cannot be violated, and
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soft constraints, that can be violated at a cost. Finding an optimal solution that
minimizes the costs can be complicated regarding all these constraints at the same

time.

2.6 Nurse Scheduling

Nurse rostering problem (NRP) or nurse scheduling problem (NSP), which
is a type of personnel scheduling, have been studied over the years. In the literature,
Warner considered on nurse scheduling problem and solutions in the 1976. Tien
and Kamiyama Warner (1976), Tien and Kamiyama (1982), Bradley and Martin
(1990), Siferd and Benton (1992), Hung (1995), Cheang et al. (2003), Ernst et al.
(2004) are comprehensive research about personnel scheduling and rostering.
Manual and automated methods are used for scheduling. Nurse scheduling can be
arranged cyclical or non-cyclical scheduling. This project focuses on the nurse
scheduling problem in a surgical suite that has been regarded as one of the most
challenging healthcare personnel scheduling problems. Several studies have been
published on various aspects of computerized healthcare personnel scheduling since
the 1960’s (Burke, 2004). Nurse scheduling is specifying the work pattern for
individual nurses and it can be generated manually by a head nurse or using
software systems for scheduling. In most hospital units, nurse schedules are still
manually developed by experienced head nurses who have to gather information
from nurses about their time conflicts and have to adjust schedules as needed.
However, developing a fair schedule manually is time consuming and difficult
because of all the constraints to consider. Nurse schedules are typically developed
for a period of 4 weeks. These schedules can be flexible, changing every month, or
be fixed. Fixed or cyclical schedules generally provide good solutions, but they
cannot easily address staff preferences and fluctuating demand. In Figure 2.1

illustrate that flowchart for nurse scheduling (Creately, 2017)
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Figure 2.1: Nurse scheduling flowchart
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2.6.1 Types of Nurse Scheduling Policies

There are different types of hospitals that have various administrative
procedures all around the world. This situation leads to different sort of nurse

scheduling problems.

2.6.1.1 Centralized Scheduling

One of the administrative types is centralized scheduling which means one
administrative department in a hospital adjusts all the personnel scheduling. The
advantage of centralized scheduling is the opportunity for cost reduction through
better utilizing of resources. On the hand, personnel can feel unfair the rosters
because of the management (Emerging Soft, 2017).

Advantages
= High level control
= Provide for scheduling is easy to locate
= Better utilizing resources
Disadvantages
= Less efficient scheduling practices
= Requires dedicated schedulers

= Personnel may feel that roster are unfair

2.6.1.2 Decentralized Scheduling

Decentralized Scheduling allows all personnel of an organization to
reserve their resources through a standardized booking process. This involves a
“first come, first serve” (Emerging Soft, 2017).

Advantages
= More efficient resource scheduling

= |t does not require dedicated schedulers
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Disadvantages
= Less control over scheduling

» Requires a scheduling system to be in place

2.6.1.3 Self-Scheduling and Unit Scheduling

Self-scheduling means that personnel scheduling is generated manually by
the staff. It is time consuming, however it has advantage that the nurses cooperate
and they can give an advice.

The schedules are organized locally by a head nurse or unit manager, the

process is sometimes called unit scheduling.

2.6.1.4 Cyclical Scheduling and Non-Cyclical Scheduling

Cyclical scheduling is known as fixed scheduling, on the other hand non-

cyclical scheduling is known as flexible (Silvestro and Silvestro, 2000).

Cyclical Scheduling
Cyclical scheduling known as fixed scheduling and static scheduling.

There are some advantages;

= Personnel know their schedule in advance.
» The work is organized fairly.
= Unhealthy work rotations are avoided.

» Low run-time overhead

There are some drawbacks;
= [t is not flexible enough to deal with complex nurse scheduling problems.
= It cannot address flexible work regulations, fluctuating personnel demands

and personal preferences.

= |t can operate only stable demand and low variability.
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= |t cannot directly apply to real nurse scheduling problem.
= |tis difficult to expand the schedule

Non-Cyclical Scheduling
Non-cyclical known as flexible scheduling.
There are some advantages;
= [t doesn’t need to a higher level decision to provide a precise number of
skilled personnel.
= |t can operate uncertain demand and high variability.
= |t can apply easily to real nurse scheduling problem.

2.6.2 Solution Approaches for Nurse Scheduling

Many articles and researches have been published on various aspects of
computerized healthcare personnel scheduling since the 1960’s. The purpose of
most approaches is optimizing an objective function with certain constraints. Early
examples of optimization of nurse schedules are Miller, Pierskalla, and Rath (1976);
Trivedi and Warner (1976); Warner (1976); and Warner and Prawda (1972). There
are optimization approaches which are known as mathematical programming, linear
and integer programming, goal programming/multi-criteria approaches, and
artificial intelligence methods. The relevant literature reviewed is grouped based on
the solution approach used in Table 2.2 (Burke et al., 2004). Most nurse scheduling
problems are complicated to solve. However, hospital administration’s desire
optimal personnel scheduling with a wide range of complex constraints.

The quality of nurse scheduling directly affects the service quality and job
satisfaction (Marques, I., Captivo, M.E., and Vaz Pato, M., 2015). The schedule
must provide suitably qualified nurses to meet the demand based on the number of
patients in the wards or a predetermined patient-to-nurse ratio, satisfy work
regulations, nurse preferences, and other hospital-specific constraints. The most
commonly used objectives of nurse scheduling problems are versions of cost
minimization, that may either directly consider recruitment costs, nurse wages, and

overtime costs or consider penalty costs for violating a set of soft constraints. Nurse
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scheduling in surgical suites is especially a significant issue since the surgical suite
has high operating costs and workforce planning directly impacts the efficiency of
not only this unit, but also other units of the hospital that are related to the surgical
suite (Health Care Financial Management Association Report, 2005).

In this project, we focus on operating room nurses. Briefly, operating theatre
(OT), which consists of operating rooms (ORs), and recovery rooms, management
is a crucial and complex part for administrative of hospitals. According to Health
Care Financial Management Association Report, operating rooms (ORs) have been
estimated to account for more than 40% of a hospital’s total revenues, and it is also
greatest source of revenues as well as the largest cost center for hospitals (Guerriero
and Guido R. 2011) . The main objectives are to guarantee the optimal medical
resources utilization, the delivery of surgery at the right time, the maximization of
profitability, and optimizing patient waiting time. For optimizing operation room
management, several researchers utilize the use of mathematical and simulation
models, and quantitative techniques plays (Ozkarahan 1., 2000). Their goal is to
show how operational research solutions can be provided to the surgical planning
and scheduling effectively. For example; by 1.Ozkarahan (2000); Jeroen Belien and
Erik Demeulemeester (2008); B. Cardoen, E. Demeulemeester, and J. Belien
(2009).

In this thesis, the solution approach used is based on optimization and goal

programming. Next, the related literature in these areas are reviewed.

2.6.2.1 Optimization Methods: Mathematical Programming

Linear and Integer Programming in Nurse Scheduling

Mathematical programming methods such as linear and integer
programming are widely used for solving nurse scheduling problems. Several
researchers have been studied on nurse scheduling problems using mathematical
methods. The nurse scheduling problem has attracted many researchers to study
(e.g., Warner DM, Prawda J., 1972; Abernathy, W. J., N. Baloff, Warner DM.,
1973; Trivedi, V. M. and M. Warner, 1976; Miller HE, Pierskalla WP, Rath GJ.,
1976; Rosenbloom ES, Goertzen NF,1976; Harmeier PE., 1991; Jaumard, B., F.
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Semet, and T. Vovor, 1998; Moz, M. and M. Pato, 2004; Wright, D.P., and Mahar,
S., 2013).

While most of the mathematical programs have a single objective function
subject to a restricted set of constraints as a result of oversimplifying assumptions,
many mathematical models are based on goal programming or multi- objective
decision making. Many goal programming models to solve nurse scheduling
problems have been published by Trivedi VM et al., (1981), Musa AA et al. (1984),
Ozkarahan I, and Bailey JE. et al. (1988), Azaiez, M. and S. S. Sharif (2005). There
are also some studies in Turkey using goal programming for solving nurse rostering
problems. Moreover, numerous researchers have employed multi-objective approach
to address the nurse scheduling problem.

Abernathy et al. (1973), presented mathematical (stochastic) programming
techniques to solve the general staffing problem. The approach has been applied to
a hypothetical example application. The number of people required to fulfill the
stochastically varying personnel demands is not pre-determined in this paper. This
study is very a successful framework for researchers in realistic problems for the
future times.

Warner and Prawda (1972), proposed a mixed-integer quadratic
programming formulation to compute the number of nurses from a predetermined
skill category to assume a number of shifts per day. The goal function considers
minimizing the difference between number of lower limit nurses and the variables.
8 hours shifts are used with three shifts. A disadvantage of the approach is that an
accurate forecast of personnel demand cannot be reliable for a period.

Warner (1976), expanded on the previous formulation (Warner and Prawda,
1972) by indicating weights or fairness levels. Before the optimization starts,
certain parts of the scheduling are implemented manually, weekends are assigned
by hand. The mathematical programming algorithm involves a search for feasibility
and an improvement of the objective. The algorithm was implemented in several
hospitals in the United States. It allows for a very fair evaluation of the obtained
schedules.

Trivedi and Warner (1976), utilized a branch and bound algorithm to

arrange the short-term assignment of nurses from different units also known as float

19



nurses, for shortage of personnel. These method overcome small-scale problems
only and as such are unconnected to the modern nurse scheduling. On the other
hand, in this papers discuss the concept of float personnel and which has formally
modelled the idea. The employment of floating staff still plays a significant role in
current hospital systems. There does not currently exist a methodology to deal
effectively with floating staff and this is a possible area of future research.

Miller, Pierskalla, and Rath (1976), generated formulation of the personnel
requirements in terms of minimum number of personnel per day, without specifying
shifts. Time constraints with nurse preferences and staffing coverage are weighted
against each other. When Warner’s study (Warner, 1976) compare Miller,
Pierskalla, and Rath the number of unwanted shift patterns is much higher, so
decreasing the complexity of the problem. The time related constraints are divided
into two groups: the feasibility set and the non-binding constraints. A cyclic
coordinate descent algorithm is applied to look for a nearly optimal solution. A
comparison with a branch and bound algorithm demonstrates that the algorithm by
Miller et al. requires a much lower calculation time. The problems are very basic
and the obtained solutions are not always feasible.

Bailey and Field (1985), arrange a general mathematical model for the nurse
scheduling problem. Their definition of the cost function is the sum of the cost for
utilizing a shift type multiplied by the number of occurrences of that shift type in
the schedule. Bailey and Field use to set schedules by manually or by a linear
programming. In their study, idle time was reduced in schedules and applied a 12-
hour scheduling period. This approach is one of the few published models that allow
shifts to begin at any time during the day, despite of the fact that it is not utilized in
current hospitals.

Rosenbloom and Goertzen (1987), improved an integer programming
algorithm for cyclical scheduling. This algorithm is involved three stages. The first
stage is a set of possible schedules is generated and the resulting schedules are
evaluated relating to work regulations and work patterns. In the second stage, the
minimum daily coverage constraints are analyzed with an integer program. The

third stage converts the solution into work patterns for each nurse.
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Jaumard, Semet, and VVovor (1998), proposed the linear programming model
which applies column generation and branch and bound to generate flexible nurse
scheduling. It can be researched fully of the set of feasible solutions. The objectives
include coverage constraints, salary costs, and care quality. Assumption of the
model is that the demand periods are roughly decomposed into smaller periods so
that a given shift covers a given demand period entirely or not at all. Preliminary
tests have been carried out based on real data from a large hospital and the results
are approved by head nurses.

Isken (2004), improved mathematical programming techniques which
implicit tour scheduling model that is part of a scheduling analysis tool for a
comprehensive US hospital. It tackles real hospital scheduling problems that,
without the tour types, would be too large. The major aim is to reduce labor costs
while meeting the fluctuating coverage requirements over a one week planning
period. In this study implicit model involves full time and part time tours. It also
allows for assigning different shifts throughout the week and for flexible starting
days.

Moz and Pato (2004), solved re-rostering nurse problem which is the based
on real hospital case, by assigning float nurses, but Moz and Pato search for
replacements within the ward the hard constraints satisfied, they aim at minimizing

the difference between the original schedule and the newly generated one.

2.6.2.2 Goal Programming

Goal programming (GP) is an extension of linear programming (LP). The
major difference is that GP model does not optimize (maximize/minimize) the
objective directly, as in the linear programming. Instead, it attempts to minimize
the deviations between the desired goals and the realized results. These goals are
prioritized in a hierarchy of importance. GP is a significant type of multiple criteria
optimization. It was developed to solve problems with multiple objectives (Rifai,
1994). A GP model researches simultaneously considering several objectives or
goals that are considerable to a decision maker. Goal programming method requires
the decision maker to set goals for each objective that wishing to obtain. A preferred

solution is then defined as the one which minimizes the deviations from the set
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goals. Goal programming can assist decision makers in effective short- and long
range strategic planning.

In real life, all problems have several conflicting objectives. For instance,
today healthcare system operate in a competitive environment which is heavily
influenced by external factors including regulators, healthcare personnel, suppliers,
patients, competitors. Moreover, profit maximization, improved relationships with
the patients, maximized service quality, minimized employee unrest, and
minimized personnel dissatisfaction. These objectives may conflict and so compete
for scarce resources.

To determine the prioritization, each goal is explained as an equation and a
deviational variable(s) assigned to it. Deviational variables can be positive or
negative. A positive deviational variable (d+) represents over achievement of the
goal. A negative deviational variable (d-) represents under achievement of the goal.
If the desire is not to under achieve the goal, d— should be driven to zero. To the
contrary, if d+ is driven to zero, the overachievement of the goal will not be realized.

Arthur and Ravindran (1981), suggested a two phase goal programming
heuristic for the nurse scheduling problem. In this study, staff size according to
priority sequence, the number of staff with requests or preferences, staff
dissatisfaction, and the deviation between scheduled and desired staffing levels are
minimized. The shifts are heuristically assigned to the personnel members at the
end of the scheduling process.

Ozkarahan and Bailey (1988), proposed three basic objective functions for
their goal programming approach. The first goal is to minimize the deviation
between the number of nurses scheduled and the demand, for each period of the day
(called time-of-day scheduling). The second goal minimizes the deviations between
the sum of days on work patterns and the size of the work force (called day-of-week
scheduling). With this goal, the system tries to schedule people according to their
contract or work agreement. The third goal combines the day-of-week and time-of-
day scheduling problems. Since the computational size of the studied problems is
very large, they suggest the division of the work into two phases: one to determine
schedules for the day-of-week and time-of-day schedules and one to assign people

to the proposed schedules. By employing a heuristic assignment of schedules, the
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algorithm solves the most important shift times and days for individual nurses.
Ozkarahan (1991), presents a goal programming approach for a decision support
system. The model aims at maximizing the utilization of full time personnel,
minimizing over- and understaffing, and minimizing several kinds of personnel
costs. It provides support for staffing decisions and for nurses’ preferences. In
comparison with the other problems discussed in this review (see the tables of
comparison in Appendix B), the problem dimensions are very small. Ozkarahan
(and Bailey) presented a very comprehensive linear model for nurse rostering (and
partly also for staf.ng). The problem had to be decomposed in order to reduce the
dimensions but applications are still limited to small size problems.

Franz et al. (1989), developed a multi-objective integer linear program for
health care staff working at different locations, called multi-clinic health regions.
In this paper, objectives are minimization of travel costs and maximization of the
quality of service by regarding personal preferences.

Chen and Yeung (1993), utilized goal programming with expert systems.
The assignment of shift types to personnel members is carried out by the expert
system part of the approach. The time related constraints on personal schedules and
attempts to cover personnel demands are assisted by goal programming.

Burke et al. (2002), introduce a new multi-criteria approach after having
implemented mainly cost function driven (Burke et al., 2001b) meta heuristics for
nurse rostering in Belgian hospitals (see also Burke et al., 2001a, 2003, Burke, De
Causmaecker, and Vanden Berghe, 1999 in Section 3.5). A curial benefit of the
multi-criteria method is

Azaiez, M.N., Sharif, S.S. (2005), utilized five goals which can be explained
as Goal 1: it minimizes the deviations between the sum of actual days on and the
minimum required days on, Goal 2: It attempts to have in the schedule more day
shifts than night shifts for all nurses, Goal 3: It avoids assigning a nurse to work a
day shift and the night shift of the following day, Goal 4: It avoids off—on—off
patterns. This goal attempts to have minimum isolated day or night shifts, for all

nurses, and Goal 5: This goal consists on minimizing isolated days off.
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Ozkarahan I. and Topaloglu S. (2004), developed tour scheduling problem
considering the employee work preferences using goal programming in Turkey.
The goal programming model consists of eleven goals in order to minimize the
deviations between the desired goals and realized results. These goals can be listed
as; required number of employees, assignment of employees to the required shifts
types, preferred number of work hours for each employees, minimum deviation to
upper bound for the total understaffed work hours, minimum deviation to upper
bound for overstaffed work hours, minimum deviation from the preferred shift
types of employees, minimum deviation from the consecutive working day
requirements, minimum deviation from the employees’ weekend-off requests,
minimum deviation from the allowed limit for the under-assigned work hours of
employees, minimum deviation from the allowed limit for the over assigned work
hours of employees, minimum deviation from the allowed over-assigned work
hours for each planning period of a work day.

In this chapter, the most relevant literature in nurse scheduling is reviewed
and in the next chapter, we provide our problem definition and the model

formulation used to solve this problem.
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Chapter 3

Problem Definition and Model Development

3.1 Problem Definition

In this study, the operating room nurses are considered in terms of working
hours and their job satisfaction. We consider shift preferences of operating room
nurses while generating nurse scheduling model inasmuch as operating room
nursing is a highly stressful job. They feel physically and psychologically exhausted
because of vital surgeries. Our problem is related to nurses who work for elective
surgical suites where cardiovascular, general, and neurological surgeries. Shift
preferences of nurses are given the highest priority while meeting the demand-
related constraints. Different preference scenarios and three types of minimum
requirement scenarios are generated.

We develop a multi-objective integer programming model with hard and
soft constraints and solve the model using goal programming. The model is
formulated to produce the best possible monthly schedule in terms of meeting nurse
preferences and fair distribution of workload. We illustrate the performance of the
proposed model with an example under various shift preference scenarios and
different demand scenarios. The proposed model can easily be used in practice to
produce the best possible nurse schedule given a certain shift preference scenario
by adjusting the penalty cost, a.

3.2 Mathematical Model Development

The nurse scheduling model proposed in this study is an integer
programming model using goal programming method with the objectives of
minimizing schedule cost and maximizing job satisfaction for nurses. The model is

used to test two main approaches which can be listed as deterministic and stochastic
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approach, each one considering a different way of planning nurse scheduling in
terms of their specialties. Scenarios replicate nurse scheduling; the quality of each
scenario is assessed on the basis of performance indicators. The different scenarios
are then tested on different demand data-sets in order to make comparisons.

The assumptions of our mathematical model for our multi-objective nurse
scheduling problem are as follows:

. Minimum number of required nurses in each shift is deterministic and known based
on experience of demand since mostly elective surgeries are performed in the
surgical suite.

. There are three 8-hour shifts in a day: (1) from 7:00-15:00 day shift, (2) from 15:00-
23:00 evening shift, and (3) 23:00- 07:00 night shift for 7 days a week and 24 hours
a day.

. There are two skill classes of nurses: regular nurses and intern nurses.

. Regular nurses are classified into three groups based on their specialty: (1)
cardiovascular surgery, (2) general surgery, and (3) neurosurgery.

. Minimum staff level requirements must be satisfied.

. Each nurse has to work at least 24 hours and at most 72 hours per week.

. Nurses cannot work for more than 6 consecutive working days.

. A nurse should not work more than 3 consecutive night shifts.

. Each nurse works at most one shift a day. This is especially a necessary constraint

for a surgical suite because of the high service level expectations and more arduous

workload than other hospital units.
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The notation used in the model formulation are explained below.

Sets

I set of nurses

S set of specialties

I set of nurses in specialty s € S

] set of shifts in a day, where j = 1 for day shift, j = 2 for evening shift, and
j = 3 for night shift

T set of days in the scheduling period (a month), T = {1,2, ...,28}

w set of weeks in the scheduling period (a month), W = {1,2,3,4}

Parameters

1, if nurse i € I prefers to work shiftj € Jondayt € T

Pije = {0, otherwise

R

NRgj;

NI,
hy,
hy
cry

Ci

number of regular nurses

minimum number of regular nurses in specialty s € S required for shift
jeEjonday teT

minimum number of intern nurses required for shift j € Jonday t € T
lower limit on the number of hours that a nurse can work per week
upper limit on the number of hours that a nurse can work per week

cost of a regular nurse i € {1,2, ..., R} per shift

costof anintern nurse i € {R + 1, ..., |I|} per shift

Decision Variables

o = {1, if nurse i € [ is assigned to shiftj € Jondayt € T
ijt =

0, otherwise
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Model Formulation
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teT teT teT

1- Z Xije | + Z Xijee) T 1— Z Xije+2) | < 2,

Jjej Jjej JjEJ
Viel,t=12,..,|T| -2 (13)
injt +|1- inj(t+1) + zxij(t+2) <2,
j€J jeJ jeJ
Viel,t =12 ..|T| -2 (14)
xijt E{0,1L,ViELjE],t€T (15)

The initial objective function (1) minimizes the total cost of nurses assigned
to shifts. Constraints (2) and (3) ensure that the required numbers of regular nurses
and intern nurses are met, respectively, for each shift on each day. Constraints (4)
and (5) bound the total weekly hours assigned to a nurse using the minimum and
maximum allowed working hours, respectively. Constraint (6) avoids the
assignment of more than one shift per day to a nurse. Assigning a day shift followed
by a night shift or a night shift right before a day shift is prevented by constraint (7).
Constraint (8) and (6) together ensure that a nurse work for at most 6 consecutive
days. According to constraint (9), a nurse can be assigned at most 3 consecutive
night shifts. Constraint (10) ensures that each nurse is assigned at least 3 night shifts
in a month. Constraint (11) avoids shift assignments on days that are not preferred
by a nurse, in other words, over-assignment. Constraint (12) requires the total night
shifts assigned to be at most as many as the total day and evening shifts assigned to
a nurse. Constraints (13) and (14) avoid the “0-1-0” or “1-0-1” types of assignments
where a day on would be between two days off or a day off would be between two
days on, which are both undesired cases from the nurse’s perspective. Constraint

(15) defines the binary decision variables.
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In this model, constraints (2)-(10) are hard constraints that cannot be violated
and constraints (11)-(14) are soft constraints that can be violated at a cost in order to
obtain a feasible schedule. In the following chapter, the goal programming model is
formulated by incorporating the penalty of violating these soft constraints in the

objective function.
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Chapter 4

Solution Methodology

Goal Programming

Goal programming (GP) is used to solve linear programs with multiple
objectives. The goal represented in constraint i can be overachieved or
underachieved: d; and d; deviation variables can be used for these goals. The goals
are added to the constraint set with d; and d; acting as the slack and surplus
variables. One of the earliest applications of the goal programming method was
presented by Charnes et al. (1955). To illustrate how goal programming is
implemented in general, consider a linear program as follows.

Min z = cx (Objective function)
s.t. A;x < by (Functional constraint)

A,x < b, (Goal inequality)

x = 0 (Non-negativity constraint)

A set of constraints in the form of inequalities represent the goals to be
achieved. Therefore, the non-negative slack and surplus variables are introduced to
formulate these constraints as equalities as shown below. Undesired deviations
from the target values are minimized in the achievement function.

Min z' =cx+ Y cid;
s.t. A;x<b

Ay, x+dt —d” =b,

x,dt,d” >0
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In this study, goal programming is utilized as a solution method for nurse
scheduling model. We use goal programming method to design a procedure for
searching for most preferred solution that minimizes the objective function. In the
model presented in Chapter 3, soft constraints are (11)-(14). In order to penalize the
violation of these soft constraints, appropriate decision variables should be added
to the model as explained below.

Goal 1: We modify the soft constraint (11) as follows:

xl-jt—pl-jt—ol-jt+uijt=0, ViEI,jE],tET (16)

where the binary decision variables o;;, € {0,1},Vi€l,j€],t €T, and u;, €
{0,1},vi€l,j €],t €T, represent the over- and under-assignment of shifts based
on nurse preferences, respectively. It would be undesirable if a nurse is assigned to
a shift that the nurse does not prefer as well as if a nurse is not assigned a shift that
the nurse prefers to work. Therefore, both of these variables are penalized using the
following objective function:

minimize z Z Z(aoijt - ﬁuijt) (17)

i€l jEJ teT

where « is the penalty cost for assignment of a shift that a nurse does not prefer and
B is the penalty cost for not assigning a shift that a nurse prefers, such that « > g

because over-assignment is even more undesirable than under-assignment.
Goal 2: Soft constraint (12) is modified as follows to allow for deviations:

le3t_<lelt+zx12t>_dl++dl_=0 Viel (18)

teT teT teT

where d;f € {0,1},vi € I, and d; € {0,1},Vi € I, are the positive and negative
deviations from the goal of assigning less night shifts than day and evening shifts in
total. The positive deviations from this goal is penalized by adding the following
objective function:

minimize Z df (19)

i€l

32



Goal 3: Soft constraint (13) is modified as follows to allow for deviations:

1-— Z xijt + z xij(t+1) +11-— z xij(Hz) - da; + dal_t =2

JEJ JEJ JEJ
viel,t=1.2,..,|T| —2 (20)
whereda}, € {0,1},Vi €I, t € T,andda; € {0,1},Vi € I,t € T, are the positive

and negative deviations from the goal of avoiding isolated days on. Only the positive

deviations from this goal is penalized by adding the following objective function:

minimize Z Z daj, (21)

i€l teT

Goal 4: Soft constraint (14) is modified as follows to allow for deviations:

Z xijt +11- Z xij(t+1) + Z xij(t+2) —db; + dbl_t =2

JjEJ IS Jjej
Vviel,t=12,..,|T| -2 (22)
where db}, € {0,1},Vi € ,t € T and db;; € {0,1},Vi € I,t € T are the positive

and negative deviations from the goal of avoiding isolated days off. Only the positive

deviations from this goal is penalized by adding the following objective function:

minimize Z Z db}, (23)

i€l teT

As a result of these goal formulations, the initial objective function is modified

as follows.

R 1|
Minimize z = cr; z Z Xije |+ € z z Z Xijt
i=1 j€J teT i{=R+1 jEJ €T
PIMICELDIOESOWRLEID AL
i€l j€J teT i€l i€l teT i€l teT
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The objective function (24) is the weighted sum of five different objectives:
(i) minimizing the total cost of nurses assigned to shifts as in (1), (ii-v) minimizing
the total violation of soft constraints as shown in (17), (19), (21), and (23),

respectively.

Next, we describe our case study and present the computational results of our

proposed model in terms of various performance measures.
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Chapter 5

Computational Results

In this chapter, we provide a numeric example for illustrating the nurse
scheduling model presented above. Consider a surgical suite in which 30 nurses are
employed, 5 of whom are intern nurses who are still in training. The other 25 nurses
are regular nurses with more experience and they have higher priority in terms of
shift preferences and taking time off work. Regular nurses are split into three groups
based on their specialties: 10 nurses are in cardiovascular surgery (s = 1), 8 nurses
are in general surgery (s = 2), and 7 nurses are in neurological surgery (s = 3). The
planning horizon is four weeks (28 days, including the weekends). The minimum
required number of regular nurses of each specialty and intern nurses in each shift
can be either deterministic or stochastic. When most of the surgeries performed are
elective surgeries, deterministic demand scenarios can be used. When there are
uncertainties about the demand for nurses due to possible emergency surgeries,
stochastic demand scenarios can be used. We present the deterministic demand
scenarios and the computational results based on these scenarios followed by the

stochastic demand scenarios in this chapter.

5.1 Deterministic Demand Scenario

5.1.1 Demand Scenario 1

The minimum required number of regular nurses of each specialty and intern
nurses in each shift are provided in Table 5.1. These numbers are assumed for each
day since there are as many elective surgeries on the weekends as on the weekdays.
The cost of a regular nurse per shift is cr; = 3,i = 1,2, ...,25 and the cost of an
intern per shiftisc; = 2,i = 26,27, ..., 30.
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Table 5.1: Minimum nurse requirements in DS 1

Shifts (j) 1 2 3
NRyj¢ 2 2 1

NR;¢ 2 2 1

NRg;¢ 2 2 1

NI, 1 1 1

In order to measure the performance of the model solutions, we define the
following terms (25)-(27).
Let w be the number of nurses who are over-assigned, i.e., that are assigned

a shift they did not prefer to work, as shown below.

w = Z 1 (25)

iel: 3 Oijt=1

Let p, be the ratio of the total number of over-assigned shifts to the total
number of assigned shifts, i.e., the ratio of shifts assigned that nurses do not prefer

to work on, as shown below.

_ 2ijt Oijt

= (26)
Zi,j,t Xijt

Po
Let p, be the ratio of the total number of under-assigned shifts to the
maximum possible number of under-assigned shifts, i.e., the total number of shifts

that nurses prefer to work on, as shown below.

_ it Uije

= (27)
Zi,j,t Dijt

Pu

The optimization model is formulated using GAMS 24.6 and solved using
CPLEX 12.6 software on a 2.20 GHz Windows laptop computer with 6 GB RAM.
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Base Case Scenario 0 (All 0):

In our Base Case Scenario 0, all shift preferences are set to zero, i.e., p;j; =
O,viel,je],t €T.Assumingthata = f = 1, the optimal value for the objective
function (24) in this scenario is z* = 1940, where the total number of shifts assigned
ISt Xije = Xije0ije = 506. Inthis case, the proportion of over-assignment (out

of 2520 shifts) is p, = 100%.
Base Case Scenario 1 (All 1):

The other extreme is having all nurses available on all shifts over the
planning horizon, i.e., p;;; = 1,Vi € 1,j € J,t € T. Assuming that « = = 1, the
optimal value for the objective function (24) is z* = 3451, where, again,
YijtXije = 506,and Y; j r u;;; = 2014. Inthis case, since there cannot be any over-
assignment, p, = 0%. These base case scenarios show us the limits on the objective
function value and the limits on the quantity .; ; . 0;;¢, as well as p,, whena = =
1 at the two extreme nurse preference values.

Four different Preference Scenarios (PS) are developed to test the
performance of the scheduling model. These scenarios, PSn (n = 1, 2, 3, 4), are
designed such that n*20% of all shifts in a month are preferred by nurses. Therefore,
PS1 is the most restrictive one out of these scenarios. The problem is solved for these
scenarios with different penalty cost, a, values for not meeting the nurse preferences
and all the problem instances are solved to optimality within at most 1000.05
seconds. We present the optimal solutions of the proposed model for the four
scenarios for various a values in Table 5.2 — Table 5.4 below. In all of the problem
instances, it is observed that constraint (12), regarding the “0-1-0” type of

assignment, is never violated, i.e., ¥} daf; = 0 in all cases.
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Table 5.2: Results for PS1 and PS4 - DS 1

PS1 PS4

CPU CPU

a | Time . Z dbj} Po Pu w | Time i Z db’ Po Pu w
Z it i
(s) (s)

538 2228 2 0.197 0.784 30 | 4.42 3078 0.133 0.782 18

511 2625 2 0.197 0.784 30 | 4.11 3146 0.133 0.782 18
5.22 3024 2 0.197 0.784 30| 2.72 3215 0.133 0.782 18

545 3419 2 0.197 0.784 30 | 4.33 3282 0.133 0.782 18

a A~ W N
o o o o o

15.64 3816 2 0.197 0.784 30| 4 3348 0.133 0.782 18

When PS1 is used, at any a level the same optimal schedule is obtained. In
this solution, 0.197 of assignments (397 of 2016) are over-assignments made for all
30 nurses as can be seen from Table 5.2. When PS4 is assumed, the ratio of over-
assigned shifts is reduced to 13.3% (67 of 504) and the number of nurses affected
by over-assignment is reduced to 18. In PS4, there is also no “1-0-1” type of
assignment in the optimal solution. It is observed that the ratio of over-assigned
shifts is significantly reduced to 12.6 % for « = 1 when PS2 is assumed and the
minimum possible value for this ratio is 11.8 % in this scenario as shown in Table
5.3 The number of nurses affected by over-assignment, w, is reduced to 27 as « is
increased. The ratio, p,, is further reduced to 11.3 % when PS3 is used and the
minimum possible value becomes 8.5 % in this scenario as shown Table 5.4. The

number of nurses affected by over-assignment is reduced to 25 as « is increased.

Additionally, in PS2, at « = 4 and « = 5, three nurses are assigned 8 more
night shifts than their total day and evening shifts in the optimal schedule, i.e.,
Yiardi = 24 at a = 5. The sum of these positive slack variables increases in PS3
to 42 and 46 for the same a values, respectively. Also, when PS3 is used, the number
of “1-0-1” type assignments made increases as a increases, whereas, in PS2, this

number is fixed at 2 for all « values.
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Table 5.3: Results for PS2 — DS 1

CPU
a z" Z df Z dbf Po Pu o

Time(s) i€l it
1 16.17 2324 0 2 0.126 0.686 30
2 19.52 2514 0 2 0.126 0.684 30
3 19.19 2704 0 2 0.126 0.684 30
4 85.81 2882 20 2 0.118 0.660 27
5 72.20 3060 24 2 0.118 0.660 27

Table 5.4: Results for PS3 - DS 1

CPU
a Time . Z df Z dbi Po Pu w
z i€l it
()
1 772 2678 0 6 0.113 0.739 29
2 4231 2785 11 14 0.103 0.731 29
3 41.98 2888 14 16 0.101 0.729 29
4 1000.09 2977 42 17 0.087 0.711 25
5 1000.05 3063 46 19 0.085 0.708 25

In Figure 5.1, it is shown that the impact of increasing the penalty cost for
over-assignments, a, diminishes as the number of preferred shifts is increased in the
preference matrix. This is mostly due to the reduction in the number of over-
assignments required in the optimal schedule.
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Figure 5.1: The optimal objective function values for the four preference scenarios
at different « levels.

The PS1 and PS4 scenarios result in constant p, values at all a levels as
shown in Figure 5.2. As the number of preferred shifts is increased by the same
amount, in other words as we move from PS1 to PS4, the improvement in the value
of p, diminishes at all a levels. Our case study shows that the job satisfaction of
nurses measured in terms of p, can be increased as much as 6% in a scenario like
PS2.

1
0,8 ® ® ° ® ® PS1
o 0,6
Q
0,4
¢ ® 0 ® PS2
0,2 o ——— —
° ° ° =3 =8 P33
PS4
0
1 2 3 4 5
a

Figure 5. 2: The ratio of over-assignment for the four preference scenarios at

different a levels.

We illustrate the performance of the proposed model with an example under
various shift preference scenarios. Computational results show that the multi-
objective nature of the model leads to higher job satisfaction for nurses in terms of
the performance measures evaluated, by avoiding the assignment of shifts that are

not preferred, by avoiding isolated days on or off, and by avoiding disproportionate
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night shift assignments. The proposed model can easily be used in practice to
produce the best possible nurse schedule given a certain shift preference scenario

by adjusting the penalty cost, a.

5.1.2 Demand Scenario 2

In this section, a different demand scenario is used for solving and
illustrating nurse scheduling problem while changing nurse requirements according
to weekdays and weekends. We accept that nurse demand is higher on all Fridays
and Saturdays than other days during the planning horizon, as shown in Tables 5.5
and 5.6. All problem instances assuming different preference scenarios are solved

based on Demand Scenario 2 at different « levels.

Table 5.5: Minimum nurse requirements (except Fridays and Saturdays) in DS 2

Shifts (j) 1 2 3
NRyjt 2 2 1
NRy;, 2 2 1
NRg;¢ 2 2 1

NI, 1 1 1

Table 5.6: Minimum nurse requirements (Fridays and Saturdays) in DS 2

Shifts (j) 1 2 3
NRyjt 3 2 1
NR ;¢ 3 2 1
NRg;¢ 2 2 2

NI, 1 1 1
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Base Case Scenario 0 (All 0):

In our Base Case Scenario 0, all shift preferences are set to zero, i.e., p;j; =
0,viel,jeJ,t eT.Assumingthata = f = 1, the optimal value for the objective
function (24) in this scenario is z* = 2095, where the total number of shifts assigned
IS Yt Xije = Xije0ije = 544. Inthis case, the proportion of over-assignment (out

of 2520 shifts) is p, = 100%.
Base Case Scenario 1 (All 1):

The other extreme is having all nurses available on all shifts over the
planning horizon, i.e., p;j; = 1,Vi €1,j € J,t € T. Assuming that « = f = 1, the
optimal value for the objective function (24) is z* = 3529, where, again,
YijtXije = 544,and }; ; ru;;; = 1976. Inthis case, since there cannot be any over-

assignment, p, = 0%.

Four different Preference Scenarios (PS) are developed to test the
performance of the scheduling model. These scenarios, PSn (n = 1, 2, 3, 4), are
designed such that n*20% of all shifts in a month are preferred by nurses. Therefore,
PS1 is the most restrictive one out of these scenarios. The problem is solved for these
scenarios with different penalty cost, a, values for not meeting the nurse preferences
and all the problem instances are solved to optimality within at most 1000.05
seconds as shown in Tables 5.7-5.10. In all of the problem instances, it is observed
that constraint (12), regarding the “0-1-0” type of assignment, is never violated, i.e.,

Yitdafy = 0inall cases.

Table 5.7: Results for PS1 - DS 2

. CPU Time " Z a Z dbi,; N " .
(s) i€l it

1 1000.05 2339 0 5 0.205 0.740 30

2 1000.05 2752 0 5 0.205 0.740 30

3 1000.02 3165 0 5 0.205 0.740 30

4 1000.02 3578 0 5 0.205 0.740 30

5  1000.02 3991 0 5 0.205 0.740 27
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When PS1 is used, at any a level the same optimal schedule is obtained. In
this solution, 20.5 % of assignments (413 of 2016) are over-assignments made for
all 30 nurses as can be seen from Table 9. When PS4 is assumed, the ratio of over-
assigned shifts is reduced to 13.3% (67 of 504) and the number of nurses affected
by over-assignment is reduced to 18. In PS4, there is also no “1-0-1” type of

assignment in the optimal solution.

It is observed that the ratio of over-assigned shifts is significantly reduced to
12.5 % for « = 1 when PS2 is assumed and the minimum possible value for this
ratio is 11.8 % in this scenario as shown in Table 5.8. The number of nurses affected
by over-assignment, w, is reduced to 24 as « is increased. The ratio, o , is further
reduced to 11 % when PS3 is used and the minimum possible value becomes 9 % in
this scenario as shown Table 5.9 . The number of nurses affected by over-assignment

is reduced to 24 as « is increased.

Additionally, in PS2, at « = 4 and a = 5, three nurses are assigned 6 more
night shifts than their total day and evening shifts in the optimal schedule, i.e.,
Yiadi = 18,Ycdi” = 24, respectively. The sum of these positive slack variables
increases in PS3 to 46 and 54 for the same « values, respectively. Also, when PS3
IS used, the number of “1-0-1" type assignments made increases as a increases,

whereas, in PS2, this number is fixed at 2 for all « values.

Table 5.8: Results for PS2 — DS 2

_ CPUTime Z dr Z dbf, o o ©
(s) iel it

1 100284 2403 3 10 0.125 0.648 29

2 100003 2585 6 6 0.124 0.646 28

3 100002 2774 6 8 0.124 0.646 28

4 100001 2955 18 8 0.120 0.634 27

5 100003 3134 24 12 0.118 0.658 24
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Table 5.9: Results for PS3 - DS 2

. CPU Time - Z ar Z b, N N .
(s) iel it

1 1000.03 2758 17 9 0.11 0.71 29

2 1000.02 2864 27 21 0.10 0.71 28

3 1000.05 2962 29 19 0.10 0.71 28

4 1000.02 3056 46 24 0.09 0.69 27

5 1000.02 3144 54 30 0.09 0.69 24

Table 5.10: Results for PS4 — DS 2

_cRu Time " z dr Z db}, 4 o ©
(s) i€l it

1 100002 3157 0 3 0133  0.763 18

2 100003 3224 0 3 0133  0.763 18

3100002 3292 0 4 0133  0.763 18

4 100002 3358 0 3 0133  0.763 18

5 100003 3425 0 3 0133  0.763 18

5.1.3 Demand Scenario 3
In this scenario, we accept that minimum number of required nurses in all
Fridays and Saturdays during 4 weeks is changing. Tables 5.11-5.15 demonstrate

the minimum nurse requirements depending on days.

Table 5.11: Minimum nurse requirements (except Fridays and Saturdays) in DS 3

Shifts (j) 1 2 3
NRy;¢ 2 2 1
NRyje 2 2 1
NRgje 2 2 1

NI, 1 1 1
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Table 5.12: Minimum nurse requirements for Fridays, t = 5,19, in DS 3

Shifts (j) 1 2 3
NRyj¢ 3 2 2
NRyje 3 2 2
NRgj; 3 2 2

NI, 2 1 1

Table 5.13: Minimum nurse requirements for Saturdays, t = 6, 20, in DS 3

Shifts (j) 1 2 3
NRy;¢ 3 2 2
NRyje 3 2 2
NRgje 2 2 2

NI, 2 1 1

Table 5.14: Minimum nurse requirements for Fridays, t = 12,26, in DS 3

shifts (j) 1 2 3
NRyj¢ 3 3 2
NRyje 2 2 2
NRgjc 2 2 2

NI, 1 1 1

Table 5.15: Minimum nurse requirements for Saturdays, t = 13,27, in DS 3

Shifts (j) 1 2 3
NRyj¢ 3 3 2
NR;¢ 2 2 2
NR;¢ 3 2 2

NI, 1 1 1
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Base Case Scenario 0 (All 0):

In our Base Case Scenario 0, all shift preferences are set to zero, i.e., p;j; =
O,viel,je],t e T.Assumingthata = 8 = 1, the optimal value for the objective
function (24) in this scenario is z* = 2129, where the total number of shifts assigned
IS Xt Xije = Xije0ije = 544. Inthis case, the proportion of over-assignment (out

of 2520 shifts) is p, = 100%.
Base Case Scenario 1 (All 1):

The other extreme is having all nurses available on all shifts over the
planning horizon, i.e., p;;y = 1,Vi € 1,j € J,t € T. Assuming that « = g = 1, the
optimal value for the objective function (24) is z* = 3545, where, again,
YijtXije = 544, and ¥, ;. u;; = 1976. In this case, since there cannot be any

over-assignment, p, = 0%.

The problem is solved for PS1-PS4 with different penalty cost, a, values for
not meeting the nurse preferences and all the problem instances are solved to
optimality within at most 1000.03 seconds as shown in Tables 5.16-5.19. In all of
the problem instances, it is observed that constraint (12), regarding the “0-1-0” type

of assignment, is never violated, i.e., ¥’;; daj;, = 0 in all cases.

Table 5.16: Results forPS1—-DS 3

CPU
a Time z* Z dif z db; Po Pu w
(S) i€l it
1 1000.02 2418 4 12 0.207 0.732 30
2 1000.02 2605 6 14 0.207 0.732 30
3 1000.03 2793 6 15 0.207 0.732 30
4 1000.03 2976 18 17 0.207 0.732 30
5 1000.03 3155 24 21 0.207 0.732 30

When PS1 is used, at any a level the same optimal schedule is obtained. In

this solution, 20.7% of assignments (413 of 2016) are over-assignments made for all
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30 nurses as can be seen from Table 5.19. When PS4 is assumed, the ratio of over-
assigned shifts is reduced to 13.3% (67 of 504) and the number of nurses affected
by over-assignment is reduced to 18. In PS4, there is also no “1-0-1” type of
assignment in the optimal solution. It is observed that the ratio of over-assigned
shifts is significantly reduced to 13 % for « = 1 when PS2 is assumed and the
minimum possible value for this ratio is 12 % in this scenario as shown in Table
5.17. The number of nurses affected by over-assignment, w, is reduced to 27 as « is
increased. The ratio, p,, is further reduced to 11.3% when PS3 is used and the
minimum possible value becomes 9.3% in this scenario as shown Table 5.18. The
number of nurses affected by over-assignment is reduced to 26 as « is increased.
Additionally, in PS2, at « = 4 and a = 5, three nurses are assigned 6 more
night shifts than their total day and evening shifts in the optimal schedule, i.e.,
Yiadi = 18, Y1 di” = 24, respectively. The sum of these positive slack variables
increases in PS3 to 46 and 54 for the same « values, respectively. Also, when PS3
is used, the number of “1-0-1” type assignments made increases as a increases,
whereas, in PS2, this number is fixed at 2 for all « values. When a increases, z*

values also increase, however, the values of p,,p,, ® will be constant after o = 5.

Table 5.17: Results forPS2-DS 3

CPU
a Time z* Z di Z dby, Po Pu W
© i€l it
1 1000.02 2779 11 12 0.13 0.64 30
2 1000.02 2880 21 16 0.12 0.64 30
3 1000.02 2984 22 18 0.12 0.64 30
4 1000.03 3085 34 21 0.12 0.63 29
5 1000.03 3187 42 33 0.12 0.62 27
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Table 5.18: Results for PS3-DS 3

CPU
a Time z* Z df Z dbj} o Pu ®
(S) i€l it
1 1000.02 2779 11 12 0.113 0.710 29
2 1000.02 2880 21 16 0.104 0.704 29
3 1000.02 2984 22 18 0.103 0.704 29
4 1000.02 3085 34 21 0.097 0.696 27
5 1000.02 3187 42 33 0.093 0.690 26
Table 5.19: PS4 - DS 3
CPU
a Time z' z df z dbfe o ou ®
(S) i€l it
1 1000.02 2418 0 9 0.133 0.759 18
2 1000.02 2605 0 9 0.133 0.759 18
3 1000.02 2793 0 9 0.133 0.759 18
4 1000.02 2976 0 9 0.133 0.759 18
5 1000.02 3155 0 9 0.133 0.759 18

48



5.1.4 Comparison of Scenario Results

Figure 5.3 illustrates that, for a given preference scenario, z* values increase
when the minimum required number of regular nurses is increased in different
demand scenarios. Also, z* values increase when all preferences are equal to 1,

mostly due to the positive under-assignment variable values.

4000 3451 3529 3545

3000
1940 2095 2129
2000
0
Sc1l Sc?2 Sc3
mAII0 mAIll

Figure 5.3: z* values for three different demand scenarios

Figure 5.4 and Figure 5.5 indicate that the number of nurses assigned to shifts
on each day changes between 17 and 19, during 28 days based on All 0 and All 1
preference scenarios, respectively. Number of nurses assigned is higher on Fridays

and Saturdays as forced by the minimum requirements.
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Figure 5.4: Number of nurses at all preference 0
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Figure 5.5: Number of nurses at all preference 1
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Figure 5.6: Percentage of over assigned among all x assignments for different

preference scenarios.

Figure 5.6 demonstrates the percentage of over-assigned shifts among all
assignments for preference scenarios 1-4 and demand scenarios which consist of
different minimum number of required nurses. We can see that the percent of over-
assigned shifts decreases as the demand increases, in general, and as the preference

matrix is less restricted.



5.2 Stochastic Demand Scenario

In this stochastic demand scenario, the nurse scheduling model is arranged
using three demand scenarios with shift preferences (PS1, PS2, PS3, PS4, Base
Case Scenario 0, and Base Case Scenario 1). In the objective function, the demand

scenarios have different probabilities as shown in Table 5.20.

Table 5.20: Probability distribution for demand scenarios

Demand Scenarios () 1 2 3

Py 0.25 0.50 0.25

Stochastic Model Development
The model formulation is modified using the following notation.
Set
C) set of demand scenarios, @ = 1 for the first demand scenario, 8 = 2 for

the second demand scenario, @ = 3 for the third demand scenario.

Parameters

1, if nurse i € I prefers to work shiftj € Jondayt €T

pfjt = in demand scenario 8 € @
0, otherwise

NRfjt minimum number of regular nurses in specialty s € S required for
shiftj € J onday, t € T, demand scenario 6 € 6

NIg

i+  minimum number of intern nurses required for shift j € Jonday t € T

demand scenario 8 € @

Py probability of demand scenario 6 € ©

Decision Variables

1, if nurse i € I is assigned to shiftj € Jondayt € T

0 _ . .
Xijt = in demand scenario 8 € @
0, otherwise
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Model Formulation

R
Min z Z xfjt

0eo i=1 jej teT

Subject to

Z Xijt = NRS]L"

i€l

||

EzlﬁzNﬁ,

i=R+1

7w

Z th = hL/8

t=7(w-1)+1 jegJj

7w

Z L]t = hU/8

t=7(w-1)+1 jeJ

Z UtSl

j€J

k+6

2,0 K=

JeJ t=

VoeEo~o,

voeo,iel,teT

+Ci*

V 0€0,j€],teT
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1]

i=R+1 jEJ t€T

VOEO,sESjEJLtET

VOoeo,ielwelW

VOeo,iel,weW

iel,k=12..|T| -

LT =3

> >y

(28)

(29)

(30)

(31)

(32)

(33)

(34)

(35)

(36)

(37)



X —pl <0, VO€EO,i€ljEtET (38)

ngt—<zxgt+zxgt>go, voeo,iel (39)

teT teT teT

0 ) 0
1- Z Xije |+ Z Xy T 1 Z Xijt+2) | = 2

j€l j€l j€l

voeo,iel,t=12,..,|T|-2 (40)
ingjt +11-— zxiej(tﬂ) + inejmz) <2,
JEJ J€J Jje]

VvoeEO,iel,t=12,..,|T -2 (41)
x,€{0,1,v0€0,i€lje]teT (42)

In this model, the index 8 is added in order to solve the scheduling problem

for different demand scenarios 1, 2, and 3.

Next, we present the reformulation of soft constraints and the objective

function using goal programming.
Goal 1: We modify the soft constraint (11) as follows:

X =P — O Uy =0, VOEOIELjE]tET (43)

where the binary decision variables ofjt €f{0,1},vOe€0n,iel,je],teT, and
ufjt €{0,1},vO0€0,i€l,je],teT,represent the over- and under-assignment
of shifts based on nurse preferences, respectively. It would be undesirable if a nurse
Is assigned to a shift that the nurse does not prefer as well as if a nurse is not assigned

a shift that the nurse prefers to work. Therefore, both of these variables are penalized
using the following objective function:
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minimize Z z z Z(ao?jt + ﬁuigjt) (44)

€6 i€l jej teT

where « is the penalty cost for assignment of a shift that a nurse does not prefer and
B is the penalty cost for not assigning a shift that a nurse prefers, such that « > g

because over-assignment is even more undesirable than under-assignment.
Goal 2: Soft constraint (12) is modified as follows to allow for deviations:

ngt—(ngt+zxgt>—d9i++d9{=o veeo,iel (45)

teT teT teT

where d°; €{0,1},v0€0,iel, and d €{0,1},YO€®O,i€l, are the
positive and negative deviations from the goal of assigning less night shifts than day
and evening shifts in total. The positive deviations from this goal is penalized by

adding the following objective function:

minimize Z d‘gj (46)

iel
Goal 3: Soft constraint (13) is modified as follows to allow for deviations:
+ -
1-— fojt + z xfj(tﬂ) +11-— z xfj(Hz) — daeit + daeit =2
jej jej jej

veeo,iel,t=12,..,|T| -2 (47)
where da®}; € {0,1,v0€8,i € ,t €T, and da’;; € {0,1},VO € B,i € I,t €
T, are the positive and negative deviations from the goal of avoiding isolated days

on. Only the positive deviations from this goal is penalized by adding the following

objective function:

minimize Z Z dae;r,t (48)

i€l teT
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Goal 4: Soft constraint (14) is modified as follows to allow for deviations:

6 0 0 + -
Y x4 [ 12D ey |+ Y xany - bk + db = 2
J€J Jj€J Jj€J

Vvoeo,iel,t=12,..I|T| -2 (49)

where db®;, € {0,1},VO €0,i € [,t €T and db®;, € {0,1},YO € O,i € I, t €
T are the positive and negative deviations from the goal of avoiding isolated days
off. Only the positive deviations from this goal is penalized by adding the

following objective function:

minimizez z dbgzrt (50)

i€l teT

As a result of these goal formulations, the initial objective function is modified

as follows.
R 1]
Minimi _ 2] 2]
1n1mlzez—z Cr; * szijt +c;* z zzxijt
fcoe i=1 jE€J teT i=R+1 j€J t€T
+ (a0l + Buly) + » df; + da?;,
Qa0;jt ﬁuijt i a’i
i€l j€J teT i€l i€l teT
9+
+ db” ;| * Py (51
i€l teT

The objective function (51) is the weighted sum of five different objectives: (i)
minimizing the total cost of nurses assigned to shifts as in (1), (ii-v) minimizing the
total violation of soft constraints as shown in (44), (46), (48), and (50), respectively.

The demand scenario probabilities are used as coefficients in this objective function.
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5.2.1 Computational Results

In this case, the problem is solved for these demand scenarios with penalty
cost ¢ = 3 and all the problem instances are solved to optimality within at most
1000.03 seconds. We present the optimal solutions of the proposed model for each
demand scenario separately for the six preference scenarios for various « values in
Tables 5.21 — 5.26 below. Table 5.27 presents the weighted sum of the results the

demand scenario probabilities are the weights.

Table 5.21: Results of all preference 0

2] P,  Probability Z %8, Z of, Z uf, Zd9+ Z da® 1t Zdbe

ijt ijt ijt
1 0.25 0.25 506 834 0 0 0 0
2 0.50 0.50 533 0 0 0 0 7
3 0.25 0.25 552 757 0 0 0 9

Table 5.22: Results of all preference 1

0 P,  Probability legjt Z of, Z ul, Zd9+ Z da® w Z:dbe:t
it

Lt it Lt
1 025 0.25 506 3 508 O 0 10
2 050 0.50 533 0 0 0 0 12
3 025 0.25 552 3 427 0 0 16

Table 5.23: Results of PS1

Probabilit + +
0 PH y z Ut z z}t z th ng Z da lt Zdbelt

it it it it
1 025 0.25 506 631 0 0 2
2 050 0.50 533 0 0 0 0 13
3 025 0.25 552 633 90 0 0 17
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Table 5.24: Results of PS2

0 Py Probability Z ”tz utz llfzd9+z da®? Zdbe;,-t
it

ijt ijt ijt
1 0.25 0.25 506 384 0 0 1 17
2 0.50 0.50 533 0 0 0 0 11
3 0.25 0.25 552 385 89 0 0 19

Table 5.25: Results of PS3

Probabil + ¥
0 Py roba ||tyz utz Utz utzdg z da® ,t Zdb9i,t

ijt ijt ijt it
1 0.25 0.25 515 389 358 1 30 86
2 0.50 0.50 536 12 0 4 26 91
3 0.25 0.25 554 375 325 0 24 85

Table 5.26: Results of PS4

0 P * +
¥ Z l}t Z l}t Z th Zde Z da lt Zdbei,t

ijt ijt ijt it
1 0.25 513 232 488 1 20 74
2 0.50 535 4 0 4 23 85
3 0.25 554 215 377 0 18 67

Table 5.27: Results for stochastic demand

Preference +
7* Z Pexz}tz PGOUt Z PBuut Zpgde z Pedagit Zpedbe;,-t

Scenarios Ljto Ljto Lito ite 5o
All0 2707 531 398 0 0 0 6
1 2512 531 316 23 0 0 11
2 2146 531 192 22 0 0 15
3 2398 535 197 171 2 27 88
4 2174 534 114 216 2 21 78
All 1 1757 531 2 234 0 0 13
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Aggregate Schedule

The weighted sum of the three separate schedules generated for different
demand scenarios includes fractional values for the shift assignment, i.e.,
0 < Y9 Pexf, < 1. In order to produce a single schedule that can be used in practice
based on stochastic demand scenarios, we propose an aggregate schedule in which
the weighted sum of | © | schedules, xfjt, is calculated with the demand scenario
probabilities as weights and a shift assignment is made if the corresponding weighted
sum for a nurse-shift-day assignment takes a value that is greater than 0.25. The

transformation rule for the aggregate schedule can be represented as follows.

(0. if ) Ppxfy <025
6

e = | 52)
Lif ) Pyxf, > 025
2]

Then, the performance measures are recalculated according to the assumed
preference scenario in the solution. We compute staffing cost that is the total cost of
regular nurses and intern nurses, which is the initial part of the objective function.

Table 5.28 shows the resulting measures for the aggregate schedule.
Base Case Scenario 0 (All 0):

In our Base Case Scenario 0, all shift preferences are set to zero, i.e., p;j; =
O,Viel,je],teT, 6 €. Assuming that « = 8 = 3, the optimal value for the
objective function (51) in this scenario is z* = 2707, where the total number of

shifts assigned is X.; j ¢ x;jr = Xi,jt 0ijr = 650.
Base Case Scenario 1 (All 1):

The other extreme is having all nurses available on all shifts over the
planning horizon, i.e., p;;y = 1,Vi €1,j € ],t €T,6 € 6. Assuming that a = § =
3, the optimal value for the objective function (24) is z* = 1757, where, again,
Yijt Xije = 535. Inthis case, since there cannot be any over-assignment, p, = 0%.

These base case scenarios show us the limits on the objective function value and the
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limits on the quantity Y’; ; . 0;j., as well as p,, when a = § = 3 at the two extreme

nurse preference values.

Table 5.28: Results of aggregate schedule

Preference  Staffing cost
Xijt Oij¢

Scenarios Ljt Lt
All0 1849 650 650
1 1712 597 2492
2 1643 577 655
3 1724 606 195
4 1700 598 82
All 1 1521 535 0

The aggregate schedule results in a higher number of shift assignments, as
shown in Figure 5.7, since the stochastic demand requires the surgical unit to be

over-prepared for emergency surgeries.
700

600
50
40
30
20
10

0

1 PS2 PS3 PS4

Allo PS Alll

o o o o

Total number of assignments
o

M Aggregate H Weighted Sum

Figure 5.7: Comparison of the total number of shift assignments for the
weighted sum solution and the aggregate schedule
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Chapter 6

Conclusions

In this study, we focus on the nurse scheduling problem in a surgical suite
where cardiovascular, general, and neurological surgeries are performed. Shift
preferences of nurses are given the highest priority while meeting the demand-
related constraints. We develop a multi-objective integer programming model with
hard and soft constraints and solve the model using goal programming. The model
is formulated to produce the best possible schedule in terms of meeting nurse
preferences and fair distribution of workload. We illustrate the performance of the
proposed model with an example under various shift preference scenarios.
Computational results show that the multi-objective nature of the model leads to
higher job satisfaction for nurses in terms of the performance measures evaluated,
by avoiding the assignment of shifts that are not preferred, by avoiding isolated days
on or off, and by avoiding disproportionate night shift assignments. The proposed
model can easily be used in practice to produce the best possible nurse schedule
given a certain shift preference scenario by adjusting the penalty cost, a, and given
a demand scenario. Moreover, we considered stochastic demand scenarios based on
the same preference scenarios. Our stochastic demand model provides a more
applicable schedule for nurses that is the aggregate schedule developed, allowing the
surgical unit to be more prepared for unexpected increases in demand. This model

can be used for emergency surgeries which cause fluctuating demand.

This study can be extended in various directions. The proposed goal
programming model can be modified to include emergency surgeries as a separate
specialty. Our model considers a wide set of constraints already; however, there are
other scheduling constraints in the literature or in practice that can easily be added
to this model such as constraints dealing with annual vacations or minimum number

of weekend days off.
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Appendix A: GAMS Model for Nurse Scheduling

mm gamside: Ci\Users\ELIF\Documentsi.gamediriprojdir.gmsproj.gpr
File Edit Search Windows Utilities Meodel Libraries  Help

B| 6% ¥ %P 3 | @|n]

mm C:\Users\ELIF\Desktop\Nurse_2052017.gms

I Murse_2052017.ams

set= i nurse =sites /i1%*i30/
3§ shift type sites /31%33/
t day sites Stl=t2&/

cardio(i) /il*ilo/
medical (i) /fill=il8/
neuro (i) fil19*i25/

in(i) intern nurses /i26*%i30/

kli{t) first & days /tl=#tT/
k2(t) & days /t2%t8/

k3(t) & days /t3*t9/
k4(t) & days /té=tlo/
k5(t) 6 days /c5*tcll/
k6(t) & days /té*cl2/
k7T(t) & days /tT*cl3/
k8(t) & days /tE*tl4/
k3a(t) 6 days /c9=tls/
k¥10(t) & days /tl0*tl&/
k1l(t) & days /tll*tl7/
k12 (t) & days /tlZ#stls/
k13(t) & days /tl3*clg/
k14 (t) & days /tl4*c20/
k15(t) & days /tl5*t2l/
k1l6(t) & days /tle~c22/
K17(t) & days /tl7*t23/
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k18(t) & days /tls=*t24/
kla({t) & days /cl9*tc25/
k20(t) & days /t20*t2&/
k21(t) € days /t21*t27/
k22 (t) & days /t22=t28/

nilit) night /ftl=t4/
n2(t) night /t2*ts/
n3(t) night /t3*té&/S
n4 () night /t4*t7/
nsit) night /t5*t8/
né(t) night /cé&*td/
n7(t) night /t7+*tld/
n8 () night /t8&*tll/
n9it) night /t3=tl2/
nio(t) night /tlo*tl3/
nll(t) night /tll#*tld4/
nilz(t) night /tl12*ti15/
ni3(t) night /tl3*tle/
ni4(t) night /ftcl4*tl7/
nls(t) night /tl5*tlg8/
nl6é(t) night /tl16%t18/
ni7(t) night /tl7*t20/
nls (t) night /ftlg8*t2l/
nlg(t) night /tl9*t22/
n2o(t) night ftZ0*c23/
n2i(t) night /t21*t24/
n22(t) night /t22*t25/
n23(t) night /t23*t26/
n24(t) night /t24*t27/

n25(t) night /t25*c28/

at(t) avoid 010 or 101 /til*t2&/

Table p(i,j,t)

$call xls2gms I=PreferenceNurses.xls O=NursePreference R=Preference!ZA1:RE91
$include "NursePreference"

itable NR11({j,t) requirement for regular nurses on shift j of day t

tl t2 t3 t4 t5 té 7 t8 9 ti0 tll tlZ ti13 tl4 tlS tlé tl7 tlf tl9 t20( ¢
g1 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
iz 2 P 2 2z 2z 2 2z 2z z 2z 2 2 P 2 P 2 2 2 2 P 2
i3 1 1 i1 1 1 1 1 11 1 1 1 1 1 1 1 1 1 1 1
itable NR21(j,t) requirement for regular nurses on shift j of day t

£l t2 t3 t4 t5 té tT t2 t9 tld t1l tl2 t13 tl4 tl5 tlée tl7 tls tlf9 t20( ¢
up 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
iz 2 2 2 2z z 2 z z 2 z 2 2 2 2 2 2 2 2 2 2 2
i3 1 1 i1 1 1 1 1 11 1 1 1 1 1 1 1 1 1 1 1
table NR31(j,t) requirement for regular nurses on shift j of day t

1 xls2gms I=PreferenceNurses.xls O="RegularsRequired" R="NursesRequired!B7:ACE
*5include "R arsRequired"”

tl T 3 t4 t5 t6 7 8 t©9 tl0 tll tl2 ti13 tl4 tl5 tlé tl7 tl8 tl8 20| t21
31 2 2 2 2 2z 2z z z z 2 2 2 2 2 2 2 2 2 2 2
32 2 2 2 2 2z 2z z z z 2 2 2 2 2 2 2 2 2 2 2
33 1 1 11 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
table NI1(j,t) requirement for intern nurses on shift j of day t
*S5call xls2gms I=PrefesrenceNursses.xls O0="InternsRegquired" R="NursessRequirsd!B2:3C3"
*Sinclude "InternsRequirsd™

tl t2 t©3 t4 t5 té tT7 T8 €2 tld tll tl2 t©l3 tl4 tlsS tlé tl7 tlE tl?d to

31 1 1 11 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 L
32 1 1 11 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 L
33 1 1 11 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 L
table NR12(j,t) requirement for regular nurses on shift j of day t

tl £2 t3 t4 t5 té t7 t8 8 tl0 tll t12 tl13 tl14 tl5 tlé tl7 tl8 tls t20| t2
31 2 2 2 2 3 3 z z z z 2 3 3 2 2 2 2 2 3 3 2
32 2 2 z z z 2z z z z z 2 2 s 2 2 z prd 2 2 z 2
33 1 1 11 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

68

ot
[*]
%)
ot
)
ot
%)
X
o

[T
[
[T
[ N
N
(SN
[ N

ot
X
(%)
ot
[¥)
)
o
[X)
X
w

(RN
[
(RN
N
[ N
(SN
[ N

ot

3
ot

3
X
ot

3
ot
ot
&)
o

[ERCIS)
(RN
R R ot
[EREIS)
[ERCIS)
(RN

o

(S ]
o

]
o

(SRR
w

o

]
o

[ ]
o

(R
o

[N
o e R
o

(SRR

o
[X)
o
[X)
w

Rk
[
(RN

oW



table NR22(j,t) requirement for regular nurses on shift j of day t

£l t2 ©3 t4 t5 té t7 t8 t9 tld tll tl12 t13 tl4 tl5 tlé tlT7 til8
31 prd 2 z 2 3 3 z 2z 2z 2 3 3 2 z 2 z 2
32 2 2 2z 2 2 2 2 2 2z 2 2 2 2 2 2 2 2
33 1 1 i1 1 1 1 1 11 1 1 1 1 1 1 1 1

table NR32(j,t) requirement for regular nurses on shift j of day t

table NI2(j,t) reqguirement for intern nurses on shift j of day t

*5Scall xls2gms I=Prefersncel R:

*finclude "InternsRequired”

tl t2 £3 t4 t5 té t7 £8 t9 tlD tll t12 tl13 tl4 t£15 tlé tlT tils
31 1 1 11 1 1 1 1 1 1 1 1 1 1 1 1 1 1
32 1 1 i1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
33 1 1 11 1 1 1 1 1 1 1 1 1 1 1 1 1 1
table NR13(j,t) requirement for regular nurses on shift j of day t©

tl t2 t3 t4 t5 té t7 t8 t9 tl0 tll tl2 tl3 tl4 tl5 tle tl7 tlE t

31 2 2 2 2 3 3 2 2 2 2 2 3 3 2 2 2 2 2 3
3z 2 2 2 2 2 2 2 2z 2 2 2 3 3 2 2 2 2 2 2
33 1 1 i1 2 2 1 1 11 1 2 2 1 1 1 1 1 2
table NR23(j,t) regquirement for regular nurses on shift j of day t

tl t2 t3 t4 th té ©7 té €9 tlld tll t©l2 tl3 tl4 tl5 tlé Ttl7 tlE
31 2 2 2 2 3 3 2z 2 2 2 2 2 2 2 2 2 2 2
32 2 2 z 2 2 2z 2z z 2 2 2 2 2 2 2 2 2 2
33 1 1 i1 2 2 1 1 11 1 z 2 1 1 1 1 1

table NR33(j,t) requirement for regular nurses on shift j of day t

*ica R

x1s2gms I=PreferenceNurses.xls O="Regu

*Sinclude "Re ired"”

tl tZ2 t£3 t4 th t6 t7 t8 t9 tl0 tll tl2 tl3 tl4 tl15 tlé tl7 tls
31 z 2 2z z 3 2z 2 z2 z 2 2 2 3 2 2 2 2 2
32 2 2 2 2z 2 2z 2z z 2 2 P 2 2 2 P 2 2 2
33 1 1 11 2 2 1 1 11 1 2 2 1 1 1 1 1

table NI3(j,t) requirement for intern nurses on shift j of day t

£19 o
3 3
2 2
1 1

tl9 Tt

sNurses.xls O="RsegulsrsRegquired" R="NursesRsguirsd!B7:
d

té 7 t8 €3 £ld tll tl2 tl3 til4 tlS tlé tlT tls

z 2z 2 z oz 2 2 3 2 2 2 2 2

2 2 z 2z 2 2 2 2 2 2 2 2

2 1 1 11 2 2 2 1 1 1 1 1

(SR
(SR

Nurses.xls O="IntsrnsRequirsd" R="NursesRegquiresd!BZ:4

tl9 t
1
1
1

T

2]

ST

tlg

MR W

T

Mo W

arsRequired"” R="NursesRequired!B7:

RRa R et
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e
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o
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20

[

*Scall xls2gms I=PreferenceNurses.xls O="InternsReguired" R="NursesReguired!B2
*5include "InternsRegquirsd"™
£l t2 t£3 t4 t5 t6 t7 tf t9 tl0 tll tl12 t13 tl4 tl15 tl6 tl7 t18 tlf t0 t2l1 ¢
31 i1 112z 211 1 1 1 1 1 1 1 1 1 1 2 g 1
52 11 111111 1 1 1 1 1 1 1 1 1 1 1 g 1
33 1 1 111111 1 1 1 1 1 1 1 1 1 1 1 [ 1
BINARY VARTABLE x1(i,j,t) 1 if nurse i i= the shift j of dav t©
x2({i,j,t) 1 if nurse i is the shift j of day t©
x3(i,j,t) 1 if nurse i is the shift j of day t©
v1({i,j,t) 1 if nurse i did not prefer shift j on day t
v2{i,j,t) 1 if nurse i did not prefer shift j on day t
¥3(i,j,t) 1 if nurse i did not prefer shift j on day t
wul({i,j,t) 1 if nurse i prefered shift j on day t but
uz(i,j,t) 1 if nurse i prefered =shift j on day t but
u3{i,j,c) 1 if nurse i prefered shift j on day t but
WARTABLE Z1 first objective function walue
INTEGER VARIABLE dpl (i) positive difference between total day shifts
dp2 (i) positive difference between total day shifts
dp3 (i) positive difference between total day shiftcs
dnl (i) negative difference between total day shifts
dn2 (i) negative difference between total day shifts
dn3 (i) negative difference between total day shifts
dapl({i,t) avoid 010 assignment positive difference
dap2(i,t) avoid 010 assigmment positive difference
dap3(i,t) avoid 010 assignment positive difference
danl{i,t) avoid 010 assignment negative difference
dan (i, t) avoid 010 assigmnment negative difference
dan3 (i, t) avoid 010 assignment negative difference
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101
101
101

dbpl (1,at) avoid
dbp2 (1i,at)

dbp3 (1i,at)

avoid
avoid

dbnl (i,at)
dbn? (1,at)
dbn3 (1,at)

101
101
101

avold
avoid
avold

Ecuations Eg2l(j,t) S5taff regurement
Egq22(j,t) Staff requrement
Eg23(j,t) Staff regurement

Eg3ll (i, )
Eg312(j,t)
Eqg313(3j,t)

cardio regular
cardio regular
cardio regular

Eqg321(3,t)
Eg322(3,t)
Eq323(3,t)

medical
medical
medical
Eg331({j,t) brain
Eg332(3,t)
Eg333(j,t)

brain
brain

assignment
assignment
assignment

assignment
assignment
assignment

nurse
nurse
nurse

positive
positive
positive

negative
negative
negative

Eq41l (i)
Eqg421 (i)
Eq431 (1)
Eqg44l (i)

Eq412 (1)
Eq422 (1)
Eq432 (1)
Eq442 (1)

Eq413 (1)
Eq423 (i)
Eq433 (1)
Eq443 (1)

Minimum working hours
Minimum working hours
Minimum working hours
Minimum working hours

regquirement
regquirement
requirement
regquirement

difference
difference
difference

difference
difference
difference

week 1

week 2

week 3

week 4

Minimum
Minimuam
Minimum
Minimuam

Minimuam
Minimum
Minimuam
Minimum

working
working
working
working

working
working
working
working

hours
hours
hours
hours

hours
hours
hours
hours

requirement
reguirement
requirement
reguirement

reguirement
requirement
reguirement
requirement

week
week
week

[T T S I

week

week
week
week

[F O T I S I

week

Eg511(i) Maximum hours
Eg521(1)
Eg531(1)

Eg541i(1)

working
hours
hours

Maximum
Maximum

working
working
Maximum working hours
Eg512 (1)
Eg522 (1)
Eg532 (1)
Eg542 (1)

hours
hours

Maximum
Maximum

working
working
hours
hours

Maximum
Maximum

working
working

Eq513 (1)
Eg523 (1)
Eq533 (1)
Eq543 (1)

Maximum working hours

Maximum working hours

Maximum working hours

Maximum working hours
Egel (i, t)
Egé2 (i, t)

Eg63 (i,t)

Working
Working
Working
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requirement
regquirement
regquirement
regquirement

regquirement
regquirement
requirement
regquirement

regquirement
requirement
regquirement
requirement

requirement (one shift per
requirement jone shift per
requirement (one shift per

week
week
week

ML R

week

week
week
week
week

o R

week
week
week

Me L Ry

week

day)
dav}
day)



Eg7l({i,t) Working regquirement (no day shift after night shift)
Eg72(i,t) Working regquirement (no day shift after night shift)
Eg73(i,t) Working regquirement (no day shift after night shift)

EgBll (i) max consecutive working days
EgB2l (i) max consecutiwve working days
EgB3l(i) max consecutive working davs
EgB4l (i) max consecutive working davs
Eg85l (i) max consecutive working davs
Egiel (i) max consecutive working davs
EgB871(i) max consecutive working davs
EgB8l1 (i) max consecutive working davs
Eg89l1 (i) max consecutive working davs
EgBl0l(i) max consecutive working days
EgBlll (i) max consecutive working days
EgBl2l(i) max consecutive working days
EgBl31(i) max consecutive working days
EgBl4l (i) max consecutive working davs
EgBl51 (i) max consecutive working davs
EgBlél (i) max consecutive working davs
Eg8171 (i) max consecutive working davs
Eg8181 (i) max consecutive working days
EgBl1891 (i) max consecutive working days
EgB8201 (1) max consecutive working days
EgB8211 (i) max consecutive working days
EgB221 (i) max consecutive working days
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Eq812 (i)
EqB22 (i)
EqE832 (i)
Eq842 (i)
EQ852 (i)
EqE62 (i)
Eq872 (1)
Eq882 (1)

max
max
max
max
max
max
max
max
max

EqE92 (i)
EqQE8102 (i)
Eg8112 (1)
Eq8122 (1)
EqQS8132 (i)
Eg8142 (1)
Eg8152 (1)
EqQS8162 (i)
EqQE172 (1)
Eg8182 (1)
Eg8192 (1)
EqQE202 (1)
Eg8212 (1)
Eq8222 (1)

Eq813 (1)
Eq823 (i)
Eq833 (1)
Eq843 (1)
Eqg853 (1)
Eq863 (1)
Eg873 (1)
Eq883 (1)
Eq833 (i)
EqQ8103 (i)
Eq8113 (1)
EgQ8123 (1)
Eq8133 (1)
Eg8143 (1)
EqQ8153 (1)
Eqg8163 (1)
Eq8173 (1)
Eq8183 (1)
Eg8193 (1)
Eq8203 (1)
Eg8213 (1)
Eq8223 (1)

max
max
max
max
max
max
max
max
max
max
max
max
max

max
max
max
max
max
max
max
max
max
max
mnax
max
mnax
X
max
X
max
mnax
max
mnax
X
max

consecutive
consecutive
consecutive
consecutive
consecutive
consecutive
consecutive
consecutive
consecutive
consecutive
consecutive
consecutive
consecutive
consecutive
consecutive
consecutive
consecutive
consecutive
consecutive
consecutive
consecutive
consecutive

working
working
working
working
working
working
working
working

days
days
days
days
davys
days
days
days

working
working
working
working
working
working
working
working
working
working
working
working
working
working

days
days
days
davys
days
days
days
days
days
days
days
days
days
days

consecutive
consecutive
consecutive
consecutive
consecutive
consecutive
consecutive
consecutive
consecutive
consecutive
consecutive
consecutive
consecutive
consecutive
consecutive
consecutive
consecutive
consecutive
consecutive
consecutive
consecutive
consecutive

7

working
working
working
working
working
working
working
working
working
working
working
working
working
working
working
working
working
working
working
working
working
working

2

days
days
days
davys
days
days
days
days
days
days
days
days
days
days
days
days
days
days
davys
days
days
days



Eg9l11 (i) max consecutive night shiftcs
Eqg221 (i) max consecutive night shiftcs
Eg931 (i) max consecutiwve night shifts
Eg941 (i) max consecutiwve night shifts
Eg951 (i) max consecutive night shifts
Eg961 (i) max consecutive night shifts
Eg971 (i) max consecutive night shifts
Eg981 (i) max consecutive night shiftcs
Eqg981 (i) max consecutive night shifcs
Eg9101 (i) max consecutive night shifts
Eg9111 (i) max consecutive night shifts
Eg9121 (1) max consecutive night shifts
Eg9131 (1) max consecutive night shifts
Eg9141 (1) max consecutive night shifts
Egf151 (i) max consecutive night shifts
Eqgfl161 (i) max consecutive night shifts
Eg9171 (i) max consecutive night shifts
Eg9181 (i) max consecutive night shifts
Eg9191 (1) max consecutive night shifts
Eg9201 (1) max consecutive night shifts
Eg9211 (1) max consecutive night shifts
Eg8221 (i) max consecutive night shifts
Eqg8231 (i) max consecutive night shifts
Eg9241 (i) max consecutive night shifts
Eg9251 (i) max consecutive night shifts
Eg8912 (i) max consecutive night shifts
Eg922 (i) max consecutive night shifts
Eg932 (1) max consecutive night shifts
Eg942 (i) max consecutive night shifts
Eg952 (i) max consecutive night shifts
Eg962 (i) max consecutive night shifts
Eg972 (i) max consecutive night shifts
Eg982 (1) max consecutive night shifts
Eg992 (1) max consecutive night shifts
Eg9102 (1) max consecutive night shifts
Eg9112 (i) max consecutive night shifts
Eg9122 (i) max consecutive night shifts
Eg9132 (i) max consecutive night shifts
Eg9142 (i) max consecutive night shifts
Eg®8152 (1) max consecutive night shiftcs
Eg9le2 (i) max consecutive night shifts
Eg9172(1i) max consecutive night shifts
Eg9182 (1) max consecutive night shifts
Eg91%82 (i) max consecutive night shifts
Eg9202 (i) max consecutive night shifts
Eg9212 (i) max consecutive night shifts
Egi222 (1) max consecutive night shiftcs
Eg3232(1) max consecutive night =shifts
Eg9242 (1) max consecutive night shifts
Eg9252 (1) max consecutive night shifts

73



Eql01(i)
Eq102 (i)

Eql03(i)

Eql1i1(i)
Eql121(i)
Eql131(i)
Eql141(i)
Eql151(i)
Eql161(i)
EqliT1(i)
Eql181(i)
Eql191(i)
Eq11101 (i)
Eql1111(i)
Eql1121(i)
Eql1131(i)
Eql1141(i)
Eql1151(i)
Eql1161(1)
Eql1171(i)
Eql1181(i)
Eql1191(i)
Eql1201(i)
Eql1211(i)
Eql1221(i)
Eql1231(i)
Eql1241(i)
Eql1251(i)
Eql1261(i)

Eq913 (i)
Eq923 (i)
Eq933 (i)
Eq943 (i)
EqQ953 (i)
Eq963 (i)
EqQ973 (i)
EqQ983 (i)
Eq993 (i)
Eg9103 (i)
EqQ9113 (i)
Eg9123 (i)
Eg9133 (i)
Eg9143 (i)
Eg9153 (i)
EgQo9163 (i)
EgQ9173 (i)
Eg9183 (i)
Eg9193 (i)
EgQ9203 (i)
Eg9213 (i)
Eg9223 (i)
Eqg9233 (i)
Ego243 (i)
EgQ9253 (i)

max
max
max
max
max
max
max
max
max

consecutive
consecutive
consecutive
consecutive
consecutive
consecutive
consecutive
consecutive
consecutive

night
night
night
night
night
night
night
night
night

shifts
shiftcs
shifts
shifts
shifts
shiftcs
shifts
shifts
shifts

max
max
max
max
max
max
max
max
max
max
max
max
max
max
max
max

Eqll12(i)
Eql122(i)
Eql132(i)
Eql142(i)
Eql152(1)
Eql162(i)
Eqli72(i)
Eql182(i)
Eql192(i)
Eql1102(i)
Eqlll12 (i)
Eql1122(i)
Eqll132(i)
Eqli142 (i)
Eqll152(d)
Eqli162(i)
EqL172(i)
EqlL182 (i)
Eql1192 (i)
Eql1202(i)
Eql1212 (i)
Eql1222(i)
Eql1232 (i)
Eql1242(i)
Eql1252 (i)
Eql1262(1)

consecutive
consecutive
consecutive
consecutive
consecutive
consecutive
consecutive
consecutive
consecutive
consecutive
consecutive
consecutive
consecutive
consecutive
consecutive
consecutive
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night
night
night
night
night
night
night
night
night
night
night
night
night
night
night
night

Eqll13(i)
Egl123(i)
Eql133(i)
Eqll43(i)
Eql153(i)
Eqll83(i)
Eqli73(i)
Eql183(i)
Eql193(i)
Eql1103(3)
Eql1113(i)
Eql1123(i)
Eql1133(i)
Eql1143(i)
Eql1153(i)
Eqll163()
Eql1173(i)
Eql1183(i)
Eql1193(3)
Eql1203(i)
Eql1213(3)
Eql1223(i)
Eql1233(i)
Eql1243(3)
Eql1253(1)
Eql1263(i)

shifts
shifts
shifts
shifts
shifts
shifts
shifts
shifts
shifts
shifts
shifts
shifts
shifts
shifts
shifts
shifts

Eql211(i)
Eql221(i)
Eql231(i)
Eql241(i)
Eql251(i)
Eql261(i)
Eql271(i)
Eql281(i)
Eql291(i)
Eql2101(i)
Eql2111(i)
Eql2121(i)
Eql2131(i)
Eql2141(i)
Eql2151(i)
Eql2161(i)
Eql2171(i)
Eql2181(i)
Eql2191(i)
Eql2201(i)
Eql2211(i)
Eql2221(i)
Eql2231(i)
Eql2241(i)
Eql2251(i)
Eql2261(i)

Eql212(1)
Eql222 (1)
Eql232(1)
Eql242(i)
Eq1252(1)
Eql262(1)
Eql272(1)
Eql282(1)
Eql292(1)
Eql2102(i
Eql2112(i
Eql2122(i
Eql2132(i
Eq12142(i)
Eq12152(i)
Eq12162(1)
Eql2172(i
Eql2182(i
Eql2192(i
Eq12202(i
Eql2212(i
Eq12222(i
Eq12232(i)
Eq12242(i)
Eq12252(i)
Eq12262(1)

I
I
I
I

!
!
I
I
I
I

q1213(i)
1223 (i)
1233 (i)
1243 (i)
1253 (i)
1263 (1)
1273 (i)
q1283 (i)
1293 (i)
12103 (1)
12113 (1)
q12123(1)
q12133(1)
12143 (1)
12153 (1)
12163 (1)
q12173(i)
12183 (i)
12193 (1)
12203 (1)
12213 (1)
12223 (1)
12233 (1)
12243 (1)
q12253 (i)
q12263 (1)



gl3lii, 3, c)
gl3z2 (i, 3, t)
gl33(i,J,t)

q141(i)
q142(1)
4143 (1)

lobj1 objective first equation

rses required per
x1('326",3,£)+x1('127", 3, £)+x1(
X2 ('526',3,T)+x2 (427", 3, ) +x2("128°,3,€)+x2 (129", 3, ) +x2 (130"
X3 ('326',3,5)+X3 (1127, 3, 0) +x3 (11287, 3, 0] +x3 (11297, 3, T) +u3 (1 130"

shift on

i28%,3,£)+x1('328",3,€)+x1("130

= NI1(j,t):
= NIZ2(3,t);
3, T)=6= NI3(3,t);

rses requir

q311(3, ).
q312(3,T) ..
q313(3,5) ..

4321(3,C) ..
4322(3,t) ..
q323(3,t) .-

4331(3,t) ..
q332(3,t) ..
4333(3,C) ..

ekly hours t

(X1(7310,9,€)+x1 (132", 9, c)+x1("13%,3,t)+x1 (34", 9, t)+x1 (15", 5, ¢)]
(%2 ("11',3,%T)+x2('12',3,C) X2 ("13",3,T) +x2 ('14',3,T)+x2 (15,3, T)]
(®3("11',3,5)+x3('12',3,C) X3 (13" ,3,5) X3 ('14',3,T)+x3('15",3,t)]

(K1('211',3,T)+X1('212",3,C)+K1 (213", 3, B)+x1('2114",3,T) +x1 ("
(%2('111',3,T)+x2('112",3,5) +x2 (113", 5,B) +x2 ('114",3,T) +x2 ("
(x3('411",3,€)+x3('112",3,£)+x3 (113", 3, L) +x3 (314" ,3,t) +x3("

(®1('119',3,T)+x1('120%,3,5)+x1 (*121",3,6)+x1('122",3,T) +x1 ("]
(%2 ('119°,3,€)+x2 ('120", 3, £) +x2 (*121", 3, ) +x2 (1122, 3, t) +x2 (|
(%3 ('112',3,T)+x3 ('120",3,€) +x3 ("121",3, T +x3 ('122', 3, T)+x3 (]

18,3, T)+xl(
[157,3,)+x2 (
K15',3,t)+x3(

[23,3,0)+x1(
f23%,3,t)+x2(
23,3, T)+x3(
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'116',3,T)+X1('117",3,C)+x1("118",3,T) )=G= NR21(3,T):
'i16',3,T)+x2('117",3,5) +x2 (*118',3,8) )=G= NR22(3,t):
'i16',3,t)+x3 (117", 3,t)+x3(*i18",3,t) )=G= NR23(j, t);

'124',3,€)+x1('125",3,5) ) =G= NR31(3,t);
'i24',3,t)+x2('125",3,t))=G= NR32(j,t):
'i24',3,t)+x3('125",3,¢t))=6= NR33(],v);

bx1("167,3,0)+x1('17",3,T)+x1("i8", 5, ) +x1 (18", 3, 0)+x1 (410", 3,t) )=G= WR11(],t)
(%2 ("167,3,0)+x2 ('17',3,T)+X2 ("187,3,T) +K2 (119',3, L) +X2 ('110",3,T)
(%3 ("167,3,5)+x3 ('17',3,T)+x3 ("18",3,5) +x3 ('19',3, ) +x3('110",3,t)

6= NR12 (3,T)
G= NR13(3,t)

sum(3, (K1(1,3,'51')+X1(1,3,"02%)+x1 (1,3, B3 )+x1 (1,3, 04" ) +xll (1,3, '05" ) +x1 (1,3, '©6') +x1 (1,3, 'C7"))) *12 =G= 24;

som (3, (x1(i,3,'t8")+x10i,3, 9% +x1 (1,3, 't10" )+x1 (i, 3, €11 ) x1 (1,3, 612" ) +x1 (1,3, 't13" ) +x1(i,3,'€14"))) #12 =G= 24;

sum(3, (x1(i,3,'t15')4x1(i, 3, 16" ) +x1 (1,3, £17')+x1 (1,3, "c18 ) +x1 (3,3, €18 ) +x1 (3,3, 't20" p4x1(i, 3, '£217))) #12 =G=

sum(3, (x1(1,3,'t22')+X1(1,3,'C23")+x1 (1,3, 'v24')+x1 (1,3, C28') +x1 (1,3, 'T26')+x1 (1,3, 'T27") +x1(1,3,'C28"))) ¥12 =G= 2 |
Eqa12 (1) .. sum (3, (x2(i,3, 't1')+x2(i,3, C2")+x2 (1,3, 't3")+x2 (1,3, 't4")+x2 (1,3, "t5') +x2 (1,3, 't6")+x2 (1,3, 'tT")) ) *12 =G= 24;
Eqe22 (1) .. sum (3, (%2(i,3,"'t8")+x2(i,3,"'69")+x2 (1,3, 'c10")+x2 (3,3, 611"} %2 (1,3, '612')+x2 (1,3, "t13") +x2 (1,3, 't14"))) *12 =G= 24:
Eq432(1).. sum (3, (®2(1,3,'tl5")+x2(1,3,'tl6")+x2 (1,3, "t17")+x2 (1,3, "t1g)')+x2(1,3,"'t19")+x2 (1,3, 't20")+x2 (1,3, "'t21")))*12 =G= 24;
[Eq242 (1) .. sum (3, (%2(i,3,'t22')+x2 (1,3, 623" )+x2 (1,3, t24')+x2 (1,3, t25)')+x2 (1,3, 626" )+x2 (1,3, 't27')+x2 (1,3, '©28")))*12 =G= 24;
Eqa13 (i) .. sum (3, (x3(i,3, 't1')+x3(i,3, 2" +x3 (1,3, 't3")+x3 (1,3, 't4")+xB (1,3, "t5") +x3 (1,3, 't6")+x3 (1,3, 'tT")) ) *12 =G= 24;
Eqé23 (1) .. som (3, (x3(i,3,'t8")+x3(i,3,"'69")+x3 (1,3, 'c10")+x3 (3,3, 611" }+x3 (1,3, '612')+x3 (1,3, 't13") +x3 (1,3, 't14"))) *12 =G= 24:
[Eq433(1) .. sum(3, (x3(i,3,'t15')+x3(1,3, 't16")+x3 (1,3, 't17')+x3 (1,3, "t18)')+x3 (1,3, 't19")+x3 (1,3, 't20")+x3 (1,3, 't21"))) *12 =G= 24;
[Eq243 (1) .. sum (3, (x3(i,3,'t22')+x3(1,3, 623" )+x3 (1,3, 624" )+x3 (1,3, 625)')+x3 (1,3, 't26")+x3 (1,3, 't27')+x3 (1,3, 't28"))) 12 =G= 24;
* um hat = nurse work
[EQ511(1).. sum (3, (x1(1,3,°tl')+x1(1,3, 52" }+x1(1,3, ©3')+x1(1,3, ©&')+x1(1,3, T5')+x1(1,3, 'T6")+x1(1,3, t7")))*12 =L= 72
Eqs21(i).. som (3, (x1(i,3,'c8')+x1(i,3, 09"} +x1(1,3, 10" }+xL (1,3, cL1 ) #x1(L, 3, 12" +x1 (1,3, 13"} +x1 (1,3, 'c14"))}*12 =L= 72;
[Eqs31(i).. sum(3, (x1(i,3,'t15")+x1(1,3, t16')+x1(i,3, 17" )+x1(1,3, 18 )+x1 (1,3, 19" ) +x1 (1,3, £20")+x1(1,3, 'E21")))*12 =L= 72:
EQs4l (1) .. sum (3, (x1(1,3,°'C22')+x1(1,3, t23")+x1(1,3, 't24")+x1(1,3, ©25')+x1 (1,3, 26" )+x1(1,3, t27")+x1 (1,3, 't28")))"12 =L= 72;
Eg512 (1) .. suw (3, (x2(1,3,'tl')+x2(1,3,"t2")+x2 (1,3, 't3")+x2(1,3,"C4" ) +x2 (1,3, "C5")+X2 (1,3, "L6")+x2 (1,3, "tT7")))*12 =L= 72;
Eq522 (1) .. sum (3, (%2(i,3,'t8")+x2(1,3, 69"} +x2 (1,3, ©10°)+x2 (1,3, 11" )+x2 (1,3, t12')+x2 (1,3, 't13")+x2 (1,3, 'c14"))}#12 =L= 72;
Eqs32 (i) .. sum (3, (%2(i,3,'C15')+x2(1,3, 616" )+x2 (1,3, 'c17")+x2 (3,3, 18" )+x2 (1,3, 619" ) +x2 (1,3, 20" )+x2 (1,3, 'c21")) ) *12 =L= 72;
Eqs4z (i) .. st (3, (%2(1,3,'C22')+x2(1,3, 023" )+x2(1,3, 024" )+x2 (1,3, "t25)')+x2 (1,3, 26" ) +x2 (1,3, 't27" ) +x2 (1,3, 't28")))*12 =L= 72;
[Eq513 (i) .. sum (3, (x3(i,3,'tl')+x3 (1,3, 52"} +x3 (1,3, '©3')+x3 (1,3, 'T4" ) +x53(1, 3, T5')+x3 (1,3, 06" ) +x3 (1,3, 't7"))) %12 =L= 72;
[Eq523 (1) .. suw (3, (%x3(i,3,'c8')+x3 (1,3, 09"} +x3(1,3, 't10")+x3 (1,3, "eL1 ) #x3(L, 3, "ti2' ) +x3 (1,3, 'C13")+x3 (1,3, 't14")) ) *12 =L= 72:
[Eqs33 (1) .. sum(3, (x3(i,3,'t15")+x3(i,3, "t16')+x3 (1,3, €17} +x3 (i, 3, 't18)')+x3 (1,3, €19 ) +x3 (1,3, '£20")+x3 (1,3, 't21")))*12 =L= 72:
[EQs43 (1) .. sum (3, (%3(1,3,°'C22')+x3(1,3, T23')+x3(1,3, 24"} +x3 (1,3, 'T25')+x3 (1,3, C26")+x3(1,3, 't27")+x3 (1,3, 't28"))) 12 =L= 72;
*only one s be vorked in 3
Eq6l(i,t).. ®1(1,"31", t)+x1(1,"32", T} + x1(1,"33",©)
[Eq62 (i,t).. X2 (1,"31",t)+x2(1,"32", )+ x2(1,"I3",€)
[Eq63 (i,t) .. x3(1,"31", £)+x3 (1, 732", t)+ x3(1,"I3",t)

snift

Eq71(i,t).. 1(1, 33", £)+x1 (i, "I1", t+1)
Eq72 (i,t).. ®2(1,"33",T)+x2 (1, "I1", T+1)
Eq73(i,t).. X3 (1,337, T)+x3 (1, "1, T+1)



g811 (i) ..
g821 (i) ..
g831(i)..
g841(i)..
G851 (i) ..
g861 (i) ..
g871(i) ..
g881 (i) ..
g891 (i) ..
g8101 (i) ..
g8111 (i) ..
g8121 (i) ..
g8131 (1) ..
g8141 (i) ..
g8151 (1) ..
g8161 (1) ..
g8171 (1) ..
g8181 (i) ..
g8191 (i) ..
g8201 (i) ..
g8211 (i) ..
g8221 (i) ..

812 (i) ..
g822 (i) ..
g832 (i) ..
g842 (1) ..
852 (1) ..
g862 (1) ..
g872 (1) ..
g882 (1) ..
892 (1) ..
g8102 (i) . .
g8112 (i) ..
g8122 (1) ..
g8132 (1) ..
g8142 (i) ..
g8152 (i) ..
g8162 (i) ..
g8172 (i) . .
gB8182 (i) ..
g8192 (1) ..
g8202 (i) ..
g8212 (i) ..
q8222 (i) ..

o COoOnSeCucly aays

som (3, kL), =x1(i,3,k1))
sum ( (J,k2), =x1i(i,J,k2))
sum ( (J,k3), =1(i,3,k3))
suw ( (J,k4), x1i(i,J,k42))
sow ( (J,k3), x1(i,J,k3))
s=uw ( (J,k6), x1(i,J,ka))
s=ow ( (3,k7), x1i(i,3,K7))
sum ( (J,k8), =1(i,3,k8))
sum ( (3,k3), =1i(i,3,kK3))

som { (J,k10) ,=x1i{i,j,kK10))
som ( (3, k11) ,=x1(i,J,k11))
som ( (J,k12) ,=x1(i,J,kK12))
soaw ( (3, k13) ,x1(i,J,kK13))
sow ( (J,k14) ,x1i(i,J,k14))
s=om ( (J,k15) ,x1(i,J,kK15))
s=om ( (J,k1e),x1(i,j,kl1a))
sow ( (3, kK17) ,=x1(i,3,K17))
som( (j,k18) ,=x1(i,j,kK128))
sum (| (J,k19) ,=x1i(i,J,k19))
som ( (§,k20) ,=x1(i,J,k20))
soaw ( (3, k21) ,x1(i,J,k21))
som ( (J,k22) ,x1(1i,J,kK22))

som ( (3, kK1), x2(1,3,K1))
som ( (J,k2) =2 (1,7,k2))
som ( (J,k3) =2 (1,7,Kk3))
soam ( (3, k4) =22 (1,]7,Kk4))
sow ( (J,k3) =2 (1,]7,Kk5))
sum ( (3, k8),x2(1,]3,Kk8))
som ( (3, K7),x2(1,3,K7))
sum ( (J,kKEB),x2(1,],KE))
som ( (3, K8),x2(1,3,KB))

som ( (J,kK10) =2 (1i,J,K10))
som ( (J,k11) =2 (i,J,KkK11))
suw ( (3, kK12) ,=x2(1i,J,K12))
sum ( (3, kK13),x2(1,3,K13))
som ( (J,k14),x2(1,3,k14))
som ( (J,kK15),x2(1,3,K15))
som ( (J,k16),x2 (1,3, kKl6))
som ( (3, kK17) ,=x2(1,J,K17))
som ( (J,k18) =2 (i,J,K18))
soaw ( (3, kK19) ,=x2(1,J,K12))
sow ( (3, k20) ,=x2(1,J,KkK20))
som ( (J,k21),x2(1,3,k21))
som ( (J,kK22),x2(1,3,k22))
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=

maximum number of consecutbtive days worked

g813 (1) .. sum ( (3,%k1),%x3(1i,3,k1)) =L=6;
q823 (1) .. sum ( (3,%k2), x3(i,3,k2)) =L=6;
g833 (1) .. sum ( (3,%k3), x3(i,3,k3)) =L=6;
g843 (1) .. sum ( (3,%k4), x3(i,3,k4)) =L=6;
g853 (1) .. sum ( (3,%5), x3(i,3,%k5)) =L=6;
g863 (i) .. sum ( (§,k6), x3(i,5,k6)) =L=6;
g873 (1) .. sum ( (3,%k7), x3(i,3,k7)) =L=6;
a883 (1) .. sum ((3,k8), x3(i,3,k8)) =L=6;
g893 (1) .. sum ( (3,%9), x3(i,3,%k9)) =L=6;
g8103 (1) .. sum ( (3,%10),x3(i,3,%k10)) =L=6;
g8113 (i) .. sum ( (3,%11),x3(i,3,%k11)) =L=6;
g8123 (i) .. sum ( (§,%12),x3(i,5,%k12)) =L=6;
g8133 (i) .. sum ( (§,%13),x3(i,5,%k13)) =L=6;
gB8143 (i) .. sum { (§,%k14),x3(i,5,k14)) =L=6;
g8153 (1) .. sum ( (3,%k15),x3(1,3,k15)) =L=6;
g8163 (1) .. sum ( (3,%k16),x3(i,3,k16)) =L=6;
g8173 (1) .. sum ( (3,%17),x3(i,3,%k17)) =L=6;
g8183 (1) .. sum ( (3,%k18),x3(i,3,k18)) =L=6;
g8193 (1) .. sum ( (3,%19),x3(i,3,%k19)) =L=6;
g8203 (i) .. sum ( (§,%20),x3(i,5,%k20)) =L=6;
g8213 (i) .. sum ( (§,%k21),x3(i,5,k21)) =L=6;
g8223 (i) .. sum { (§,%k22),x3(i,5,k22)) =L=6;

e . - e . . ) . .
maximum number of consecutive night shifts worked

g811 (i) .. smm (nl,x1{i,"33",nl)) =L=3;
gf21 (i) .. sum  (n2,x1{i,"$3",n2)) =L=3;
g831(i).. sum (n3,x1(i,"33",n3)) =L=3;
g24l (i} .. sum (n4,x1(i,"33",n4)) =L=3;
g331(i).. sum (n5,x1(i,"33",n5)) =L=3;
g6l (i) .. sum (né,x1{i,"33",na)) =L=3;
g371(1i).. smm (n7,x1{i,"33",n7)) =L=3;
g38l (1) .. smm (n&,x1{i,"33",n8)) =L=3;
g881 (i) .. smm (n9,x1{i,"33",n%)) =L=3;
g3101(1i).. sum (nl0,=x1(i,"33",nl0)) =L=3;:
g91il (1) .. sum (nll,x1(i,"j3",nll)) =L=3;
g9121(1).. sum (nl2,x1(i,"j3",nl2)) =L=3;
g¥131 (i) .. sum (nl3,x1(i,"33",nl3)) =L=3;
314l (i) .. sum (nl4,x1(i,"33",nl4)) =L=3;
3131 (i) .. sum (nl5,x1(i,"33",nls5)) =L=3:
g8lel (i) .. sum (nlé,=x1(i,"33",nl6)) =L=3;
g9171(1i).. sum (nl7,x1(i,"33",nl7)) =L=3:
g8181(i).. sum (nlg,x1(i,"33",nl8)) =L=3;
g9191(1) .. sum (n1%9,x1(i,"j3",nl19)) =L=3;
qf201 (i) .. sum  (n20,x1(i,"33",n20)) =L=3;
g¥211 (i) .. sum (n2l,x1(i,"33",n2l)) =L=3;
g3221(1i).. sum (n22,x1(i,"33",n22)) =L=3;
3231 (1) .. sum (n23,x1(i,"33",n23)) =L=3:
g9241(1i).. sum (n24,x1(i,"33",n24)) =L=3;
ge231ii) .. sum (n25,x1(i,"j3",n25)) =L=3:
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*MISHIMUm

g9l2 (i) ..
g922 (i) ..
g932 (i) ..
a942 (i) ..
Q952 (i) . .
g962 (i) ..
g972 (i) ..
go82 (i) ..
gg992 (i) ..
Q9102 (i) ..
g9l11z (i) ..
Q9122 (i) ..
g9152 (i) ..
g9l142 (i) ..
gf8152 (i) ..
go9le2 (i) ..
Q9172 (i) ..
g9i182 (i) ..
Q9182 (i) ..
g8202 (i) ..
Q9212 (i) ..
Q9222 (i) ..
g92352 (i) ..
Q9242 (i) ..
g9252 (i) ..

*maXIMIm

g913 (1) ..
923 (1) ..
933 (1) ..
943 (1) ..
g953 (1) . .
963 (i) ..
g973 (1) ..
g983 (1) ..
993 (1) ..
9103 (1) ..
9113 (i) ..
9123 (i) ..
g9133 (i) . .
g9143 (1) ..
9153 (1) ..
g9163 (1) ..
9173 (1) . .
g9183 (1) ..
9193 (i) ..
9203 (i) . .
9213 (i) ..
9223 (1) ..
9233 (1) ..
9243 (1) ..
9253 (1) ..

e B = e - P I = - L ~l
number of consecutive night shifts vorked

(nl,x2(i,"33",nl})
(n2,x2(1,"3J3",n2})
(n3,x2(1i,"3J3",n3})
(n4,x2(1i,"3J3",n4))
(S, x2(1,"3J3",n3))
(né,x2(1i,"3J3",n6})
(n7,x2(1,"33",n7})
(ng8,x2(i,"3J3",n8}))
(n%,x2(1,"3J3",n3))

=L=3;
=L=3;
=L=3;
=L=3:
=L=3;
=L=3;
=L=3;
=L=3;
=L=3;

(nlo, =2 (i, "33",nl0)) =L=3:
{nill, =2 (i, "53",nl1l)) =L=3;
(nil2,x2 (i, 53", nl2)) =L=3;
{nl13,x=2(i,"33",nl3)) =L=3;
(nil4,x2 (i, 53", nl4)) =L=3;
{nlS, =2 (i, "33",nl5)) =L=3;
inlé, =2 (i, "33",nl6)) =L=3;
(ni17,x2 (i, "33",nl17)) =L=3;
{nl8, =2 (i, 33", nl8)) =L=3;
(nlg9,x2 (i, "53",nl2)) =L=3;
(n20,x2 (i, "33",n20)) =L=3;
n21,x2 (i, "33",n21)) =L=3;
(n22,x2 (i, 33", n32)) =L=3:
(n23,x2 (i, 33", n23)) =L=3;
(n24,x2 (i, 33", n24)) =L=3;
{n25,x2 (i, "33",n25)) =L=3;

. [, PR L I _— 2 ]
number of consecutive 1;J.=A.1": shifts worked

S0
=10
=10
=10m
=0
=0
S0
S0
S0
=10
=10
=10m
=0
S0
S0
S0
=10
=10
=10m
=0
=0
S0
S0
S0
=10

(nl,x3(1i,"33",nl)}))
(n2,x3(1,"33",n2)}))
(n3,x3(1,"33",n3)})
(n4,x3(1,"33",n4})
(m5, ®x3(1,"33",n5))
(m&, x3(1i,"33",na))
(o7, x3(1,"33",n7))
(n8,=x3(1i,"33",nd))
(n%,x3(1,"33",n3))

=L=3:
=L=3;
=L=3;
=L=3;
=L=3:
=L=3;
=L=3:
=L=3:
=L=3:

(n10,x3(1i,"33",n10)) =L=3;
(n1l,x3(i,"33",n11)) =L=3;
(n12,x3(i,"33",n12)) =L=3;
(n13,x3(i,"§3",n13)) =L=3;
(nl4,x3(i,"33",n14)) =L=3;
(n15,x3(i,"33",n15)) =L=3;
(n16,x3(1i,"33",n1l6)) =L=3;
(n17,x3(1i,"33",n17)) =L=3;
(n18,x3(i,"33",n18)) =L=3;
(n19,x3(i,"33",n19)) =L=3;
(n20,x3 (i, "33",n20)) =L=3;
(n21,x3(i,"33",n21)) =L=3;
(n22,x3(1i,"33",n22)) =L=3;
(n23,x3(1i,"33",n23)) =L=3;
(n24,x3(1i,"33",n24)) =L=3;
(n25,x3(1i,"33",n25)) =L=3;

78



Egllll(i}..
Eql121(i}..
Eq1131 (i) ..
Eqll4l(i}..
Eqll3i(i}..
Eql161(i)..
Eq1171 (i) ..
Eql181(i}..
Eqllgl(i}..
Egl1101(i)..
Eql1111 (i) ..
Eql1121(i)..
Eql1131(i)..
Eql1141(i)..
Eql1151 (i) ..
Eql1161 (1) ..
Eql1171(i)..
Eql1181 (i)..
Egl1191(i)..

Eq11201 (i) ..
Eq11211 (i) ..
Eql1221(i)..
Eql1231(i)..
Eql1241(i)..
Egl1251(i)..
Eql1281 (i) ..

*avelid 010
Eql112 (i) ..
Eq1122 (i) ..
Eql132 (i)..
Eqll42 (i)..
Eql152 (i) ..
Eq1162 (i) ..
Eqll72 (i) ..
Eqll82 (i) ..
Eq1192 (i)..
Eql1102 (i) ..
Eq11112 (i) ..
Eql1122 (i)..
Eql1132 (i) ..
Eql1142 (i) ..
Eq11152 (1) ..
Eqll162 (i)..
Eqll1172 (i) ..
Eql1182 (i) ..
Eq11192 (i) ..
Eql1202 (i) ..
Eqll21z (i)..
Eql1222 (i) ..
Eql1232 (i) ..
Eql1242 (i) ..
Eql1252 (i) ..
Eqll262 (i) ..

010

*avoid
Eql113(i}..
Eqllz3(i)..
Eqll133(i)..
Eql143(i)..
Eq1153 (i) ..
Eql163 (i) ..
Eqll73 (i) ..
Eqll83 (i) ..
Eq1193 (i) ..
Eq11103 (i) ..
Eqli1113{i)..
Eql1123{i}..
Eql1133(i)..
Eq11143 (i) ..
Eql1153(i)..
Eqll163(i)..
Eqgl1173(i}..
Eql1183 (i} ..
Eq11193 (i) ..
Eql1203(i)..
Eqli1z13{i}..
Eql1223{i)..
Eql1233 (i} ..
Eq11243 (i) ..
Eql1253(i)..
Eqllz63(i)..

*total number of day shifts
Eq101 (i) .. suw (t,
*to shifts
Eqlo2 (i) .. sum (T,
*total number of day shifts
Eq103 (i) .. suw (t,

no
1-suw (3,
1-sum (3,
1-sum(j,
1-suw (3,
1-suw (3,
1-sum (3,
1-sum(j,
1-suw (3,
1-suw (3,
1-suw (3,
1-sum (3,
1-suw (3,
1-suw (3,
1-suw (3,
1-sum (3,
1-sum(j,
1-suw (3,
1-suw (3,
1-sum (3,

1-sum (3,
1-sum (],
1-suaw (3,
1-suaw (3,
1-suaw (3,
1-suaw (3,
1-sum (3,

day

1-suw (3,
1-suw (3,
1-suw (3,
1-sum (3,
1-sum(j,
1-suw (3,
1-suw (3,
1-sum (3,
1-sum(j,
1-suw (3,
1-suw (3,
1-sum (3,
1-suw (3,
1-suw (3,
1-suw (3,
1-suw (3,

sum (3,
1-suaw (3,
1-suaw (3,
1-sum (3,
1-sum (],
1-suaw (3,
1-suaw (3,
1-suaw (3,
1-sum (3,
1-sum (],
1-suaw (3,
1-suaw (3,
1-sum (7,
1-sum (3,
1-sum (3,
1-sum (3,
1-sum (7,
1-sum (3,
1-sum (],
1-suaw (3,
1-suaw (3,
1-suaw (3,
1-sum (3,
1-sum (],
1-suaw (3,
1-suaw (3,

®3(1,'33

s on
®1(1,3,
®1(1i,3,
21(1,3,
21(1,3,
®1(1,3,
®1(1i,3,
21(1,3,
21(1,3,
x1(1,3,
®1(1,3,
®1(1i,3,
®1(1,3,
x1(1,3,
®1(1,3,
®1(1i,3,
21(1,3,
21(1,3,
x1(1,3,
®1(1,3,

®1(i,3,
®x1(1i,3,
®1(i,3,
x1(i,3,
®1(i,3,
®1(i,3,
®1(i,3,

on
#2(1,3,
®2(1,3,
H2(1,3,
x2(1,3,
®2(1,3,
®2(1,3,
H2(1,3,
x2(1,3,
®2(1,3,
#2(1,3,
®2(1,3,
x2(1,3,
®2(1,3,
#2(1,3,
®2(1,3,
H2(1,3,
x2(1,3,
#2(1,3,
®2(1,3,
H2(1,3,
x2(1,3,
®2(1,3,
#2(1,3,
H2(1,3,
x2(1,3,
®2(1,3,

;7 on
®3(1,3,
®3(1,3,
®3(1i,3,
®3 (1,3,
®3(1,3,
®3(1,3,
®3(1,3,
®3(1i,3,
®3 (1,3,
®3(1,3,
®3(1,3,
®3(1,3,
®3(1i,3,
®3(1,3,
®3(1,3,
®3(1,3,
®3(1i,3,
®3 (1,3,
®3(1,3,
®3(1,3,
®3(1,3,
®3(1i,3,
®3 (1,3,
®3(1,3,
®3(1,3,
®3(1,3,

betwveen

nurse is

least as mi

"rE))- sumit, x1(i,'J1°,t)+x1(1, 327, ) )-dpl

to e

'eT))

sum (t,

i to each nurse is at least as much as

%x3(i,'J1',t)+x3(1i,'j2",t))-dp3

"rE))- sumit,

two days

'tl'))+sam (3, x1(i,3,
'e2t) ) +sww (3, x1(1,3,
"t3') ) +suw(j, x1(1.],
't4'))+saw (i, x1(1,3,
'ti'))+smm (3, x1(i,3,
'tE') ) +sww i3, x1(1,3,
"ET') ) +suw(j, x1(1.3,
't8') ) +sum (i, x1(1,3,
‘te'))+sum (i, x1(i,3,

'tl0') ) +sum (3,
't11l') ) +som (],
'tl2') ) 4sum (3,
'tl3') ) +suw (],
'tld!'))+sum (3,
'tl5') ) +sum (],
'tlg') ) +sum(j,
"Cl7') ) 4sum (3,
'tlE') ) +suw (],
'T180) ) +smm (5,

'£20') ) +sum (3,
't21') ) +sum(j,
'E22'%) ) 4sum (3,
't23') ) +sum (3,
't24'))+sum (3,
't25') ) +smm (3,
'£26") ) +sum (3,

tvo day
'tl'))+sum (3,
't2'))+sum (],
'E3ET) ) +sum g,
'td'))+smw (3,
TS ) +smm (3,
't6'))+sum (],
"ET) ) +sum G,
"Rt )+samid,
'Tat) ) s,
T£10') ) +sum (5,
TE110) ) +sum (3,
Tt12') ) +smm (g,
'tl3') ) +sum (3,
'tl4') ) +som (],
'tl5') )#sum(j,
'tle') ) 4sum (3,
'tl7') ) +suw (3,
't18') ) +sum (],
't1l8') )4+sum(j,
't20') ) 4sum (3,
't2l'))+suw (3,
rt220) ) +smm (5,
T£230) ) +sum (5,
't24') ) 4sum (3,
't25') ) +suw (3,
't28') ) +sum (3,

betvesn twvo days

'el'))+sawm (3,
't2'))+sawm (3,
't3')) +sam (3,
't4'))+sum (3,
't5')) +sum (j,
'tg') ) +sam (3,
'CTV) ) +sam (3,
'tg')) +sam (],
'£9') ) +sum (J,
'tl0") ) +sum (j,
"Ellt) ) 4sum (3,
'tl2'))+sum (3,
'tl3') ) +sum (3,
'tl4'))+sum(j,
"El5T) ) 4sum (3,
'tlg'))+sum (],
'tl7t) ) +sum (3,
'£18') ) +sum (3,
'tl9') ) +sum (j,
"E20") ) 4sum (3,
't2l'))+sum (3,
't22') ) +smm (3,
'£23') ) +sum (3,
't24')) +sum (j,
"E25T) ) 4sum (3,
't26") ) +sum (3,

irse
X2(1,'31",T)+x2 (4,

as to
2',t))-dp2

is a st

as m

off
®1(1,3,
®1(1i,3,
®#1(1,3,
21(1,3,
®1(1,3,
®1(1i,3,
®#1(1,3,
21(1,3,
x1(1, 3]
x1(i,
x1(i,
x1(1,
x1(i,
x1(i,
x1(i,
x1(i,
x1(1,
x1(i,
x1(i,

rt21) ) +l-sum (3,
"£31) ) +1-sum (3,
'td'))+l-sum (J,
't3') ) +l-suwm (3,
'té'))+l-sum (3,
't7') ) +l-som (3,
'tg8'))+l-sum (J,
't9') ) +l-suwm (3,
'tld'))+l-sum (],
x1(i,3j,'tll"))+1l-sam (],
®1(i,3,'cl2"))+1l-sum (],
®1(1,3,'tl3"))+1l-sam (],
x1(i,3j,'tl4"))+1l-sum (3,
x1(i,3j,'tls"))+1l-sum (],
x1(i,3,'t16"))+1l-sum (3,
®1(i,3,'t1l7"))+1l-sum (],
x1(1i,3j,'tlg"))+l-sum (3,
x1(i,3,'tle"))+l-sum (3,
x1(i,3j,'t20"))+1l-sum (3,

1£210) ) +l-sum (3,
'£22'))+1l-sum (],
'£23') ) +1-sw (3,
'tz4'))+l-swi(g,
't25'))el-smw(g,
't26') ) +l-sw (g,
1£271) ) +l-sum (5,

=1(i,
®1(1,
x1(1,
x1(4,
x1(i,
x1(i,
=1(i,

®1(1i,3,
x1(1,3,
x21(1,3,
x1(i,.3,
x1(i,3,
x1(i,3,
®1(1i,3,

®2(1,3,
#2 (1,3,
H2(1,3,
x2(1,3,
®2(1,3,
#2 (1,3,
H2(1,3,
x2(1,3,
®2 (1,3
x2 (i,
x2 (1,
x2 (i,
x2 (i,
x2 (i,
x2 (1,
x2 (1,
x2 (i,
x2 (i,
x2 (1,
x2 (1,
x2 (i,
x2 (i,
x2 (i,
x2 (1,
x2 (i,
x2 (i,

#2 (1,3,
#2(1,3,
H2(1,3,
x2(1,.3,
®2(1,3,
#2(1,3,
H2(1,3,

T£21) ) +1-sum (3,
't3') ) +l-sum (],
't4'))+l-sum (3,
"E5t) ) +l-sum (3,
TTE')) +l-sum (3,
7)) +l-sum (3,
'tg8') ) +l-sum (3,
X2(i,3,'t3"))+l-sow (],
®x2(i,j,'tl0"))+1-sum (7,
x2(i,3,'t11"))+1l-sum (3,
't12') ) +1l-sum (],
"t13'))+1l-smm (3,
't14'))+1l-smm (3,
'E150) ) +1-sum (3,
'C1E') ) +1l-sum (],
T£17') ) +1l-smm (3,
't18'))+1l-sum (3,
'£18') ) +1-sum (3,
'£20') ) +1l-sum (],
'£21'))+1l-smm (3,
't22'))+1l-smm (3,
't230))+1l-smm (3,
'£241))+1l-sum (3,
'£250) ) +1l-smm (3,
't26'))+1l-smm (3,
't270) ) +1l-sum (3,

®2(1,3,
x2(1,3,
®2(1,3,
#2(1,3,
®2(1,3,
H2(1,3,
x2(1,3,
#2(1,3,
®2(1,3,
H2(1,3,
x2(1,3,
®2(1,3,
#2(1,3,
H2(1,3,
x2(1,3,
®2(1,3,

off

®3(1,3,'t2") ) +1l-saw (],
x3(i,3,'t3") ) +1l-smm (3,
x3(i,3,'t4") ) +1-sum (3,
x3(i,3,'t5") ) +1-sum (3,
®3(1,3,'te") ) +1l-saw (],
®3(1,3,'t7") ) +l-saw (], x3(1,3,
x3(i,3,'t8") ) +1l-sum (3, x3(i,3,
x3(i,3,'to"))+1-smm (3, x3(i,3,
x3(i,3,'t10") ) +1l-sum (3, x3(i,3
'£11'))+1l-sum (3, =3 (i,
'£12'))+1l-som (3, =3 (i,
'tl3') ) +l-suwm (3, x3(i,
't14'))+l-sum (9, %3 (i,
'£15'))+1l-sum (3, =3 (i,
'£16'))+1l-stm(j, =3 (i,
't17'))+l-som (3§, x3 (i,
'ti1g'))+l-sum (9, %3 (i,
'£19'))+1-sum (3, x3(i,
'£20'))+1l-sum (3, =3 (i,
'£21'))+1l-stm (3, =3 (i,
't22'))+l-smm (3§, x3 (i,
't23') ) +l-suom (3, x3(i,
't24'))+1l-som (3, x3(i,
'£25'))+1l-sum (3, =3 (i,
't26') ) +l-sum (3, x3 (1,
"t27') ) +l-suw (3, %3 (i,

®3(1,3,
x3(1,3,
®3(1,3,
#3(1,3,
#3(1,3,

x®3(1,3,
%3(1,3,
x3(1,.3,
®3(1,3,
x®3(1,3,
%3(1,3,
x3(1,.3,
®3(1,3,
®3(1,3,
x®3(1,3,
%3(1,3,
x3(1,.3,
®3(1,3,
®3(1,3,
x®3(1,3,
%3(1,3,
x3(1,.3,
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number of
(1)+dnl (1)
nber of r
)+dn2 (1)
number of

(1)+dn3 (1)

'£10'))-dapl (i, 't8')+danl (i, 't&"
,'til'))-dapl(i, 't3')+danl(i, "t3')
H,'t12'))-dapl (i, 't10"')+danl (i
B,'t13')) ~dapl (i, 'c11') +danl (i,
H,'t14'))-dapl(i,'tl2')+danl(i,
5,'t15'))-dapl (i, 't13')+danl(i,
5,'t16'))-dapl (i, 'tl4')+danl(i,
B,'t17')) ~dapl (i, 'c15") +danl (i,
§,'t18'))-dapl (i, 't16')+danl (i
§,'t18'))-dapl (i, 't17")+danl (4,
5,'t20'))-dapl (i, 'tl8')+danl(i,
B,'t21'))-dapl (i, 't12')+danl (i,

gr't22%))-daplii,
G,'t23"))-daplii,

'£20") +dani (i,
'£217) +dani (i,

'tlo!
'eil

‘13t
trigr
REEE
'ti6'
15170 )=
‘g’
=13

't3')}-dapl (i, 'tl')+danl (i, 'tl’
't4'))-dapl (i, 't2"')+danl (i, 't2')

't£5') ) -dapl (i, 't3')+danl (i, 't3')=E= 2;
'£§')}-dapl (i, 't4')+danl (i, 't&')=E= 2;
't7')}-dapl (i, 't5')+danl (1, 't5’ 2;
't3'))-dapl (i, 't6')+danl (i, 't6’ 2;
't£9'))-dapl (i, 't7"')+danl (i, 't7')=E= 2;

=F=

1£20")=E=
1t211)=E=

Or't24"))-daplii,
O,'t25"))-daplii,
0,'t26"))-daplii,
g,'t27"))-daplii,
g,'t28"))-daplii,

'£3') ) -dap2 (i,
't4'))-dap2 (i,
'£5') ) -dap2 (i,
't6') ) -dap2 (i,
't7') ) -dap2 (1,
't8'))-dap2 (i,
'£9') ) -dap2 (i,

'e2

,'til'))-dap2 (i,
gr'tl2'))-dap2 (i,
H,'tl3'))-dap2 (i,
gr'tld’))-dap2 (i,
5,'tl5')) -dap2 (i,
b,'t16')) -dap? (i,
Gr'tl7'))-dap2 (i,
,'tl8'))-dap2 (i,
,'tls'))-dap2 (i,
b,'t20')) -dap? (i,
gr't21'))-dap2 (i,
§,'t22'))-dap2 (i,
5,'t23'))-dap2 (i,
gr't24'))-dap2 (i,
gr't25"))-dap2 (i,
,'t26'))-dap2 (i,
,'t27'))-dap2 (i,
5,'t28')) -dap2 (i,

'£3'))-dap3 (1,
't4'))-dap3 (i,
't31))~dap3 (i
't&') ) ~dap3 (1,
'£71) ) -dap3 (i,
't8'))-dap3 (1,
'te'))-dap3 (i,

'tz

P "tll'))-dap3(i,"
gr'tl2"))-dap3(i,
O,'tl3"))-dap3(i,
O,'tl4"))-dap3(i,
g,'tls"))-dap3(i,
gr'tlé"))-dap3(i,
O,'tl7"))-dap3(i,
O,'tle"))-dap3(i,
B,'t1er))-dap3 (4,
f,'t20%))-dap3 (4,
G,'£21%))-daps (1,
G,'t22*))-dap3 (1,
B,'t23%))-dap3 (4,
g,'t24"))-dap3(i,
Or't25"))-dap3 (i,
gr'C26"))-dap3(i,
O,'t27"))-dap3 (i,
g,'t28"))-dap3(i,

't1')+dan2 (i,

'£3')+danz (1,
‘t4')+danz (i,
't5')+dan2 (i,
"tE')+dan2 (i,
'£7')+dan2 (1,
't10'))-dap2 (i, 'té')+dan2 (i, 't&’

't1')+dan3 (i,

't31)+dan3 (i,
't41) +dans (i,
"t5') +dan3 (i,
't6') +dan3 (i,
't7')+dan3 (i,
't10'))-dap3 (i, 'tE')+dan3 (i, 'tE")

'£22') +danl (i,
't23') +danl (i,
't24') +danl (i,
't25) +danl (4,
'£26") +danl (i,

't22')=E=
't23')=E=
't24')=E=
't25')=E=
't26')=E=

Tit)=E= 2;
ot

eg
ira
g

') +danz (1,

to')+dan2 (i, 't2")
'£10') +dan2 (i, '£10"
't11')+dan2 (i,'t1l')=E=
't12')+dan2 (i, 'ti2’
't13')+dan2 (i, 't13’
'£14') +dan2 (i, 't14"
't15')+dan2 (i, 'ti15"
't16')+dan2 (1, 't16')=E=
't17')+dan2 (i, 't17')=E=
't18') +dan2 (i, 't18"
'£18')+dan2 (i, 't19"
'£20')+dan2 (1, '£20"
't21')+dan2 (i, 't21')=E=
't22')+dan2 (i, 't22')=E=
'£23') +dan2 (i, '£23"
't24')+dan2 (1, 't24"
't25')+dan2 (i, 't25')=E=
't26')+dan2 (1, 't26')=E=

'tl')=E= 2;
') +dan3 (4,

©8')+dan3 (i, '£9")=
'£107) +dan3 (i,
'£11') +dan3 (i,
'ti12')+dan3 (i,
't13') +dan3 (4,
't147) +dan3 (i,
'£15°) +dan3 (1,
'tlg') +dan3 (i,
'17') +dan3 (4,
't18') +dan3 (i,
'£197) +dan3 (i,
'£20") +dan3 (1,
't21)+dan3 (i,
1£22') +dan3 (4,
1£237) +dan3 (i,
'£247) +dan3 (i,
'£25') +dan3 (1,
't26') +dan3 (i,

'£25')=E=
1t261)=E=
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Eql231(i)..
Eql241(i)..
Egl251(i)..
Eql26l(i)..
Eql271(i) ..
Eql281(i)..
Eql291(i)..
Eql2101(i)..
Eqlzlli1(i)..
Eql2121(i)..
Eql2131(i)..
Eqlz141(i)..
Eql2151(i)..
Eqlzl61(i)..
Eql2171(i)..
Eql2181(i)..
Egl2191(i)..
Eql2201(1)..
Eql2211(i)..
Eql2221(i)..
Eql2231(1)..
Eql2241(i)..
Eql2251(1)..
Eql2261(i)..

Eql212 (i) ..
Eql222 (1) ..
Eql232 (i) ..
Eqlz42 (i) ..
Eql252 (i) ..
Eql262 (i) ..
Eql272 (1) ..
Eql232 (i) ..
Egl292 (i) ..
Eql2102(1)..
Eql2112(i)..
Eql2122(i)..
Eql2132(1)..
Eql2142 (i)..
Eql2152(i)..
Eql2162(i)..
Eql2172 (i) ..
Eql2z182(i)..
Eql2192(1)..
Eql2202 (i)..
Eqlz212(1)..
Eql2222(1)..
Eql2232 (1)..
Eqlz242(1)..
Eql2252 (i)..
Eql2262(1)..

Eql213(i)..
Eql223 (i) ..
Eql233 (1) ..
Eql243 (i) ..
Eql253 (i) ..
Eql263 (1) ..
Eql273 (i) ..
Egql233 (i) ..
Eql293 (1) ..
Eql2103(i)..
Eglzli3(i)..
Eql2123(1)..
Eql2133(i)..
Eqlz143(i)..
Eql2153(1)..
Eql2163(i)..
Eqlz173(i)..
Eql2183(i)..
Eql2193(i)..
Eql2203(1)..
Eql2213(1)..
Eql2223(i)..
Eql2233(1)..
Eql2243(1)..
Eql2253(1)..
Eql2263(1)..
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s (],
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s (3,
s (],
s (3,
s (.
s (],
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s (3,
s (3,
s (.
s (3,
s (3,

KL1(L1,3,"tl"))+1-sam (],
®1(i,3,"c2"))+1l-sam (3,
X1(i,3,"t3"))+1-sum(J,
®¥1{i,3,"c4"))+1l-sum(j,
®1(i,3,"t5"))+1l-sam (3,
KL(1,3,"c6"))+1-sam (],
®1{(i,3,"cT7"))+1l-sum (],
x1(1,3,
KL(L1,3,"c9"))+1-sam (3,

®2(i,3,"tl"))+1l-sam (3,
K2 (L,J,"t2") ) +1-sam (3,
®2(i,3,"'t3"))+1l-sam (3,
X2(1,3,"'t4"))+l-sum (],
®2(i,3,"'c5"))+1l-sum (],
®2(i,3,"'t6"))+1l-sam (3,
X2(1,3,"tT7"))+1-sum (],
®2(i,3,"c8"))+1l-sum (],
H2(i,3,"t9"))+1l-sum (3,

HKI(L,J,"tl"))+1-sam (3,
®3(i,3,"'t2"))+1l-sam (3,
X3(1,3,"t3"))+1l-sum (],
®3(i,3,"'c4"))+1l-sum (],
®3(i,3,"'t5"))+1l-sam (3,
X3 (1,3,"'t6"))+l-sum (],
®3(1i,3,"cT7"))+1l-sum (],
®3(1,3,"
X3(1,3,"t9"))+1l-sum (],

*TEt))+l-sam (3,

x1{i,3,"t10") ) +1-sum (3,
X1(i,3,"tll"))+1l-sum (3,
®x1(i,3,"tl2"))+l-sam (3],
®x1(i,3,'c13"))+1-sum (3,
x1(1,3,"tl4"))+1l-smm (7,
®x1{i,3,"t15") ) +1-sum (3,
X1(i,3,"tle"))+1l-sum (3,
KL(1,3,"c17"))+1-sum (3,
®¥1{i,3,"cl8"))+1l-sum(j,
®1(i,3,"tl9"))+1l-sam (3,
HKL(1,3,"t20%) ) +1-sum (3,
®1(i,3,"c21"))+1l-sum(j,
®1(i,3,"t22"))+1l-sam (3,
KL(L1,J,"t23%))+1-sum (],
®1(i,3,"t24"))+1l-sam (3,
x1(i,3,"'t25"))+1l-suwm (],
®1({i,3,"c26"))+1l-sum (],

®X2(1,3,"tl0"))+1l-smm (3,
X2 {i,3,"'t11") ) +1-sum (3,
®2(i,3,'tl2"))+1l-sum (3,
®X2(1,3,"tl3"))+1l-smm (3,
®2(i,3,"cl4"))+1l-sum(j,
X2(i,3,"tl5"))+1l-sam (3,
K2 (1,J,"t16") ) +1-sum (],
®2(i,3,"cl7"))+1l-sum(j,
X2(i,3,"tl8"))+1l-sam (3,
K2 (1,J,"C19%) ) +1-sum (],
®2(i,3,"'t20"))+1l-sam (3,
X2(1,3,'t21") ) +1l-suw (],
K2 (L1,J,"022%) ) +1-sum (],
®2(i,3,"'t23"))+1l-sam (3,
X2(1,3,'t24"))+1l-suwm (],
®2(i,3,"t25"))+1l-sum (],
H2(i,3,"t26"))+1l-sam (3,

E')y+l-sam (3,

®3(i,3,"cl0"))+1l-sum (],
H3(i,3,"tll"))+1l-sam (3,
KI(1,3,"t12%) ) +1l-sum (3,
®3(1i,3,"cl3"))+1l-sum(j,
H3(i,3,"tl4"))+1l-sam (3,
KI(1,3,"t15%) ) +1l-sum (3,
®3(i,3,"cl6"))+1l-sum(j,
K3(1i,3,"tl7") ) +1l-sam (3,
K3 (L,J,"C18%) ) +1-sum (],
®3(1i,3,"cl9"))+1l-sum(j,
X3(1i,3,"t20") ) +1l-sam (3,
K3 (L,J,"021%) ) +1-sum (],
®3(i,3,"t22"))+1l-sam (3,
X3(i,3,'t23") ) +1l-sum (3,
®X3(1,3,"t24"))+1l-sam (],
®3(i,3,'t25") ) +1-sum (3,
X3 (1,3,"'t26") ) +1l-sum (],

®1(1,3,'L13") ) +sum (3,
®1(1i,3,'tl4"))+sam (3,
®1(1,3,'t15") ) +som (3,
x1(i,3,"'clé"))+smm (],
x1(i,3,'tl7"))+sam (3,
®1ii,3,'t18") ) +saw (3,
x1(i,3,'t19"))+sum (3,
x1(i,3,'t20"))+sam (3,
®1ii,3,'t21") ) +saw (3,
x1(i,3,'t22"))+sum (3,

x2(i,3,'t12") ) +sum (3,
x2(1i,3,"'tl3") ) +sum (3,
XK2(1,3,'t14") ) +saw (3,
x2(i,3,"'t15") ) +sum (3,
x2(i,3,'tle") ) +suw (3,
K2(1,3,'L17") ) +sm (3,
x2(i,3,"'t18") ) +sum (3,
x2(i,3,"'tla"))+saw (3,
K2(1,3,'t20") ) +sm (3,
®2(i,3,'t21") ) +sam (3,
x2(1i,3,'t22") ) +sawm (],
K2(1,3,'t23") ) +smm (3,
®2(i,3,'t24") ) +sam (3,
x2(1i,3,'t25") ) +sawm (],
x2(i,3,"'t26") ) +sum (3,

x3(i,3,'t14") ) +sum (3,
x3(1i,3,"'tl5") ) +sum (3,
X3(1,3,'t16") ) +saw (I,
®x3(i,3,"'t17") ) +sum (3,
x3(1i,3,"'tls") ) +saw (3,
K3(1,3,'t19") ) +sm (3,
x3(i,3,'t20") ) +sum (3,
x3(1i,3,"t21") ) +saw (3,
K3(1,3,'t22") ) +smm (3,
®3(1i,3,'t23") ) +sam (3,
x3(i,3,"'t24") ) +saw (3,
K3(1,3,'L25") ) +sm (3,
®3(1i,3,'t26") ) +sum (3,
x3(1,3,'t27") ) +sawm (3,
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x1(1,3,'62"))+sum (3, ®1(1,3,'t
x1(1,3, 03" ) ) +sum (3, ®1(1,3,'t
*1(1,3,'t4"))+sum (3, x1(3,3,'t
®1(3,3,'65") ) +sum (3, =1(i,3,'t
x1(1,3,'06") ) +sum (3, ®1(1,3,'t
x1(,3, 67 ) )+sum (3, ®1(3,3,'t
*1(3,3, 68" ) ) +sum (3, ®1(i,3,'t
®1(1,3,'t9"))+sum (3, x1(1,3,'t
x1(2,3, 510 ) ) +sum (3, =1(1,3,°

®1(3,3,'611) ) +sam (3, ®1(1,3

x1(1,3,'t12"))+sm (3, x1(1,3

x1(i,3,"t23"))+saw (3, x1(i,3
®1(i,3,'t24"))+sm (J, =1(i,]|
x1(i,3,'t25") )+sam (3, =1(i,3
x1(i,3,'t26"))+sum (3, x1(i,3
x1(i,3,"'t27") ) +sum (3, =1(i,3
®2(i,3,'t2"))+sam (3, x2(1,3,°'T
H2(1,3,'t3") ) +smm(J, x2(1,3,"1
®2(1i,3,'t4"))+sam (3, ®2(1,3,'C
X2(1,3,'t3 ) )+sam (3, x2(1,3,'%
®2 (1,3, 'c6") ) +sum(J, =2 (1,5, 't
®2(1,3,'t7'))+sam (3, ®2(1,3,'T
®2(1,3,'t2" ) )+sam (3, x2(1,3,'
®2(1,3,'t8") ) +sum(J, =2(1,3,'t
®2(1i,3,'tl0") ) +som (3, ®2(1,3,"
X2(1,3,'t11") ) +saw (3,

x2(1i,3,"'t27") ) +saw (3, =2(1i,3
®3(1,3,'627) ) +smm(J, ®3(1,3,'C
®3(1,3,'t3") ) +sam (3, ®3(1,3,'T
®3(1,3,'t4 ) ) +sam (3, x3(1,3,'t
®3(1,3,'e5") ) +sum(J, =x3(1,3, 't
®3(1,3, 't} ) +sam (3, ®3(1,3,'T
®3(1,3,"tT7 ) ) +sam (3, x3(1,3,'
®3(1,3,"t8") ) +sum(j, =x3(1i,3,'t
®3(1,3,'t2") ) asam (3, ®3(1,3,'T
®3(1,3,'t10") ) +som (3, x3(1,3,°"
x3(i,3,'t11") ) +sum (3, =3(i,3
x3(1i,3,'tl2") ) +saw (3, =3(1i,3
31,3, 't13") ) +saw (3,

©i15')) ~dbp3 (i,
T16')) -dbp3 (i,
P 'E17')) -dbp3 (1,
ti8')) ~dbp3 (i,
Ti1g'))-dbp3 (i,
t20') ) -dbp3 (i,
©21') ) ~dbp3 (i,

't22'))-dbp3 (i,
'£23') ) -dbp3 (i,
't241)) -dbp3 (i,

't25'))-dbp3 (i,
,'t26'))-dbp3 (i,
©27')) -dbp3 (i,
,'t28'))-dbp3 (i,

'£131) +dbn3 (i,
't141) +dbn3 (i,
't15') +dbn3 (i,
't16') +dbn3 (i,
't17')+dbn3 (i,
't18') +dbn3 (i,
'£191) +dbn3 (i,
't20') +dbn3 (i,
'£21') +dbn3 (1,
'£221) +dbn3 (i,
't23') +dbn3 (i,
'£24') +dbn3 (1,
'£251) +dbn3 (i,
't26') +dbn3 (1,

')} -dbpl (i, 'tl')+dbnl (i, 't1"
1)) —dbpl (i, 't2') +dbnl (i, 't2"
I5'))~dbpl (i, 't3')+dbnl (i, 't3')=E=2;
1)) —dbpl (i, 't4"')+dbnl (i, 'td')=E=3;
1)) -dbpl (i, 'tE')+dbnl (i, 't5')=E=2;
£'))-dbpl (i, 't6"')+dbnl (i, 't&" 2;
81y ) —dbpl (i, 't7')+dbnl (i, 'tT')=E=2;
10'))-dbpl (i, 't8"')+dbnl (i, 't8")
£11') ) -dbpl (i, 'tS')+dbnl (i, 't8')=E=2;
,'t12'))-dbpl (i, 't10') +dbnl (i, 't10')=E=2;
,'t13'})-dbpl(i, 'tll’)+dbnl (i, 't1l')=E=2;
,'t14'))-dbpl(i, 'tl2')+dbnl (i, 't12')=E=2;
T15')) -dbpl(i, 't13')+dbnl (i, 't13')=E=2;
,'t16'))-dbpl(i, 't14')+dbnl (i, 't14") :
jl, 't17') ) ~dbpl (i, 't15') +dbnl (i, 't15')=E=3;
§, 't18') ) -dbpl(i, 't16')+dbnl (i, 't16')=E=2;
,'t18')) -dbpl (i, 't17") +dbnl (i, 't17") ;
jl, 't201) ) ~dbpl (i, 't18') +dbnl (i, 't18") ;
't21'))-dbpl(i, 'tl13')+dbal (i, 't12')=E=2;
,'t22'))-dbpl(i, 't20')+dbnl (i, 't20')=E=

©281) ) ~dbpl (i, '£21') +dbnl (i, '£21")
|, 't24') ) -dbpl(i, 't22')+dbnl (i, 't22")
,'t25'))-dbpl(i, 't23')+dbnl (i, 't23')=E=2;
5, 't26') ) ~dbpl (i, 't24') +dbnl (i, 't24"')=E=2;
,'t27'))-dbpl (i, 't25') +dbnl (i, 't25') :
jl, 't281) ) —~dbpl (i, '£26') +dbnl (i, 't2E")
3'))-dbp2 (i, 'tl')+dbn2 (1,
f2'))-dbp2 (1, 't2')+dbn2 (i,
5'))—dbp2 (i, 't3')+dbn2 (i,
l6'))—cbp2 (1, 't4')+dbnz (1,
7'))—dbp2 (i, 't5')+dbn2 (i,
£'))-dbp2 (i, 'tE')+dbn2 (i,
l2'))~dbp2 (1, 't7")+dbn2 (1, 't7")
f10'))-dbp2 (i, 't8')+dbn2 (i, 'tE')
£i1'))-dbp2 (i, 't3') +dbn2 (i, 'tS)=E=2;
'£12')) -dbp2 (i, '£10") +dbn2 (1, '£10")=E=2;
©18') ) -dbp2 (i, '£11') +dbn2 (i, 't11')=E=3;
't14'))-dbp2 (i, 'tl12')+dbn2 (i, 't12')=E=2;
©15') ) -dbp2 (i, 't13')+dbn2 (1, 't£13')=E=2;
't16')) ~dbp2 (i, 't14"') +dbn2 (i, 't14") ;
't17'))-dbp2 (i, 't15')+dbn2 (i, 't15') :
't12'))-dbp2 (i, 'tl6')+dbn2 (1, 't16')=E=2;
©181) ) ~dbp2 (i, '£17') +dbn2 (i, '£17") ;
't20'))-dbp2 (i, 't18')+dbn2 (i, 't18"') :
't21'))-dbp2 (i, 'tl18')+dbn2 (1, 't18')=E=2;
't22')) -dbp2 (i, 't20") +dbn2 (1, '£20")=E=2;
'£23'))-dbpZ (i, 't21')+dbnZ (1, '£21')=E=2;
't24'))-dbp2 (1, 't22')+dbn2 (1, 't22")
't251)) -dbp2 (i, 't23') +dbn2 (i, 't231)
't26'))-dbpZ (i, 't24')+dbn2 (1, 't24')=E=2;
©271') ) -dbp2 (i, '£25') +dbn2 (i, '£25")
,'t28')) -dbp2 (i, 't26') +dbn2 (i, 't26")
') )-dbp3 (i, 'tl')+dbn3 (i, 'tl')=E=2;
1)) —dbp3 (i, 't2')+dbn3 (i, 't2')=E=2;
I5'))-dbp3 (i, 't3')+dbn3 (i,
1)) —dbp3 (i, 't4') +dbn3 (i,
7)) -dbp3 (i, 't5')+dbn3 (i,
B'))-dbp3(i, 't6')+dbn3 (i,
') ) —dbp3 (i, 't7"') +dbn3 (i,
10'))-dbp3 (i, 'te') +dbn3 (i, 'tE")
£11'))-dbp3 (i, 'tS')+dbn3 (1, 'tS')=E=2;
'£12') ) -dbp3 (i, 't10') +dbns (i, '£10")=E=3;
,'t13'))-dbp3 (i, 't1l')+dbn3 (i, 't1l)
,'t14'))-dbp3 (i, 'tl2')+dbn3 (i, 't12')=E=2;

113y
114
'£15t)
Tp1gt)=E=2;
117ty =E=2;
‘lgt)=E=2;
1p1gt) ;
't20t)=E=2;
121t
12z
123
1t24')=E=2;
1pa5t)=E=2;
't26')=E=2:




*prefersence vicolations

Egl3l(i,J,t).. #1l({i,J,t)-p(i,J,t)-¥v1(i,J,t)+ulii,d,t) =E= O:
Eglz2(i,3,tT).. ®2ii,J,c)l-pii,J,c)-v2ii,J,c)+u2(i,j,t) =E= O;
Egl33{(i,j,tc).. ®3(i,J,c)-pii,J,c)-v¥3(i,j,c)+u3(i,j,t) =E= O;
*assign at least 3 night shifts per month to =ach nurse

Eql4l(i).. sum(t, =1(i,'33',t))=06=3;

*agzign a2t least 3 night shifts per month to =ach nurse

Eqld2 (i) .. sum (t, =2(i,'33',t))=G=3;

*3ss1gn at t 3 night shifts per month to =ach nurse

Egl4a3(i).. sum (t, ®3(i,'33",t))=0G=3;

Model Nurse 2052017 / Eq21,Eq22,Eq23,Eq311, Eq312,Eq313,Eq321,Eq322,Eq323,Eq331,[Eq332,Eq333,Eqd11,Eqd21,Eq431,Eqedl, Eqdl2,
Eq422,Eq432,Eq442,Eqd13,Eqe23, Eqd33, Eqeds3,
Eq511,Eq521,Eg531,Eq541, Eq512,Eg522,Eq532,Eq542, Eg513,Eq523,Eq533,Eq543,
Eqg6l,Eg62,Eq63,
Eq71,Eq72,EqQ73,

Eg811,Eq821,Eq831,
Eqg841,Eq851,Eq86l,Eq871,Eq881,Eqe91, Eq8101,Eq8111,Eq8121, Eg8131, Eq8141,Eg8151, Eq8161, Eq8171,
Eqf181,Eg8191,Eq8201,Eq8211,Eqa221,

Eg812,Eq822,Eq832,
Eqf42,Eq852,Eq862, EqaT2,Eq882, EqB93, Eqa102,Eqa112,Eq8122, E[g8132, Eq3142,Eq8152, Eq8162,Eq8172,
Eq3l82,Eq8192,Eq8202,Eq8212,Eqa222,

Eq813,Eq823,Eq833,
Eq843,Eq853,Eq863, Eq3T3,Eq883, Eq893, Eq8103,Eqa 113, Eq8123, E[z8135, Eq3143, Eq8153, Eq8163, Eq8173,
Eq2183,Eq8193, Eq820%,Eq8213, Eq2223,

Eq911,Eq921,Eq231,Eq941,Eq951,Eq261, Eq971,Eq981, Eg991, Eq91P1, Eq91ll,
Eq9121,Eg9131,Eq9141,Eq9151,Eq3161,Eq9171,Eq9181, Eq9181, Eq@201, Eq9211, Eq9221,Eq9231, Eg9241,
Eq9251,

Eq912,Eq922,Eq932, Eq342,Eq952,Eq262, Eq972, Eq932, Eq292, £q9102, Eq3112,
Eq9122,Eq9132,Eq9142,Eq9152,Eq2162,Eq9172,Eq9182, Eq9182, Eq@202, Eq9212, Eq9222, Eq9232, Eq9242,
Eq9252,

Eq913,Eq923,Eq933, Eq343,Eq953,Eq263, Eq373, Eq933, Eq293, Eq9103, Eq3113,
Eq9123,Eg2133, Eq914%,Eq9153,Eq2163,Eq9173,Eq0183, Eq9183, Eq9203, Eq2213, Eq9223, Eg0233, Eq2243,
Eq9253,

Egl01,Eq102,Eql03,

Egl111,Eql121,Eql131,Eql141,Eql151,Eql161,Eql171, Eql181, Eql191, Eq11101,Eql1111, Eql1121,
Egl1131,Eq11141,Eql1151,Eq11161,Eq11171,Eq11181,Eql1191, Eq1201,Eql1211,Eql1221,Eql1231,Eql1241,
Eql1251,Eql1261,

Eqgl112,Eql122,Eq1152,Eql142,Eq1152,Eq1162,Eq1172,Eql182, Eql192,Eql1102,Eql1112, Eql1122,
Eql1132,Eql1142,Eql1152,Eql1162,Eq11172,Eql1182,Eq11182,Eqfl1202,Eq11212,Eq11222,Eql1232,Eq11242,
Eql1252,Eqll262,

Eq1113,Eq1123,Eq1133,Eq1143,Eq1153,Eq1163,Eq1173,Eq1183,Eq193,Eq11103,Eq11113,Eq11123,
Eq11133,Eq11143,Eq11153,Eq11163,Eq11173,Eq11183,Eq11193,Eq11203,Eq11213,Eql1223,Eq11233, Eq11243,
Eql1253,Eql1263,

Eql211,Eq1221,Eq1231,Eq1241,Eq1251,Eq1261,Eq1271, Eq1281, Eqll
Eg12141,Eql2151,Eql2161,Eql2171, Eql2181, Eql2191, Eg12201, Eqll

291,Eq12101,Eq12111,Eql2121,Eq12131,
22

11,Eq12221,Eq12231,Eq12241,Eql2251, Eql2261,

Eql212,Eq1222,Eq1232,Eq1242,Eq1252,Eq1262, Eql
Eql2142,Eql2152,Eql2162,Eql2172, Eql2182, Eql2l

,Eql
+Eql

[N}
R

Eg12102,Eql2112,Eql2122,Eq12132,
Eql2

272,Eql28
92,Eq1220 2,Eql2232,Eq12242,Eql2252, Eql2262,

Eq1213,Eq1223,Eq1233,Eq1243,Eq1253,Eq1263,Eq1273, Eq1283, Eqfl

293,Eq12103,Eq12113,Eq12123,Eq12133,
Eqg12143,Eq12153,Eq12163,Eql2173,Eq12183,Eql2193,Eq12203, Eqll2

1%,Eq1222%,Eq1223%,Eq12243, Eql225%, Eq12263,

Eq131,Eql32,Eq133,Eql41,Eql42,Eql4a3,0bil /
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Option optcr = 0.00;
Solve Nurse_ 2052017 using MIP minimize Z1;

Parameter xall;
xall=smm ((i,5,t), =x1.0{i,3,t)%0.25+x2.L{i,3,t)*0.50 +x3.L(i,3,t)*0.25);

Parameter yall;
vall=sum ((i,3,t), ¥1.L(i,3,t)*0.25+y2.L(1i,J,t)*0.50 +¥3.L(1i,3J,t)*0.25);

Parameter uall:
wall= sum((i,j,t), wl.L(i,j,t)*0.25+ w2.L(i,j,t)*0.50+ u3.L(i,j,t)*0.25);

Parameter dpall;
dpall= sum( (i}, dpl.L(i}*0.25+ dp2.L(i)*0.50+ dp3.L(i)*0.25);

Parameter dapall;
dapall= sum((i,t), dapl.L(i,t)*0.25+ dap2.L(i,t)*0.50+ dap3.L(i,t)*0.25);

Parameter dbpall:
dbpall= sum((i,at), dapl.L(i,at)*0.25+ dap2.L(i,at)*0.50+ dap3.L(i,at)*0.25);

display %x1.L, v1.L, ul.L, dpl.L, dapl.L, dbpl.L:

execute unload "results.gdx',1i,3,x1,vl,ul,dpl,dapl,dbpl,x?,y2,u2,dp?,dap2,dbp2, x

211, vall,uall,dpall,dapall,dbpall;

execnute

TexRecu

+
uLe

display =2.L, v2.L,

display =x3.L, v3.L,

uz.L, dp2.L,

exeonte 'gdrxrw.exe results.gdx O=results.xls
execnte 'gdxxrw.exe results.gdx O=results.xls
exeonte 'gdrxrw.exe results.gdx O=results.xls
execnte 'gdxxrw.exe results.gdx O=results.xls
exeonte 'gduExrw.exe results.gdx C=results.xls
execnte 'gdrxxrw.exe results.gdx O=results.xls

u3.L, dp3.L

execonte 'gdExrw.exe results.gdx O=results.=xls
execonte 'gdExrw.exe results.gdx O=results.=xls
exeonte 'gdrExrw.exe results.gdzx O=results.=xls
exeonte 'gdeExrw.exe results.gdzx O=results.=xls
exeonte 'gdeExrw.exe results.gdzx O=results.=xls

'gdxxrw.exe results.gdx C=results.xls

var=yl.L rng=5Sheet2'al’
var=ul.L rng=5Sheest3'al’
var=dpl.L rng=Sheet4!al' ;
var=dapl.L rng=Sheet5'al" ;
var=dbpl.L rng=Sheeté&'al"' ;

LR T

par=xall rng=S5heetxlS'al" ;
par=yall rng=5Sheetx20'al" ;
par=aall rng=5Sheetx2l'al"' ;
par=dpall rng=Sheetx22'al"' ;
par=dapall rng=Sheetx22'al' ;
par=dbpall rng=Sheetx23'al’' ;

exeonte 'gduxrw.exe results.gdx CO=results.xls var=xl.L'
exeonte 'gdxxrw.exe results.gdx O=result=.xls
exeonte 'gdixrw.exe results.gdx O=results.xls
exeonte 'gdxxrw.exe results.gdx O=result=.xls
exeonte 'gdixrw.exe results.gdx O=results.xls
execnte 'gdxxrw.exe results.gdx O=results.xls
execnte 'gdxxrw.exe results.gdx O=results.xls
exeonte 'gdrxrw.exe results.gdx O=results.xls
execnte 'gdxxrw.exe results.gdx O=results.xls
exeonte 'gduExrw.exe results.gdx C=results.xls
execnte 'gdrxxrw.exe results.gdx O=results.xls
exeonte 'gdxxrw.exe results.gdx O=result=s.xls

dapz.L, dbp2.L:

execute unload 'results.gdx',i,]j,x2,y2,u2,dp2,dap2,dbp?;

var=x2.L rng=5SheetT7'al’' ;
var=y2.L rng=5heet8'al’
var=u2.L rng=5Sheetd'al’
var=dpzZ.L rng=Sheetl0'al"
var=dap2.L rng=Sheetll!al’
var=dbp2.L rng=Sheetl2!al’

r
r

, dap3.L, dbp3.L;

execute unload 'results.gdx',1i,3,%x3,v3,u3,dp3,dap3, dop3;

var=x3.L rng=5heetl3!'al" ;
var=y3.L rng=Sheetl4!al"’
var=u3.L rng=Sheetl5'al’
var=dp3.L rng=Sheetl&'al' :
var=dap3.L rng=Sheetl7'al’
var=dbp3.L rng=5Sheetl8'al’

AN KTY . SX 1l Tdx var=x.M rog=Newvch IF1=74¢"
gdxxrv.exe results.gdx var=x.M rng=NewShest!fil:14
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