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ABSTRACT

The study introduces an enhanced cyclic descent algorithm
for nurse rostering. The algorithm is compared to four
other rostering algorithms and to manually generated
roster solutions obtained from the Gold Coast Hospital.
Three criteria are developed with which the roster
generation methods are assessed: these are roster schedule
quality, roster shift allocation quality and execution time. A
statistical analysis shows that the enhanced cyclic descent
algorithm has the best overall performance. An integer
linear programming algorithm and an enhanced simulated
annealing algorithm are also shown to perform well with
smaller problems,
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Chapter 1 Introduction

Chapter 1. Introduction

1.1 The Importance of Nurse Allocation Decisions

Two critical and conflicting objectives in the running of a hospital are the minimisation of
costs and the provision of adequate patient care. Typically, nursing salaries form the
largest item in a hospital budget (Sitompul 1992). The number and skill level of nurses
assigned to a hospital ward is also a primary determinant of the quality of patient care.
Nurse allocation decisions are therefore a central issue in hospital management, and the

generation of nurse rostersis one of the main tasks of nurse alocation.

In addition, nursing personnel are a scarce resource (Hung 1995). Most developed
countries experience a nursing shortage, and are required to recruit nurses from oversess.
There are high turnover rates in nursing staff, and this is in part attributable to the
unsocia hours nurses are expected to work. Nurse allocation policies have a direct impact
on nurse satisfaction, and hence on turnover (Kostreva and Genevier 1989). The difficulty
in replacing nursing staff means that attention needs to be paid to producing work

schedules that reflect nurse preferences.

Health and safety considerations are an important factor in nurse allocation. Schedules
requiring nurses to work long stretches without days off, or frequently aternating patterns
of unsocial hours, can result in stress, exhaustion, inadequate care, absenteeism and staff
turnover (Sandhu et al. 1992). The same effects can be caused by understaffing a hospital
ward relative to the patient load. The consequences of inadequate patient care can be
serious. In emergency situations, the observational skills and speed of response of nursing
staff can mean the difference between life and death for a patient. Nursing staff are also
responsible for the correct and regular administration of dangerous drugs. It is therefore
important that a ward is adequately staffed, and that the staff are sufficiently rested

between each period of duty.

(D)



Chapter 1 Introduction

To summarise, the nurse alocation process has an impact on three areas of hospital

management:

e Thequality and safety of patient care
e Thedistribution of the hospital budget

e The satisfaction and turnover of the nursing staff

1.2 Nurse Rostering within the Nur se Allocation Process

The nurse allocation process has been divided into four stages (Warner 1976):

1. Thelong term allocation of nurses to hospital wards or units, based on funding
levels and predictions of the expected demand for nursing care.

2. The medium term allocation of when each nurse will be on or off duty,
resulting in the creation of a nurse roster.

3. The daily allocation of additional ‘floating’ or ‘pooled’ staff to cover for
unforeseen absenteeism and fluctuations in demand.

4. The hour by hour allocation of tasks and patients to individual nurses.

The current study is concerned with Stage 2, the specification of when each nurse on a
particular ward will be on or off duty. This specification results in the creation of a nurse
roster. A roster defines shift duties for a fixed time period, which can range from one
week to several months. The roster not only defines the patterns of shift types and days
off each nurse has to work, but aso the total number of nurses working each shift of each

day. The form and definition of aroster isfurther explained in Appendix 1.

Nurse Rostering as a Separate I ssue. The four stages of the nurse allocation process are
interrelated. The tasks performed in a ward (stage four), define the number of nurses
required for the ward, and the number of nurses required for a shift (stages one, two and
three). Nevertheless, each stage of the nurse allocation process is separated in time, with
the output of one process becoming the input for another. Given that the other stages of
the problem have been defined, then an individual stage can be considered in isolation.

This is reflected in hospital policy. Typically, the allocation of staff to a ward is a
2



Chapter 1 Introduction

centralised administrative decision (stages one and three), whilst the rostering of nurses
and allocation of nursing tasks (stages two and four) are performed at award level. On the
basis of this division, the current study considers nurse rostering separately from the other

allocation stages.
1.3 The Complexity of Nurse Rostering

Nurse rostering is a complex problem. Given a hospital ward employing twenty-five full-
time nurses, and providing round-the-clock nursing care, there are 2’ possible
combinations of nurses and shifts for a two week period'. Using current computer
technology, an exhaustive search of these possibilities is infeasible. However, as with
other complex scheduling problems, the majority of solutions can be eliminated by
applying rules associated with the problem constraints. For instance, there must be a
minimum number of staff on duty during each shift, and there are legal limits to the
number of consecutive shifts a nurse can work without a day off. Even given the
application of such rules, realistic nurse rostering scenarios are still too complex to be

solved by an exhaustive search methodol ogy.

Sitompul (1992) notes that nurse rostering shares much in common with other difficult
staff scheduling problems such as police station, fire station and telephone exchange
staffing. All these problems require staff to be on duty 24 hours a day and seven days a
week, with fluctuating daily demand for services and fixed regulations as to acceptable
work patterns. However, the nurse rostering problem is further distinguished by the

following features:

e Multiple minimum staffing levels. There can be four or more grades of
nursing staff, each with a different skill level. Legal controls limit the tasks
each grade of nurse can perform. Consequently, each shift can have a minimum

staffing requirement for each grade of nurse.

YGiven there are three shift types that can be worked in a day, a nurse can work any one of these shifts, or
dternatively have a day off. Therefore, there are 4 possible states that a nurse can be in on a particular day.
Over a 14 day period, this means there are 4** (or 2%%) possible combinations of shifts and days off for one
nurse. If aroster isto be calculated for 25 nurses, this means there are 2% = 2’ possible rosters.

©)



Chapter 1 Introduction

e Desired staffing levels: Beyond the provision of minimum staffing levels there
are also desired staffing levels which should be met as often as possible.

e Nurse preferences. Due to the importance of maintaining nurse satisfaction
and reducing turnover, schedules should reflect a nurse’s preferences for shift
patterns and days off.

* Flexiblerostering: In order to meet changing nurse requests for particular days
off, a roster should not be fixed or imposed. This means a new roster needs to
be calculated in each rostering period, rather than rotating duties within an

existing roster.

The main feature that emerges from these points, and that sets nurse rostering apart from
other scheduling problems, is that nurse rostering has multiple objectives (Ozkarahan and
Bailey 1988). Other sophisticated problems, such as the aircrew scheduling problem,
usually have a single objective of minimising costs, after the basic constraints have been
met (Graves et al. 1993, Hoffman and Padberg 1993). However, nurse rostering involves
minimising nurse dissatisfaction with the roster, and minimising deviations from desired
staffing levels. These two objectives can then be decomposed into a series of sub-

objectives (see Appendix 3, Section A3.3).

The constraints and multiple objectives of the nurse rostering problem make it unique
within the domain of staff scheduling. The situation is further complicated by the
existence different policies and circumstances within different hospitals and on different
wards. This has meant that existing solutions to the problem have not been widely
applied? (Sitompul 1992). In the next chapter, existing approaches to nurse rostering are

considered in more detail, through areview of the current literature.

%As an example of a commercial application, PolyOptimum®, a US based company owned by Microsoft®,
have produced a hospital staffing, scheduling and productivity monitoring system called ProAct®. This
product has gained some acceptance in NSW hospitals. Interviews conducted with nursing staff who have
used the system, have produced mixed results. Whilst the system is preferred to a return to manual
rostering, doubts were expressed that the original investment in the product was justified. Claims for
reductions in staffing costs have not conclusively materialised, and many rosters produced by the system
reguire extensive manual aterations.

(4)



Chapter 2 Literature Review

literature can solve large problems, only satisficing or “good enough” solutions are
generated. The quality of these solutions in relation to other approaches has not been

measured.

This research is looking for an approach which can solve large problems and generate
optimal or near optimal solutions. The application of an ILP algorithm is one possibility.
Of the other techniques reviewed, the cyclic descent algorithm proposed by Miller et al.
(1976), and a simulated annealing approach to rostering appear promising. Thisis because
both techniques are capable of solving large problems, whilst systematically attempting to

optimise the result.

Simulated Annealing and the Cyclic Descent Algorithm: As Abramson et al. (in press)
observe, simulated annealing is closely related to the cyclic descent algorithm, and at very
low temperatures the techniques become identical. The main problem with a cyclic
descent strategy is that it tends to get stuck in non-optimal solutions or minima’. In order
to circumvent these minima, simulated annealing techniques have been used to solve
other types of scheduling problem (e.g. Lo and Bavarian 1992). However, simulated
annealing methods tend to converge slowly on a solution, especialy in complex problem
situations (Abramson 1992). The approach in the current research is to develop a heuristic
procedure which can move a roster solution out of a local minima in a directed and
efficient manner (see Chapter 4). This avoids relying on the broader randomised search
technique introduced by simulated annealing. In this way, it is intended that a near

optimal solution can be generated in arelatively short time.

Problem Decomposition: Arthur and Ravindran (1981) introduced the idea of separating
the alocation of shift types from the main roster optimisation problem. A preliminary

study of the Australian rostering problem shows that it can also be decomposed into two

°A problem involving a 14 day roster and 25 nurses was given to an implementation of the cyclic coordinate
descent algorithm. Each nurse was scheduled to work full time with work stretches of no more than seven
days and no less than three days. All nurses were to receive two sets of two consecutive days off. The
number of days worked in the previous roster was randomly generated. The algorithm was instructed to
minimise the deviations from a required number of days off for each day of the shift (set at between six and
eight days off for each day of the roster). The problem was set up so that a perfect solution would always
exist (i.e. it was always possible for the target number of days off to be met exactly). The cyclic coordinate
descent algorithm was consistently unable to find a perfect solution. An inspection of the algorithm
generated solution by a human expert usually revealed that a series of simple steps could move the roster to
an optimum solution.

(22)
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simpler problems by separating the allocation of late and early shifts from the main body
of the problem (see Section 4.1.1). Without loss of optimality, these shifts can be
considered as two types of day shift with different starting times, and allocated in a
separate heuristic procedure (as proposed by Ozharahan and Bailey 1988). Such an
approach can significantly reduce the size of the rostering problem. However, any gains
from such problem decomposition are counteracted with the introduction of flexible part-
time staff into the roster (see Section 4.1.4).

Future Possibilities: The proposed approach to rostering, whilst confronting the issues of
problem size and solution quality, does not fully consider the issue of flexibility. A cyclic
descent technique relies on a fixed set of constraints in order to descend to a solution.
Such an algorithm cannot selectively relax constraints when no immediate feasible
solution is possible. In this respect, the knowledge-based techniques proposed by Hui
(1988) and reviewed by Randhawa and Sitompul (1990) are superior. Bearing this in
mind, it should be noted that the current research is concerned with a part of the nurse
rostering problem, namely with the development and evaluation of a roster generating
engine. A fully operational system, i.e. one that could operate without extensive human
intervention, would also require a shell that could resolve conflicting and unattainable
constraints. A knowledge-based or expert system approach would seem idea for the
development of such ashell.

(23)
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2.4 Summary

The current literature review has looked at both cyclic and non-cyclic approaches to nurse
rostering. Non-cyclic approaches have been given greater attention as they are more
applicable to the research domain. The various papers concerned with non-cyclic nurse

rostering are summarised by the following two tables:

Study General Specific Important Features
Technique Technique
Chow and Hui Non-optimising Knowledge-based | 1) Ableto handle large problems
(1993), heuristics scheduling with 2) Flexible, with ahilitiesto selectively
Hui (1988) heuristic operators | relax unattainable constraints
3) Applicable to multiple types of
rostering problem
4) Imitates human reasoning
5) Solves general rostering problems
but not tested on nurse rostering
problem
L ukman (1986) Non-optimising Expert system 1) Ableto handle large problems

heuristics

2) Flexible

Smith and Wiggins

Non-optimising

List processing

1) Ableto handle large problems

(2977) heuristics heuristic 2) Used only as an aid for scheduling
decisions, and not intended to produce
workable rosters
3) Applied to a specific hospital
problem

Sitompul (1992) Non-optimising Heuristics 1) Ableto flexibly generate awide

heuristics embeddedin a range of schedules
Decision Support 2) Not designed to generate a complete
System roster
3) Specific solution for a US rostering
policy
Bell et al. (1986) Non-optimising Heuristics 1) Good quality, interactive user
heuristics embeddedin a interface
Decision Support | 2) Used asadecision aid only, not
System intended to produce workable rosters

3) Applied to a specific hospital
problem

Table 1: Summary of heuristic techniques for the non-cyclic nurse roster problem

(24)
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Study General Specific Important Features
Technique Technique
Warner (1976) Optimising Multiple-choice 1) Optimises both schedule quality and
(integer) deviations from desired staffing levels
programming 2) Can solve larger problemsthan a
standard integer programming
formulation
3) Staffing constraints are flexible
4) Applied to a specific hospital
problem
Arthur and Optimising Goal 1) Flexible to changing user priorities
Ravindran (1981) programming with | 2) Based on standard integer
heuristics programming techniques
3) A relatively simple model is used
Musaand Saxena | Optimising Goal programming | 1) Flexible to changing user priorities
(1984) 2) Based on standard integer
programming techniques
3) A relatively simple model is used
Ozharahan and Optimising Goal programming | 1) Flexibleto changing user priorities
Bailey (1988) with heuristics 2) Ableto consider different shift
starting times
3) Based on standard integer
programming techniques
4) A relatively simple model is used
Miller et al. (1976) | Optimising Local search cyclic | 1) Able to handle large problems
coordinate descent | 2) Potentialy flexible to changing
agorithm problem prioritiesand formulations
3) Solutions not necessarily optimal due
to limited area of search
4) Tests of the algorithm are performed
Blau and Sear Optimising Local search cyclic | 1) Ableto handle large problems
(1983) coordinate descent | 2) Potentialy flexible to changing
algorithm problem prioritiesand formulations
3) Solutions not necessarily optimal due
to limited area of search
Kostrevaand Optimising Mixed integer 1) Ableto handle large problems
Jennings (1991), programming with | 2) Good quality user interface
Kostrevaet al. heuristics 3) Use of heuristicsin roster generation
(1978) 4) Only assignment of staff to
schedulesis optimised
5) Concept of “hate points” is
introduced to measure nurse
preferences

Table 2: Summary of optimising techniques for the non-cyclic nurse roster problem

The intent of the current research is to develop a non-cyclic approach to nurse rostering

which can calculate with several thousand variables, and can aso produce solutions
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which are comparable or superior in quality to those produced by human experts. Of the
approaches to nurse rostering described in the current literature, two main limitations

have been identified:

e The optimising mathematical programming techniques become impractical to use as
the problem size becomestoo large.
e Theremaining techniques rely on heuristics, or search techniques, which may result in

non-optimal solutions.

From a consideration of the existing methods, it is proposed to develop both an enhanced
cyclic descent algorithm based on the work of Miller et al. (1976) and a ssimulated
annealing algorithm for nurse rostering. An integer linear programming algorithm will
also be used to investigate whether a mathematical optimising approach is feasible for the
size of problem. It is noted that there has been a lack of comparison between existing
approaches to nurse rostering within the literature. This area will be addressed by an

empirical evaluation of the proposed approaches, as described in the next chapter.
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