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Abstract Timetabling and rostering research often starts from particular real world prob-
lems. The last two decennia have seen a large number of papers discussing cases, models
and approaches. This large body of publications does not presently constitute a structured
domain that provides guidelines for addressing particular problem instances, nor does it
allow identifying gaps where new research is needed.

In this paper, we instigate a structured model for timetabling and rostering. We present a
basic structure for the integrated staff planning and rostering problem. The model can only
result in a valid and efficient tool through the input of multiple disciplines. We give a first
formal description for short term nurse rostering. Specific problems are positioned in this
model.

Keywords Reference model · Timetabling · Rostering

1 Introduction

Scientists from different domains have studied a large number of instances of timetabling
and rostering problems. Among the many application domains figuring as suppliers of case
studies, were school and university timetabling, sports timetabling as well as employee
timetabling, agenda building and more. Authors often presented a detailed description of
a specific case. They developed data models, identified the relevant hard and soft constraints
and defined goals for the algorithms which they subsequently developed and tested. Alterna-
tively, they studied historical information in order to find a case base for guiding the decision
making. Not surprisingly, given the model complexity and the required level of flexibility,
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the algorithms were almost always heuristics designed according to some metaheuristic par-
adigm.

In doing so, timetabling researchers have achieved progress along at least three important
lines:

– They discovered and studied a large collection of situations for which they created so-
phisticated models;

– They built an interesting set of large and difficult instances for metaheuristic algorithms,
studied algorithmic behaviour and proposed new techniques and devices;

– They exhibited the need for—and partly established—systematic testing and evaluation
procedures based on well balanced benchmarks, often drawn from real world situations.

The presently available corpus on timetabling is sufficiently mature to find its way to in-
dustrial applications. Examples of such applications have emerged (Bilgin et al. 2008;
Ho et al. 2001; Kingston 2005). Two important questions arise:

– Which specific input is needed and in which form should it be presented to allow industry
to make optimal use of the present and future scientific state of the art.

– How can we facilitate future developments and position them in the corpus of knowledge.

We present a multidisciplinary effort addressing the gap between theory and practice in
university course timetabling, as diagnosed by McCollum (2007). This reference model
allows one to discover opportunities for new developments and supporting communication,
interchange and collaboration. We want to improve the input of real world information and
distinguish the different levels of abstraction.

There are two main aspects.

1. Input
The domain models and constraint sets that have been described in the nurse roster-
ing literature (Bard and Purnomo 2004; Bourdais et al. 2003; Burke et al. 2001, 2006)
have been collected by individual researchers in individual cases. The necessary infor-
mation was commonly obtained through interviews with people in the field, for exam-
ple, hospital managers, head nurses and regular nurses. This is true for the hard con-
straints and regulations, although these could often be inferred from the problem at
hand, from available legislation or from contract agreements (Meyer auf’m Hofe 2001;
Petrovic et al. 2003). It is even more true for the soft constraints expressing preferences
and working comfort expectations of the personnel (nurses, doctors, administrative staff,
cleaners) or of the patients. It is hard to bring structure to this material gathered in an
ad hoc fashion without a scientific guideline. This guideline can come from other scien-
tific disciplines within the operational research community as well as in humanities. We
should investigate what law, social, economical and management sciences may have to
say (De Causmaecker et al. 2007).

2. Levels
Although rostering is typically concerned with the most detailed level of decision mak-
ing, it is not independent of decisions taken at more abstract levels like staffing and plan-
ning. The goal for the timetabling activity—what determines a good working roster—
cannot be defined independently at the different levels of decision making. After all,
these goals are mostly set at the more strategic levels. We will thus not be able to study
and define general reference models without taking all these levels into some account.
As a consequence, the reference model will ultimately not only describe how timetabling
components for the most detailed, short term decision making should be conceived, but
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also how decision support tools for the mid and long term should behave and interact.
We want to pinpoint the best level for each decision act.

We introduce a formal model for nurse rostering allowing to position specific contribu-
tions. This work is complementary with the inspiring contribution of Schaerf and Di Gaspero
(2007) on measurability and reproducibility in university timetabling research. The cate-
gorisation system will allow researchers to evaluate and compare approaches. A study of
complexity requires accurate description of problems as provided by this categorisation.

Only a few authors have tried to define relevant complexity measures for nurse rostering,
e.g. Glass and Knight (2009), Messelis et al. (2009) and Vanhoucke and Maenhout (2009). If
the reference model has to provide reliable information about the applicability of a specific
technique for a specific problem, such measures are indispensable.

The structure of the paper is as follows. The interactions between the three levels in
personnel management (long, mid and short term planning) require a multidisciplinary ap-
proach with input from different fields in humanities. This is discussed in Sect. 2. A sys-
tematic study of the behaviour of algorithms for personnel rostering problems requires a
systematic classification. In Sect. 3, we propose a notation that can support such a classi-
fication for the field of nurse rostering. It is our belief that the specific notations presented
towards the end of the paper can serve as a starting point for more generic approaches.

2 Reference model

Many papers in the timetabling and rostering literature discuss instances inspired by real
world problems (Qu et al. 2009; Burke et al. 2004). As Glass and Knight (2009) remark, the
difference between the models that are actually handled and the original problems is often
substantial. Essential ingredients are often left out for the sake of the theoretical scope.
Kellogg and Walczak (2007) identify differences between daily practice in a hospital and
the academic literature explaining the lack of interaction.

The short term level is influenced by decisions taken for the mid and long term (Tien and
Kamiyama 1982; Warner 1976). Also for these higher levels, there is a body of literature
that investigates the application of automated decision support for real world cases (de Vries
1987; Easton et al. 1992). Part of the problem with the interaction between theory and prac-
tice can be explained by the lack of interaction between activities at the different levels.
As Glass and Knight (2009) remark, legal and ergonomic criteria play a role in rostering
practice. All these observations illustrate the need for input from other than the operational
research domain. Such a multidisciplinary effort requires an adequately structured reference
model.

Short term planning and scheduling of people’s efforts in healthcare, for example, typi-
cally requires to collect data concerning the available means and their associated constraints.
Part of this information is output of higher level decision making.

This situation is comparable to production planning and scheduling where one tradition-
ally distinguishes the following levels.

– At the management level: product mix, product production trees, machine park layout.
– At the business level: production planning, lotsizing.
– At the lower level these production plans are decomposed in jobs and operations for spe-

cific machines.

The situation is further complicated when multiple companies are involved in such a pro-
duction system. The supply chain defines a planning problem that crosses company borders.



170 Ann Oper Res (2012) 194:167–176

The detailed scheduling problem has been studied in great depth (see e.g. Halldorsson et
al. 2007). Business systems and planning models at this level have emerged leading to a
number of standards. Supply chain management is a discipline of its own. It is clear that this
decomposition leads to suboptimal solutions. Only recently, people have started addressing
the global optimisation problem. It turns out to be hard to translate the detailed terminol-
ogy of the short term scheduling to the mid term planning level. Stated differently, it has
for a long time been unknown which quantities can be exchanged between the two levels.
This situation has led to a specific niche, the domain of manufacturing execution systems,
which plays the role of an intelligent interface between the business systems and the pro-
duction line. Systems at this interface typically provide sophisticated logging, tracking and
reporting together with some level of detailed scheduling.

In the field of timetabling and more specifically nurse rostering, the situation is compara-
ble but further complicated by the fact that humans are involved. One typically distinguishes
decisions to be taken for the long term (years), mid term (months) and short term (weeks).

On the long term, decisions are closely linked to selected strategic options. At this level
the existence of a unit or the discontinuation of an activity are decided. Expected costs and
revenues are weighted. Information that is needed is at what cost a specific unit can operate,
what its relative impact may be on the other activities and whether or not profitable synergies
can be expected. The market evolution, expected demand and prospects for the future are
taken into account.

Mid term decisions are tactical and influence the operational capacities of the units as
they exist. Tuning allocation of staff to expected performance and productivity is the main
subject at this level of decision making.

Short term decision making starts in general from a given manpower and demand to
produce feasible rosters and working schemes that meet both the demand and the constraints
on the individual working schedules.

These three levels clearly do not operate independently. Among the subjects to be studied,
we mention:

– We need instruments to feed the higher level decision making from below. Experience in
building rosters at the short time level should be aggregated to serve as input for the mid
and long.

– Decisions at the staffing level should take specific constraints into account. Feasibility
of a certain construction should be checked. We need standard measures and simulation
tools (e.g. Gemmel et al. 2008).

– Rules for ‘good’ rosters should include, along with legal constraints and local habits or
conventions, results from the theory of labour ergonomics (see e.g. Baaijens et al. 2005;
Bourdais et al. 2003).

A possible scheme for health care timetabling is presented in Fig. 1. Each rectangle in this
scheme is a target for a line of research and/or for software developers. The interactions be-
tween these rectangles could become subject of an interdisciplinary study (De Causmaecker
et al. 2007). Some of the disciplines are shown on the third axis in Fig. 1.

3 Categorisation

Interesting modelling, solution techniques and real world issues have come up in the recent
operational research literature (De Cesco et al. 2008). Some of this work indicates the need
for standardisation and classification and for interchangeable formats (Glass and Knight
2009).
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Fig. 1 Parties, planning horizons
and disciplines

Adoption of such a standardisation by the community could lead to a platform for com-
parative study of problems and algorithms. Until today however, such adoption has been
very limited or non existing. Researchers in the field seem to feel that the domain has not
been sufficiently explored for setting a final definition.

3.1 Example models

3.1.1 Languages

A number of authors have presented language constructs to describe timetabling problems.
We mention Kingston’s STTL (Burke et al. 1997; Kingston 2001) and Özcan’s TTML
scheme (Özcan 2003). Together with our co-authors, we proposed to devise an ontology
for timetabling and used it in a framework (De Causmaecker et al. 2005). The competitions
have defined their own formats. These efforts are still far from being commonly used. They
were built from the experience of the respective authors and they do offer a systematic way
to describe specific classes of timetabling problems.

3.1.2 Modelling devices

Recently, Ranson and Ahmadi (2007) proposed an extensible modelling framework for
timetabling. They stress the importance of being language independent and in this sense
extend on the previous contributions mentioned above.

The analogue of the linear or integer program in commonly used metaheuristics is a
model of the solution space and a neighbourhood structure. Timetabling has a number of
general characteristics and much effort has been spent on catching these characteristics in
metaheuristic approaches. Looking at the literature, authors often refer to each other’s neigh-
bourhood structures (moving timeslots of exams, moving single exams) (Qu et al. 2009).
Some authors have tried to develop generic neighbourhoods (e.g. Kempe chains Thompson
and Dowsland 1996). An example of transfer of ideas happened with the tiles concept of
Kingston (2005) that formed the basis of the pillar neighbourhood in De Causmaecker et al.
(2009). Lectures first are grouped into clusters called tiles, after which they are organised
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within these tiles. It is intuitive for the users and thus gives them some understanding of the
solution method. By allowing users to define the tiles, the algorithm can be given hints as
to where to look for good solutions. Although Kingston introduced tiles in the context of
high school course timetabling, they are generic as was demonstrated in De Causmaecker
et al. (2009) and Ryckbosch et al. (2008) where we modified them for use, respectively in a
university course and sports timetabling problem.

The need to apply experience and knowledge from the user is explicitly addressed in
case based reasoning approaches (Petrovic et al. 2003) and is an important rationale for
the introduction of hyperheuristics (Burke et al. 2003). Acquiring data about the efficiency
of individual steps in an algorithm may be used in the systematic study that we envision
(Bilgin et al. 2007). An attempt to compare metaheuristic and case based reasoning based on
properties from the application environment was presented by Petrovic and Vanden Berghe
(2008).

3.2 Study of the hardness of rostering problems

One tool that could help at the level of staffing is a predictor for timetabling problems. Such
a predictor could e.g. tell to what extent the constraints can be expected to be satisfied. Given
a possible staffing decision, the decision makers could use the tool to judge its feasibility
given the current regulations and expected workload. Predictors have been established in
other domains where they could often be used in a preprocessing phase to decide which
algorithm is the most appropriate for a certain instance (Leyton-Brown et al. 2002; Xu et al.
2007). Haspeslagh et al. (2009), Messelis et al. (2009) recently obtained promising results
indicating that such a predictor is feasible.

If we want to obtain generic results along these and similar lines, we need a categorisation
system of problems allowing to compare results from different application environments.
A classification in nurse rostering was developed by Burke et al. (2004). Here we elaborate
on this classification and make it more formal.

3.3 A categorisation of nurse rostering problems

Rostering problems are defined by three elements:

– The available personnel, the people that can be assigned a certain task at certain points in
time. We will call this the personnel environment.

– The work that has to be performed, the set of tasks and the associated time structure. We
will call this the work characteristics.

– The conditions to be optimised, the objective that is to be met by the schedule. We call
this the optimisation objective.

These three elements bear close resemblance to the α|β|γ categorisation in production
scheduling (e.g. Brucker 2004; Graham et al. 1979; Pinedo 2006). We adopt this structure
and notation for nurse rostering problems, see Table 1.

– Personnel environment (α) The personnel environment distinguishes the categories A

(availabilities), S (sequences), B (balance) and C (chaperoning). A describes the avail-
ability of each member of personnel and allows expression of preferences. S is used for
constraints on the consecutiveness of assignments, e.g. the allowed number of consecu-
tive night shifts. B allows the expression of balance constraints on the schedule, e.g. for
enforcing some level of fairness. C can be used to express the need for combined tasks
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Table 1 Classification of nurse rostering problems

Personnel constraints Skill

α : Personnel environment A Availability 2,3, . . . Fixed number

S Sequences N Variable number

B Balance I Individual

C Chaperoning

Coverage constraints Shift type

β : Work characteristics R Range 2,3, . . . Fixed number

T Time Intervals N Variable number

V Fluctuating O Overlapping

Objective Mode

γ : Optimisation objective P Personnel constraints M Multi objective

L Coverage constraints

X Number of personnel

R Robustness

G General

where one member of personnel must necessarily work together with another one. In-
dependently from these categories, personnel may have individual skills. In the default
situation, skills do not apply. A number indicates that the number of possible skills in the
problem is fixed, while N denotes a variable number. When each member of personnel
appears to have an individual set of qualifications, the label is I .

– Work characteristics (β) The work characterised by the demand to be covered (cover-
age) and the shift structure. We distinguish R (range), V (fluctuating) and T (time inter-
val) types of coverage. The default situation occurs when the coverage is expressed as a
number of people required per shift type—skill set. R denotes that it is formulated as a
range of feasible coverage, e.g. minimum and maximum coverage. When the coverage
varies over time, we call it fluctuating: V . In case the coverage is expressed as a number
of people required per time interval, we label it as T . These time intervals do not neces-
sarily correspond to the shift types.
Possible shift structures are strongly connected to work characteristics. We distinguish
problems with a fixed number of shift types defined: 2,3, . . . and problems in which the
number is variable: N . When the shift structures are overlapping, the label O is used.

– Optimisation objective (γ ) Possible objectives are P (personnel constraint violation), L

(coverage), X (number of personnel) and G (general). These may be multi-objective (M).

3.4 Example

A detailed description of the elements in Table 1, together with the example application of
the notation to published problems, is presented in De Causmaecker and Vanden Berghe
(2008). In this paragraph we give a simple example. Suppose a ward is working with nurses
in three skill categories, say x,y and z, where a nurse from skill type y can work as a nurse
in type z (label = 3). It has regulations constraining the number of consecutive assignments,
assignments in weekends, minimum length of the breaks and so on (S). Nurses have to work
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a minimal number of hours and can ask for some days off (A). The workload for the nurses
should be balanced (B). This activates labels A,S,B and skill type 3 in category α.

Furthermore, the organisation uses five shift types (label = 5), which partly overlap in
time (O). The coverage is given as a range per shift (R), no time intervals are used in this
specification, but the coverage varies per shift (V ).

As an objective, the strategy is to always meet the coverage constraints, possibly violating
the other constraints at some given cost which must be approximately minimised (P ).

The resulting problem can thus be classified as ASB3|RV 5O|P . Our notational system
should at any time be open for extension to accommodate new problem types coming up, and
the level of detail should also be set according to the needs of the research at hand. We did
keep the size of the problem out of the notation as we think that this should be a parameter
in any systematic investigation of a set of rostering instances. What we do propose is to
investigate the resulting categories systematically and exhaustively in order to determine the
hardness of the instances included. We went through part of the nurse rostering literature
since 2004 and were able to classify the problems discussed (De Causmaecker and Vanden
Berghe 2008). We furthermore performed a systematic analysis of a specific category. These
results are presented in Messelis et al. (2009).

4 Conclusion

In this contribution we joined in and extended on ideas presented by McCollum (2007),
Schaerf and Di Gaspero (2007). We presented a reference model for timetabling and roster-
ing.

An essential step in the further development of this model is a multi disciplinary effort in
which all levels of personnel planning systems can be integrated.

The paper introduces a classification of problems to be used for study and comparison.
We propose a notation for rostering to classify most problems in the recent literature. Once
a category has been defined, a systematic study on the influence of the parameters in the
category on the hardness of the problem can be undertaken. This allows to draw charts to
support the development of automated rostering systems.

Future work includes an extensive study of the different categories, the extension of the
notation to other fields of timetabling and the interdisciplinary effort to set up an integrated
reference model.

We believe that these ideas can be taken forward to arrive at a comprehensive methodol-
ogy for the field of timetabling and expect ever more generic approaches to emerge in the
literature.
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