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Abstract

Due to liberalisation, public transport in the European Union will become a more competitive market. The DISSY project demonstrates the economical and social benefits that may be obtained by the application of operations research techniques combined with distributed computing in the field of human resource planning for organisations employing a large workforce. DISSY is a simulation and decision support system for the bus and tram driver duty rostering problem in urban public transport (UPT). The tool allows modelling and evaluation of tentative or alternative rostering scenarios, thereby enabling the organisation to better adapt policies to new framework conditions. We evaluate an integer linear programming approach for the rota scheduling problem and develop an algorithm for the problem of designing profiles that combines integer linear programming and local search. The latter problem arises in connection with the concept of an integrated rostering of drivers partitioned into groups according to their qualifications and preferences.
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Introduction

Due to new working time models, workforce rostering has become considerably more complex in recent years. On the one hand, more flexible working times allow a better match between personnel capacity and personnel demand, which changes over daily, weekly and seasonal periods. On the other hand, flexible working times improve worker satisfaction, which, in the service sector, has a tremendous impact on service quality and productivity. 

In order to increase the competitiveness in a European public transport market there is a need

(1) to quickly respond to changes in framework conditions of all kinds such as

· changes in the transport net or timetable in order to better meet the customers' demand or to coordinate with competitors,

· new work regulations or working time models which allow for new types of rosters or rotas,

· new insights of ergonomics regarding the sequencing of duties which promise to reduce the sick rate or to improve long term fitness for work,

(2) and for an economic deployment of human resources without cutting back on European social standards of work.

The options include developing new rotas and working time models (i.e. contract types), integrating regular and reserve duty schedules, mixing driving with various non-driving duties, and many more. The process of adapting the organisation and in particular the work force planning may be greatly facilitated by means of a decision support system,

· which allows planners to balance economic objectives, recommendations of ergonomics as well as workers' preferences with respect to duty rostering, whilst taking into account the complexities of workforce scheduling (federal law, union regulations, in-company agreements),

· which highlights ways to increase productivity whilst improving the quality of the schedules, worker satisfaction, as well as maintaining service extent,

· by which alternative scenarios in workforce scheduling may be simulated and evaluated quickly and thoroughly on the basis of sound information, thus

· supporting and objectifying the discussions and negotiations between planning department, works committee, and management.

DISSY is a decision support and simulation systems for driver rostering in urban public transport. It proposes high quality scheduling solutions which – by taking millions of possible solutions into account – far surpass manual solutions, releasing the planner from the tedious task of manually assigning single duties to rosters or arranging duty types in a rota. Moreover, DISSY empowers the human creativity and analytical judgement which are required to design innovative solutions. To this end, the planner uses the system to conduct what-if analyses by the help of which the tradeoffs between conflicting goals and requirements as well as the impact of potential changes thereof may be identified and assessed.

For rostering, the quality of a planning solution usually cannot be reliably measured pecuniarily and improvements often require innovative rostering policies and organisational changes. As a result, measures that are taken are rare and often ad hoc. For a decision support tool to support effective improvement efforts, the model the system is based on must reflect the complexity of the real world as well as the envisioned world. Moreover, the system must yield highly accurate results, since the solutions need to reflect changes in parameter settings. The combination of these two requirements makes the use of advanced combinatorial optimisation and operations research techniques necessary. Recently, substantial progress has been made in diverse rostering applications such as railway, see e.g. Caprara et al. (1999) or Ernst et al. (1999), airline crew rostering, see e.g. Gamache et al. (1999), Mason (2000), Fahle et al. (1999) or Christou et al. (1999), and airport ground staff rostering, see e.g. Mason et al. (1998) or Dowling et al. (1997). For a general introduction to algorithms for workforce scheduling see Pinedo and Chao (1999).

For DISSY, integer linear programming methods, local search metaheuristics as well as combinations thereof are deployed depending on the problem structure. These techniques consume considerable computing time for problems of the given size (up to several hours depending on the problem size and quality required). In addition, the number of different scheduling scenarios or parameter settings to be evaluated multiplies the demand for computing time. 

In order to still have reasonable response times, DISSY introduces the use of distributed computing technology to the rostering process. The computing load is distributed among a cluster of ordinary desk-top Windows NT Workstation™ computers communicating by any network which supports the TCP/IP protocol. As this technology has become a common commodity, the architecture is often already in place and is easily maintained. Furthermore, the architecture is easily extendible and scalable to the needs of the UPT company.

All the run times reported refer to a Pentium-II processor Windows NT 4.0 Work-station™ running at 300 MHz with 128 MB of memory.

The Rostering Process

At the Bremer Strassenbahn AG (BSAG) more than 800 daily duties and more than 1300 drivers must be scheduled. Each depot is rostered separately and for the largest depot more than 1600 duties per week must be rostered. In the rostering process dealt with by DISSY, a roster defines the work schedule for each worker within a group of workers (drivers) on each day of the planning horizon; extraordinary duties and holidays are taken into account later in the personnel disposition process. 

Duty Sequencing

Duty sequencing is usually done each time a new timetable comes into effect. Duty sequencing actually comprises two tasks: 

· Each duty in the set of weekly duties to be served by the depot at hand must be assigned to one of the groups of drivers at this depot, optimally matching the demand for workers with worker capacities. The duties require subtly diversified qualifications and show hourly, week-daily, and seasonal variations. With respect to the workers, on the other hand, contractual specifications (for example regarding working hours), qualifications and preferences of the workers in each group need to be taken into account.

· For each group of drivers, the sequencing of the duties in their roster is required to meet federal work regulations, union contracts, and in-company agreements as well as recommendations of ergonomics and individual preferences of the group, for example regarding the duration of (nightly as well as weekly) rest periods. 

At many UPT companies a roster is based on a rota (see Figure 1) which

· prescribes the sequence of duty periods and days-off periods and

· may specify, for each work day, a target duty type for the duty to be assigned.

Rota Scheduling

Since introducing a new rota is often a long-term process in public transport in Europe and handled in terms of in-company agreements, rota scheduling cannot be included in the duty sequencing process. 

A rota can be drawn as a matrix. In Figure 1, for example, a 12-week rota is shown that is used at the BSAG. Here, the columns represent the days of the week from Monday to Sunday. Each matrix element either represents a day off (DO) or contains a label for a duty type (VES and ES – very early and early shift, DS – day shift, AS – afternoon shift, LS – late shift). The workers are working cyclically from top left to bottom right so that on a particular day of the week, each duty in the corresponding column will be served by a different driver.
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Rotas created manually are usually based on an underlying pattern of duty periods and days off periods which is repeated seven times (with variations). The rota in Figure 1 for example is based on a 4+2+5+1 pattern, that is, four late duties are followed by two days off, five early duties and one day off. It is also often the case that a rota consists of a sequence of concatenated copies of a basic rota. 

Figure 1:  A 12-Week Rota Used at the BSAG

Productivity and the Rostering Process

The productivity of rostering in public transport, that is of assigning and sequencing duties, is much harder to estimate than the productivity of duty type scheduling where idle times and costs for repositioning can be easily measured. However, there are five ways productivity can be lost or gained in rostering:

· Taking into account the recommendations of ergonomics may reduce the strain of shift work and ensure the drivers' health and fitness for work in the long run (for example, reasonably long nightly rest periods, short sequences of night duties and two or more days off after the last night duty), see Knauth (1996).

· By taking into account the drivers' preferences, i.e., by letting the workers participate in the rostering process, one can expect to raise motivation and satisfaction. It is known that this reduces stress and has a positive influence on absenteeism, see Knauth and Minssen (1998).

· Work in daily operational workforce scheduling can be reduced: (1) Taking into account the preferences of drivers during rostering will reduce the number of requests for duty swaps during operational scheduling - as preferences are anticipated. (2) Having assigned as many duties to rosters as possible, there are no duties to that operations scheduling unnecessarily needs to assign a driver each day.

· The availability of drivers on days off that are not needed to guarantee the weekly rest periods may serve to economically cover peaks in the demand for reserve personnel by means of overtime work.

· Availability of reserve personnel. Rotas serve to tune the match of demand for drivers given by the set of duties at the depot with the availability of drivers at a particular day of the week and a particular time of the day. To make up for vacation and illness, reserve duties must be scheduled. Some UPT companies have designated rosters for drivers serving reserve duties only. Also, since in general the capacity of all the regular rosters does not equal the total number of duties to be rostered, these rosters will often have positions ('holes') with no duty scheduled – the driver will work on short notice instead and serve the duty of an absent colleague. However, because of the duties scheduled before and after the hole there may be only a small time window when the person is indeed available to serve a reserve duty. Now, even if the demand for reserve personnel is more or less stochastic, better planning may reduce the risk that reserve personnel can not be productively utilised. One option is to block these holes. Another option is to generate reserve duties based on the set of regular duties according to a specified quota for vacation and illness. These reserve duties will have the same distribution of characteristic attributes (such as duty type, day of the week and full time / part time) and have the average start and end time of the corresponding regular duties. These duties are then rostered together with the regular duties, which significantly improves the availability of personnel for the reserve duties.

DISSY supports all of these options to increase productivity. Note that all of these options may require new rotas which may need to be negotiated between management and the works committee. Also, except for one, none of the criteria above can be reliably measured pecuniarily.

The DISSY Concept

The solution concept comprises three dimensions. The first two are explained in the following sections. To each of the three DISSY modules DRP (duty sequencing), TP (rota scheduling), GAP (designing profiles) then a chapter is dedicated explaining the model and the optimisation techniques used and giving some examples. Finally, the chapter about distributed computing discusses aspects of system architecture.

	Dimension
	Concept

	Organisation
	· Taking into account preferences and needs of minorities by generating individual rotas for (sub-)groups of drivers with similar preferences. This leads to designing profiles.

	Methodology
	Decision support through

· simulation of alternative scenarios 

· key performance indicators

	Technology
	· State-of-the-art optimisation techniques

· Distributed computing

· A graphical user interface that supports decision support


Table 1: The Three Dimensions of the DISSY Concept

Profiles for Groups of Drivers

Depending on (among others factors) social conditions, marital status, and physical predisposition, workers have different preferences for e.g. the distribution of duty types among the duties they are to serve, the rotation of the duties, or the portion of weekends they are willing to work. One and the same rota for all of the drivers is certainly the easiest - but not necessarily the fairest - option. Since rostering each driver individually multiplies the complexity of the problem by a factor equal to the number of weeks of the planning horizon, we propose an intermediate approach centred on groups of drivers (“groups“). Each group would have the same qualifications and similar preferences with respect to rostering (which may be recorded in an opinion poll). The profile of a group is defined by the planner so as to balance these data with operational constraints as well as with the (possibly competing) preferences of other groups.

When drivers work according to a variety of break regulations and annual working times or when driving duties are to be mixed with non-driving duties such as ticket inspection, vehicle maintenance, or administrative duties, the concept of groups and their profiles facilitates the modelling of these qualification data.

Multi-Criteria Decision Making
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In order to have the system generate solutions of practical use, a large set of constraints and objectives needs to be taken into account. In particular, it is necessary to balance economical aspects, recommendations of ergonomics and driver preferences. Details are given in the modelling sections of the chapters on each of the modules. 

Figure 2:  Constraints and Objectives

Decision Support via Simulation

With the manual process, the planner produces just one schedule and, usually, there is no time left to consider alternative rostering scenarios. With DISSY the task of the planner shifts from building up a schedule to evaluating and analysing a variety of schedules, repeatedly creating new scenarios and studying framework conditions in order to optimise the overall operations. 

The graphical user interface of DISSY provides all the functionality to perform rostering activities either manually (using drag and drop), automatically, or interactively. It provides a convenient, flexible, and transparent handling of the complex tasks of setting up of a new scheduling scenario, parameterisation of the model, analysis of solutions, and managing the required computing resources. The planner has transparent control over all the features optimised, can pre-assign duties and arbitrarily post-process the resulting solutions. Completely new rostering scenarios can be established within minutes.

A large number of characteristics of the schedules become transparent to the user via key performance indicators in highly configurable graphs and tables. This allows for a sound comparison of alternative rostering scenarios. Measurable quality objectifies and safeguards the decision making. All of these data can also be copied and pasted into MS Excel™ in order to generate management reports. 

Decomposition of the Rostering Problem

DISSY consists of the modules DRP (duty sequencing), TP (rota scheduling), GAP (designing profiles). Figure 3 shows how these modules interact to support the various tactical and operational planning activities of the rostering process.
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Figure 3:  The Three Variants of the DISSY Rostering Process

Given a (new) scenario, one may either:

(1) assign and sequence all the duties of the depot based on the existing rotas (left path in Figure 3) by means of the module DRP,

(2) re-design or adapt one rota using the module TP before duty sequencing (middle path), or

(3) re-design the groups and their rosters based on completely new rotas (right path). Here, the module GAP allows the user to design the preference profiles and sizes of the groups of drivers. After this step, it is known how many duties of each duty type are to be served by which group of drivers on each day of the week. Subsequently, according to this duty type demand, a rota is constructed for each of the groups (using the module TP). Finally, all the duties are assigned and sequenced again using the module DRP.

The Duty Sequencing Module

Modelling the Problem of Duty Sequencing 

The process of duty sequencing performs two tasks in one step: the distribution of duties over the set of rosters and the sequencing of duties within each roster. In other words, DISSY optimises all the rosters at one time so that the preferences of all drivers are equally likely to be realised. 

Each duty on a specific day of the week is scheduled independently, leading to a greater flexibility and better schedules.

Constraints

(CD1) A bound on the number of consecutive very early (respectively very late) duties in any of the rosters.

(CD2) Qualification data for each roster: driving licences, full or part time duties, allowable duty types, allowable bus or tram lines, and allowable work types (apart from driving duties).

(CD3) Days-off scheme of the underlying rota and weekly rest periods for each roster.

Objectives

(OD1) The direction and extent of rotation may be forced in three different ways:

· Discrepancy in the start and end times between the duty assigned and the duty type label at each place in a roster.

· Specified duty start times for each place in a roster.

· Specification of the standard rotation, a positive or negative goal value for the difference between the start times of consecutive duties and between the end times of consecutive duties (in minutes).

(OD2) Nightly rests preferred by the drivers (on top of a minimum rest time prescribed by federal or European law or in-company agreements).

(OD3) Backward rotation: some drivers prefer to extend their multiple days off rest period by having an early duty before and a late duty after the days off block.

(OD4) Even distribution of work over the duty blocks of the roster.

(OD5) Meeting a predefined average working time.

(OD6) Position of  ‘holes’: reserved duties may either be blocked (that is lined up in succession) or positioned inside a duty block.

Algorithmic Approach and Computational Results

The duty sequencing problem is solved using a simulated annealing type metaheuristic with pre- and post-processing routines similar to the one used in Emden-Weinert and Proksch (1999). To this end, for constraint (CD1) as well as for guaranteeing user defined rest periods, penalty functions are introduced. The cost function then is a weighted sum of all the objective and penalty functions for each roster as well as a special penalty function for the number of unassigned duties. The user is supposed to interactively calibrate the weights by an iteration of parameter studies.

Experiments with a neighbourhood consisting of just insert and delete moves did not yield satisfying results because too many duties were not assigned. The deployed neighbourhood uses operations such as inserting, deleting, moving and swapping of duties within a roster as well as across rosters. If a duty gets de-assigned by one of these moves a local improvement heuristic, that tries to assign all of the currently unassigned duties, is interposed. Sophisticated data structures allow about 2000 moves per second to be performed. One may manually pre-assign and fix duties beforehand, as well as arbitrarily modify (copies of) automatically generated solutions afterwards. Run times vary between 20 minutes and 4 hours depending on the size of the depot and the solution quality desired.

Example: A Parameter Study in Duty Sequencing

In duty sequencing, a couple of concurring optimisation criteria are involved, for example backward rotation and the length of nightly rest periods. To generate the graphs in 
Figure 4
, the weight of the objective ‘backward rotation’ was increased by a factor of 1, 2,  4, 8, 16, 32, 64 and 128 in all of the rosters of the solution and, for each value, five runs were made with identical parameter settings. In this example, the depot contained 1100 weekly duties and 16 groups of drivers. The results of the simulation is analysed with the help of a graph which shows, for each objective respectively constraint modelled, the dependence of the solution cost (displayed on the vertical axis) on the parameter which was varied (horizontal axis). Each symbol represents a solution generated. The cost values reflect how good the corresponding criteria are represented in the solutions (the lower the value the better). Here the absolute cost values are irrelevant - the planner is supposed to recognise a trend. The left graph of Figure 4 shows a key performance indicator for backward rotation, the right for preferred nightly rest periods. It can be seen that as the weight is set higher the backward rotation is better realised, however, at the same time the preferred nightly rest is realised less and less. The planner will select a compromise solution to be analysed in more detail. Since the metaheuristic used is randomised, in general, no two runs will yield the same solution. Note, however, how small the deviations are.
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Figure 4:  Increasing the Weight for Backward Rotation

By means of simulation it was possible, for example, to improve the lengths of the nightly rest periods in rosters containing split duties by a factor of 20 to 30 compared to manually (though informational system based) produced schedules.

The Rota Scheduling Module

Modelling the Problem of Rota Scheduling

The subject of rota scheduling is to develop a rota for a single group of drivers and a given set of duty types to be served. There are different reasons which make it necessary to introduce a new rota. For example, there may be operational changes such as the introduction of new traffic lines, night lines or changed line frequencies. This usually leads to a new distribution of duty types, so the rotas may no longer fit the set of duties, making it impossible in the worst case to schedule some duties during duty sequencing process due to nightly rest constraints. Or, with an unchanged set of duties, one may want to adjust the rotas to suit the drivers’ preferences.

As soon as there are several rosters for groups of workers of the same qualification but the groups have 

· different target distribution of the duty types or

· different preferred sequencing of duty types

it becomes necessary to define a rota not just as a pattern of duties and days off but also as a schedule of duty types for each day which is not a day off. This work represents the first time that the integrated problem can be optimised for so many criteria simultaneously. Moreover, with respect to public transport, DISSY is the first system to our knowledge that allows to optimise rotas and generates candidate solutions.

Since it may be impossible to schedule duty types onto a predefined days-off scheme, rota scheduling with the TP module allows the user to create flexible rotas in which the days off do not obey a rigid underlying rhythm. Instead, days off are placed to optimally suit the duty types being scheduled in the rota (the so-called duty type demand). Lau (1996) showed that even a very restricted case of the rota scheduling problem is NP-hard.

When creating a rota, many different constraints and objectives can be taken into consideration. In consultation with BSAG we have compiled an extensive list. These are outlined in Table 2. While most of these constraints and objectives have been touched upon previously in the literature, no author has addressed them in their entirety. Table 2 gives references (cf. first line) for each of them.
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Day, Ryan (1997)

Objectives

Ernst et al (1996)

Witt (1986)
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Hare (1997)
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Kleinschmidt et al (1997)


(X) means that the criterion is not integrated in the model but can be added easily.

Table 2:  Constraints and Objectives of Rota Scheduling Covered in the Literature

Constraints

(CR1) Number of days off: This constraint defines the number of days off.

(CR2) Days off per day: If it is necessary to have a minimum number of days off on a particular day of the week, this constraint can be used to obtain this. 

(CR3) Portion of weekends off: The drivers should be able to have some free time together with their families, so a minimum portion of weekends off can be fixed.

(CR4) Minimum / maximum tour length: Bounds on the number of consecutive work days without a day off are defined.

(CR5) Maximum consecutive days off: A maximum number of consecutive days-off may be defined.

(CR6) Allowable duty types: The set of allowable duty types can be specified by the user .

(CR7) Duty type demand: The duty type labels to be placed in the rota can be specified for each day of the week.

(CR8) Maximum consecutive duty types: The number of consecutive duties of the same duty type can be limited for each duty type.

(CR9) Nightly rest period: A minimum length of nightly rest periods may be defined. To this end, the average start and end times of duties are used as the start and end times of duty types. 

(CR10) Weekly rest period: The minimum length of weekly rest periods may be defined.

Objectives

A cost function is defined for each of the following objectives. The lower the costs, the better the objective is realised within a solution. A weight is defined for each objective, which allows its relative importance to be manipulated.

(OR1) Consecutive days off: The objective of this criterion is to prefer days-off schemes with longer sequences of consecutive days off.

(OR2) Days-off even distribution: The days off should be distributed evenly over the weeks of the rota.

(OR3) Weekends-off even distribution: Similar to the days off, the weekends off should be evenly distributed over the weeks of the rota.

(OR4) Preferred duty type distribution: For each duty type, a desired portion of the duties of this type among all the duty types in a rota can be defined. This objective is active only if the duty type demand does not fill the rota.

(OR5) Spread of duty types: For special (hard) duty types, sequences of these duty types should be evenly distributed over the rota.

(OR6) Backward rotation: Some drivers prefer to extend their multiple days off rest period by having an early duty before and a late duty after the days off block. 

(OR7) Standard rotation (see Section Modelling the Problem of Duty Sequencing).

Algorithmic Approach and Computational Results

The rota scheduling problem is modelled as a mixed 0-1-linear program and solved using the CPLEX( MIP solver, version 6.5. We also experimented with a simulated annealing approach which worked very well for larger examples (more than 12 weeks) exhibiting a duty type demand smaller than the rota capacity. However, for each constraint, a penalty function needs to be introduced, the control parameters of which are difficult to tune.

In the linear program each 0-1-variable xij represents a position j in a matrix that is occupied with duty type i. Further variables are used to represent weekends off. In order to speed up the Branch-and-Bound performed by the CPLEX MIP solver, we use priority lists for the 0-1-variables. The structure of a rota critically depends on which weekends off are selected to guarantee the specified portion of weekends off, so we branch on the variables representing the weekends off with highest priority. The disadvantages of this approach are:

· Many of the weekends off distributions are too bad to belong to a good solution. 

· The symmetry of the problem is not taken into consideration. Because of the cyclic structure of a rota, an equivalent solution can be obtained by shifting all days off and duty types in the rota by the same number of weeks in the vertical direction. These solutions have identical costs, but during the Branch-and-Bound they are treated as independent solutions because the variables xij have different values. 

Pre-generating all possible weekends-off distributions

To avoid these disadvantages, all possible weekend-off distributions are generated before starting the Branch-and-Bound process. Symmetries are deleted and the remaining distributions are represented in the linear program by new 0-1-variables. 

The number of weekend-off distributions can further be reduced by two new constraints which bound the number of consecutive weekends-off and the number of consecutive weekends which are not off, respectively. 

Table 3 illustrates how the number of feasible weekend-off distributions decreases for a 12-week-rota when successively adding these constraints.

	Additional constraints

on weekend-off distributions
	Number of feasible

weekend-off distributions

	50% weekends off
	925

	Removing all symmetrical distributions
	80

	Maximum of 2 consecutive weekends off
	20

	Maximum of 2 consecutive weekends on
	13


Table 3:  Reducing the Number of Feasible Weekends-off Distributions

In order to analyse the effect of pre-generating all feasible weekends-off distributions on the runtime we chose an example with six weeks. 

Figure 5 illustrates the Branch-and-Bound process. Each point in the picture represents a new solution found during the solution process. The optimal solution was found with both strategies. However, with pre-generation of the weekend distributions it took only about half of the time. 
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Figure 5:  Run Times for a 6-Week Rota with and without Generating all Feasible Weekend-off Distributions

Example: Developing a New Rota

In this section some rotas generated with the help of the TP module will be presented. Our tests have shown that for a 12-week-rota it is reasonable to stop the optimisation process after 36 hours and use the best solution found so far. In one test we spent five days of processor time, but the costs of the best solution was only 0,12% better than after 36 hours. 

The first new rota we want to develop should have identical parameters as the original rota used by BSAG (see Figure 1), in particular the same maximum tour length of 5, a maximum of 4 consecutive late duties and at least 50% weekends off. It should also contain the same number of days off and the same duty types, but it should not contain a 1-day-tour like the one in the ninth week (Figure 1). Many drivers do not like such 1-day-tours. With these parameters DISSY produced the rota shown in Figure 6 on the left. 

It shows a backward rotation as does the rota used by the BSAG, that is, consecutive duties tend to start earlier. However, older drivers often prefer longer nightly rests to prolonged multiple days off periods. Therefore, another new rota was developed which uses a forward rotation (i.e. a positive standard rotation) but which otherwise satisfies the same constraints (in particular the same duty type demand) as the BSAG-rota or the DISSY-backward-rota. The right rota shown in Figure 6. Generation of this rota took 28 hours. 
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Figure 6: Backward-rota and Forward-rota, each with a Minimum Tour Length of 2

The Designing Profiles Module

Modelling the Problem of Designing Profiles

The goal of the module GAP is to support the design or re-design of the groups of drivers and their profiles at a depot. This is particularly helpful when one is designing rosters from scratch – for example in the case of a new transport business or when workers' preferences have been recorded and rosters are to be adapted to the workers' preferences. In particular

· the various groups of drivers being defined, it may be determined whether all duties can be assigned, that is, the co-operation of all the groups of drivers with respect to their sizes, qualification profiles and duty type preferences may be validated;

· given a number of different profiles, a sizing of the corresponding groups of drivers is computed so as to minimize the overall number of drivers;

· the distribution of duty types with respect to preferences of the drivers may be optimised.

This way, the module GAP may also be used to guide the tactical human resource planning by:

· giving hints to personnel development with respect to how to develop the qualifications of the employed personnel or which personnel to recruit;

· computing lower bounds of how many drivers are needed.

GAP works by assigning each duty of a depot to a group of drivers (if feasible) and (re-) optimising the sizes of the rosters-to-be. In the following we explain the constraints and objectives that are modelled within the module GAP.

Constraints

(CP1) Each duty should be assigned to exactly one group of drivers.

(CP2) Qualification data: A duty can only be assigned to a group if all members of the group have the qualification required for this duty.

(CP3) Bounds on the sizes of groups: For each group, the planner may specify an upper and a lower bound on its size. This way, a sensitivity analysis for the existing groups of drivers can be performed.

(CP4) Portion of days off: The user can specify a minimum number of days off a group should have per year. With this value DISSY calculates the number of days off per rota, depending on the number of weeks of the rota.

(CP5) Portion of days off per day: For each day of the week, a minimum portion of days off can be specified. 

(CP6) Maximum duty type portion: For each duty type a maximum portion among all duties assigned can be specified.

Objectives

(OP1) The number of drivers: The total number of drivers is minimised. Also, it is possible to minimise the overall costs of drivers provided that, for each group of drivers, a cost can be assigned to a driver of that group.

(OP2) Preferred duty type distribution: As with rota scheduling, each group of drivers has preferences with respect to the distribution of the duty types. As some duty types do not exist on the weekend, a desired distribution valid for Monday through Friday as well as a distribution valid for Saturday and Sunday may be specified.

(OP3) Even duty type distribution: For each duty type, the number of duties of this type assigned to a group should be nearly equal across the days of the week (Monday to Friday). This ensures that it will be possible to design a rota for this group and their duty types.

(OP4) Even days-off distribution: The number of days off should be evenly distributed over the days of the week (Monday to Friday).

Algorithmic Approach and Computational Results

The algorithm for the module “designing profiles” employs a combination of integer linear programming and local search. The predominant objective (OP1) of minimising the sizes of the groups is solved in phase I while the non-linear objectives (OP2)-(OP4) are solved in phase II by a local improvement heuristic.

Phase I

The linear program is very similar to the one for the Generalised Assignment Problem (GAP), see for example Osman (1995). Let

T:
Set of days of the week

I:
Set of duty types

D:
Set of duties to be rostered

Di: 
Set Di ( D of duties of duty type i(I

D’t:
Set D’t ( D of duties on day t(T

G:
Set of the groups of drivers

Cg:
Cost for one driver of group g(G

LBg, UBg: Lower / upper bounds on the sizes of groups of drivers

DOg:
Number of required days-off per year for group g(G

Fgt:
Portion of days-off on day t(T for group g(G

Sgit:
Maximum portion of assigned duties of duty type i(I on day t(T for group g(G.

Now let sg be the number of drivers that belong to group g, and xdg = 1 if and only if duty d(D is assigned to group g(G and xdg = 0 otherwise. With these definitions we get the following linear program:

(OP1) Minimise 
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Constraints (CP7) and (CP8) ensure that all variables are integer.

To ensure the existence of a solution, an additional group of drivers g0 may be added, the drivers of which by definition have the qualification to serve all duties, the upper bound on the size of g0 being set to |D|, and the cost C0 of a driver of g0 being set to a large constant.

Trick (1992) presents a heuristic approach to solve the Generalised Assignment Problem, which also works very well here:

1. Remove the integer constraints (CP7) and (CP8) and solve the relaxed problem.

2. Fix all the variables which have integer values in the solution of the relaxed problem.

3. Add integer constraints to the remaining integer variables and solve the resulting integer linear problem by Branch-and-Bound.

The problem in step 3 is much easier to solve than the original problem because most variables have been fixed in step 2.

The quality of this approach depends on the structure of the problem. When using the simplex algorithm to solve the relaxed problem we know that there are not more variables in a basic solution than there are constraints fulfilled with “=” (because otherwise the slack variables are part of the basic solution). Variables bound by (CP2) cannot be part of the basic solution. In practice, in a feasible solution of the relaxed problem, most of the constraints (CP5) and (CP6) are fulfilled with “<”, because (CP5) is used to make weekends off possible and (CP6) is used to prevent excesses in the distribution of duty types over days of the week for each group of drivers. As a conclusion, the number of constraints fulfilled with “=” will be |D| + c|G| for some small c. Hence, the number of split duties (a duty d is called split, when at least one corresponding xdg is fractional after step 1) is at most (c-1) |G|. On our data we observed about 20-30 split duties (out of 1000 duties to be assigned). 

Phase II

At the end of phase I of the algorithm, a solution is found in which every duty is assigned to exactly one group of drivers and the sizes of the groups are optimised. However, this solution is usually worthless because only one of the four objectives has been taken into consideration. The other cost functions are quadratic and cannot be incorporated in the linear model of phase I.

In order to improve the quality of the solution according to the remaining objectives (OP2) to (OP4), we use a local improvement heuristic which, starting with the solution obtained in phase I, may shift a duty from one group to another or swap duties between groups. A move is only accepted when the constraints (CP1) to (CP8) are not violated. In addition, the sizes of the groups sg are not changed any more. This heuristic works very well because, usually, a duty, which is defined on Monday, also exists on Tuesday to Friday, which allows swapping duties on different weekdays.

Run times

For an example containing a depot with 1153 duties and 18 groups of drivers, the run times are given in Table 4 and Table 5. Here, the number of split duties was 32. We also tried to find the optimal solution for the integer problem without fixed variables in phase I. After 36 hours the best solution found in the Branch-and-Bound process had costs of  9660, which were higher than in the solution found by the heuristic after 36 seconds. 

	Problem
	Costs
	Run time (sec)

	Relaxed problem (optimal costs)
	8660
	1

	Branch-and-Bound with fixed variables
	9650
	35


Table 4:  Costs and run times phase I

	Problem
	Costs
	Run time (sec)

	Starting solution obtained after phase I
	4107650
	36 (phase I)

	After local improvement
	1526590
	157


Table 5:  Costs and run times phase II

Example: Designing Profiles

The GAP module allows the easy and quick calculation of the minimum number of drivers needed for a set of duties (for example at a depot). Moreover, the duty type demand which is input to the rota scheduling may be calculated for each group of drivers.

By having DISSY generate reserve duties according to a specified quota for illness and vacation, the total number of drivers needed for a set of (regular) duties may be calculated. Interestingly, simulations showed that this number was surprisingly robust with respect to the number of groups of drivers or the target distribution of duty types for each of these groups of drivers. This may be taken as an indication that, assuming a rota can be developed and agreed upon for the duty demand generated for each of the groups of drivers, introducing a number of different rosters for groups of drivers does not necessarily compromise productivity.

Various values for the minimum portion of weekends off were simulated. It could be verified that, according to the set of duties to be scheduled and according to the profiles used in this test set, removing the constraint of 50% weekends off and even 100% Sundays off in some (not all) of the rosters did not per se imply a lower overall demand for drivers. This indicates that the profiles already match the set of duties very well.

Distributed Computing

The client / server architecture of DISSY transfers computing intensive tasks to an external so-called “simulation server” in order not to block the desk-top computer. This way the planner can continue his work at his desk-top workstation while a simulation is run on the server - which may take anything between fifteen minutes and a couple of days on a single workstation, depending on the size of the job created. The planner can start, abandon, restart and shut down his jobs on the simulation server from his desk-top. The user can shut down his client process and continue and check for the results in another session.

In order to have reasonable response times when simulating new scenarios the computing load is distributed among a cluster of ordinary desk-top computers communicating by any network which supports TCP/IP protocol. To the planner, the simulation server logically appears as one server while the number of computers working for the server may be scaled according to the needs of the specific company and to the current load. New computers may be added to the PC cluster at any time, for example all the desk-top workstations at night. Hence, the hardware architecture of DISSY is inexpensive – typically within the scope of existing resources.

In practice, there is no need to speed up a single optimisation run (so-called inherent parallelisation). Rather, for the following reasons, several solutions are computed in a simulation:

· In order to evaluate and compare alternative rostering scenarios or read off the effect of changing a control parameter multiple solutions with different parameter settings must be computed and compared to each other.

· In order to obtain high quality solutions, the duty-sequencing module uses powerful metaheuristics. These optimisation methods, however, are randomised; that is, in general, even with identical parameter settings, two runs will yield two different solutions. The obvious advantage is that the user is offered similar solutions he can select from. On the other hand, a statistically significant number of solutions must be computed in order to read off a tendency or the effect of changing a parameter on the various objectives.

· A number of planners are performing simulations for different depots or even different transport operators. Therefore, usually several independent jobs will have to be processed.
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DISSY

The parallelisation strategy of DISSY is to process each solution to be computed as a single independent run and to distribute the tasks / runs comprising a simulation job onto a cluster of Windows NT Workstations™, attaining a nearly perfect speed-up and efficiency.
Figure 7:  The Multi-Tier Architecture

Conclusion

DISSY presents a concept for the operational as well as for the tactical planning aspects of the rostering process at public transport companies. The user profits from distributed computing at almost no additional cost or usability complexity. 

The system is employed at the BSAG for tactical planning purposes, e.g. for providing for a new group of drivers whose contract of employment specifies a new number of working hours per year.

DISSY allows the simulation of tentative or alternative rostering scenarios. The planner may propose innovative solutions, designed to balance the requirements of management and the preferences of workers alike. This enriches discussion and negotiation processes in a learning organisation and facilitates organisational changes leading to a new flexibility in workforce scheduling.

For further details about the models and algorithms of rota scheduling and designing profiles, see Speer (2000). Additional information about the DISSY system is available at http://projekte.vss.com/dissy.
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Tabelle1

				Authors		Witt (1986)		Baker et al (1977)		Bennett, Potts (1968)		Burns, Koop (1987)		Belletti, Davini (1985)		Hare (1997)		Kleinschmidt et al (1997)		Day, Ryan (1997)		Millar, Kiragu (1998)		Ernst et al (1996)

				Criterion

		Constraints		number of days-off		X		X		X		X				X		X		X

				day-offs per day												X

				portion of weekends-off		X		X		X		X				X						X

				minimum tour length		X										X						X		X

				maximum tour length		X						X				X				X		X		X

				maximum consecutive days-off		X										X						X

				allowable shifts						X				X		X		X		X		X		X

				shift demand						X		X		X		X		X		X		X		X

				maximum consecutive shifts														X		(X)		X		X

				nightly rest period						X		X				X		X		(X)		X		X

				weekly rest period						X								X						X

		Objectives		consecutive days-off		X		X		X												X

				days-off even distribution		X				X		X												X

				weekends-off even distribution		X				X		X

				preferred shift distribution																(X)

				spread of shifts																(X)

				backward rotation																		(X)

				standard rotation																(X)		(X)		X
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Tabelle2

		

		6W mit WoEGen		Wert		Rechenzeit		Anzahl Knoten		Gesamtkosten		GZL				Turnusname		Gesamtkosten		Anzahl freier Tage (gew)		Mindestanteil freier Wochenenden (gew)		Minimale Dienstblocklaenge (gew)		Maximale Dienstblocklaenge (gew)		Schichtartblocklaenge (gew)		Maximale Freiblocklaenge (gew)		Nachtruhe Wunsch (gew)		Wochenruhezeit (gew)		Unterschreitung Frei (gew)		Freiblockbildung (gew)		Vertikale Gleichverteilung freie Tage (gew)		Gleichverteilung freie Wochenenden (gew)		Spreizung (gew)		Rueckwaertsrollierung (gew)		Standardrollierung (gew)		Unterschreitung Schichtart (gew)		Wunschanteil Schichtart (gew)

		Sim_2_1_1		2		0:54:00		85		56433		65038.3		56433		Sim_2_1_1		56433		0		0		0		0		0		0		0		0		0		8600		3200		0		19000		6464		14369		0		4800

		Sim_2_1_2		2		1:25:00		156		47208		54932.2		47208		Sim_2_1_10		43919		0		0		0		0		0		0		0		0		0		9000		1600		0		10000		10168		8351		0		4800

		Sim_2_1_3		2		16:18:00		2748		46608		51228.4		46608		Sim_2_1_11		43213		0		0		0		0		0		0		0		0		0		9000		1600		0		10000		10168		7645		0		4800

		Sim_2_1_4		2		16:19:00		2751		46168		50788.4		46168		Sim_2_1_12		41992		0		0		0		0		0		0		0		0		0		9000		1600		0		10000		10572		8420		0		2400

		Sim_2_1_5		2		22:07:00		3843		45903		49987.6		45903		Sim_2_1_13		41964		0		0		0		0		0		0		0		0		0		9000		1600		0		10000		10572		8392		0		2400

		Sim_2_1_6		2		22:42:00		3935		45224		49259.8		45224		Sim_2_1_14		41497		0		0		0		0		0		0		0		0		0		9000		1600		0		10000		10168		8329		0		2400

		Sim_2_1_7		2		22:46:00		3952		44820		48823.1		44820		Sim_2_1_15		41461		0		0		0		0		0		0		0		0		0		9000		1600		0		10000		9228		9233		0		2400

		Sim_2_1_8		2		31:02:00		5499		44409		48033		44409		Sim_2_1_16		41432		0		0		0		0		0		0		0		0		0		8000		3200		2000		7000		5524		10908		0		4800

		Sim_2_1_9		2		31:02:00		5502		44381		48005		44381		Sim_2_1_17		41301		0		0		0		0		0		0		0		0		0		8000		3200		2000		7000		5524		10777		0		4800

		Sim_2_1_10		2		45:55:00		8371		43919		46595.9		43919		Sim_2_1_18		41153		0		0		0		0		0		0		0		0		0		8000		3200		2000		7000		7044		11509		0		2400

		Sim_2_1_11		2		45:55:00		8373		43213		45889.9		43213		Sim_2_1_19		40562		0		0		0		0		0		0		0		0		0		8600		0		0		10000		11100		10862		0		0

		Sim_2_1_12		2		45:59:00		8394		41992		44664.6		41992		Sim_2_1_2		47208		0		0		0		0		0		0		0		0		0		8600		1600		0		18000		6020		8188		0		4800

		Sim_2_1_13		2		46:06:00		8431		41964		44618.3		41964		Sim_2_1_20		40532		0		0		0		0		0		0		0		0		0		8000		1600		0		7000		10572		10960		0		2400

		Sim_2_1_14		2		46:06:00		8433		41497		44151.3		41497		Sim_2_1_21		39933		0		0		0		0		0		0		0		0		0		9000		1600		0		7000		10168		7365		0		4800

		Sim_2_1_15		2		46:13:00		8454		41461		44109.8		41461		Sim_2_1_22		39199		0		0		0		0		0		0		0		0		0		9000		1600		0		7000		10572		8627		0		2400

		Sim_2_1_16		2		71:30:00		13763		41432		42829.1		41432		Sim_2_1_23		39073		0		0		0		0		0		0		0		0		0		9000		1600		0		7000		9288		7385		0		4800

		Sim_2_1_17		2		71:45:00		13831		41301		42689.9		41301		Sim_2_1_24		38461		0		0		0		0		0		0		0		0		0		9000		1600		0		7000		9228		9233		0		2400

		Sim_2_1_18		2		71:50:00		13869		41153		42530		41153		Sim_2_1_25		37562		0		0		0		0		0		0		0		0		0		8600		0		0		7000		11100		10862		0		0

		Sim_2_1_19		2		78:29:00		15357		40562		41530.2		40562		Sim_2_1_3		46608		0		0		0		0		0		0		0		0		0		9000		0		0		23000		3192		6616		0		4800

		Sim_2_1_20		2		92:54:00		18484		40532		40840.7		40532		Sim_2_1_4		46168		0		0		0		0		0		0		0		0		0		9000		0		0		23000		4932		6836		0		2400

		Sim_2_1_21		2		104:57:00		21271		39933		39795.5		39933		Sim_2_1_5		45903		0		0		0		0		0		0		0		0		0		9000		0		0		19000		5872		7231		0		4800

		Sim_2_1_22		2		104:57:00		21281		39199		39061.5		39199		Sim_2_1_6		45224		0		0		0		0		0		0		0		0		0		9000		1600		0		16000		8608		7616		0		2400

		Sim_2_1_23		2		105:07:00		21349		39073		38932.2		39073		Sim_2_1_7		44820		0		0		0		0		0		0		0		0		0		9000		1600		0		16000		8204		7616		0		2400

		Sim_2_1_24		2		105:09:00		21360		38461		38319.9		38461		Sim_2_1_8		44409		0		0		0		0		0		0		0		0		0		8000		3200		2000		10000		7984		10825		0		2400

		Sim_2_1_25		2		111:57:00		22899		37562		37142.9		37562		Sim_2_1_9		44381		0		0		0		0		0		0		0		0		0		8000		3200		2000		10000		7984		10797		0		2400

		6w		Wert		Rechenzeit		Anzahl Knoten		Gesamtkosten		GZL				Turnusname		Gesamtkosten		Anzahl freier Tage (gew)		Mindestanteil freier Wochenenden (gew)		Minimale Dienstblocklaenge (gew)		Maximale Dienstblocklaenge (gew)		Schichtartblocklaenge (gew)		Maximale Freiblocklaenge (gew)		Nachtruhe Wunsch (gew)		Wochenruhezeit (gew)		Unterschreitung Frei (gew)		Freiblockbildung (gew)		Vertikale Gleichverteilung freie Tage (gew)		Gleichverteilung freie Wochenenden (gew)		Spreizung (gew)		Rueckwaertsrollierung (gew)		Standardrollierung (gew)		Unterschreitung Schichtart (gew)		Wunschanteil Schichtart (gew)

		Sim_2_1_1		2		5:41:00		741		51296		59802.7		58296		Sim_2_1_1		58296		0		0		0		0		0		0		0		0		0		8000		1600		2000		14000		7192		13504		0		12000

		Sim_2_1_2		2		5:53:00		777		50345		58851.7		59345		Sim_2_1_10		43827		0		0		0		0		0		0		0		0		0		8600		0		0		17000		6164		7263		0		4800

		Sim_2_1_3		2		6:06:00		801		41687		50087		49687		Sim_2_1_11		43677		0		0		0		0		0		0		0		0		0		8600		0		0		17000		7044		8633		0		2400

		Sim_2_1_4		2		10:06:00		1291		40493		48093		48493		Sim_2_1_12		38492		0		0		0		0		0		0		0		0		0		8600		0		0		7000		10220		10272		0		2400

		Sim_2_1_5		2		10:06:00		1294		39549		47149		47549		Sim_2_1_13		37562		0		0		0		0		0		0		0		0		0		8600		0		0		7000		11100		10862		0		0

		Sim_2_1_6		2		10:06:00		1298		38121		45721		46121		Sim_2_1_2		59345		0		0		0		0		0		0		0		0		0		8000		1600		0		18000		8132		14013		0		9600

		Sim_2_1_7		2		10:06:00		1299		37281		44881		45281		Sim_2_1_3		49687		0		0		0		0		0		0		0		0		0		8000		1600		2000		16000		7272		10015		0		4800

		Sim_2_1_8		2		24:56:00		3100		36172		42723.2		45172		Sim_2_1_4		48493		0		0		0		0		0		0		0		0		0		9000		0		0		19000		6020		7273		0		7200

		Sim_2_1_9		2		51:57:00		6579		34830		39430		43830		Sim_2_1_5		47549		0		0		0		0		0		0		0		0		0		9000		0		0		20000		4932		8817		0		4800

		Sim_2_1_10		2		51:57:00		6580		34827		39427		43827		Sim_2_1_6		46121		0		0		0		0		0		0		0		0		0		9000		0		0		19000		6452		6869		0		4800

		Sim_2_1_11		2		51:57:00		6581		34677		39277		43677		Sim_2_1_7		45281		0		0		0		0		0		0		0		0		0		9000		0		0		19000		5872		6609		0		4800

		Sim_2_1_12		2		166:12:00		22011		34492		36330.9		38492		Sim_2_1_8		45172		0		0		0		0		0		0		0		0		0		8600		0		0		18000		7044		9128		0		2400

		Sim_2_1_13		2		166:27:00		22056		33562		35387		37562		Sim_2_1_9		43830		0		0		0		0		0		0		0		0		0		8600		0		0		17000		6164		7266		0		4800

		6W neu berechnet

		6w		Wert		Rechenzeit		Anzahl Knoten		Gesamtkosten		GZL

		Sim_2160_1_1(ZW)		2160		0:41:00		46		53652		61112

		Sim_2160_1_2(ZW)		2160		0:58:00		115		47889		55349

		Sim_2160_1_3(ZW)		2160		23:06:00		4111		47725		52314.3

		Sim_2160_1_4(ZW)		2160		51:09:00		9593		47118		50263.57

		Sim_2160_1_5(ZW)		2160		51:09:00		9594		47115		50260.57

		Sim_2160_1_6(ZW)		2160		51:10:00		9596		46965		50110.57

		Sim_2160_1_7(ZW)		2160		51:10:00		9599		46721		49853.62

		Sim_2160_1_8(ZW)		2160		69:00:00		13095		45775		47985.69

		Sim_2160_1_9(ZW)		2160		69:00:00		13097		45637		47847.69

		Sim_2160_1_10(ZW)		2160		72:38:00		13761		44918		47015.71

		Sim_2160_1_11(ZW)		2160		76:27:00		14561		43528		45427.91

		Sim_2160_1_12(ZW)		2160		87:51:00		16789		42637		44119.41

		Sim_2160_1_13(ZW)		2160		149:39:00		29427		40781		41191.92

		Sim_2160_1_14(ZW)		2160		149:44:00		29450		40753		41163.16

		Sim_2160_1_15(ZW)		2160		149:52:00		29501		40546		40954.39

		Sim_2160_1_16(ZW)		2160		339:04:00		71361		39952		38449.79

		Sim_2160_1_17(ZW)		2160		339:14:00		71406		39548		38045.61

		6W mit WoE Gen (BT 0.50)

		Sim_0,500_1_1		Sim_0,500_1_1		0:28:00		59515

		Sim_0,500_1_2		Sim_0,500_1_2		1:38:00		50727

		Sim_0,500_1_3		Sim_0,500_1_3		7:45:00		48461

		Sim_0,500_1_4		Sim_0,500_1_4		7:45:00		48195

		Sim_0,500_1_5		Sim_0,500_1_5		7:45:00		47112

		Sim_0,500_1_6		Sim_0,500_1_6		9:49:00		46097

		Sim_0,500_1_7		Sim_0,500_1_7		9:49:00		45959

		Sim_0,500_1_8		Sim_0,500_1_8		9:56:00		45838

		Sim_0,500_1_9		Sim_0,500_1_9		9:56:00		44876

		Sim_0,500_1_10		Sim_0,500_1_10		13:24:00		41948

		Sim_0,500_1_11		Sim_0,500_1_11		13:25:00		41090

		Sim_0,500_1_12		Sim_0,500_1_12		13:25:00		40100

		Sim_0,500_1_13		Sim_0,500_1_13		13:29:00		39952

		Sim_0,500_1_14		Sim_0,500_1_14		13:37:00		39548

		WoE mit BT 0.85

		6w with WEGen		Wert		Rechenzeit		Anzahl Knoten		Gesamtkosten		GZL

		Sim_360_1_1(ZW)		360		1:22:00		145		54412		60912

		Sim_360_1_2(ZW)		360		5:13:00		639		47118		53229.1

		Sim_360_1_3(ZW)		360		5:14:00		640		47115		53226.1

		Sim_360_1_4(ZW)		360		5:14:00		641		46965		53076.1

		Sim_360_1_5(ZW)		360		11:50:00		1336		45918		51873.6

		Sim_360_1_6(ZW)		360		11:51:00		1337		45915		51870.6

		Sim_360_1_7(ZW)		360		20:31:00		2263		45613		51264.4

		Sim_360_1_8(ZW)		360		56:01:00		6264		44692		48263.7

		Sim_360_1_9(ZW)		360		63:05:00		7071		41692		44889.9

		Sim_360_1_10(ZW)		360		180:30:00		20280		39952		39545.76

		Sim_360_1_11(ZW)		360		180:34:00		20300		39548		39137.68

		6W mit WoE BT 0.25

		Sim_0,250_1_1		0.25		0:37:00		1104:00:00		59515		66015

		Sim_0,250_1_2		0.25		1:02:00		2496:00:00		57168		63668

		Sim_0,250_1_3		0.25		6:22:00		17832:00:00		46923		52970.05

		Sim_0,250_1_4		0.25		16:02:00		42936:00:00		46721		52378.84

		Sim_0,250_1_5		0.25		17:59:00		47448:00:00		42243		47865.07

		Sim_0,250_1_6		0.25		18:00:00		47640:00:00		41122		46744.07

		Sim_0,250_1_7		0.25		18:00:00		47688:00:00		40100		45722.07

		Sim_0,250_1_8		0.25		18:08:00		48216:00:00		39952		45552

		Sim_0,250_1_9		0.25		27:33:00		71256:00:00		39548		44692.6

		6W mit WoE ohne max WoE in Folge		Wert		Rechenzeit		Anzahl Knoten		Gesamtkosten		GZL

		Sim_0,250_1_1		0.25		0:23:00		21		67043		74371

		Sim_0,250_1_2		0.25		1:50:00		195		61857		68357

		Sim_0,250_1_3		0.25		3:21:00		405		53306		59666

		Sim_0,250_1_4		0.25		4:45:00		570		47564		53764

		Sim_0,250_1_5		0.25		32:12:00		4221		45982		50705.32

		Sim_0,250_1_6		0.25		32:12:00		4228		45775		50498.32

		Sim_0,250_1_7		0.25		32:12:00		4229		45654		50377.32

		Sim_0,250_1_8		0.25		32:16:00		4247		44692		49399.01

		Sim_0,250_1_9		0.25		65:04:00		8857		42459		45882.66

		Sim_0,250_1_10		0.25		65:04:00		8858		42262		45685.66

		Sim_0,250_1_11		0.25		129:42:00		19513		41733		42244.58

		Sim_0,250_1_12		0.25		218:10:00		35685		41692		40005.94

		Sim_0,250_1_13		0.25		225:15:00		37040		41432		39593.57

		Sim_0,250_1_14		0.25		225:19:00		37060		40892		39053.43

		Sim_0,250_1_15		0.25		225:26:00		37083		39952		38112.73

		Sim_0,250_1_16		0.25		225:30:00		37097		39548		37706.76
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Tabelle1
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		0								0
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6W neu berechnet

6W mit WoE Gen (BT 0.50)

WoE mit BT 0.85

6W mit WoE BT 0.25

6W mit WoE ohne max WoE in Folge

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0
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0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0
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Tabelle3

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0

		0		0
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		0

		0

		0

		0



6w

6w with WEGen

time [minutes]

costs

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0



		

		8W		Wert		Rechenzeit		Anzahl Knoten		Gesamtkosten		GZL				Turnusname		Gesamtkosten		Anzahl freier Tage (gew)		Mindestanteil freier Wochenenden (gew)		Minimale Dienstblocklaenge (gew)		Maximale Dienstblocklaenge (gew)		Schichtartblocklaenge (gew)		Maximale Freiblocklaenge (gew)		Nachtruhe Wunsch (gew)		Wochenruhezeit (gew)		Unterschreitung Frei (gew)		Freiblockbildung (gew)		Vertikale Gleichverteilung freie Tage (gew)		Gleichverteilung freie Wochenenden (gew)		Spreizung (gew) FDF		Spreizung (gew) FDS		Spreizung (gew) TD		Spreizung (gew) MD		Spreizung (gew) SD		Spreizung (gew) ND		Spreizung (gew) GD		Rueckwaertsrollierung (gew)		Standardrollierung (gew)		Unterschreitung Schichtart (gew)		Wunschanteil Schichtart (gew)

		Sim_2_1_1(ZW)		2		2:06:00		141		150062		178633		164062		Sim_2_1_1(ZW)		164062		0		0		0		0		0		0		0		0		0		24400		0		0		0		0		0		0		33000		0		0		49320		44542		0		12800

		Sim_2_1_2(ZW)		2		2:07:00		146		109724		138295		118724		Sim_2_1_10(ZW)		91832		0		0		0		0		0		0		0		0		0		24400		0		0		0		0		0		0		6000		0		0		15660		29772		0		16000

		Sim_2_1_3(ZW)		2		9:25:00		811		106428		133335		115428		Sim_2_1_11(ZW)		91792		0		0		0		0		0		0		0		0		0		24400		0		0		0		0		0		0		6000		0		0		15660		29732		0		16000

		Sim_2_1_4(ZW)		2		21:23:00		2011		103434		129467		107434		Sim_2_1_12(ZW)		87036		0		0		0		0		0		0		0		0		0		24400		0		0		0		0		0		0		6000		0		0		10960		29676		0		16000

		Sim_2_1_5(ZW)		2		21:24:00		2016		94978		121011		98978		Sim_2_1_13(ZW)		86996		0		0		0		0		0		0		0		0		0		24400		0		0		0		0		0		0		6000		0		0		10960		29636		0		16000

		Sim_2_1_6(ZW)		2		27:42:00		2564		94702		120294		98702		Sim_2_1_14(ZW)		85642		0		0		0		0		0		0		0		0		0		24400		0		0		0		0		0		0		6000		0		0		10960		28282		0		16000

		Sim_2_1_7(ZW)		2		200:10:00		20066		92254		114219		96254		Sim_2_1_15(ZW)		85602		0		0		0		0		0		0		0		0		0		24400		0		0		0		0		0		0		6000		0		0		10960		28242		0		16000

		Sim_2_1_8(ZW)		2		226:14:00		22771		91456		113176		95456		Sim_2_1_2(ZW)		118724		0		0		0		0		0		0		0		0		0		24400		0		0		0		0		0		0		20000		0		0		27620		30704		0		16000

		Sim_2_1_9(ZW)		2		325:19:00		32911		89432		110492		96432		Sim_2_1_3(ZW)		115428		0		0		0		0		0		0		0		0		0		25200		0		0		0		0		0		0		25000		0		0		23700		22328		0		19200

		Sim_2_1_10(ZW)		2		487:26:00		49025		88832		109257		91832		Sim_2_1_4(ZW)		107434		0		0		0		0		0		0		0		0		0		24400		0		0		0		0		0		0		7000		0		0		22960		37074		0		16000

		Sim_2_1_11(ZW)		2		487:26:00		49026		88792		109217		91792		Sim_2_1_5(ZW)		98978		0		0		0		0		0		0		0		0		0		24400		0		0		0		0		0		0		7000		0		0		15360		36218		0		16000

		Sim_2_1_12(ZW)		2		487:26:00		49031		84036		104461		87036		Sim_2_1_6(ZW)		98702		0		0		0		0		0		0		0		0		0		24400		0		0		0		0		0		0		7000		0		0		15360		35942		0		16000

		Sim_2_1_13(ZW)		2		487:26:00		49032		83996		104421		86996		Sim_2_1_7(ZW)		96254		0		0		0		0		0		0		0		0		0		24400		0		0		0		0		0		0		7000		0		0		15360		33494		0		16000

		Sim_2_1_14(ZW)		2		707:21:00		70836		82642		102457		85642		Sim_2_1_8(ZW)		95456		0		0		0		0		0		0		0		0		0		24400		0		0		0		0		0		0		10000		0		0		15360		32896		0		12800

		Sim_2_1_15(ZW)		2		707:21:00		70837		82602		102417		85602		Sim_2_1_9(ZW)		96432		0		0		0		0		0		0		0		0		0		23200		800		0		0		0		0		0		11000		0		0		23700		21732		0		16000

																Vorlage		720000		81600		38400		0		0		0		0		0		0		36400		34000		25600		16000		0		0		0		0		0		0		0		0		0		425600		62400

		8W mit WoEGen		Wert		Rechenzeit		Anzahl Knoten		Gesamtkosten		GZL				Turnusname		Gesamtkosten		Anzahl freier Tage (gew)		Mindestanteil freier Wochenenden (gew)		Minimale Dienstblocklaenge (gew)		Maximale Dienstblocklaenge (gew)		Schichtartblocklaenge (gew)		Maximale Freiblocklaenge (gew)		Nachtruhe Wunsch (gew)		Wochenruhezeit (gew)		Unterschreitung Frei (gew)		Freiblockbildung (gew)		Vertikale Gleichverteilung freie Tage (gew)		Gleichverteilung freie Wochenenden (gew)		Spreizung (gew) FDF		Spreizung (gew) FDS		Spreizung (gew) TD		Spreizung (gew) MD		Spreizung (gew) SD		Spreizung (gew) ND		Spreizung (gew) GD		Rueckwaertsrollierung (gew)		Standardrollierung (gew)		Unterschreitung Schichtart (gew)		Wunschanteil Schichtart (gew)

		Sim_1440_1_1(ZW)		1440		4:12:00		301		208608		235977				Sim_1440_1_1(ZW)		208608		0		0		0		0		0		0		0		0		0		22400		1600		0		0		0		0		0		32000		0		0		66400		67008		0		19200

		Sim_1440_1_2(ZW)		1440		7:15:00		499		165402		191937				Sim_1440_1_2(ZW)		165402		0		0		0		0		0		0		0		0		0		21200		2400		2000		0		0		0		0		29000		0		0		48660		46142		0		16000

		Sim_1440_1_3(ZW)		1440		22:13:00		1951		155850		180427				Sim_1440_1_3(ZW)		155850		0		0		0		0		0		0		0		0		0		23200		1600		2000		0		0		0		0		19000		0		0		66440		30810		0		12800

		Sim_1440_1_4(ZW)		1440		22:27:00		1978		111824		136401				Sim_1440_1_4(ZW)		111824		0		0		0		0		0		0		0		0		0		24400		800		0		0		0		0		0		17000		0		0		28400		25224		0		16000

		Sim_1440_1_5(ZW)		1440		72:22:00		6790		101784		125740				Sim_1440_1_5(ZW)		101784		0		0		0		0		0		0		0		0		0		25200		0		0		0		0		0		0		18000		0		0		23700		18884		0		16000

		Sim_1440_1_6(ZW)		1440		239:05:00		25319		98832		121565				Sim_1440_1_6(ZW)		98832		0		0		0		0		0		0		0		0		0		21200		800		2000		0		0		0		0		9000		0		0		21840		27992		0		16000

		Sim_1440_1_7(ZW)		1440		239:38:00		25391		94988		117720				Sim_1440_1_7(ZW)		94988		0		0		0		0		0		0		0		0		0		21200		800		2000		0		0		0		0		9000		0		0		17140		28848		0		16000

		Sim_1440_1_8(ZW)		1440		254:15:00		27038		92808		115485				Sim_1440_1_8(ZW)		92808		0		0		0		0		0		0		0		0		0		21200		800		2000		0		0		0		0		9000		0		0		17140		26668		0		16000

																Sim_2_1_15(ZW)		85602		24400		0		0		6000		10960		28242		16000

																Sim_1440_1_8(ZW)		92808		21200		800		2000		9000		17140		26668		16000

		8W

		8W neu berechnet		Wert		Rechenzeit		Anzahl Knoten		Gesamtkosten		GZL

		Sim_480_1_1		480		2:01:00		91		218856		247009.85

		Sim_480_1_2		480		2:10:00		109		101414		129567.85

		Sim_480_1_3		480		2:10:00		110		101374		129527.85

		Sim_480_1_4		480		71:30:00		4403		101258		125714

		Sim_480_1_5		480		71:30:00		4404		101218		125674

		Sim_480_1_6		480		130:34:00		7802		94572		117994.04

						480:00:00				94572

		8W mit WoE Gen und BT 0.15		Wert		Rechenzeit		Anzahl Knoten		Gesamtkosten		GZL

		Sim_0,150_1_1		0.15		1:28		41		135084		163655

		Sim_0,150_1_2		0.15		4:05		200		86404		114009

		Sim_0,250_1_1		0.25		1:28		41		135084		163655

		Sim_0,250_1_2		0.25		14:49		778		109176		134529

		Sim_0,250_1_3		0.25		25:09:00		1341		98908		123426

		Sim_0,250_1_4		0.25		25:09:00		1345		86996		111514

		8W mit WoE BT0.85				8W mit WoE

		Sim_0,850_1_1		0.85		1:06:00		41		135084		163655

		Sim_0,850_1_2		0.85		15:21:00		1281		132368		157634

		Sim_0,850_1_3		0.85		17:10:00		1401		126426		151692

		Sim_0,850_1_4		0.85		25:08:00		2071		122998		147720

		Sim_0,850_1_5		0.85		25:16:00		2091		117384		142106

		Sim_0,850_1_6		0.85		26:34:00		2221		108260		132809

		Sim_0,850_1_7		0.85		36:21:00		2993		106726		131188

		Sim_0,850_1_8		0.85		45:11:00		3657		103458		127835

		Sim_0,850_1_9		0.85		53:09:00		4210		99466		123808

		Sim_0,850_1_10		0.85		290:10:00		21929		98104		120194

		Sim_0,850_1_11		0.85		290:10:00		21930		97264		119354

		Sim_0,850_1_12		0.85		290:59:00		22011		93534		115620

		Sim_0,850_1_13		0.85		291:00:00		22013		92694		114780

		Sim_0,850_1_14		0.85		433:38:00		32388		86404		107843

						480:00:00				86404

		8W mit WoE BT 0.25

		Sim_0,250_1_1		0.25		1:28:00		41		135084		163655

		Sim_0,250_1_2		0.25		14:49:00		778		109176		134529

		Sim_0,250_1_3		0.25		25:09:00		1341		98908		123426

		Sim_0,250_1_4		0.25		25:09:00		1345		86996		111514
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8W neu berechnet

8W mit WoE Gen und BT 0.15

8W mit WoE BT0.85
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8W

8W mit WoE

Zeit [Minuten]
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		12W		Wert		Rechenzeit		Anzahl Knoten		Gesamtkosten		GZL				Turnusname		Gesamtkosten		Anzahl freier Tage (gew)		Mindestanteil freier Wochenenden (gew)		Minimale Dienstblocklaenge (gew)		Maximale Dienstblocklaenge (gew)		Schichtartblocklaenge (gew)		Maximale Freiblocklaenge (gew)		Nachtruhe Wunsch (gew)		Wochenruhezeit (gew)		Unterschreitung Frei (gew)		Freiblockbildung (gew)		Vertikale Gleichverteilung freie Tage (gew)		Gleichverteilung freie Wochenenden (gew)		Spreizung (gew)		Rueckwaertsrollierung (gew)		Standardrollierung (gew)		Unterschreitung Schichtart (gew)		Wunschanteil Schichtart (gew)

		Sim_16_1_1(ZW)		16		81:23:00		1868		493706		919353				Sim_16_1_1(ZW)		493706		0		0		0		0		0		0		0		0		0		336000		0		3000		30800		71808		52098		0		0

		Sim_16_1_2(ZW)		16		81:24:00		1873		491816		917463				Sim_16_1_2(ZW)		491816		0		0		0		0		0		0		0		0		0		336000		0		3000		29600		71808		51408		0		0

		Sim_16_1_3(ZW)		16		83:29:00		1908		482762		907705				Sim_16_1_3(ZW)		482762		0		0		0		0		0		0		0		0		0		336000		0		3000		20000		71808		51954		0		0

		Sim_16_1_4(ZW)		16		319:22:00		6804		477164		882868				Sim_16_1_4(ZW)		477164		0		0		0		0		0		0		0		0		0		336000		0		3000		22800		68288		47076		0		0

		Sim_16_1_5(ZW)		16		319:23:00		6810		475854		881558				Sim_16_1_5(ZW)		475854		0		0		0		0		0		0		0		0		0		336000		0		3000		20000		68288		48566		0		0

																Vorlage(2)		458270		0		0		0		0		0		0		0		0		0		336000		3600		3000		34000		47504		34166		0		0

		12w with WEGen		Wert		Rechenzeit		Anzahl Knoten		Gesamtkosten		GZL				Turnusname		Gesamtkosten		Anzahl freier Tage (gew)		Mindestanteil freier Wochenenden (gew)		Minimale Dienstblocklaenge (gew)		Maximale Dienstblocklaenge (gew)		Schichtartblocklaenge (gew)		Maximale Freiblocklaenge (gew)		Nachtruhe Wunsch (gew)		Wochenruhezeit (gew)		Unterschreitung Frei (gew)		Freiblockbildung (gew)		Vertikale Gleichverteilung freie Tage (gew)		Gleichverteilung freie Wochenenden (gew)		Spreizung (gew)		Rueckwaertsrollierung (gew)		Standardrollierung (gew)		Unterschreitung Schichtart (gew)		Wunschanteil Schichtart (gew)

		Sim_1_1_1(ZW)		1		42:54:00		1312		532464		972464				Sim_1_1_1(ZW)		532464		0		0		0		0		0		0		0		0		0		352000		900		1500		34400		94816		48848		0		0

		Sim_1_1_2(ZW)		1		42:54:00		1314		531920		971920				Sim_1_1_2(ZW)		531920		0		0		0		0		0		0		0		0		0		352000		900		1500		34400		94816		48304		0		0

		Sim_1_1_3(ZW)		1		45:00:00		1350		524344		964344				Sim_1_1_3(ZW)		524344		0		0		0		0		0		0		0		0		0		352000		900		1500		40000		87856		42088		0		0

		Sim_1_1_4(ZW)		1		62:44:00		1898		514162		853241				Sim_1_1_4(ZW)		514162		0		0		0		0		0		0		0		0		0		372000		1800		1500		20400		78880		39582		0		0

		Sim_1_1_5(ZW)		1		78:08:00		2374		512114		850881				Sim_1_1_5(ZW)		512114		0		0		0		0		0		0		0		0		0		344000		3600		3000		31600		84480		45434		0		0

		Sim_1_1_6(ZW)		1		79:11:00		2421		511014		849696				Sim_1_1_6(ZW)		511014		0		0		0		0		0		0		0		0		0		344000		3600		3000		31600		84480		44334		0		0

		Sim_1_1_7(ZW)		1		80:39:00		2468		511000		849646				Sim_1_1_7(ZW)		511000		0		0		0		0		0		0		0		0		0		344000		3600		3000		32000		84480		43920		0		0

		Sim_1_1_8(ZW)		1		127:51:00		3880		493600		831596				Sim_1_1_8(ZW)		493600		0		0		0		0		0		0		0		0		0		324000		6300		3000		28800		70560		60940		0		0

		Sim_1_1_9(ZW)		1		129:26:00		3931		491040		829023				Sim_1_1_9(ZW)		491040		0		0		0		0		0		0		0		0		0		324000		6300		3000		26400		72768		58572		0		0

		Sim_1_1_10(ZW)		1		129:27:00		3933		490944		828927				Sim_1_1_10(ZW)		490944		0		0		0		0		0		0		0		0		0		324000		6300		3000		26000		72768		58876		0		0

		Sim_1_1_11(ZW)		1		461:28:00		14084		489352		821881				Sim_1_1_11(ZW)		489352		0		0		0		0		0		0		0		0		0		364000		1800		1500		9600		61728		50724		0		0

		Sim_1_1_12(ZW)		1		461:31:00		14101		487378		819907				Sim_1_1_12(ZW)		487378		0		0		0		0		0		0		0		0		0		364000		1800		1500		8800		60704		50574		0		0

		Sim_1_1_13(ZW)		1		491:48:00		15000		478832		810295				Sim_1_1_13(ZW)		478832		0		0		0		0		0		0		0		0		0		344000		1800		1500		9600		77344		44588		0		0

		Sim_1_1_14(ZW)		1		492:51:00		15041		476858		808291				Sim_1_1_14(ZW)		476858		0		0		0		0		0		0		0		0		0		344000		1800		1500		8800		76320		44438		0		0

		Sim_1_1_15(ZW)		1		566:03:00		17509		472854		801001				Sim_1_1_15(ZW)		472854		0		0		0		0		0		0		0		0		0		352000		2700		1500		22000		68416		26238		0		0

		Sim_1_1_16(ZW)		1		573:56:00		17844		470540		798187				Sim_1_1_16(ZW)		470540		0		0		0		0		0		0		0		0		0		352000		1800		1500		20000		66208		29032		0		0

						720:00:00				470540

				Wert		Rechenzeit		Anzahl Knoten		Gesamtkosten		GZL

		Sim_0,250_1_1		0.25		381:49:00		8860		557868		896191.84

		Sim_0,250_1_2		0.25		422:04:00		9998		556976		895179.33

		Sim_0,250_1_3		0.25		426:58:00		10094		555692		893851.11

		Sim_0,250_1_4		0.25		1189:08:00		32658		553616		889615.03

		Sim_0,250_1_5		0.25		1189:10:00		32666		550094		886093.03

		Sim_0,250_1_6		0.25		1190:16:00		32702		530812		866794

		12w		Wert		Rechenzeit		Anzahl Knoten		Gesamtkosten		GZL

		Sim_720_1_1		720		152:43:00		2985		585294		1008917.53

		Sim_720_1_2		720		152:44:00		2988		581118		1004741.53

		Sim_720_1_3		720		158:22:00		3091		510754		928982

						720:00:00				510754

		12W mit WoE ohne max WoE in Folge		Wert		Rechenzeit		Anzahl Knoten		Gesamtkosten		GZL

		Sim_0,250_1_1(ZW)		0.25		268:53:00		5535		563068		1003068

		Sim_0,250_1_2(ZW)		0.25		268:54:00		5540		558324		998324

		Sim_0,250_1_3(ZW)		0.25		476:18:00		8641		536134		875181.52

		Sim_0,250_1_4(ZW)		0.25		620:14:00		11336		535216		873962.72

		Sim_0,250_1_5(ZW)		0.25		622:59:00		11383		507960		846674.47

		Sim_0,250_1_6(ZW)		0.25		626:13:00		11444		507816		846519.96

		Sim_0,250_1_7(ZW)		0.25		628:10:00		11490		505592		844253.8

		Sim_0,250_1_8(ZW)		0.25		632:32:00		11561		503584		842240.24

		Sim_0,250_1_9(ZW)		0.25		639:54:00		11685		500668		839314

		Sim_0,250_1_10(ZW)		0.25		652:51:00		11963		500608		839232.67

		Sim_0,250_1_11(ZW)		0.25		654:41:00		12003		499584		838208.67

						720:00:00				499584
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