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Abstract  

This thesis addresses the problem with minimizing the cost of labor shifts for the workforce at an 

airport. The cost of idle time is specifically a difficulty for the employer. With idle time means time 

that it is not a break at the same time as there is no work task to be performed. This originates from 

big variations in the traffic flow which lead to the workload to be characterized by peaks and valleys. 

This situation has increased the demand among airport service companies for efficient staff 

schedules. Even small reductions of the idle time mean considerable savings for the employer. 

This thesis uses authentic data from an international airport in Europe. 

The method used to solve the task is an algorithm based on column generation. The mathematical 

model used has a high flexibility and handles breaks, multi-activity, such as boarding, and non-

splittable tasks, in other words tasks that has to be performed by one employee in one shift. The 

subproblem is a binary integer program that generates feasible shifts following certain rules and is 

solved using a commercial solver. 

The results have shown possible improvements. In the best test scenario, the idle time is reduced to 

4.7 percent of the total worktime. There is room for improvement of the model and the results. One 

possible improvement is to reduce the running time of the program which also could lead to 

improved results. 

 

 

Sammanfattning 

Det här arbetet adresserar problemet med att minimera skiftkostnaderna för arbetskraften på 

flygplatser. Speciellt är det tom arbetstid som innebär kostnader för arbetsgivaren. Med tom 

arbetstid menas att det inte är rast samtidigt som ingen arbetsuppgift finns att utföra. Detta är en 

följd av stora variationer i trafikflödet vilket leder till att arbetsbördan utmärks av toppar och dalar. 

Av den anledningen är efterfrågan hög på effektiva scheman för de anställda hos de aktörer som 

sysslar med service på flygplatser. Även en liten minskning av tomtiden innebär betydande 

besparingar för arbetsgivaren. 

Arbetet bygger på autentiska data om arbetsuppgifter och personal vid en europeisk storflygplats. 

Metoden som används för att lösa uppgiften är en algoritm baserad på kolumngenerering i en 

matematisk modell med hög flexibilitet. Den hanterar raster, flera aktiviteter, som boarding, samt 

odelbara uppgifter, det vill säga uppgifter som måste utföras av en person under ett skift. 

Underproblemet är skrivet som ett binärt heltalsprogram och genererar tillåtna skift enligt ett antal 

regler och löses med ett kommersiellt lösningsprogram. 

Resultaten har visat på möjliga effektiviseringar. I det bästa testscenariot reduceras tomtiden till 4,7 

procent av den totala arbetstiden. Det finns utrymme att förbättra modellen och resultaten, bland 

annat genom att förkorta tiden att köra programmet vilket också i sin tur kan förbättra resultaten. 
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A Column Generation Method for Minimization of Shift Costs at an Airport 

 

1 A problem of minimization 

A company that provides passenger services at a European airport has requested knowledge of the 

least number of working hours the staff need to perform a certain amount of work tasks. At the 

airport, departures but also arrivals are concentrated to certain times of the day. This makes that the 

requirement of personnel varies depending on how many planes that take off and lands at different 

times. There is a need for many hands at traffic peaks, and then this need rapidly drops off. In an 

hour the demand of personnel can drop to a third of the peak requirement and then in a short 

period of time rise back to the same level again. This pattern makes it difficult to design efficient 

shifts for the staff at the airport in question. Without efficient schedules the staff gets a lot of idle 

time, in other words, time in the shift where no task is performed that is not a break. 

The request is to make a program that minimizes the number of total man hours worked at the 

airport for both regular and part-time workers. In other words, create shifts for the employees with 

as little idle time as possible. The planning will be done several months in advance and will consider 

a time span of 24-hours. The data that the planning will be based on is a calculated average of work 

tasks that needs to be performed during each day for Monday, Tuesday, Wednesday and so forth. 

The resulting shifts needs to follow some rules, such as to be between a maximum and minimum 

length, if the shift should have a break or not, when it is allowed to have a break etc. The shifts 

should have a high degree of flexibility to adapt to the varying work demand. This means that there 

should be a large pool of different shift designs to choose from. 

 

2 Handling tasks and planning at an airport 

The ground handling in airports could generally be divided into two categories. 1) Passenger 

services and 2) aircraft related services. Passenger services are often referred to as terminal tasks 

because they are usually performed in the terminals. Examples of terminal tasks are check-in, 

security, boarding etc. Aircraft related services are often referred to as ramp tasks, examples of 

ramp tasks are baggage handling, refueling of the airplane, cleaning of the airplane and catering 

[10]. 

In this thesis, only terminal tasks will be considered, and the term terminal tasks will be used when 

referring to all different types of tasks performed in the terminals. This is to avoid confusion since 

later in this report a specific activity will be referred to as passenger service. The presentation of the 

scheduling procedures seeks to define the terminology used in this field. 

 

2.1 Planning timeline 

According to [10] the planning timeline can be divided into four different stages that have different 

objectives and level of detail in the overall scheduling process. These four planning stages are 

strategic-, tactical-, operational- and real-time planning. The time allowed finding a solution to the 

different planning problems stages gets shorter as you approach the day off operation. The strategic 

planning can be several months or more in advance of the day of operation while real-time is on the 

day of operation. Making a mathematical model of a scheduling problem in a strategic stage is often 

different from making a model in for instance an operational stage since the goals of the stages 

differ and the access to reliable information is higher the closer to the day of operation you get. The 

model can and often needs to be more detailed later in the planning process. At the same time the 

level of detail and complexity increases, the time to find a solution decrease. For instance, finding a 



A Column Generation Method for Minimization of Shift Costs at an Airport  5 

 
 

solution that takes hours in a real-time planning scenario is unacceptable. If it takes more than 

minutes to find a solution the events that are planned for probably already have passed or changed. 

This thesis concentrates on the strategic planning, the long-term planning in which you try to define 

what the size and composition of the workforce should be. The level of detail in strategic planning is 

often low and the work demand is usually based on averages. In this phase you decide if you need to 

hire or fire personnel, for example. 

“Tactical planning considers planning for a workforce where the size is predetermined” as it is 

referred to in [10]. In this stage the schedules for the workers are made. This includes deciding work 

days and days off, handing out shifts and taking work regulations into consideration. 

In operational planning the detailed plans for the day of operation is generated. This usually means 

to perform as many tasks as possible with a given number of workers. 

Real-time planning is mainly concerned with handling disruptions as efficiently as possible on the 

day of operation. Delays and staff that don’t show up for different reasons are examples of such 

disruptions. 

 

2.2 Scheduling stages 

In addition to the planning timeline having several stages, the scheduling also consists of stages. 

They can be linked to the planning timeline stages depending on the objective of the scheduling 

stage. Output from the previous stage can be input in the following stage. There is not a clear line 

where these stages end and start and the stages can be strongly interrelated. In some cases, the 

different stages are carried out in the same process. [10] makes this division of the scheduling stages 

and pairs them with the timeline stages according to figure 1. In [15], [16] and [29] different 

classifications and stages are presented. 

 

 

Figure 1: The connection between the planning timeline and scheduling stages according to [10]. 

 

 

The first stage is to determine how much work needs to be done and when, here called demand 

modelling. Most of the demand of work on an airport comes from the number of flights that arrive 

or depart and the number of passengers and amount of baggage that passes through the airport. To 

make a forecast of the demand, when you have the schedule of flights, you can use queuing theory 

and vehicle routing problems. This translates into tasks that need to be performed by workers at 

certain times. The demand, which in this thesis always refers to the amount of work that needs to be 

carried out at a particular time, can mainly be represented in two ways. Either by the specific tasks 

that needs to be carried out or by superimposing the tasks in to a demand curve [17]. The values in a 

demand curve represent the demand of workers needed at a specific time slot. In figure 2 a demand 

curve is shown. 
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Figure 2: Demand curve representation. 

 

 

When superimposing tasks into a demand curve some information will be lost or need to be 

translated into the demand curve. For example, a time window when a task can start and end needs 

to be translated to a specific time slot in the curve. When using a demand curve, some information 

is lost like location of a task that cannot be represented by such a curve. 

When you have the demand forecast then the trouble of covering the demand with a set of shifts 

occurs. A shift is defined as the continuous time between a start time and an end time where a 

worker both performs work and has breaks. This problem has many names, for example shift design 

or shift scheduling problem, as described in [2], [19] and [24]. 

It can be considered strategic planning when trying to minimize the workforce. It can also be 

considered tactical when the size of the workforce is set, and the details of the workforce are added 

as constraints. Sometimes the shift design is carried out at the same time as the next step and can 

then also be considered tactical. 

Rostering is the process of combining shifts into stretches of work days and rest days to comply with 

labor regulations and fairness considerations etc. This is also referred to as the tour scheduling 

problem [15]. 

In staff management the work details of individual employees are being handled. Individuals are 

being assigned to roster lines by bidding or by staff planners. Vacations and sick leaves are also 

considered. 

In the last step tasks are assigned to shifts to be carried out on the day of operation. This is in the 

operational and real-time planning stage. 
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2.3 Demand-level modelling and task-level modelling 

Demand-level shift design, as described in [17], aims at covering work requirements per time period 

with a cost-minimal set of shifts. This is based on a demand curve that can be represented as a bar 

graph as in figure 2. This carries no more information than how many workers that are needed and 

at what time they are needed. 

This way of modeling is well covered and is how G. B. Dantzig did the first mathematical model for 

shift design in 1954 [13]. Demand-level shift design is appropriate when workloads are not exactly 

known for example when you plan a long time in advance or the work is highly homogeneous. It also 

reduces the complexity of the problem and makes the model more tractable. Additionally, it allows a 

very high flexibility in the scheduling. For example, you can model understaffing and overstaffing. 

Demand-level shift planning can also give a good approximation to task-level shift planning if tasks 

are little movable, travel times are moderate (travel time between tasks can be huge at an airport), 

qualification requirements are rather homogeneous, and tasks are splittable (meaning that an 

employee can come and relieve another when performing the task). 

Task-level shift design, as described in [17], is more detailed and more complicated. It cannot be 

represented by a demand curve since a lot of the information needed would be lost. Examples of 

information needed for the task can be location, qualification requirement, equipment that are 

needed, time window when task needs to be started, if the task is splittable etc. In task-level shift 

planning shifts represents sequences of tasks where constraints of the additional information are 

added. For example, travel times between tasks is being respected, that the qualification-level are 

met and that the task is performed during the given time window. Clearly this complicates the 

model a lot. 

Demand-level and task-level modelling can both be appropriate depending on the situation [17]. 

When planning for highly homogeneous tasks or several weeks or months ahead demand-level 

modelling can be sufficient and task-level modelling can even be over-detailed since the accuracy of 

the demand can be flawed. Task-level modelling is more suited when planning for tasks that 

requires a variety of qualifications and is also well suited for short time planning. 

Task-level models are often solved due to their complexity and demand for short solution times with 

heuristic or meta-heuristic methods. It is often used when the actual personnel working is known in 

contrast to anonymous planning when you don’t know how many persons that will be working nor 

their individual skills and preferences. 

 

2.4 Flexibility 

Flexibility is a word that often is used in the literature in the field of scheduling. In this context the 

concept of flexibility often refers to the shifts and their ability to adapt to the demand. For instance, 

when the shifts are allowed to start and how long they can be, the more options you have the more 

flexible it is considered. It also refers to if and when understaffing is allowed. High flexibility gives 

better solutions in general [30]. 

 

2.5 Breaks 

A reasonable portion of an employee’s workday consists of breaks. When an employee is on a break 

the employee doesn’t perform tasks and does therefore not cover a work demand during the break 

period. To get a more accurate representation of the workday breaks can and should be covered in a 

mathematical model. The problem with shift design with breaks has been studied a lot, for example 

in [1], [2], [3], [4], [5], [6], [17], [22], [23], [27], and [28] 
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3 Previous work in the field of scheduling 

Shift design from a strategic point of view has been treated a lot earlier. Different methods are used 

to solve similar problems. A selection of papers, most relevant to the assignment is described here. 

 

3.1 Set-covering model 

George Dantzig was one of the first to present a mathematical model for a shift design problem in 

[13]. The paper presents a solution to a problem with determining the minimum workforce for 

traffic toll booths without creating delays for the travellers. In that paper the model referred to as 

the set-covering model is introduced.  

 

3.2 The advantage of flexibility 

In [30] a mixed integer program (MIP) is created to minimize logistic assistants on a hospital. The 

MIP is solved with a solution method based on column generation. The model does not include, but 

could be extended to, handle breaks, different qualification levels, full-time and part-time workers, 

linking tasks to workers and controlling number of working days. In this case flexibility in the shift 

scheduling lead to a 40-49% decrease of the required workforce. 

 

3.3 Decreased number of variables 

An extensively researched area is the case of implicit modeling with flexible break placement. 

Implicit modeling here means to decrease the number of decision variables and increasing the 

amount of constraints. In other words, you trade decision variables for constraints. For this report 

eleven papers [1], [2], [3], [4], [5], [6], [17], [22], [23], [27], and [28] were studied that handles the 

same or similar problems. They all address the so called forward and backward constraints that 

guarantee that an eligible break can be assigned to each shift. This only works if there is an absence 

of extraordinary overlap. That is defined as the situation where there exist two shifts, where the 

break window of one of the shifts starts strictly earlier and ends strictly later than the other shifts 

break window. Both forward and backward constraints and extraordinary overlap were 

introduced in [5]. The same authors also showed in [6] that the implicit model is equivalent to the 

general set-covering model introduced by [13]. In most of the papers studied it was assumed that no 

extraordinary overlap existed but in [17] it is shown how it can be guaranteed that no 

extraordinary overlap exists. 

In [14] the problem with workforce and breaks is also addressed but the authors instead use a 

constraint programming model which uses a solution method based on local neighborhood search. 

 

3.4 Solutions to shift design problems 

In [19] the planning timeline consist of a week that is divided into consecutive days. The authors 

only take overstaffing and understaffing in to consideration in the cost function and it’s only one 

qualification that is handled. An upper limit is set for the number of different shifts. The authors use 

an algorithm to “identify promising shifts”. They then solve the model with a heuristic based on 

Benders decomposition. 

In [17] a complex shift planning based on task-level modelling and a solution algorithm based on 

constraint programming is presented. The model handles among other things, breaks, qualifications 

and splittable tasks. Also, a simplified version is presented that uses a solution method based on 

column generation. 
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In [21] a problem with designing shifts for different activities for a multi-skilled workforce is 

handled. The authors show how formal languages can be used to model the problem and to solve it 

using a large neighborhood search. 

In [11] it is shown how constraints that can be difficult to express with mixed integer programming 

instead can be expressed using constraint programming and formal languages. 

In [9] two modules are presented to improve on an existing planning system for a tour-scheduling 

problem for airlines. The first module uses column generation to improve the selection of shifts and 

the second module uses a local search heuristic based on simulated annealing that enables an initial 

solution to rapidly improve. 

In [20] the shift design problem is solved using local search methods. 

In [18] a multi-skilled personal task scheduling problem is solved in a three-phase algorithm. The 

first phase uses a constructive heuristic to create an initial solution, the second phase improves the 

initial solution and the third phase solves a binary integer program (BIP) with a commercial solver 

using the before created initial solution. 

In [7] a multi-skill shift design problem that considers break placement and understaffing is solved 

using simulated annealing. 

In [26] a tour-scheduling problem for check-in counters at airports is addressed where a BIP is 

formulated and solved with a commercial solver. 

In [25] a multi-skilled personal task scheduling problem is addressed where the employees have 

predetermined working hours. The problem then becomes selecting and minimizing the employees 

that can perform the different tasks. A constructive heuristic and improvement heuristic are 

presented to solve the problem. 

In [12] a multi-skilled personal shift scheduling problem is considered that spans over several days. 

Breaks, understaffing and qualifications are considered in the model. The problem is solved using a 

hybrid heuristic that is based on tabu search and branch-and-bound. 

In [15] a bibliography of different kinds of personnel scheduling and rostering methods is presented. 

It is sorted under different classifications, application areas and solution methods. In [16] a review 

is presented for the different classifications, application areas and solution methods. 

 

3.5 The most useful alternatives 

There are a lot of options using mathematical optimization methods to minimize work hours. This 

means that there is a situation of choice of method to be addressed. Most of the inspiration to the 

method chosen were found in [8], [10], and [24]. 

In [24] a scheduling problem is handled for a parking lot operator with parking lots spread over the 

city of Bogotá. The model is based on a set-covering model that handles multi-activity, breaks, 

overtime and flexible shifts. The solution method is based on column generation and the auxiliary 

problem (finding good shifts that follow all rules) is based on a shortest path problem. A subset of 

shifts is found and then variables are set to integer, and in this subset an optimal integer solution is 

found. Thus, only a near integer optimal solution is found to the original problem.  

In [8] a personalized multi-activity, multi-task scheduling problem is addressed. The model handles 

interruptible activities and non-interruptible tasks, understaffing and breaks. A column generation 

approach is introduced where they use a directed acyclic graph and context-free grammar based on 

dynamic programming to find feasible shifts for each employee.  
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In [10] a multi-activity shift design problem for airport personnel is looked at. It considers 

qualification and understaffing. The focus is on generating good solutions fast, so it can be 

considered as a constructive heuristic. The problem is divided into an inner and an outer 

subproblem and is solved using dynamic programming. The time to find a solution is very short. 

 

4 A method based on column generation 

The choice eventually fell on doing a modified demand-level modelling with tasks [8] with a solution 

algorithm based on column generation. The resulting integer program is based on the set-covering 

model originally presented by G. B. Dantzig [13] and on [8], [10] and [24]. This set-covering model 

will be referred to as the original problem in the remainder of this report. The original problem is 

too large to solve if every possible shift would be considered and a column generation algorithm is 

therefore implemented. The following master problem is the linear relaxation of the original 

problem but the master problem does not contain every possible shift, so it will be called the 

restricted master problem. The subproblem creates allowable shifts (columns) with a negative 

reduced cost to the restricted master problem. The algorithm was written in Matlab R2013a and 

using a commercial solver, here CPLEX 12.6.3 to solve the resulting restricted master- and 

subproblem. The subproblem or auxiliary problem creates shifts that follow some rules such as 

allowable shift length, break placement and more. The shifts that the subproblem creates have a 

negative reduced cost and form a subset of all the possible shifts. This subset can then be considered 

as a collection of shifts with a high potential to create good solutions to the original problem. The 

subproblem is modelled as a binary integer program and the column generation algorithm is 

terminated when the subproblem does not find any more shifts with negative reduced cost. Then the 

restricted master problems decision variables are set to integer and is solved using CPLEX. The 

restricted master problem is then a restricted version of the original problem. The method of setting 

the decision variables of the restricted master problem to integer is described in [24]. The found 

solution can be compared to the linear relaxation solution. 

 

4.1 Original problem formulation 

The planning time is a day consisting of 24 hours that is divided into equally long time periods. 

Fifteen-minute periods was chosen but the length can be changed. This creates the set, 𝐼 of the time 

periods. Let 𝐽 be the set of feasible shifts, 𝐾 the set of different activities that are going to be 

performed and 𝑇 the set of non-splittable tasks that needs to be covered. The task 𝑡 ∈ 𝑇 has a start 
time, end time and a length. Let 𝑎𝑖𝑗𝑘  be a binary parameter that takes the value of 1 if shift 𝑗 is active 

in time period 𝑖 for activity 𝑘 and 0 otherwise. Let 𝑏𝑗𝑘𝑡  be a binary parameter that takes the value 1 if 

shift 𝑗 covers task 𝑡 for activity 𝑘.It is required that shift 𝑗 is active in all time periods 𝑖 for activity 𝑘 
for task 𝑡 from its start time to its end time for the shift to be able to cover that task. Let 𝑥𝑗 be the 

variable that decides how many staff members who will work on shift 𝑗 and 𝑐𝑗 the cost of using shift  
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j. Let 𝑑𝑖𝑘 be the parameter that tells how big the demand for work activity 𝑘 in time period 𝑖 is. This 

gives the original problem that looks like this. 

 

 𝑚𝑖𝑛𝑖𝑚𝑖𝑧𝑒 ∑ 𝑐𝑗𝑥𝑗

𝐽

 (1) 

 𝑠𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜 ∑ 𝑎𝑖𝑗𝑘𝑥𝑗 ≥ 𝑑𝑖𝑘

𝐽

 (2) 

 ∑ 𝑏𝑗𝑡𝑥𝑗 ≥ 1

𝐽

 (3) 

 𝑥𝑗 ≥ 0, 𝑎𝑛𝑑 𝑖𝑛𝑡𝑒𝑔𝑒𝑟. (4) 

 

The objective function (1) is to minimize the total cost of the shifts; here the cost of the shifts is 

linear on how long they are which makes it a problem of minimizing total work hours or in other 

words a set-covering problem. The constraints in (2) makes sure that the work demand is met and 

(3) that all the non-splittable tasks are being covered by at least one shift. (4) defines the integrality 

and nonnegativity of the decision variables. 

This model is very large, so large that a total enumeration is in practical purposes impossible to do 

so to make the model more manageable a column generation algorithm is implemented. 

 

4.2 Restricted master problem 

To make the original problem more manageable the integrality restriction from the original problem 

is dropped and only a subset of shifts that allows for an initial solution is considered. This subset is 

denoted 𝐽′ ∈ 𝐽. The restricted master problem follows below, 

 

 𝑚𝑖𝑛𝑖𝑚𝑖𝑧𝑒 ∑ 𝑐𝑗𝑥𝑗

𝑗′

 (5) 

 𝑠𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜 ∑ 𝑎𝑖𝑗𝑘𝑥𝑗 ≥ 𝑑𝑖𝑘

𝐽′

 (6) 

 ∑ 𝑏𝑗𝑡𝑥𝑗 ≥ 1

𝐽′

 (7) 

 𝑥𝑗 ≥ 0. (8) 

 

Let 𝜋𝑖𝑘 be the dual variable associated with (2) and 𝜆𝑡 the dual variable associated with (3). Let 𝑐𝑖𝑘  

be the cost of working in time period 𝐼 in activity 𝑘 and let 𝑐𝑡 be the cost of doing task 𝑡. The reduced 

cost of a column is then, 

 

  ∑ ∑(𝑐𝑖𝑘 −

𝐾𝐼

𝜋𝑖𝑘)𝑎𝑖𝑗𝑘 + ∑(𝑐𝑡 − 𝜆𝑡)bjt

𝑇

 (9) 

 

This will be the objective function of the subproblem that creates shifts which are added to the 

subset 𝐽′. 
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4.3 Subproblem – Shift generation 

The subproblem finds shifts with a negative reduced cost and adds them to the restricted master 

problem which is then resolved with the added column. The shifts need to follow several rules. 

These rules are: 

• Shift length must be between a minimum and a maximum length. 

• A shift must contain a break of a set length for that particular shift length or contain a task 

that has a break in it (a break length of 0 is considered as a break period). 

• A break must be between a minimum and a maximum length. 

• A break cannot begin or end a shift. 

• A break period has a start time, end time and length. 

• A shift can only change activity after a break or after the completion of a task. 

• There are no restrictions on which activities that can be combined in a shift. 

• A shift cannot cover a task that has any time period that collides with a time period that the 

shift already covers. 

• A task has a start time, end time and length. 

 

A clarification of a task that contains a break is needed. This task should be carried out by one 

person and the person leaves for a break when he or she finds it appropriate. 

These rules can then be expressed mathematically that gives a binary integer program. Let 𝐼, 𝐾, and 

𝑇 be, as above, the sets of time periods, activities and tasks and the additional sets 𝐿 and 𝑀 be the 

sets containing all the allowable break periods and all the allowable shift lengths. 𝑇𝑐𝑡 ∈ 𝑇 is the 

subset containing all of the tasks that has time periods that collide with task 𝑡 and 𝑇𝑏 ∈ 𝑇 is the 

subset of all the tasks containing a break. Then let 𝑦𝑖𝑘 , 𝜏𝑡𝑘, 𝑏𝑖, 𝑟𝑖, 𝑠𝑖, 𝑢𝑙, 𝑣𝑚, 𝑝 and 𝑞 be the binary 

decision variables of the subproblem. Where 𝑦𝑖𝑘 is 1 if time period 𝑖 in activity 𝑘 is active in the shift 

and 0 otherwise, 𝜏𝑡𝑘is 1 if the shift covers task 𝑡 in activity 𝑘 and 0 otherwise, 𝑏𝑖 is 1 if time period 𝑖 is 

a break and 0 otherwise. Furthermore let 𝑟𝑖 𝑠𝑖, 𝑢𝑙 and 𝑣𝑚 be the variables that decide that a shift 

starts to be active after a break, when the shift starts and that a change of activity is allowed after the 

completion of a task, which break period the shift uses and which length the shift is going to be,  𝑝  

  



A Column Generation Method for Minimization of Shift Costs at an Airport  13 

 
 

and 𝑞 decides if a shift has a task that contains a break or a break period. In table 1,2 and 3 the sets, 

decision variables and the different parameters set in advance and given by the data are introduced. 

 

Table 1: The sets and their description for the binary integer program. 

Set Description 

𝐼 Contains all time periods during the 24 hour planning horizon 

𝐾 All the different work activities 

𝑇 All non-splittable task 

𝑇𝑐𝑡 Subset of 𝑇, contains all tasks that have a colliding time period with 

task 𝑡 

𝑇𝑏 Subset of 𝑇, contains all tasks that contains a break 

𝐿 All allowable break periods 

𝑀 All allowable shift lengths 

 

Table 2: The decision variables and their description for the binary integer program. 

Variable Description 

𝑦𝑖𝑘  Binary decision variable that decides if the shift is active in time 

period 𝑖 in activity 𝑘 

𝜏𝑡𝑘 Decides if the shift covers task 𝑡 in activity 𝑘 

𝑏𝑖 Decides if time period 𝑖 is a break 

𝑟𝑖 Starts shift after break in time period 𝑖 and allows for change of 

Activity after the break 

𝑠𝑖 Decides shift start and allows for change of activity after a task 

𝑢𝑙 Decides which break period 𝑙 to use in the shift 

𝑣𝑚 Decides which shift length 𝑚 that will be used  

𝑝 Binary decision variable that is 1 if shift contains a task 𝑡 ∈ 𝑇𝑏 and 0 

otherwise 

𝑞 Binary decision variable that is 1 if 𝑝 is 0 and 0 if 𝑝 is 1 
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Table 3: The parameters and their description for the binary integer program. 

Parameter Description 

𝑚𝑎𝑥𝑠𝑙 Maximum shift length 

𝑚𝑖𝑛𝑠𝑙 Minimum shift length 

𝑚𝑎𝑥𝑏𝑙 Maximum break length 

𝑚𝑖𝑛𝑏𝑙 Minimum break length 

𝑏𝑠𝑖𝑙  Time period 𝑖 for start of break period 𝑙 

𝑏𝑒𝑖𝑙 Time period 𝑖 for end of break period 𝑙 

𝑏𝑙𝑙 Length of break 𝑙 

𝑏𝑙𝑚 Break length required for shift of length 𝑚 

𝑙𝑖 All time periods of break period 𝑙 

𝑤𝑝 The number of time periods that has to be active before and after a 

breakperiod 

𝑡𝑝 Total number of time periods 

𝑡𝑠𝑖𝑡 Time period 𝑖 for start of task 𝑡 

𝑡𝑒𝑖𝑡 Time period 𝑖 for end of task 𝑡 

𝑡𝑙𝑡 Length of task 𝑡 

𝑠𝑙𝑚 Shift length of shift 𝑚 

 

Now the Binary Integer Program can be formulated. As mentioned before the objective function of 

the subproblem will be (9). Below the different constraints in the subproblem will be introduced, 

 𝑚𝑖𝑛𝑠𝑙 ≤ ∑ ∑ 𝑦𝑖𝑘  +  ∑ 𝑏𝑖

𝐼

 ≤ 𝑚𝑎𝑥𝑠𝑙

𝐾𝐼

 (10) 

 𝑚𝑖𝑛𝑏𝑙 ≤ ∑ 𝑏𝑖 ≤ 𝑚𝑎𝑥𝑏𝑙

𝐼

 (11) 

Equation (10) and (11) makes sure the shifts and breaks are between a minimum and maximum 

length. 

 ∑ 𝑦𝑖𝑘 + 𝑏𝑖 ≤ 1

𝐾

 (12) 

Equation (12) makes sure that a time period can only be active in one activity or be a break. 

 𝑦𝑖𝑘 − 𝑦(𝑖−1)𝑘 −  𝑠𝑖 − 𝑟𝑖 ≤ 0, 𝑖 ≠ 1 (13) 

 𝑦𝑖𝑘 − 𝑠𝑖 − 𝑟𝑖 ≤ 0, 𝑖 = 1 (14) 

Equation (13) and (14) makes sure that the shift has consecutive time periods. 

 
∑ ∑ 𝑦𝑖𝑘 + ∑ ∑ 𝑦𝑖𝑘 + ∑ 𝑏𝑖

𝑖=𝑏𝑒𝑖𝑙

𝑖=𝑏𝑠𝑖𝑙

+ 𝑟𝑖=𝑏𝑒𝑖𝑙+1 − (2𝑤𝑝

𝐾

𝑖=𝑏𝑒𝑖𝑙+𝑤𝑝

𝑖=𝑏𝑒𝑖𝑙+1𝐾

𝑖=𝑏𝑠𝑖𝑙−1

𝑖=𝑏𝑠𝑖𝑙−𝑤𝑝

+ 𝑏𝑙𝑙 + 1) 𝑢𝑙 ≥ 0 

(15) 
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(15) makes sure that a break period does not start or end a shift and that the shift starts again after 

the break. 

 ∑ 𝑏𝑖 + 𝑡𝑝 ∙ 𝑢𝑙 ≤ 𝑡𝑝

𝐼

, 𝑖 ≠ 𝑙𝑖 
(16) 

(16) makes sure that there are no breaks outside the break period 

 
∑ 𝑦𝑖𝑘 + 𝑠𝑖=𝑡𝑒𝑖𝑡+1 − (𝑡𝑙𝑡 − 1) ∙ 𝜏𝑡𝑘 ≥ 0

𝑖=𝑡𝑒𝑖𝑡

𝑖=𝑡𝑠𝑖𝑡

 

(17) 

 
∑ 𝑦𝑖𝑘 − ∑ 𝜏𝑡𝑘 ≤ 𝑡𝑙𝑡 − 1

𝑇𝑐𝑡

𝑖=𝑡𝑒𝑖𝑡

𝑖=𝑡𝑠𝑖𝑡

 

(18) 

 ∑ 𝜏𝑡𝑘 ≤ 1

𝑇𝑐𝑡

 (19) 

(17) makes sure that a task can only be covered if all time period of the task is active in the shift and 

the ability to change activity after the task. (18) forces a task to be covered among all colliding task if 

shift is active in all time periods of task 𝑡. (19) says that at most one of all colliding tasks can be 

covered by the shift. 

 (𝑡𝑝 + 1)𝑝 − ∑ ∑ 𝜏𝑡𝑘

𝐾𝑇𝑏

≤ 𝑡𝑝 (20) 

 𝑡𝑝 ∙ 𝑝 − ∑ ∑ 𝜏𝑡𝑘

𝐾𝑇𝑏

≥ 0 (21) 

 𝑝 + 𝑞 = 1 (22) 

Equations (20) and (21) forces 𝑝 = 1 when ∑ ∑ 𝜏𝑡𝑘𝐾 ≥ 1𝑇𝑏
 and 𝑝 = 0 when ∑ ∑ 𝜏𝑡𝑘𝐾 = 0𝑇𝑏

, (22) gives 

𝑞 to be zero when 𝑝 is one and one when 𝑝 is zero. This means that a shift can have either a task with 

a break in it or active break periods but not at the same time, a shift can also have neither which is 

important for shift lengths that should not have a break, this is achieved with the constraints below.  
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The parameter 𝑡𝑝 can be any sufficiently big number and is here chosen as the total number of time 

periods. 

 ∑ ∑ 𝑦𝑖𝑘 + 𝑏𝑙𝑚 ∙ 𝑞 − 𝑠𝑙𝑚 ∙ 𝑣𝑚 ≥ 0

𝐾𝐼

  (23) 

 ∑ ∑ 𝑦𝑖𝑘 + 𝑏𝑙𝑚 ∙ 𝑞 + (𝑡𝑝 − 𝑠𝑙𝑚)𝑣𝑚 ≤ 𝑡𝑝

𝐾𝐼

  (24) 

 ∑ 𝑏𝑖 + 𝑏𝑙𝑚 ∙ 𝑝 − 𝑏𝑙𝑚 ∙ 𝑣𝑚 ≥ 0

𝐼

 (25) 

 ∑ 𝑏𝑖 + 𝑏𝑙𝑚 ∙ 𝑝 + (𝑡𝑝 − 𝑏𝑙𝑚)𝑣𝑚 ≤ 𝑡𝑝

𝐼

 (26) 

Equations (23) – (26) together assigns a break of correct length to that particular shift length and 

also takes shifts that contain a break into consideration which should not have a break even if the 

shift length requires it to have a break. 

 ∑ 𝑠𝑖  −  ∑ ∑ 𝜏𝑡𝑘

𝐾𝑇

 = 1

𝐼

 (27) 

 ∑ 𝑟𝑖  = 1

𝐼

 (28) 

 ∑ 𝑢𝑙 = 1

𝐿

 (29) 

 ∑ 𝑣𝑚 = 1

𝑀

 (30) 

(27) says that there is one start of the shift and the ability to change activity after the completion of a 

task is equal to how many tasks the shift covers. (28) says that there is one start and one ability to 

change activity after the break. (29) and (30) makes sure that the shift gets one break period and 

that one shift length is used. The variable in (30) is used to assign the shift a break period of correct 

length. 

 𝑦𝑖𝑘 , 𝜏𝑡𝑘, 𝑏𝑖 , 𝑟𝑖 , 𝑠𝑖 , 𝑢𝑙 , 𝑣𝑚, 𝑝 𝑎𝑛𝑑 𝑞 𝑎𝑟𝑒 𝑏𝑖𝑛𝑎𝑟𝑦. (31) 

(31) makes sure that all the variables only take the value of 1 or 0. The complete binary integer 

program is in appendix D. 

In [24] the subproblem is called the auxiliary problem. It has many similarities with the subproblem 

used in this report with the difference that they find the shifts using a method based on shortest 

path problem with resource constraints. In [8] the subproblem defines feasible shifts for each 

employee and is formulated using context-free grammars, the subproblem is then solved with an 

algorithm based on dynamic programming. These methods on modelling and solving the 

subproblem is probably faster and more efficient but these methods were considered outside the 

boundaries for this thesis. 

In some big test scenarios, the subproblem formulated here becomes so big that finding the column 

with the minimum reduced cost becomes so time consuming that a time limit to find a column was 

implemented. 
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4.4 Restricted Master Problem with integrality 

When the subproblem does not find any more columns with reduced cost and terminates the 
algorithm the restricted master problem is then solved with the decision variables 𝑥𝑗 set to be 

integer. The complete algorithm can be pictured as in figure 3. 

 

 

 Figure 3: Block diagram of solution process. 

 

 

The solution process, of doing a selection of good candidates of shifts and then solve it, with good 

means here a shift that has a low reduced cost, does not guarantee that an optimal solution has been 

found since only a subset of the possible shifts are considered. The solution found can be compared 

to the relaxation of the restricted master problem and are often satisfactory and in some cases 

optimal (as good as the relaxation). The linear relaxation is a lower bound for the solution but is 

only the lowest possible bound if the subproblem exhaust all possibilities which is not achieved 

when the subproblem is set to run on a time limit. 
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5 Results 

The algorithm was tested on existing data for a day on a European airport and is planned to be 

based on averages for a day. The test data is on the form of the tasks performed during this day and 

comes in the form of Excel files. The Excel files contains several parameters such as start time and 

end time of the task, number of employees needed, if the task is splittable or non-splittable, which 

qualification the task is and if the task counts towards a break. The tasks come from the 

departments which includes the activities lost & found, operations & supervision and ticketing and 

from passenger service which includes the activities boarding, check-in and other passenger related 

services. The tasks are then translated to several demand curves by superimposing the tasks of the 

same activity. Since this program used 15 minutes as time granularity and some of the original tasks 

have start times and end times with 5 minutes time granularity some translation from the tasks to 

the demand curve was made. This translation is made conservatively that means that for an example 

if a start time of a task is 9:40 it is translated to be 9:30 instead of 9:45 and if an end time is 15:50 it 

is translated to be 16:00 instead of 15:45. The calculated demand curves are showed in figure 4, 5, 6, 

7, 8, 9, 10, 11, 12 and 13. 

 

 

Figure 4: Work demand on a 

European airport during a day for 

Passenger Service activity 1. 

 

Figure 5: Work demand for Passenger 

Service activity 2. 

 

 

Figure 6: Work demand for Passenger 

Service activity 3. 

 

Figure 7: Work demand for Passenger 

Service activity 4. 
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Figure 8: Work demand for Lost & 

Found. 

 

Figure 9: Work demand for Operations 

and Supervision. 

 

 

Figure 10: Work demand for Ticketing. 

 

Figure 11: Work demand for all 

Passenger Service activities. 

 

 

Figure 12: Work demand for all the 

Departments. 

 

Figure 13: Work demand for all 

activities. 

 

These different demands are the basis for the different test scenarios. The first test checks if the 

program works as intended, this test uses the data for the departments and all the tasks here are 

non-splittable and contains a break. The second test uses the data for all passenger service activities, 



A Column Generation Method for Minimization of Shift Costs at an Airport  20 

 
 

here the tasks are generally short and the work demand varies a lot, this test scenario is tested twice, 

once with shift length between 4 and 12.5 hours and once with shift length between 6 and 12.5 

hours. The third test uses the data for the departments and the passenger service at the same time 

with shift length between 4 and 12.5 hours. In the fourth and final test the same data as for test 

three is used with the difference that all tasks that are non-splittable and contains a break are 

counted as splittable which means that the task information is not saved but the task is counted to 

the demand curve. 

In all scenarios all shifts that are 6 hours or longer should have a break period that is 45 minutes 

long unless the shift contains a task with a break in it then it should have no break. If the shift is 

shorter than 6 hours, it should have no break as well. In all test scenarios the time limit to solve the 

restricted master problem with integral decision variables is set to 1000 seconds. One thing to note 

is that the cost for breaks is 0 in both the subproblem and restricted master problem to avoid the 

program favoring short shifts without breaks in them. 

 

5.1 Test scenario 1 – All department activities, three activities 

The first test scenario uses the data for the departments which includes the activities lost & found, 

operations & supervision and ticketing. All tasks here are non-splittable and between 6 and 12.5 

hours long and all tasks contain a break, the allowable shift length is set to be between 4 and 12.5 

hours. The solution here should be the same as the input which means that there should be one shift 

for every task with the same starting time and end time as the task it covers. All shifts that are 

longer than 6 hours, which in this case means all the shifts should have a break of 45 minutes but 

since all the tasks is a task with a break in it, all shifts then instead should not have active break 

periods since the employee goes on a break in a suitable time that the employee determines when 

that is. The time limit to solve the subproblem was set to 10 seconds but since there was a situation 

where at the end of the shift the program added an extra active time  

  



A Column Generation Method for Minimization of Shift Costs at an Airport  21 

 
 

period in some of the shifts the program was set after the initial run to run again with the time limit 

set to 30 seconds. In table 4 the results from the test can be seen. 

 

Table 4: Results for the departments with long non-splittable tasks. 

Description Shift length 

4-12.5 hours 

Integer objective function value 2513 

Linear relaxation objective function value 2513 

Total demand for all time periods 2513 

Share of idle time in percent of total work time 0.0% 

Difference between integer and linear objective 

function value in percent 

0.0% 

Number of columns (shifts) generated 140 

Number of shifts used 64 

Number of staff members 64 

Average shift length in hours 9.8164 hours 

Number of non-splittable tasks 64 

Total time program was run in seconds 1443 seconds 

(24.05 minutes) 

Time limit for restricted master problem reached No 

Integer optimal solution found Yes 

MIP gap in % 0% 

Number of constraints in subproblem 1053 

Number of decision variables in subproblem 844 

Time limit for subproblem reached Yes 

 

The solution expected is found after the second run and there are no break periods in the shifts. In 

the table the row that says “Total demand for all time periods” is the sum of all the work demand in 

all activities and all time periods. The linear and integer solution has the same value as this sum and 

is as low as a solution could theoretically get without understaffing so the found solution is an  
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optimal solution. In figure 14 the total work demand with the solution is shown. In appendix A the 

solution for the individual activities are shown. 

 

 

Figure 14: The solution, here represented as a bar graph on top of the demand curve, for all 

departments with shift length 4-12.5 hours. 

 

 

If there were unused staff members it would be shown as red overshoot at the time slot where there 

are unused staff members or in other words overstaffing. As can be seen no overstaffing is present. 

 

5.2 Test scenario 2 – All passenger service activities, four activities 

In test scenario 2 the data for all passenger service activities were used. Here there is a mix between 

non-splittable tasks that are short and longer tasks that contains a break. In passenger service the 

work demand varies a lot during the day as can be seen in figure 7, The work demand goes from 

over seventy hands needed to zero needed in an hour and then goes up again. The time limit for the  
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subproblem is once again 10 seconds and then when no shift with negative reduced cost is found the 

subproblem is run again with 60 seconds as time limit. In table 5 the results can be shown. 

 

Table 5: Results for passenger service with different shift lengths. 

Description Shift length 

4-12.5 hours 

Shift length 

6-12.5 hours 

Integer objective function value 4839 5269 

Linear relaxation objective function value 4739 5039 

Total demand for all time periods 4081 4081 

Share of idle time in percent of total work time 15.7% 22.5% 

Difference between integer and linear objective 

function value in percent 

2.11% 4.56% 

Number of columns (shifts) generated 3299 2900 

Number of shifts used 210 181 

Number of staff members 210 181 

Average shift length in hours 5.9036 hours 7.8577 hours 

Number of non-splittable tasks 514 514 

Total time program was run in seconds 51620 seconds 

(14.34 hours) 

70359 seconds 

(19.54 hours) 

Time limit for restricted master problem reached Yes Yes 

Integer optimal solution found No No 

MIP gap in % 2.00% 4.21% 

Number of constraints in subproblem 2465 2465 

Number of decision variables in subproblem 1390 1390 

Time limit for subproblem reached Yes Yes 

 

To note here is the difference between the integer solutions of the different allowable shift lengths. 

In the case with allowable shift length 6 - 12.5 hours fewer total shifts are used than the case with 

allowable shift length 4 - 12.5 hours but the idle time in the shifts are smaller than for shift length of 

6 - 12.5 hours. This means that using short shifts provides better solutions. 

The difference between the integer solution and the linear relaxation solution seems a bit high but 

the MIP gap tells that there is room for improvement here. The MIP gap is the potential 

improvement that can be made to the solution in unsearched nodes. This does not mean that there 

is a guaranteed better solution just that the possibility exists. So extending the search time for the 

restricted master problem with integer decision variables could improve this. Since this is a small 

portion of the total solution time this seems like a reasonable addition to the running time. 

The solution time increases dramatically from test scenario 1. This is probably due to the varying 

demand which the program works hard to find good shifts to which can be seen in table 5 in the row 

“Number of columns (shifts) generated” which is 2900 for the case with shift length 6 - 12.5 hours 

and almost 3300 for the case with shift length 4 - 12.5 hours. The subproblem is run about 3000 

times with a time limit of 10 seconds for most of the iterations and 60 seconds for some of the 

iterations. This also explains that the case with shift length 6 - 12.5 hours has a longer running time 

even though it has less iterations, more of the shifts are generated with a time limit of 60 seconds. In 



A Column Generation Method for Minimization of Shift Costs at an Airport  24 

 
 

figure 15 and figure 16 the total solution can be seen and in figure 17 – 24 the solutions for the 

individual activities can be seen. 

 

Figure 15: Total solution for passenger service with shift length 4-12.5 hours. 

 

 

 

Figure 16: Total solution for passenger service with shift length 6-12.5 hours. 
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Figure 17: Solution for four activities 

with shift length 4-12.5 hours in 

passenger service activity 1. 

 

Figure 18: Solution for four activities 

with shift length 6-12.5 hours in 

passenger service activity 1. 

 

 

Figure 19: Solution for four activities 

with shift length 4-12.5 hours in 

passenger service activity 2. 

 

Figure 20: Solution for four activities 

with shift length 6-12.5 hours in 

passenger service activity 2. 
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Figure 21: Solution for four activities 

with shift length 4-12.5 hours in 

passenger service activity 3. 

 

Figure 22: Solution for four activities 

with shift length 6-12.5 hours in 

passenger service activity 3. 

 

 

Figure 23: Solution for four activities 

with shift length 4-12.5 hours in 

passenger service activity 4. 

 

Figure 24: Solution for four activities 

with shift length 6-12.5 hours in 

Passenger Service activity 4. 

 

As can be seen the surges in overstaffing in the different activities comes between the peaks of 

demand in passenger service activity 4. 
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5.3 Test scenario 3 – Departments and passenger service, seven activities 

For test scenario 3 the data for all departments and the passenger service activities were used. In 

this scenario the subproblems time limit is set to 10 seconds. The results are presented in table 4. 

 

Table 6: Results for departments and passenger service with shift length 4-12.5 hours 

Description Shift length 

4-12.5 hours 

Integer objective function value 7486 

Linear relaxation objective function value 7458 

Total demand for all time periods 6594 

Share of idle time in percent of total work time 11.9% 

Difference between integer and linear objective 

function value in percent 

0.38% 

Number of columns (shifts) generated 1858 

Number of shifts used 288 

Number of staff members 288 

Average shift length in hours 6.5165 hours 

Number of non-splittable tasks 578 

Total time program was run in seconds 19951 seconds 

(5.54 hours) 

Time limit for restricted master problem reached Yes 

Integer optimal solution found No 

MIP gap in % 0.21% 

Number of constraints in subproblem 2939 

Number of decision variables in subproblem 1742 

Time limit for subproblem reached Yes 

 

To note here is how much faster this solution is found compared to the cases in test scenario 2. The 

absence of the extended search with prolonged time limit lowers the running time significantly but 

the solution found is on the other hand worse than if you add the solution in test scenario 1 with the 

solution in test scenario 2 for the case with shift length 4 - 12.5 hours. What that means is that the 

overstaffing in test scenario 3 is greater than the combined solution for test scenario 1 and 2. The  
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total solution is presented in figure 25. The figures for the individual activities can be seen in 

appendix B 

 

 

Figure 25: Total solution for seven activities with shift length 4-12.5 hours. 

 

 

5.4 Test scenario 4 – Departments and passenger service, non-splittable tasks that 

contain a break are considered splittable 

The last test scenarios also use the data for all departments and passenger service as well with the  
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difference that long tasks that contain a break are considered splittable. As in test scenario 3 the 

time limit for the sub problem is set to 10 seconds. The results are presented in table 7. 

 

Table 7: Results for departments and passenger service where longer tasks containing a break are considered 

splittable, shift length 4-12.5 hours 

Description Shift length 

4-12.5 hours 

Integer objective function value 6917 

Linear relaxation objective function value 6850 

Total demand for all time periods 6594 

Share of idle time in percent of total work time 4.7% 

Difference between integer and linear objective 

function value in percent 

0.98% 

Number of columns (shifts) generated 5403 

Number of shifts used 303 

Number of staff members 359 

Average shift length in hours 4.8921 hours 

Number of non-splittable tasks 474 

Total time program was run in seconds 58499 seconds 

(16.25 hours) 

Time limit for restricted master problem reached Yes 

Integer optimal solution found No 

MIP gap in % 0.96% 

Number of constraints in subproblem 2635 

Number of decision variables in subproblem 1638 

Time limit for subproblem reached Yes 

 

Treating the non-splittable tasks containing a break as splittable improves the results significantly. 

Using these tasks to convert idle time to useful work hours for the employees before and after the 

work demand peaks makes the shifts more efficient with less idle time in them. 

The difference between “Number of shifts used” and “Number of staff members” just means that 

several employees use the same shift. The average shift length is below 5 hours which means that  

  



A Column Generation Method for Minimization of Shift Costs at an Airport  30 

 
 

the program uses many short shifts to adapt to the varying work demand. In figure 26 the total 

solution is presented. In appendix C the solution for the individual activities can be seen. 

 

 

Figure 26: Total solution for seven activities where longer tasks containing a break are considered 

splittable, shift length 4-12.5 hours 

 

As can be seen in figure 26 the solution follows the curves closely except for a part between 

approximately time period 20 and 25. 
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6 Conclusions and further research 

The program finds solutions in all tested scenarios and the solution differs between 0.00% and 

4.56% compared to the optimal solution of the linear relaxation where this difference has potential 

to be lower. The linear relaxation solution is not a guaranteed lowest possible bound since the 

subproblem is on a time limit and does not explore all possible options but is close to this lower 

bound. 

The solutions for test scenarios 1 – 3 are realistic with a mix between regular and part-time workers. 

The model also handles the case with tasks that contains a break and also handles breaks in shifts 

not containing such a task. This is how the planning is performed at the airport according to 

description. The assignment is made for an anonymous workforce. Most previous works that 

handles tasks use a known workforce, this raises questions of how efficiently this model handles the 

tasks. A reformulation of how the shifts cover tasks might be necessary. When the passenger 

activities are introduced the program wants to use short shifts to meet the issues of the big variation 

in demand and short non-splittable tasks. 

The solution for test scenario 4 gives a significantly better result than in test scenario 3. One 

consequence of test scenario 4 would be a workforce consisting of many part-time workers, which is 

probably not doable. Another consequence would be that the scheduling gets more complicated. 

Even if this is not doable for now, it is valuable to know that it is possible to further reduce the idle 

time in the shifts. 

One question that arises is if you can improve the results further for the more realistic cases. The 

main problem is as mentioned before to handle the big variation in demand. One way to deal with 

this is to allow understaffing, which means that not all the work demand must always be met. This 

can clip the tops of the peaks of the work demand that the program struggles to find good solutions 

for. This of course means tasks that are needed to be performed will be unmanned which means that 

the cost will be put on the customer instead in form of an impaired service. This also means that you 

need a well thought out cost for this understaffing to create a balance between covering demand and 

understaffing. Understaffing has unwanted consequences therefore it is not a realistic option in this 

case. Another way to deal with the big variation is to level out the tasks during the day to create 

smoother curves in the demand. This must of course be performed in the stage preceding the shift 

design when the tasks and work demand is calculated. 

Another thing to mention is the long running time of the program. Since the planning is done a long 

time ahead of the day of operation the long running time is a minor issue but can be inconvenient. 

The running time can be improved by exploring alternative methods like the ones used in [8] and 

[24]. These methods probably solve the subproblem faster which is the main contributor to the 

running time. Another way to shorten the running time is to create a fast algorithm that finds an 

initial solution. Then an improvement algorithm is used on the initial solution. After that an 

extensive search is made with a commercial solver, like in [18] or similar approaches as in [25] and 

[30]. Another thing to consider is to find an integer solution during the column generation in other 

words using a branch-and-price method. 

Small improvements in minimizing the idle time can result in savings of hundreds of thousand 

Euros considering the cost of labor for an international airport. 
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Appendix A 
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Figure A 2 

 

 

Figure A 3 
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Appendix B 

 

 

Figure B 1 
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Figure B 5 

 

Figure B 6 
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Figure B 7 
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Appendix C 

 

 

Figure C 1 
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Figure C 6 
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Figure C 7 
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Appendix D 

 

 𝑚𝑖𝑛 ∑ ∑(𝑐𝑖𝑘 −

𝐾𝐼

𝜋𝑖𝑘)𝑎𝑖𝑗𝑘 + ∑(𝑐𝑡 −  𝜆𝑡)bjt

𝑇

 (9) 

 𝑠. 𝑡.    𝑚𝑖𝑛𝑠𝑙 ≤ ∑ ∑ 𝑦𝑖𝑘  +  ∑ 𝑏𝑖

𝐼

 ≤ 𝑚𝑎𝑥𝑠𝑙

𝐾𝐼

 (10) 

 𝑚𝑖𝑛𝑏𝑙 ≤ ∑ 𝑏𝑖 ≤ 𝑚𝑎𝑥𝑏𝑙

𝐼

 (11) 

 ∑ 𝑦𝑖𝑘 + 𝑏𝑖 ≤ 1

𝐾

 (12) 

 𝑦𝑖𝑘 − 𝑦(𝑖−1)𝑘 −  𝑠𝑖 − 𝑟𝑖 ≤ 0, 𝑖 ≠ 1 (13) 

 𝑦𝑖𝑘 −  𝑠𝑖 − 𝑟𝑖 ≤ 0, 𝑖 = 1 (14) 

 
∑ ∑ 𝑦𝑖𝑘 + ∑ ∑ 𝑦𝑖𝑘 + ∑ 𝑏𝑖

𝑖=𝑏𝑒𝑖𝑙

𝑖=𝑏𝑠𝑖𝑙

+ 𝑟𝑖=𝑏𝑒𝑖𝑙+1 − (2𝑤𝑝

𝐾

𝑖=𝑏𝑒𝑖𝑙+𝑤𝑝

𝑖=𝑏𝑒𝑖𝑙+1𝐾

𝑖=𝑏𝑠𝑖𝑙−1

𝑖=𝑏𝑠𝑖𝑙−𝑤𝑝

+ 𝑏𝑙𝑙 + 1) 𝑢𝑙 ≥ 0 

(15) 

 ∑ 𝑏𝑖 + 𝑡𝑝 ∙ 𝑢𝑙 ≤ 𝑡𝑝

𝐼

, 𝑖 ≠ 𝑙𝑖 
(16) 

 
∑ 𝑦𝑖𝑘 + 𝑠𝑖=𝑡𝑒𝑖𝑡+1 − (𝑡𝑙𝑡 − 1) ∙ 𝜏𝑡𝑘 ≥ 0

𝑖=𝑡𝑒𝑖𝑡

𝑖=𝑡𝑠𝑖𝑡

 

(17) 

 
∑ 𝑦𝑖𝑘 − ∑ 𝜏𝑡𝑘 ≤ 𝑡𝑙𝑡 − 1

𝑇𝑐𝑡

𝑖=𝑡𝑒𝑖𝑡

𝑖=𝑡𝑠𝑖𝑡

 

(18) 

 ∑ 𝜏𝑡𝑘 ≤ 1

𝑇𝑐𝑡

 (19) 

 (𝑡𝑝 + 1)𝑝 − ∑ ∑ 𝜏𝑡𝑘

𝐾𝑇𝑏

≤ 𝑡𝑝 (20) 

 𝑡𝑝 ∙ 𝑝 − ∑ ∑ 𝜏𝑡𝑘

𝐾𝑇𝑏

≥ 0 (21) 

 𝑝 + 𝑞 = 1 (22) 

 ∑ ∑ 𝑦𝑖𝑘 + 𝑏𝑙𝑚 ∙ 𝑞 − 𝑠𝑙𝑚 ∙ 𝑣𝑚 ≥ 0

𝐾𝐼

  (23) 

 ∑ ∑ 𝑦𝑖𝑘 + 𝑏𝑙𝑚 ∙ 𝑞 + (𝑡𝑝 − 𝑠𝑙𝑚)𝑣𝑚 ≤ 𝑡𝑝

𝐾𝐼

  (24) 

 ∑ 𝑏𝑖 + 𝑏𝑙𝑚 ∙ 𝑝 − 𝑏𝑙𝑚 ∙ 𝑣𝑚 ≥ 0

𝐼

 (25) 

 ∑ 𝑏𝑖 + 𝑏𝑙𝑚 ∙ 𝑝 + (𝑡𝑝 − 𝑏𝑙𝑚)𝑣𝑚 ≤ 𝑡𝑝

𝐼

 (26) 

 ∑ 𝑠𝑖  −  ∑ ∑ 𝜏𝑡𝑘

𝐾𝑇𝑏

 = 1

𝐼

 (27) 
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 ∑ 𝑟𝑖  = 1

𝐼

 (28) 

 ∑ 𝑢𝑙 = 1

𝐿

 (29) 

 ∑ 𝑣𝑚 = 1

𝑀

 (30) 

 𝑦𝑖𝑘 , 𝜏𝑡𝑘, 𝑏𝑖 , 𝑟𝑖 , 𝑠𝑖 , 𝑢𝑙 , 𝑣𝑚, 𝑝 𝑎𝑛𝑑 𝑞 𝑎𝑟𝑒 𝑏𝑖𝑛𝑎𝑟𝑦. (31) 
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