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Abstract 
The airline industry has become more competitive since the introduction of low fare airlines in 
the 1990s. Thus, the requirement of optimized planning is nowadays essential in order to obtain 
high market shares. The planning behind an airworthy traffic program is complex and includes 
many different resources, as fleet, crew and maintenance, which have to be synchronized. With 
a constant risk of unforeseen disruptions and variances in the weather conditions, robustness in 
form of time buffers are necessary in order to give the system a chance of recovery. Generally, 
one delay often affects several flights due to the lack of time buffers.  
 
In order to achieve cost reductions and to maximize profit, airlines tends to create traffic 
programs maximizing airborne hours. However, this often leads to a low robustness where one 
delay propagates to downstream flights. By adding time buffers between flights, the system is 
given the ability to recover from delays. This means that a higher punctuality and customer 
satisfaction can be obtained. When delays occur, it generates direct and indirect costs for the 
airline.  At the same time, time buffers come with a cost in form of potential loss of income 
when the production is idle. Therefore, it is a constant tradeoff between robustness and the 
maximum potential income. 
 
The objective of this report is to answer where and when time buffers, in a cost efficient way, 
can be added in Scandinavian Airlines’ traffic program. This is a difficult task due to the 
complexity and the randomness of the system. The methodology applied to answer the objective 
for this report is Monte Carlo simulation. Monte Carlo simulation is a well known and 
frequently used method for analyzing stochastic systems. Similar previous researches regarding 
airline traffic programs, presents how Monte Carlo simulation has been used successfully. 
 
By analyzing historical data, distributions can be obtained over the risk of delays and early 
arrivals. The distributions can further on be transformed into empirical distribution functions. 
The distributions in combination with a random number generator are used to implement a 
stochastic simulation model. With a high amount of simulation replications, the model 
generates a mean solution close to the expected value. However, by including a cost matrix, 
defined by Scandinavian Airlines, the value of time can be included in the model. Thus, 
different combinations of time buffers can be simulated and compared for each aircraft rotation 
in order to find where and when time buffers should be added to the traffic program. 
 
The model generates a solution with cost savings between 0.3 MSEK to 1.9 MSEK for the 
whole winter traffic program in route sector Norway. Depending on how the cost of adding 
buffers is evaluated the number of added buffers and the cost saving varies. By adding buffers 
on about two turnarounds a day, the punctuality can be improved by 0.5 percentage points 
regarding delays over 3 minutes and 1.1 percentage points for delays larger than 15 minutes.  
 
This report culminates in a conclusion that buffers should be added mostly in December and 
January, when the weather conditions often are more severe. Sequences of flights with a tight 
turnaround, followed by no large buffer in at least three turnarounds are generally given buffers. 
Flights departing from Tromsö and Oslo should be given a higher turnaround time, whilst the 
minimal ground time on Bergen and Bodö should be decreased.  

 



 ii  

Sammanfattning 
Flygplansbranschen har blivit en alltmer konkurrensutsatt marknad sedan början på 1990-talet 
vid introduktionen av lågprisbolag. Detta har lett till ett ökat behov av optimerad planering för 
att flygbolag ska kunna öka eller behålla sina marknadsandelar. Planeringen är komplex och 
inkluderar många olika resurser som måste synkroniseras för att uppnå ett flygvärdigt 
trafikprogram. De tre viktigaste resurserna utgörs av flygplansflotta, besättning och 
underhållsarbete. Vad som gör planeringen än mer komplex är de facto risken för oförutsedda 
händelser och varians i väder och tillgängliga resurser.  
 
För att nå maximal intäkt tenderar flygbolag att planera trafikprogram med för få buffertar 
mellan flygningar. Detta leder till en dålig robusthet, där en försening lätt sprids vidare till 
nästkommande flygning. Genom att addera tidsbuffertar i trafikprogram ges systemet möjlighet 
till återhämtning, vilket i sin tur förbättrar både punktlighet och kundnöjdhet. Å andra sidan 
innebär en tidsbuffert att produktionen är outnyttjad och potentiella intäkter bortfaller. Det är 
därför viktigt att avväga för- och nackdelar av att planera för maximal potentiell intäkt kontra 
robusthet. 
 
Syftet med denna rapport är att finna karakteristiska drag för när och var tidsbuffertar bör 
adderas till Scandinavian Airlines trafikprogram. Uppgiften är komplicerad till följd av 
systemets komplexitet och slumpfaktorer. Bland annat i form av framförallt väderförhållanden 
och tillgängliga resurser som kan variera och ej förutses i planeringsstadiet. Metodvalet för att 
hantera uppgiften och besvara rapportens syfte är Monte Carlo simulering. Metoden valdes med 
hänsyn till tidigare publikationer med liknande syfte och de givna fördelarna med simulering 
som verktyg för att analysera stokastiska system.  
 
Genom att analysera historisk data har distributioner tagits fram över risken för förseningar och 
tidiga ankomster. Distributionerna är sedan transformerade till empiriska 
distributionsfunktioner, som med hjälp av slumptalsgenerering nyttjas för att skapa en 
stokastisk modell. När modellen sedan simuleras ett stort antal gånger går dess övre och undre 
gräns för konfidensintervall mot det förväntade värdet och modellen kan antas stabil. Genom 
att implementera den kostnadsmatris för förseningar, som används av Scandinavian Airlines, 
kan modellen simulera och evaluera utfallet av införandet av tidsbuffertar. 
 
Simuleringsmodellen generar kostnadsbesparingar för det norska vintertrafikprogrammet 
motsvarande 0.3 MSEK till 1.9 MSEK, beroende på hur kostnaden för adderade buffertar 
värderas. Genom att addera i snitt två buffertar om dagen, kan punktligheten förbättras med 0,5 
procentenheter gällande förseningar större än 3 minuter. Samtidigt ökas punktligheten för 
ankomster med mindre än 16 minuters försening med 1.1 procentenheter.  
 
Denna rapport mynnar ut i slutsatsen att buffertar främst ska adderas under december och 
januari månad, då väderförhållandena oftast är som hårdast. Ytterligare karakteristiska drag för 
var buffertar bör adderas är flygplansrotationer som är planerade tätt efter varandra utan någon 
chans för större återhämtning. Avgångar från Oslo and Tromsö bör ges extra buffertar, medan 
markstopptiden på Bergen och Bodö kan sänkas. 
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Definitions and abbreviations 
The following definitions and abbreviations are occurring in the report:  
 

Definitions 

 
Airborne hours – The time interval an aircraft is in the air, from take off to touch down. 
 
Block hour – The full time for a flight, from leaving the gate at the departure station to arriving 
to gate at the arrival station. 
 
Block off – The timestamp when the aircraft leaves the gate at the departure station. 
 
Block on – The timestamp when the aircraft arrives at the gate on the arrival station.  
 
Cabin crew – Includes the crew working in the cabin. 
 
Dead head – A crew member who is assigned to fly as a passenger. 
 
Flight – The trip between a departure station and an arrival station.  
 
Flight deck – Includes the captain and the co-pilot. 
 
Focus city – A small scale hub. 
 
Home base – An airport where the airlines have crew starting and ending every day. 
 
Hub – An airport that airline uses as a transfer point to gather passengers and get them to their 
intended destination. 
 
Leg – When the same flight number is used for two flights in a row, the leg number defines 
them. 
 
Pairing – A combination of flights from one hub back to the same home base again. 
 
Production – All flights in the traffic program. 
 
RA – Rotational Aircraft. Delay that is transmitted from the previous flight.  
 
Roster – A work schedule assigned to a crew member. 
 
Taxi in – The time interval from that an aircraft touch down until it arrives at gate. 
 
Taxi out – The time interval from that an aircraft leaves the gate until it takes off. 
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Abbreviations 

ABH – Airborne hours 
 
AC – Aircraft 
 
ARN – Stockholm airport, Arlanda 
 
BGO – Bergen 
 
BOO - Bodö 
 
CPH – Copenhagen Airport 
 
IATA – International Air Transport Association 
 
KPI – Key performance indicator 
 
OSL – Oslo airport 
 
TOS – Tromsö 
 
TRD - Trondheim 
 
UTD – Unscheduled down time 
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1. Introduction 
The operation of airline requires advanced planning, including many different types of 
resources. Every aircraft has to be assigned to a specific daily route and it is important that the 
aircraft is stationed on the right base at the right time for weekly maintenance. Different aircraft 
types have different limitations, as for example number of seats, maximum flight distance and 
maximum load. The cost for flying a route highly depends on which aircraft type that is used 
and therefore it is important to assign routes with aircraft of a size that meets the demand. 
 
The crew is another important resource in the planning process. The crew is more strictly 
constrained than the aircraft. Crew need more breaks and shorter shifts in order to fulfill 
regulations and to achieve high safety. What makes it even more complex is that depending on 
crew position, the regulations may vary, for example flight deck crew cannot work as long 
intervals as the cabin crew can do. 
 
The third main resource in the planning process of airline operating is the planning of 
maintenance. Aircraft needs regular checks weekly and heavy maintenance a few times on a 
yearly basis. This means that aircraft needs to be stationed at an airport which provides 
maintenance in the right place and at the right time. The aircraft might also be in need of repair 
due to unexpected damages, which is only one of many unexpected problems that may occur 
in the operational state. However, the planning of the three main resources further on needs to 
be synchronized in order to deliver a safe, profitable and airworthy traffic program. 
 
The planning is constructed separately for the summer and the winter traffic program. In the 
summer, the weather conditions are more suitable for airline operations and the demand of 
flights are generally higher than in the winter. Therefore, the number of flights is higher in the 
summer and the amount of buffer time between flights is kept lower than in the winter. The 
planning process starts already 18 months before the settlement of a traffic program. The 
granularity of the traffic program is constantly refined as the planning process progresses and 
more information gets available.  
 
The focus of this report is to analyze how Scandinavian Airlines’ traffic program can obtain a 
better robustness from a cost effectiveness perspective. In other words, how buffers can be 
added with respect to the cost of delays compared with the cost of having an aircraft idle. The 
robustness of a traffic program is important in order to deliver a stable system, in form of a 
robust and airworthy operation. In this report, robustness is defined as the ability to recover 
from delay and to avoid that delay spread and give ripples on the water for downstream flights. 
Robustness is difficult to measure quantitatively, for example robustness can be improved if 
more slack is added in the traffic program. The advantages with robustness are many, but it is 
a constant tradeoff between robustness and airborne hours. Slack is the time the aircraft could 
be in the production and produce profit, in other words flying with passengers. Therefore, slack 
can be measured as a cost in terms of lost income and unused crew capacity. It is vital to keep 
in mind, that even if the traffic program is theoretically optimized with the objective to 
maximize profitability or airborne hours, it needs robustness in order to handle unexpected 
events. It is a large difference between the scheduled traffic and the actually flown traffic, due 
to disruptions that leads to delays. Hence, it is essential to consider robustness when the traffic 
program is developed.  
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1.1. Background 

In the current state, the majority of delay and late changes from the traffic program occurs in 
route sector Norway, during the winter. Two identified reasons for this are severe weather 
conditions and the fact that the aircraft fleet is not as modern as in the other route sectors, 
Denmark and Sweden. 
 
The most common delay is due to late arrival of the previous flight. When an aircraft is late on 
one leg it often leads to consequences for downstream flights, especially if the turnaround or 
crew connection time is low. If a delay occurs on a flight to a base station with incoming crew, 
the crew will also be late for the next flight if they are scheduled with a short connection time. 
This will therefore result in additional delays. With more buffer time, as ground time and 
connection time between flights, the greater the chance of recovery. However, it is important 
to keep in mind that buffer time always comes with a cost of lower utilization, as the aircraft 
and crew are idle in the buffer time.  
 
An already identified problem in route sector Norway is that the traffic pattern is complex and 
the aircraft may have up to four legs before returning to a hub or focus city. Another issue that 
is identified in route sector Norway is that crew often needs to fly deadhead between focus 
cities in order to fulfill the crew demand at the right place and in the right time. The main reason 
for this is that route sector Norway consists of more focus cities compared to the other route 
sectors. All route sectors have at least one hub each. Sweden has one additional focus city while 
Norway has three additional focus cities. 
 
In order to avoid delays, an important step is to identify characteristics for where and when 
delays most likely occur. With great knowledge of delays, better punctuality may be obtained 
by reallocating existing buffers or by adding more buffers to the traffic program. 
 
Today, analyses of delays and early arrivals are performed continuously at the company. The 
difference between the existing analyses and the analysis performed in this project is that this 
project builds on simulation. Therefore, experiments can be made at a low cost with the real 
world system, without actually affect the system. Another important advantage with simulating 
is the fact that it leads to better understanding of the system and the identified problem. 
 

1.2. Aim 

The aim of the project is to enable an increased robustness in Scandinavian Airlines’ traffic 
program, by identifying characteristics for where and when extra buffers should be added from 
a cost efficient perspective.  
 

1.3. Problem statement 

In order to achieve the aim of the project, the following questions are carefully investigated and 
discussed throughout the report: 
  How can Scandinavian Airlines´ traffic program be simulated?  How does punctuality and the cost of adding buffers relate?  Can more buffers be added in the traffic program in order to obtain a more cost efficient 

traffic program?   What are the characteristics for the flights which can benefit from added buffers? 
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1.4. General Methodology 

In order to reach the aim of the project, subtasks need to be completed. The input data file to 
the project is an Excel file with historical flight information from Scandinavian Airlines. This 
file consists of all flights operated in route sector Norway, for three winter traffic programs. 
Each flight is documented in the form of timestamps, which provides information about delays 
and where and when the flight was operated etcetera. 
 
In general, most data sets have an amount of skewed data in form of outliers and errors. The 
input data for this project is not an exception from this statement. Therefore, before the data set 
is analyzed, data preprocessing and cleaning is necessary. To begin with, data that is obviously 
wrong, due to missing data or logical errors have to be removed. This is followed by the use of 
Carlings method (Carling 2000) for detecting and removing outliers, in form of days with 
exceptionally high or low punctuality. The next step in the data preprocessing is to eliminate 
flights with an arrival more than 20 minutes earlier than scheduled or more than 60 minutes 
after scheduled arrival time. One important notation is that the whole aircraft rotation is 
removed if only one leg is considered as an outlier. The reason behind this is that each flight in 
the aircraft rotation depends on the previous flight and the correlation is still maintained after 
the removal of one flight.  
 
The aim of the project is to enable an increased robustness in Scandinavian Airlines´ traffic 
program by adding slack in a cost worthy perspective. By analyzing the preprocessed historical 
data, characteristics can be obtained for what conditions that actually leads to delay in the traffic 
program. The analysis of the historical data is performed by constructing histograms, displaying 
the scheduled arrival time compared with the actual arrival time, based on different 
combinations of characteristics. 
 
Further on, distributions, based on the historical data, can be used as input to an implemented 
simulation model of the actual traffic program. By continuous validation and verification of all 
processes connected to the model building, a good and trustworthy simulation model is 
obtained. The model can then be used in order to perform experiments of how the punctuality 
is affected by adding time buffers. By simulating a large number of replications, the expected 
outcome becomes accurate and can be analyzed and compared with other solutions. 
 
With information of how punctuality is evaluated, slack may be added in order to obtain a more 
profitable traffic program. From the experiments, characteristics can be obtained for where and 
when slack leads to improved punctuality from a cost efficient perspective.  

 

1.5. Limitations 

The following delimitations were necessary in order to narrow down the scope of the project. 
  Route sector Denmark, Sweden and Intercontinental are delimited and instead only 

route sector Norway is studied. This limitation is due to the fact that Norway is the route 
sector which has the most issues in the current state. 

 The traffic program is released in form of a summer and a winter program. In this 
project, the summer program will be delimited, as the winter program stands for the 
most delays and cancelations.   



 

 4 

2. Theoretical background 
In this section, relevant theoretical background for the project is presented. The chapter starts 
with an explanation of important definitions, which are necessary in order to describe and 
understand the flight process. This follows by a description of how an airline traffic program is 
developed in general.  
 
Afterwards, previous research in this particular subject will be presented. The purpose with 
describing earlier research is to establish a strong scientific research base and provide support 
for the rest of the project. Finally, the chapter is rounded with an explanation of the applied 
methods in this project.   
 

2.1. Important definitions in the process of a flight 

Every flight, combined with its ground stops, is constructed as the process map illustrates, see 
Figure 1 below. All flights, except from the first and the last leg of the day, have a turnaround 
time, TAT, before and after its block hour. The TAT, is defined as the time from block on, on 
the previous leg, to block off, on the next leg. This time interval can vary widely, but is often 
set to the minimal ground time. The minimal ground time, which is the lowest tolerated time 
needed for a turnaround, is defined by the company. The minimal ground time will be described 
in detail in Chapter 3.5. (Norman Hans; Rahmqvist Thomas) 
 

 
 

Figure 1, The process map of a flight. 

The block hour, is initialized with the block off, see Figure 1. This means that the aircraft starts 
to taxi out, or in other words starts to move. The taxi out, is the time interval from block off 
until the aircraft takes off from the runway. The airborne hour, is the time interval from takeoff 
until touchdown. After the touchdown, the taxi in interval begins and this activity is further on 
completed when the aircraft is stationed at the gate. The time for when the aircraft is stationary 
at the gate is generally defined as the block on. When the block on is completed, also the total 
block hour is completed. Further on, the next turnaround time phase is initialized.  
 

2.2. Scheduling of an aircraft traffic program 

In the last decades, the airline market has become more competitive. According to Dobruszkes 
(2013), the beginning of the deregulations of the airline market 1978 had a huge impact on the 
branch. Many low fair companies, like Ryanair, were introduced on the market. However, this 
changed everything on the market and increased the importance of developing optimal 
airworthy flight schedules to increase, or at least maintain, high revenue and market shares. In 
order to maximize the income, the aircraft needs to be flying as much as possible, with as many 
passengers as possible. Thus, the time between flights are often planned with a minimal ground 
time. This often results in a stressed system, with a low ability to recover from delays, which 
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in other words can be translated to a low robustness. The system will not be able to recover 
from disruptions and the delay will subsequently remain on downstream flights. (Kohl et al. 
2007; AhmadBeygi et al. 2008) 
 
In order to obtain a high airline operational efficiency, the three main resources crew, aircraft 
and passengers must be planned and monitored. The planning process is more or less designed 
and optimized independently for each entity. Initially, the timetable from the last flight year is 
used as a starting point, which is reconstructed and adjusted in order to meet the demand. (Kohl 
et al. 2007) 
 

2.2.1. Crew planning 

Crew planning has a large impact on airline profitability. The crew is the second largest cost 
bearer for airlines, after fuel costs (Wu 2010). Crew scheduling consists of two parts. The first 
part is the crew pairing and the second part is the crew rostering. The pairing process aims at 
creating trips that are starting and ending at a home base. The created trips need to cover all of 
the flights in the timetable. The level of detail is on a qualification level, but still anonymous, 
where each flight needs to be covered by the correct number of flight deck and cabin crew. The 
pairing must accommodate with current union agreements and governmental regulations. The 
rules for cabin crew and flight deck vary on some points. For example, the maximum flight 
hours a day and the hours of rest needed. (Medard & Sawhney 2007) 
 
The crew rostering process is performed after the pairing process is completed. The purpose of 
the rostering is to assign all pairings and other activities, like stand-by shifts and vacations on 
an individual level, with a name and an employee number (Medard & Sawhney 2007). The 
crew scheduling needs to be completed about a month before the first day of operation and is 
often specified for a period of a month. The complete schedule needs to be cost effective and 
meet the current requirements from the union and the government. To be able to operate the 
traffic program an ongoing roster maintenance phase is necessary to handle sickness and other 
disruptions.  This results in minor changes to the schedule and the utilization of stand-by crew. 
(Kohl et al. 2007; Stojkovic et al. 1998) 
 

2.2.2. Passenger planning 

The revenue management´s tasks are to forecast the demand of seats needed and adjust ticket 
prices on each flight. Another important task is to foresee how flights should be connected 
considering the flow of passengers and layovers. With too small passenger connection times, 
both passengers and luggage may be delayed or even lead to delays if the aircraft awaits delayed 
passengers. (Kohl et al. 2007; Wu 2006) 
  

2.2.3. Aircraft planning 

The aircraft schedule is often similar to the schedule from last year, except from the assigning 
of aircraft individuals. Most of the changes are performed in the tail assignment, where each 
flight is assigned with an aircraft individual. This process has an evident connection to the 
revenue management and depends on forecasts of how many tickets that will be sold. Therefore, 
changes of aircraft individuals can occur as late as the day of operation, in order to generate a 
higher contribution margin. To fly a larger aircraft is obviously more expensive than to fly a 
smaller aircraft. It also results in unused capacity, which could be used in other parts of the 
system in a more profitable way. (Kohl et al. 2007; Wu 2006) 
 
Another important part of the aircraft planning is maintenance. Maintenance is required 
continuously and puts pressure on that each aircraft returns to a base station for a night stop, at 
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least once every third day. The maintenance planning process has an impact on the aircraft 
planning and constraints the number of feasible schedule solutions. (Kohl et al. 2007) 
 
In contrast to the crew planning, the aircraft planning is not as complex. For example, the 
number of aircraft is lower than the number of crew, aircraft does not need lunch breaks and 
aircraft can be in continuous production longer than crew. 
 
Except from the three main resources mentioned above, many other resources need planning, 
as for example catering, freight and other ground activities (Kohl et al. 2007). Due to the fact 
that these resources are less expensive and more flexible than the three main resources, these 
will not be further described in this project.  
 

2.2.4. Scheduling for robustness 

When it comes to airline practice, it is essential to remember the difference between the plan 
and the actual execution of a traffic program. A large number of external events may disrupt 
the scheduled plan, which leads to delays and the need of rescheduling. The consequences of 
the unexpected events are often costly and it is crucial to find fast solutions to how the 
magnitude and the ripples on the water can be reduced for a disruption. (Kohl et al. 2007) 
 
In the operation, aircraft may be swapped in order to create or move buffers. Depending on the 
robustness of a schedule, it will be more or less feasible combinations for adjusting the schedule 
after a disruption. An optimized schedule, with no consideration to robustness, will generate a 
high profit in theory, but in practice, lead to devastating effects on regularity, punctuality and 
cost. Hence, even if the planning can be further improved, consideration needs to be taken to 
robustness in order to obtain an airworthy plan, which allows efficient recovery.  (Kohl et al. 
2007) 
 
The most frequent kinds of disruption are aircraft mechanical problems, severe weather, airport 
congestion and industrial action (Kohl et al. 2007). However, when disruptions occur and the 
schedule has to be reconstructed, it is important to solve the problem locally. Most late changes 
of a schedule are connected to high cost. Therefore, problems should be solved as early as 
possible with as few changes as possible. In order to obtain a robust schedule, Kohl et al. (2007) 
presents a few generally used techniques, which are described below.  
  Out and back: Scheduling flights from hubs to one destination and back to the same 

hub, creates conditions for increased robustness. If one of the legs in an aircraft rotation 
needs to be cancelled, only two legs will be affected if they are scheduled out and back. 
If an aircraft or crew setup flies a sequence of multiple legs, without returning to a hub, 
it will be difficult to perform cancellations. If cancellations are required, the entire 
aircraft rotation is in jeopardy.  

 Crew follows each other and the aircraft: It is easier to monitor this kind of operation 
since it is less complex than when the crew is switching aircraft. The risk of delays 
relating to waiting for incoming rotational crew is reduced and the number of dead head 
trips is also reduced. The pros with crew following each other and the aircraft are 
tremendous, but it delimits the utilization of the aircraft, which is highly costly. 

 Add slack in the schedule: It is often tempting to plan with minimal ground times to 
maximize profit and the number of flights. This comes with the cost of low robustness 
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and it is therefore a great idea to add slack in the schedule, in order to create conditions 
for delay recovery. 

 Stand-by crew and aircraft: Stand-by crew and aircraft in reserve, are important for a 
high robustness. Unexpected events can emerge at any time and with complex systems, 
as airline operations, disruptions occur often and can sometimes be highly cost and time 
consuming to repair. It is therefore vital, to have both stand-by crew and aircraft in 
reserve, in order to provide an airworthy traffic program. 

 Increased cruise speed: Aircraft can operate at different speeds and the faster the aircraft 
travels the more it will recover from potential delays. This comes with increased cost in 
form of both the amount of fuel burnt and the mechanical wear. On short flights the 
effect of increased cruise speed is lesser than for longer flights. 

2.3. Previous research 

In this section, previous research in the particular subject of airline robustness is presented. 
Many simulation studies already exist concerning different processes of the airline industry. 
For example, airport congestion, crew pairing and airport environmental aspects are being 
simulated in order to increase airline performance, profitability and customer service level.  
 
In Ankan et al. (2012) empirical data and stochastic models are used in order to analyze the air-
travel infrastructure and which airports and flights that consequentially leads to delay. Ankan 
et al. (2012) compare their work with previous models that are based on deterministic delay 
propagation and shows that deterministic models tend to overestimate the impact of expected 
total propagated delay in the airline network. Thus, Ankan et al. (2012) claim that a stochastic 
model is more appropriate for analyzing airline robustness. Further on, Ankan et al. (2012), 
concludes which airports that are in need of reconstruction and increased robustness. The 
authors highlight the importance for airlines, to add buffers to flights with a high impact on the 
network, in form of passenger and crew connections. A difference between the analysis 
performed in this report and Ankan et al. (2012), is that the aim of this report is to enhance the 
process of one airline´s robustness and not the whole branch.  
 
In Wu (2006) a sequential optimization algorithm is developed to improve airline schedule 
robustness. By simulation it is shown that departure delays can be reduced with additional 
buffer times in the schedule. This also leads to cost savings and improved punctuality. Wu 
(2006) evaluates a unit delay cost of 200 dollars per minute. However, Wu (2006) discuss two 
issues faced by schedulers during the planning process. Firstly, how buffer time is optimal used, 
and secondly, how effectively buffer times can improve punctuality in the operation of airline. 
In order to simulate and evaluate the optimized schedule a Monte Carlo simulation is performed 
which consider stochastic disruptions. The schedule is then simulated for 1000 times to reduce 
the noise level of the simulation. The simulation is based on two modules, the turnaround time 
and the block time. The turnaround time is based on stochastic functions for the time for cargo, 
passenger and other events. A maximum function is later on used in order to determine which 
activity that gives the turnaround time. Further on, the block time module is developed by the 
stochastic function described in Equation 1 and 2. 建��脹� denotes the actual time of arrival of 
flight I at the destination Airport J. This variable is influenced by the two stochastic variables, 
denoted 建��脹帖 and ��帳�, where the first mentioned variable is the actual time of departure of 
flight I at airport I. The other variable is the expected block hour between airports I and J. This 
variable, ��帳�, is derived from the probability density function of the block time of flight I, 
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denoted by 血�帳� in Equation 1. Thus, the arrival delay of flight i is determined as ��� in Equation 
2, where ��� is the scheduled arrival time at destination airport J. 
 建��脹� = 建��脹帖 +  ��帳� = 建��脹帖 + ∫ 建血�帳�岫建岻 穴建∞待    Equation 1 
 ��� = 建��脹� − ���     Equation 2 
 
The paper, Wu (2006), is of great importance for the choice of methodology in this analysis. In 
this project, the simulation will be based on distribution functions for the block hour in 
combination with the turnaround time. Wu (2006) uses two distribution functions and further 
on add them together in order to obtain the resulting arrival time. The reason why this approach 
is modified in this report is due to the fact that the block hour might depend on if a delay has 
occurred in the turnaround. When a delay occurs in the turnaround, the pilots can increase the 
flight speed in order to obtain a shorter block hour. Another large difference is how to evaluate 
time. Wu (2006) uses a linear function, where a unit delay cost is set to 200 dollars per minute. 
In this report, the cost will depend on aircraft type and number of passengers. Instead of using 
a linear function of the cost versus the number of delay minutes, the cost will be based on an 
exponential function where the cost is much higher for a large delay compared with a small 
delay. The cost matrix, to evaluate delays in this project, is customized and issued by 
Scandinavian Airlines.  
 
A similar study to the project performed in this report is Analysis of robustness and delay 
propagation in Scandinavian Airlines Swedish flight traffic program by Nilsson (2012). The 
mentioned report is a master thesis project with the aim of increasing robustness. This is 
performed by swapping aircraft individuals in order to get reallocated buffer time. The 
methodology used in Nilsson (2012) is based on Monte Carlo simulation and heuristic 
optimization methods, based on both combinatorics and local search methods. The author 
concludes that with implementing his solution, the company could reduce the total amount of 
delay with 30 %, with a resulting cost saving of 2.3 MSEK monthly in comparison to the 
ordinary traffic program. Nilsson (2012) estimates the cost of delay with help of a given cost 
matrix, developed by the company. This matrix is further on reconstructed, where an average 
delay cost is calculated and used as input to the simulation model.  
 
The similarities between the analysis performed in this report and the analysis performed in 
Nilsson (2012) are many, as for example the delimitation of crew planning and maintenance. 
However, a huge difference is that in this report the same aircraft will be assigned to the actual 
route instead of swapping aircraft between aircraft rotations. Another important difference is 
the level of detail. Nilsson (2012) makes the simplification that all delays are normally 
distributed, based on average delay and the standard deviation. The author also introduced a 
4% risk of getting a large delay. The large delay is normally distributed, with an average of 30 
minutes and a standard deviation of 5 minutes. The delay distribution will be investigated 
further in this report, where the delay probabilities are not assumed to be normally distributed.   

 

2.4. Outliers 

Finding outliers is an important method for finding data points which deviates from the 
normality. Generally, outliers are removed from a data set as they come with a higher error rate.  
 
Screening data for outliers in order to achieve a better understanding of the gathered data is a 
vital step before performing statistical tests (Osborne & Overbay, 2004). The consequence of 
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having unknown outliers may affect the accuracy of statistics estimates and error rates 
negatively. Outliers may also decrease normality and bias conclusions if they are non-randomly 
distributed. (Rasmussen, 1988; Zimmerman, 1994) 
 
An outlier is normally defined as a data point that is significantly different, or far away, from 
what is normal for a variable or population (Rasmussen, 1988). Outliers have also been 
described as following, “Deviates so much from other observations as to arouse suspicions that 
it was generated by a different mechanism” (Hawkins 1980). 
 
According to Hampel et al. (1986) it is not uncommon that 10% of data is inaccurate or outliers. 
Carling (2000) conclude that multiple outliers can mask their existence, which need to be 
considered when determine a rule for detecting outliers. An alternative way of handling outliers 
is pointed out by Osborne and Overbay (2004), to use methods that are robust against outliers 
in the data instead of identifying and handle them appropriately. They also mention “low 
breakdown” methods as the mean and least square estimations as vulnerable to outliers. These 
methods can be substituted with robust or “high breakdown” methods in order to reduce the 
impact of outliers, example given, the trimmed mean, median, least trimmed squares and least 
trimmed median squares. The breakdown point considers the proportion of outliers an estimator 
can manage (Huber 1981). 
 
Three examples, brought up by Carling (2000), illustrate where simple and resistant outlier 
rules are necessary: 
  Outliers in a data set obtained from physical measurements may indicate deficiencies in 

the data gathering process. Example given, recording, calibration or measurement 
errors.  The presence of outliers may advise usage of statistical methods that prevent outliers to 
affect the result.  Large data sets, which are expensive to manually search for outliers in, requires 
automatic trimming of outliers. 

  
When identifying outliers, resistance is needed in order to achieve a result with high reliability. 
Simplicity is needed, when analyzing large data sets, since a complex operation may be either 
too time consuming or costly. (Carling 2000) 
 
One exploratory data analysis technique for identification of outliers, which has received 
attention partly because its robustness and simplicity, is the Boxplot rule (Carling 2000), 
hereafter referred to as Tukey’s rule. The aforementioned rule was first declared by Tukey 
(1977) and is based on quartiles and a constant that is set to the default value of 1.5, or adjusted 
with regards to the data, see Equation 3 below. 
 {潔腸 = �戴 + 倦怠岫�戴 − �怠岻潔� = �戴 − 倦怠岫�戴 − �怠岻    Equation 3 

 
The rule is defined for a data set where 潔腸 and 潔� are the upper respectively the lower cut-off 
point. The variables denoted �怠 and  �戴 are the data sets quartiles and the variable denoted 倦怠 
is a constant. Values that are below the lower cut-off point or exceed the upper cut-off point are 
defined as outliers. (Tukey 1977; Carling 2000) 
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Tukey’s rule has been slightly modified by Carling (2000) which utilizes the median as well as 
the quartiles, see Equation 4 below.  
 {潔腸 = �態 + 倦態岫�戴 − �怠岻潔� = �態 − 倦態岫�戴 − �怠岻    Equation 4 

 
The data sets median is �態 and 倦態 is the constant. Hereafter, the modification of Tukey’s rule 
is referred to as the Median Rule. Tukey’s rule and the Median rule are similar because they 
have the same breakdown point, approximately 25%. They are also equivalent for symmetrical 
data if 倦態 =  倦怠 + 0.5. (Carling 2000) 
 
Carling (2000) summarizes the study with the conclusion that the Median rule outperform 
Tukey’s rule in almost all cases and that the Median rule should be preferable in practice when 
approaching outliers in the non-Gaussian case. 
 

2.5. Monte Carlo simulation 

Monte Carlo simulation, often shortened MC simulation, is based on the generation of random 
numbers and distributions of how the real world system behaves. By generating a random 
sample from certain probability functions the model is able to mimic the real world system. The 
MC method can be implemented both in the natural case, where historical data defines the 
distributions, as well as in the artificial case, where distributions are generated by a model. 
However, in both these cases the idea with MC simulation is to repeat the number of replications 
a large number of times in order to obtain an average result close to the expected value. When 
the number of replications is increased the confidence interval of the simulation is narrowing 
off. (Kroese et al. 2014). 
 
In Kroese et al. (2014) the importance of the Monte Carlo method is discussed and how the 
method has gone from being a last resort solution to a key methodology in science, finance and 
engineering. MC simulation is mostly used to describe complex stochastic systems, where an 
analytical solution cannot be obtained. Typically uses of the MC method are for sampling, 
estimation and optimization.  
 
The main reasons to why the MC method is a widespread method today are due to its simplicity 
and efficiency. For complex systems, MC simulation may help to reduce the complexity of the 
system and are generally easy to implement. Thus, it also tends to be cost efficient in order to 
experiment with the real world system. Another reason to the increased use of the MC method 
is that randomness can be modeled in a beneficial way, which is essential for the simulation of 
real world systems. (Kroese et al. 2014) 
 
As the computers have become stronger, the limitations of complexity and maximum number 
of replication for simulations have been reduced. This is of large importance for MC simulation, 
as it is based on the expected value from stochastic processes or activities. With a verified 
model, the number of replications affects the confidence interval and the average output. With 
an increase number of replications, the simulation will generate results which mimic the real 
world system. (Kroese et al. 2014) 
 

2.6. Number of bins when constructing a histogram 

By developing and analyzing histograms, distributions may be smoothed off and the noise level 
is reduced. Depending on which bin size that is chosen when constructing histograms, the 
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outcome can vary widely. R. J. Hyndman (1995) discusses different methods for setting bin 
sizes. The author starts by discussing the cons with the common referred rule of Herbert 
Sturges, 倦 =  健剣訣態岫券岻, where k is the number of bins and n is the number of data points 
(Sturges 1926). Sturges rule is based on the assumption of normally distributed data and R.J. 
Hyndman (1995) concludes that the derivation of Sturges rule is wrong.  
 
However, R.J. Hyndman (1995), instead recommends the use of Scott´s rule (1979), see 
Equation 5 or Freedman and Diaconi´s rule (1981), see Equation 6. These two methods work 
for both small and large data sets and do not require normally distributed data (Hyndman 1995).  
 ℎ = ぬ.5嫌券−怠/戴     Equation 5 
 ℎ = に岫��岻券−怠/戴    Equation 6 
 
In the above equations, h, represents the bin size, s, sample standard deviation, IQ, sample inner 
quartile and n, total number of data points.  
 

2.7. Validation, verification and creditability 

The use of simulation models enables experimentation with the actual system, without having 
to experiment with the real world system. Simulation is a cost efficient way of testing 
hypotheses, but can at the same time lead to erroneous and costly manager decisions, without 
a well conducted validation and verification. (Law and Kelton 2001, Shannon 1998) 
 
2.5.1. Validation 

Validation is the process by which the modeler can ensure that the model is suitable for the 
purpose for which it was built (Law and Kelton 2001). In other words: is the modeler building 
an accurate model which represents the real-world system for the particular purpose of the 
analysis. The naive approach, described by Law and Kelton (2001), is to only check that the 
model behaves as the real-world system does, under the same conditions, when the model 
building is completed. The naive approach is clearly not enough for validation of a whole 
simulation project and therefore validation will be further presented in this chapter. 
 
The difficulties and depth of the validation process can vary widely according to Law and 
Kelton (2001). Depending on the complexity of the studied system and if the system exists in 
the real world, the validation can be more or less complicated to perform. The reason why it is 
easier to validate a model based on an already existing system is that it is easier to understand 
and gather input data for an existing system. However, it is important to keep in mind that a 
simulation of a system is only an approximation of the real world system. Thus, Law and Kelton 
(2001) opine that a perfect validity never can be obtained, no matter of how much money or 
time spent on validation.  
 
When a simulation model has been developed and validated, it means that it is valid for the 
given purpose of a particular system. Therefore, a model built for one purpose can rarely be 
used in order to answer new objectives. (Law and Kelton 2001) 
 
A common mistake regarding validation is that the validation is only performed after the 
simulation model has been constructed. Instead, it is recommended to validate every step of a 
simulation study in order to culminate in trustworthy and valid outcomes. (Law and Kelton 
2001) 
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The first step, in order to obtain a valid model, is to interact with decision makers and subject 
manner experts. The more information and understanding the model builder gets about the 
system, the better will the model be. A general mistake is to start building a model without 
enough knowledge about the system. The next step, is to validate theoretical probability 
distributions of the input data. This is generally validated by graphical illustrations, in form of 
histograms and goodness of fit tests. (Law and Kelton 2001) 
 
Law and Kelton (2001) arises the advantages of developing a well defined and validated 
conceptual model before a model is implemented. In the conceptual model a system 
specification is presented with the project assumptions, simplifications, input and output 
parameters. Included subject manner experts and the project owner should further on validate 
the conceptual model before it is implemented. The earlier in a project issues and 
misunderstands are detected, the more cost and time efficient will the project be. 
 
After all parties are satisfied with the conceptual model, the conceptual model is implemented. 
The implementation is performed in either a simulation software product or in a programming 
language. When the model has been developed, a process called results validation is to be 
performed. This method is only valid for existing systems and is a comparison between the 
model and the real world system under the same conditions. There are many different 
approaches and methods for validation and comparison of the real world system and the 
simulation model output. Examples of comparisons are student´s t test and Mann-Whitney 
(Law and Kelton 2001). In Sargent (2007), other commonly used methods are described in 
order to compare a model with the real world system. For example, sample means, sample 
variances, time series and distributions can be tested with hypothesis tests. Further on, graphical 
illustrations, such as box plots or scatter diagrams, are great tools for illustrating this part of the 
validation. (Law and Kelton 2001, Sargent 2007) 
 
When performing a hypothesis test, the first step is to define the null-hypothesis that is being 
tested. The null-hypothesis is defined as follows:  
  “Ho – Model is valid for the acceptable range of accuracy under the set of experimental 

conditions” (Sargent 2007) 
 
If the null-hypothesis is accepted the model is valid, otherwise the model is not valid. If the 
hypothesis test results in that the model is not valid, there is a risk that the model is valid, but 
rejected wrongly. Sargent (2007) denotes this as error type 1. Instead, if the hypothesis test 
results in that the model is valid, there is a risk that the model is incorrectly accepted even if it 
is not valid. Sargent (2007) denotes this error as type 2. The probability of type 1 errors is called 
the model builder´s risk, and the probability of type 2 errors is called the model user´s risk. 
Sargent (2007) points out the extreme importance of keeping the user´s risk small in model 
validation.  
 
The next step in validation of the model is the face validity. Face validity is conducted by the 
model builder, subject manner experts and the project owner and aims at reviewing the 
simulation results and discuss reasonableness. In order to analyze the output, graphical 
illustrations and animations can be useful tools for determining the reliability of the model.  By 
combining both reasonability and statistical analysis, a trustworthy and valid model is achieved. 
(Law and Kelton 2001) 
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However, when the model is determined to have established face validity, experiments can 
begin. Run length, warm-up period and the number of independent model replications has to 
be considered. If these factors are not carefully selected with validity, the outcome of the 
simulation will likely generate misleading outcome. (Law and Kelton 2001) 
 
2.5.2. Verification 

In modeling and simulation, model verification is a crucial step in the accuracy and quality 
assurance process. The point of model verification is to verify whether the model is built 
correctly. The accuracy and quality of the model should be evaluated after transformation into 
another form. An example of transformation, is when the problem specification is transformed 
into model specification, which latter is transformed into computer program. (Balci 1998) 
 
Model verification does not give an absolute answer, whether the model is correctly 
transformed or not. However, it is important to verify the model, until it is considered valid and 
correctly implemented. Verification answers whether model specification is satisfied, for 
example in computerized model verification, software design is evaluated, as well as computer 
programming and implementation. However, it is vital to be aware of the possibility that errors 
found in the model verification step may have been caused by previous events. Thus, it is 
necessary to find errors as early as possibly, in order to avoid resolving the wrong problem 
(Balci 1998). (Sargent 2007) 
 
Commonly used techniques in computerized model verification are structured walk-throughs 
and traces. It is always of essence, to verify if simulation functions are correctly implemented, 
such as pseudo random number generators and the time-flow mechanism. Various 
combinations of input values may be tested, and the outcome and values obtained during 
execution have to be analyzed in order to verify if the computer program and its 
implementations are correct. (Sargent 2007) 
 
In some cases, it might be necessary with independency in the verification of the model to 
prevent developer’s bias. It is recommended to involve the peers and experts in the specific 
topic. There are principles that preferably should be followed in the model verification process; 
continuous verification throughout the entire modeling and simulation life cycle and that the 
verification must be planned and documented. (Balci 1998)  
 
2.5.3. Creditability 

It is obvious that the credibility of a simulation model is important for all stakeholders, as the 
client, users and developer. In general, a simulation model and its output have credibility if the 
decision-maker and key personnel accept them. A similar principle is mentioned by Balci 
(1998), the credibility of a simulation model built with respect to the model and simulation 
objectives are judged with respect to those objectives. Thus, it is important to note that a 
credible model is not the same as a valid model. The chance of establishing credibility for a 
model is improved if the following is satisfied (Law & McComas 2001): 
  Demonstration of the validation and verification process that have been performed in 

the development process. 

 Reputation of the simulation model developers. 
 Highlight the decision maker’s ownership of and their involvement in the project. 
 The assumptions and simplifications used in the simulation model is understood and 

agreed by the decision-makers. 



 

 14 

Similarly, credibility is strongly connected to validation and verification. However, credibility 
is determined from the client’s point of view and not from the simulation model developer’s 
view. The clients and the model developers may have different perceptions of a simulation 
model. In the aforementioned case, additional scope and details are usually added to the 
simulation model. Thus, the clients need to be able to understand the simulation model. They 
also need to be convinced that all important components and relationships that were agreed on, 
in the model specification, are implemented correctly. Furthermore, the results need to be 
trustworthy and sufficiently accurate, from the client’s point of view. A valid and verified 
model does, according to Balci (1998), not guarantee that it is credible. (Robinson 2008) 
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3. Scandinavian Airlines 
This chapter includes a description of the company Scandinavian Airlines, SAS, as well as a 
brief summary of the airline industry. This is followed by an explanation of SAS´s important 
key performance indicators and targets that are strongly connected to the analysis performed in 
this project. 
 

3.1. Company description 

Scandinavian Airlines was founded in 1946 as a consortium to handle the transatlantic 
operations of Svensk Interkontinental Lufttrafik, Det Norske Luftfartselskap and Det Danske 
Luftfartselskab. Only two years later, 1948, the consortium was extended to cover the whole 
European and domestic market. In 1951, the three airlines were merged together and created 
SAS. The company is 50% governmental owned, where Sweden stands for the largest 
ownership. The other half of the company is owned by private investors. (SAS Group 2016) 
 
SAS is Scandinavia’s largest airline. The company´s aim is formulated as follows: “Making 
life easier for Scandinavia’s frequent travelers” (SAS Group 2016). SAS is the airline with the 
highest frequency of departures to and from Scandinavia and connect smaller regional airports 
with larger hubs. SAS has about 1 000 flight and 75 000 passengers on a daily basis on average. 
The company provides long haul trips to destinations in Europe, the US and Asia. SAS is a 
member of the Star Alliance, which provides customers access to over 1300 worldwide 
destinations. (SAS Group 2016) 
 
The company’s overriding goal is to create value for its shareholders. To reach this goal, three 
strategic priorities are used in order to reinforce competitiveness and to achieve long term 
sustainable profitability. The first key figure is the earnings per common share, the second key 
figure is the customer satisfaction and the last key figure is the CO2 emissions. In addition to 
the key figures, SAS operational priorities are safety, punctuality and care. (SAS Group 2016) 
 
SAS has just ordered 42 new aircraft from Airbus. By introducing the Next-Generation aircraft, 
a greater comfort and higher fuel efficiency can be reached. Another great advantage that comes 
with a modernization of the current fleet is that a more homogenous aircraft fleet is obtained 
which simplifies the planning process. (SAS Group 2016) 
 
Another important step for investing in the future is the appliance of the Lean principles. The 
Lean principles are an effective philosophy of how to create a clear objective and action plans 
for all operations. Lean is a commonly used principle, used by many great companies, and aims 
at continuously improvements. (SAS Group 2016) 

 

3.2. The airline industry 

The airline industry provides the world with a global transportation network, which has 
contributed the growth of the global market and the worldwide tourism. The branch is well 
known of intense competition and price pressure that requires continuously efficiency 
improvements. (SAS Group 2016) 

 

3.2.1. Global trends 

Welfare is strongly connected to the airline industry. The correlation between increased global 
gross domestic product and increased traffic growth is evident. Greater prosperity and attractive 
pricing have both led to form the airline industry to a growing sector. In the market outlook of 
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2015, Boeing and Airbus forecasts the annual traffic growth to be approximately 5% for the 
next pair of decades (Airbus 2015; Boeing 2015). However, this indicates that it will be a 
doubling of today’s traffic in 15 years. (SAS Group 2016) 
 
Fuel is one of the largest cost bearers and in many cases the largest for airlines. Therefore, the 
fuel pricing has a critical impact on the airline industry, as it stands for almost 25% of all costs. 
The price can vary a lot from year to year. For example, the fuel price was 41% lower 2015 
than the fiscal year 2014. (SAS Group 2016) 
 

3.2.2. Changes in the airline industry 

The large growth of the airline industry begun in the 1950s after major technological 
innovations was introduced, as for example the jet aircraft for commercial use. Further on, in 
the 1970s, the wide-body “jumbo jets” were developed, which enabled additional possibilities 
for the industry growth. At this time, the number of airlines was delimited and the market was 
heavy regulated by the government. The airline industry was a monopoly and no cost efficiency 
or competitive behavior existed. (Belobaba et al. 2009) 
 
After the deregulation of airlines, new airlines were introduced on the market.  The 
deregulation, also known as the liberalization of the airline industry, was introduced in the USA 
in 1978 and was latter also applied in parts of Europe in 1986. With new companies entering 
the airline industry the requirements of cost reduction and price pressuring was an obvious step 
for the companies fighting for their market shares. (Belobaba et al. 2009) 
 
The largest challenge for the traditional legacy airlines was after the introduction of low cost 
carriers in the 1990s. The low cost carriers offer cheap tickets to a limited number of 
destinations, where they have large profitability. This opened up for new travelers and attracted 
a new audience to the airline market. (Belobaba et al. 2009) 
 
In the recent decades the importance of cost efficiency has increased and one way of doing this 
has been to create alliances and partnerships between airlines. The pros with alliances are many. 
The airlines can rebook their customers to other airlines and flights if a cancellation or another 
disruption occurs. (Belobaba et al. 2009) 

3.3. Traffic patterns in route sector Norway 

Route sector Norway is more complex compared to the other route sectors and is therefore more 
exposed for delays and cancellations. There are different reasons that could explain this and 
some of these will be presented in this chapter.   
 
Norway is located next to the Atlantic coast and has many airports located on a high longitude. 
Thus, the weather conditions are severe and the winter period is often long-spun. This leads to 
a higher request of de-icing, which means shorter time for recovery in the scheduled turns.  
 
Another issue is the fact that Norway has an older fleet compared with the other route sectors. 
An older fleet is in need of more regular maintenance and is exposed for a higher risk of 
unscheduled downtime, due to the need of repair. 
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The traffic pattern of the domestic flights in route sector Norway are shown below, see Figure 
2. The black dots indicate where the airports are located and the lines illustrate the connections 
between the airports. Except from the illustrated routes, all airports are connected with routes 
to and from the hub in Oslo.  

The airports in Bergen, Stavanger, and Trondheim represent SAS focus cities in Norway. A 
focus city is smaller than a hub but provides similar characteristics. For example, the airline 
may have aircraft maintenance or repair in the focus cities. An important characteristic for focus 
cities is that they are not only connected with a hub. This opens up for multi-leg trips, in other 
words, trips not going out and back. However, as described in the theoretical background, the 
multi-leg trips affect the robustness in a negative way. 
 

3.4. Key performance indicators and targets 

Key performance indicators are a type of performance measurement, which are repeatedly 
followed up and analyzed. In this report a selection of SAS KPI:s are used in order to analyze 
and discuss the results.  
  P3D (Departure) – Punctuality measurement of the proportion of flights that departs 

earlier, on time or within a 3:59 minutes interval after schedule. 

 P15A (Arrival) - Punctuality measurement of the proportion of flights that arrives 
earlier, on time or within a 15:59 minutes interval after schedule. 

 P15D (Departure) - Punctuality measurement of the proportion of flights that departs 
earlier, on time or within a 15:59 minutes interval after schedule. 

 P3MR (Morning readiness) – The same punctuality measurement as P3D, but only 
concern flights departing 06:30 or earlier. 

Figure 2, The traffic pattern for domestic flights in Norway.  
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 P15MR (Morning readiness) – The same punctuality measurement as P15D, but only 
concern flights departing earlier than 06:30. 

 Regularity – The proportion of operated flights compared with the number of scheduled 
flight legs. 

Morning readiness is an important KPI as the morning punctuality in general affects the rest of 
the day. A high punctuality in the morning often mirrors the whole day with a high punctuality. 
This is the reason why an extra KPI is necessary for the morning readiness. 

In Table 1 below, the current target levels are shown. 

Table 1, Frequently used KPI:s with target levels. 

KPI Target 

P3D 69.0 % 

P15A/P15D 90.0 % 

P3MR 78.5 % 

P15MR 95.0 % 

Regularity * 99.2 % 

Regularity ** 98.5 % 

* Summer traffic program 
** Winter traffic program 
 

3.5. Traffic planning elements 

This chapter is based on an interview with Hans Norman, Head of TPE & Operations Analysis 
SAS. The aim with traffic planning elements, TPE:s, are to secure operational robustness and 
quality in SAS traffic program concerning targets. The TPE:s can be seen as puzzle pieces, 
creating the base and rules for how a traffic program can be developed. The adherence of the 
TPE:s are primarily evaluated and reconstructed with help of the key performance indicators, 
mentioned in the previous chapter.  
 
An important difference between the TPE:s are that some are critical due to authority and union 
regulations and some are optional, but still equally important for the robustness. If necessary 
and under certain conditions, TPE:s that are non critical can be violated.  
 
Fleet plan: The fleet plan contains the number of available aircraft with information as what 
aircraft versions and types that is available for a time horizon. This plan is divided for each 
route sector and also includes information about the Wet-lease fleet plan. It is vital to not 
schedule with more aircraft than available and keep a number of aircraft as traffic reserves. 
 
Block times: The block time is the time from block off to block on at the arrival station. This 
parameter is chosen according to the 65-percentil of the operated traffic, depending on data of 
at least two historical traffic programs. When new block hours are set, other airlines block hours 
and similar flights are analyzed. A too low block time will generate many delays and a too large 
block time will lead to decreased utilization of the production. 
 
Minimum ground time: The minimal ground time is the minimal time for an aircraft turnaround. 
This parameter varies depending on which aircraft type, airport and leg type that is scheduled. 
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The minimal ground time can vary from 20 to 135 minutes, where domestic flights with small 
aircraft have lower ground time than intercontinental flights with larger aircraft.  
 
Traffic reserve: The number of traffic reserves is dimensioned in order to handle normal 
irregularity, as for example unscheduled downtime due to technical problems, weather or 
airport restrictions. A traffic reserve is defined as an unscheduled aircraft that is available 
between 06:00 – 23:00 at a base station. In the current state the number of traffic reserves is 
five of a total. The distribution of the traffic reserves is one aircraft in each route sector, with 
an extra unit in route sector Norway. This is mostly due to the complexity of the traffic pattern 
in route sector Norway and the fact that Norway has a less modern aircraft fleet in comparison 
with the other route sectors. 
 
Scheduling buffers: In some cases block times and minimum ground times are not enough to 
ensure a high robustness. Scheduling buffers complements the block times and the minimum 
ground times and is a great way of recovering from unexpected disruptions as mentioned in 
Kohl et al. (2007). 
 
Six different rules of thumb are often used as guidance within this TPE. These are listed and 
described in detail below. 
  The maximum number of legs in a row for an aircraft rotation, with minimum ground 

time or sub-minimum ground time scheduled, is preferable three but can sometimes be 
four. In summer programs the buffers shall be at least 10 minutes and in winter programs 
the buffers shall be at least 15 minutes.  

 If a turnaround time is planned below minimum ground time, a buffer shall be planned 
in the consecutive aircraft turnaround. The buffer shall be equal to, or higher than, the 
non-adherence time.  

 If a block time is below currently valid TPE, a buffer shall be planned in the next turn 
directly after the non-adhering flight. The buffer shall be equal to, or higher than, the 
non-adherence time. 

 It is desirable to create conditions in the schedule for swapping between aircraft types 
at base stations. 

 Long charter flights departing from the same hub shall have departure times as close 
together as possible. 

 For weekend production, with several charter return trips on the same day and on the 
same aircraft rotation, a buffer of 30 minutes in addition to minimal ground time is 
desirable before the next scheduled leg. 

Base and line maintenance: Maintenance is required more than two times a week in general. 
The line maintenance is smaller checks and the base maintenance is more advanced and time 
consuming processes. This TPE gives information about how many days, legs or flight hours it 
has to be on a minimum between maintenance. It is important to keep in mind that all type of 
maintenance cannot be performed anywhere and it is therefore important to schedule aircraft 
back to a base in the end of a day. Most of the maintenance is performed at night time, when 
the production is zero. 
 
Operational restrictions and constraints: This is a soft constraint with rules that may be 
disobeyed. For example, it can be thumb rules for how long range different aircraft should 
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perform and what loading limits that exists for an aircraft. These are often chosen with an 
economical perspective and can therefore be slightly exceeded without affecting the safety.  
 
Wet-lease TPE:s: All TPE:s regarding SAS own production applies to wet-lease companies as 
well. 
 
Crew planning elements: The crew planning elements are important and strictly regulated by 
the authority and the union (Kohl et al. 2010). The regulations are often pushed to its limits in 
the optimization of the crew planning, as this is one of the largest cost bearers for airlines (Wu 
2010). This is a large TPE with a lot of sub rules; including meal stop, max crew duty time, 
night stop times and check in times. 
 
Minimum connection times: Minimum connection times exist on the hubs CPH, OSL and ARN. 
It is the minimal time passengers’ needs between flights on a particular airport. The connection 
times can vary between 20 to 60 minutes, depending on airport and type of flight.  
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4. Input data 
 
This chapter aims at giving a brief introduction to the input data that is further on preprocessed, 
analyzed and used as input to the simulation model. The data comes from three different 
sources, which are synchronized. The main input data set consists of 126 705 filtered rows of 
historical flight data for the last three winter traffic programs. Two other input data sets have 
been assembled with the main data, with information about the TPE minimal ground time and 
airport level of the origin and destination airport.  

The data is collected from the first of November 2013 to the first of March 2016, as this was 
the most updated data that could be obtained when the analysis was initialized. The full list of 
included dates are shown below, see Table 2.  

Table 2, Included time periods in the analysis. 

Year From To 

2013 1 November 31 December 
2014 1 January 31 March 
2014 1 November 31 December 
2015 1 January 31 March 
2015 1 November 31 December 
2016 1 January 1 March 

 

4.1. Main input data set 

The following list defines the used input data from the main data set. Each and every input data 
is further on described briefly after the listing. 

 Route sector  
 Carrier 

 Aircraft owner 
 Flight id 
 Date of operation 

 Day of operation 
 Number of flight legs 

 Departure station 
 Arrival station 

 Schedule time of departure (GMT) 
 Schedule time of arrival (GMT) 
 Actual time of departure (GMT) 

 Actual time of arrival (GMT) 
 Aircraft type 

 Aircraft version 
 Aircraft registration 
 Type of leg 

 Primary reason for delay 
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 Primary delay duration 
 Secondary reason for delay 

 Secondary delay duration 
 

Route sector: Defines which route sector that owns a flight. The route sectors are RSN, RSD, 
RSS and RSI, which stands for route sector Norway, Denmark, Sweden and Intercontinental. 
In this report, only route sector Norway is analyzed. 

Carrier: All flights in this study consider SAS flights, which are defined as the SK carrier. 

Aircraft owner: This column gives information about the aircraft owner. If a wet-lease company 
owns the aircraft and the flight, it is shown which company that owns the aircraft and flight. 
Most aircraft are owned by SAS and only a small proportion of flights are flown by wet-lease 
companies. 

Flight id: A Flight id is a combination of four digits that is used to identify each and every 
flight. All flights between a destination and arrival station at the same time with the same carrier 
have the same flight id. 

Date of operation: The date of operation; year, month and day. 

Day of operation: An integer, 1-7, that gives information about what day of the week a flight 
has been operated. The traffic program varies a lot depending on which day of operation it is. 
For example, the number of flights is lower in the weekend compared to the weekdays. 

Number of legs: This column gives information about how many flight legs an aircraft flown 
before it starts to return to a base station. For example, an aircraft flying the rotation Oslo – 
Tromsø – Svalbard will be denoted with leg 1 from Oslo and leg 2 from Tromsø and vice verse 
on its way back. 

Departure station: The station an aircraft departure from. This information is given in form of 
a three letter combination, also known as the IATA-airport code, which is a worldwide 
standardization.  

Arrival station: The destination of a flight leg. The format is the same as of the departure station. 

Schedule time of departure (local time/GMT): This is the scheduled time the aircraft is supposed 
to leave the gate, in other words the block off. It is important to keep in mind that both the local 
and the GMT times must be considered when analyzing the data. The scheduled times are only 
set in intervals of five minutes. 

Schedule time of arrival (local time/GMT): This is the scheduled time the aircraft is supposed 
to arrive at the gate on the arrival station, in other words the block on. It is important to keep in 
mind that both the local and the GMT times must be considered when analyzing the data. The 
scheduled times are only set in intervals of five minutes. 
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Actual time of arrival/departure (GMT): This is the actual time of arrival/departure, which is 
measured from block- on/off. This time is given as the actual time in GMT with an accuracy of 
one minute. 

Aircraft type: Gives information about what kind of aircraft that flown a flight. For example, 
this column gives information as aircraft manufacturer, size of the aircraft and if the aircraft has 
winglets or not. Depending on aircraft type, the number of seats, maximum loading weight and 
maximum flight distance varies. A larger aircraft is typically connected to larger costs of a 
flight. 

Aircraft version: Except from the aircraft type, it can be minor differences between aircraft 
versions, as variations in the interior. 

Aircraft registration: Each and every aircraft have its own unique registration. The aircraft 
registration is given as a combination of five letters.  

Type of leg: The type of a leg defines if a flight leg is domestic, Scandinavian or international. 
A Scandinavian flight leg is between Norway, Sweden and Denmark and international flights 
are to or from any other country. Domestic flights generally have the shortest turnaround times 
and the international flights generally have the largest turnaround times. 

Primary reason and duration of a delay: This is the first reason for a delay, usually in form of 
an aircraft rotation delay. If two delays occur at the same time the largest one will be denoted 
as the delay. 

Secondary reason and duration of a delay: The secondary reason for a delay is the last delay 
before the aircraft leave the gate. It is important to keep in mind that everything that happens 
after the block off will not be counted as delay. For example, an aircraft can be late from the 
previous flight leg, which leads to a primary reason denoted RA and if the loading/unloading 
leads to additional delay; it will be denoted as the secondary reason for a delay. 

4.2. Integration of data 

The main input data set is synchronized with two other data sets. These data sets include 
information about the minimal ground time TPE and the origin and destination airport level. 
The synchronization of the data set is performed in VBA by matching four different keys from 
each data set. When the keys are found, the data is assembled and read into the main data set.  
 
The minimal ground time TPE is a parameter that has a large impact on both the scheduling 
and the outcome of the operation. This parameter is important in order to analyze if a tight turn 
is scheduled, if a buffer time is scheduled or if sub minimal ground time is scheduled. The 
minimal ground time can vary between 20 up to 135 minutes depending on aircraft version and 
arrival and destination airport. 
 
The airport level is defined by IATA in a three graded scale. The different levels are categorized 
from level 1 to level 3, where the level 3 airports are the largest and most congested. For each 
flight, one departure and one arrival airport level is registered. The definition of each level is 
listed below: 
 



 

 24 

 Level 1: Airports with no capacity constraints relative to their demand. An aircraft can 
land any time as the airport is opened. IATA (2015) 

 Level 2: This type of airports can sometimes have problems with congestion during 
some periods of the day or season. Small changes to the airlines schedule can be desired 
from the airport in order to equalize the traffic demand. IATA (2015) 

 Level 3: The demand exceeds the capacity of the airport. Slot times are needed for 
departure and arrival flight legs. The slot times have to be used and if too many flight 
legs are late or cancelled an airline will lose its slot time. Slot times from the previous 
year with at least 80% fulfillment, in intervals of 5 weeks, are maintained to the next 
year. “Use it or lose it” or “the grandfather’s right” are frequently used sentences that 
explain the inheritance of slots. IATA (2015) 

The aim, with including airport level in the data set, is to analyze if delay patterns exists on the 
different airport levels. If that is the case, these patterns can be taken consideration to already 
in the planning process, which may lead to a higher robustness of the traffic program. 
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5. Methodology 
This chapter describes how the theoretical background is applied and how the project is 
performed. The chapter is introduced with a brief introduction to the choice of method and the 
pros and cons with simulation. Secondly, the data preprocessing and cleaning of data is 
described. Afterwards, the whole simulation project is described step by step. Finally, when the 
model is implemented, the experiments are described and presented.   
 

5.1. Is simulation the right tool to use? 

Simulation is one of the most powerful tools available to decision makers and is a great tool to 
mirror the operation of a real world activities or processes. It enables analysis and evaluations 
of systems that otherwise never would be possible or cost efficient to analyze in any other way. 
Simulation is often used in order to describe the behavior of a system and give a deeper 
understanding of a system or a problem. Another purpose of simulation is to predict future 
behavior by experiments. (Shannon 1998; Bosch & Klauw 1994) 
 
Simulation comes with many advantages compared with other methods for analyzing systems. 
It requires less simplification and is easier to understand, compared with analytical or 
mathematical models. More advantages of simulation are listed below (Shannon 1998; Bosch 
& Klauw 1994): 
  New designs and layouts can be tested and evaluated without actual implementation.  New decision rules, organizational structures and information flows can be tested 

without interference with the real world operations.  It can be used to find bottlenecks and compare different proposals for action.   It provides the ability to test hypothesis about how or why a particular event occurs in 
the system.  It provides the opportunity to control time. In other words, run a quick simulation and 
analyze a long time horizon, or vice versa, slow down a fast process to get more insight 
of a system.  It can be used to obtain a deeper understanding of how a system actually works and 
which variables and activities that is important to performance. 
 

The advantages with simulation are many, but it is important to keep in mind the risk and the 
disadvantages with simulation. Some of the disadvantages with simulation is listed below 
(Shannon 1998; Bosch & Klauw 1994): 
  Simulation requires specialized training and the skills may vary widely between 

modelers.   Gathering reliable input data is often time consuming and expensive. The data can 
therefore be highly questionable and the simulation cannot generate trustworthy 
outcome if the input data is weak. A classic definition and old cliché describing this is 
“garbage in - garbage out”  Simulation models do not generate an optimal solution. Instead, it generates a probable 
output which depends on the input and the chosen conditions by the experimenter.  The modeler does not have enough knowledge about the system before the model is 
built. 
 

Simulation is a great tool to analyze changes in an airline traffic program, as it gives the 
opportunity to experiment with new designs. It is also beneficial as it lets us experiment with a 
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long time horizon without having to implement or test changes in the real traffic program. A 
traffic program highly depends on stochastic input. With a high number of replications, 
simulation can generate important outcome that can be considered and taken into account in the 
planning process.  
 
Based on the previous research, described in the theoretical background, and the above 
mentioned advantages it can be concluded that simulation is a good tool for answering the 
problem statement and the aim of this project. 
 

5.2. Data preprocessing 

Data preprocessing is generally of high importance when working with large data sets. Real 
world data are often incomplete, noisy and inconsistent. This means that data has to be cleaned 
before it can be analyzed. Otherwise, it is a risk that the analyst points out misleading results. 
 
In the given data set, most of the data is collected by electronic timestamps. This gives a high 
accuracy, but may lead to errors if the electronic system is unstable. Information about delay 
codes and delay durations are generally concluded and administrated by gate staff. As always, 
when data is registered manually, it is a risk of human errors.  
 
In the given input data set, incomplete data and inconsistent data is removed. For example, if 
data is missing or obviously wrong, as a block on time before the touch down time. Only a 
small proportion of the input data was removed after this process. When one flight is removed, 
the whole aircraft rotation of that day is removed from the data set. The main reason for this is 
that the turnaround time gets modified and misleading when one leg is removed. This approach 
is further on applied for all flights removed from the data set. 
 
In the operation of airline, disruptions and difficulties may hit hard on the punctuality and the 
regularity. Crew strikes, extreme weather and a high amount of unscheduled downtime of 
aircraft can affect the operation in a way that cannot be taken into consideration in the planning 
phase. Therefore, the median rule for detecting outliers, described in the theoretical background 
is applied to the data set. Days with a P3D punctuality considered as outliers on a monthly basis 
is removed from the data set. The constant was determined equally to Tukey´s constant, which 
is 1.5. With a higher constant, more data is detected as outliers. A test was performed in order 
to see if the constant was too high or too low for the data set. The test was performed by 
detecting outliers with the formula: average +/- 2 standard deviation, which is a commonly used 
rule for determining if a system is stable with a confidence interval of 95 %. When this formula 
was implemented, the exact same outliers were detected as when the median rule was used with 
the constant set to 1.5. Thus, these outliers were removed from the data set. 
 
The input data consists of three winter traffic programs. This means that conditions has changed 
under the past years and in order to simulate the traffic of the current state, the data has to be 
filtered. Aircraft types that have been phased out are excluded from the data set as these are no 
longer of interest to follow up and plan for.  
 
The aim with the simulation study is to find out where extra slack should be added. Disruptions 
in form of arrival delays larger than 60 minutes and when the aircraft is more than 20 minutes 
early is both rare and impossible to foresee. Thus, flights and aircraft rotations that are outside 
the interval of 20 minutes too early arrival and 60 minutes too late arrival are excluded from 
the survey. 
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The data cleansing of the original data set consisting of 127 000 flights resulted in a filtered 
data set narrowed down to roughly 80 000 flights.  
 

5.3. System specification 

In this section, a description of the system that will be modeled is presented. Also, a brief 
explanation of the beneficial with slack is presented.  
 
In Figure 3 and Figure 4, the advantage of adding slack is shown. The solid arrows, illustrates 
the scheduled arrival and departure time, whilst the dashed arrows demonstrate the actual 
outcome. In Figure 3, the turnaround time between flight i and flight j is scheduled with minimal 
ground time according to the TPE. This means that the aircraft is given short or zero chance of 
recovery. Thus, the Delay(i) on flight i, is fully transmitted to flight j. 
 
 

 
Figure 3, Illustration of delay propagation without buffer time. 

Figure 4, illustrates how the outcome will be, if the turnaround time is scheduled with a buffer 
time, also referred to as slack. When slack(i) is added to the turnaround time, transmitted delays 
may be recovered, and in the best case nullified. In the example given in Figure 4, the slack 
prevents Delay(i) from transmitting to flight j. However, as mentioned throughout the report, 
adding buffers comes with a cost in form of unused resources of aircraft and crew. This means 
that buffers need to be carefully added in a cost effective perspective. In this report, the 
additional slack is evaluated with help of the cost matrix provided at Scandinavian Airlines. 
 

 
Figure 4, Illustration of recovery with buffer time. 
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As mentioned in the KPI section, morning readiness is a highly important factor for how the 
rest of the day will operate. Therefore, it is vital to make a difference between the first leg of 
the day and the rest of the legs. Obviously, there is a smaller risk of delays in the first flight of 
the day, as there is no risk of transmitted delay. The morning readiness and the total punctuality 
is shown below in Table 3, based on the filtered input data set from the three studied winter 
programs.  
 
Table 3, Average morning readiness and overall punctuality for the preprocessed data set. 

Departure delay Morning Total 
P3 0.83 0.68 
P15 0.95 0.89 

 
When adding slack or reallocating existing slack, the traffic program is affected in two ways. 
Firstly, the flight rotation that is given more slack requires re-timing, or in other words, changed 
departure and arrival times. In some cases, this is not possible due to airport congestion or crew 
regulations. Secondly, a change in one aircraft rotation may affect both passenger and crew 
rotations. Therefore, by adding time buffer to one aircraft rotation, which improves the traffic 
program locally, the impact on the overall system may be devastating. In this analysis the 
impact of changes on the overall system is delimited, as crew planning and passenger 
connections are not taken into consideration. The main reason of this is due to the complexity 
of the problem.  
 
The most frequent delay is due to delay propagation. In Figure 5, the arrival P3 punctuality is 
illustrated based on the relation between the actual time for turn and the minimal ground time, 
denoted MGT. The graph indicates a linear relation between punctuality and MGT fulfillment, 
where the punctuality is reduced by 50 percent already with about 7 minutes too low time for 
turn. However, when the actual time for a turn is greater than the MGT, the system is considered 
as stable around 80 % P3A. The dashed line is a help line to highlight where the actual time for 
turn is equals the MGT. It is also worth pointing out that all points in the graph are based on at 
least 100 historical flights with the same TPE adherence. Therefore, the graph does not include 
the whole studied interval between -20 minutes up to 60 minutes. 
 

 
Figure 5, P3 arrival punctuality in relation to the minimal ground time TPE adherence.  
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5.4. Simulation specification 

In this chapter the simulation specification is described in depth. The chapter is introduced by 
the assumptions and simplifications made for this project. This follows by the conceptual 
model, which is a representation of the actual model that later on is implemented. This section 
ends with a description of the model output and the output performance metrics.  
 

5.4.1. Assumptions and simplifications 

In order to build the simulation model, assumptions and simplifications have to be done. These 
are presented and motivated below: 
 
A rotational delay is transmitted to the next flight depending on the actual time for turn and the 
TPE minimal ground time. For example, if a rotational delay of 6 minutes occurs and the actual 
time available for a turn is 3 minutes below the minimal ground time, the resulting total 
rotational delay will propagate to 9 minutes. However, if the actual time available for a turn is 
beyond the minimal ground time TPE, the rotational delay will be recovered with the same 
amount. The recovery of a rotational delay can never exceed the delay duration.  
 
The feasibility is not guaranteed. The departure and arrival time are often fixed and cannot 
always be moved. Due to lack of information, this cannot be included in the model. For 
example, the aircraft might have a specific airport slot that cannot be changed in the real world 
system but is given a new arrival or departure time in the model.  
 
When slack is added in the schedule, it might affect both passenger and crew connections. It 
can for example lead to that some connections gets too tight, which therefore leads to extra 
costs and delays. 
 
The weather conditions have a strong impact on airline operations. The daily weather condition 
has been delimited from this study. Instead, only the difference in the monthly weather is 
studied. This means that the simulation will result in a traffic program with a spreading of the 
punctuality closer to the mean, as the weather condition in the real world generates a high 
deviation from day to day. 
 
Aircraft rotations with at least one scheduled turnaround time of more than 5 minutes below 
the minimal ground TPE is delimited. The reason for this is that when turnaround times are 
scheduled too short it often depends on constraints like airport slots which make it difficult to 
add additional slack. For example, the minimal ground is equal 60 minutes, but the airport only 
allows a turnaround time of 45 minutes due to airport congestion. These turnaround times are 
preprocessed as infrequent events, which therefore are delimited in order to simplify the model.  
 
No respect is given to which particular airports that are studied in form of origin and destination 
airport. Instead airports are compared depending on the IATA airport level and if the flight is 
operated in the domestic, Scandinavian or International area. 
 
Only arrival times are modeled, time for departure and the block time is therefore delimited 
from the analysis. This results in that all delays that occur in the model are untraceable in terms 
of which interval of the flight process that generated the delay. For example, a delay that occurs 
in the ground handling is considered and weighted the same as a delay that occurs as an effect 
of a too long block time compared to schedule.  
 



 

 30 

5.4.2. Input model data  

The input model data will be in form of distribution functions, based on empirical distributions. 
The distributions are generated with help of the input data, which was described in chapter 4. 
By developing histograms and then eyeballing and comparing means, medians, inner quartile 
ranges and standard deviations, combinations of important factors can be determined of what 
affects the arrival punctuality of a flight.  
 
Empirical distribution functions will be generated separately for the morning readiness. This is 
based upon the difference in target KPI and due to the fact that flights departing at 06:30, or 
earlier, do not depend on any other flights. The reason why the first flight in a rotation not 
always is considered as a morning flight is due to the fact that these flights depend on other 
flights. For example, the aircraft may be delayed due to incoming crew or passenger 
connections. Another reason why it is important to separate the first flight of the day after 06:30 
from morning flights is due to the current defined key performance indicators. 
 

5.4.3. Output performance metrics 

The project performance metrics used to measure the outcome of the model is listed below:  P3MR [%]  P15MR [%]  P3A [%]  P15A [%]  Total delay [min]  Total additional slack [min]  Cost savings [SEK] 
 
The performance metrics will mostly be reported tabular, in form of mean, standard deviation, 
and minimum and maximum values. In addition, confidence intervals will be presented 
graphically. No animation or dynamic output is generated from the model.   
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5.4.4. Conceptual model 

The conceptual model is illustrated in Figure 6 and Figure 7, below. In Figure 6, a general 
description illustrate how routes in the traffic program can become more cost efficient, in terms 
of punctuality and cost, if more buffers are introduced. By simulating a large number of 
replications, the outcome of a change in the traffic program can be evaluated. Different 
solutions can further on be compared with help of box plots and confidence intervals in order 
to find the best simulated significant solution. 
 
 

 
 

Figure 6, General process map of how new combinations of added buffers are simulated. 
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In Figure 7 below, the process map of how each simulation of an aircraft rotation is performed. 
Each aircraft rotation is simulated of a large number of replications in order to obtain a high 
accuracy and small confidence intervals. As the number of replication is increased, the 
confidence interval of the modeled system goes towards the expected values. 
 

 
 

Figure 7, Conceptual model of how each flight and aircraft rotation is simulated.  
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5.5. Modeling input data 

This section describes how the input data is modeled and used as input for the simulation model. 
At first, histograms are developed in order to show how the difference between the actual and 
scheduled turnaround and block time is distributed. For the first flight of the day, or when the 
flight has unused buffer time, only the actual and scheduled arrival time is compared. Secondly, 
the empirical distributions functions will be illustrated, which are based on the developed 
histograms. Due to the large amount of graphs, tables and empirical distribution functions, only 
a few will be shown in the report while the rest are attached in the appendix. 
 

5.5.1. Histograms 

By comparing different combinations of characteristics for flights, different distributions are 
generated and graphically shown in histograms. When the histograms are compared, by both 
eyeballing and comparisons of mean, median, inner quartile ranges and standard deviation, both 
similarities and differences can be found between the clustered data. The more variables that 
are included in the grouping of data, the more accurate will the histograms be. If too few 
clustering variables are used, no characteristics will be modeled and the difference between the 
real world system and the model will be large. Instead, if too many variables are used, the 
modeled input data tends to only show the outcome of the real system, which means that error 
and randomness will have a large impact.  
 
In order to obtain clusters, with not too generalized or too accurate data, the number of data 
points in each cluster had a large impact of when no more variables could be added to the 
clusters. Data, as for example time of the day for departure, had to be grouped in intervals, in 
order to avoid too small groups of data. When analyzing different airports, the nine largest 
airports was studied separately. The remaining nine airports were grouped in other to obtain 
enough data to create distributions.  
 
The total number of distributions that was used after testing different strategies to group the 
data resulted in 150 groups. As not all distributions can be illustrated in the report a few example 
of the distributions are given below, see Figure 8-13 with respect to Table 4 and 5. 
 

 
Figure 8, Arrival delay distribution for flights departing from Berge n in January before 06:30 (GMT). 

In Figure 8, it shows that the largest part of flights departing from Bergen in January before 
06:30 (GMT) arrives before the scheduled arrival. The data is normal distributed skewed to the 
left.  
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Figure 9, Arrival delay distribution for flights departing from Berge n in January with buffer. 

When flights are given a buffer time at Bergen, the arrival time is normal distributed around 6 
minutes before schedule, see Figure 9. By looking at the tail it is obvious that the risk of a large 
delay is low. 
 

 
Figure 10, Arrival delay distribution for flights departing from Bergen in Ja nuary without buffer. 

The distribution of arrival delays when it is a tight turn at Bergen, Figure 10, is similar to the 
distribution for when it is a buffer before the flight. The main difference is that the distribution 
has been offset with about 4 minutes. This can also be seen in Table 4, by comparing averages 
and medians. 
 
In Table 4, stdev stands for the standard deviation. A high deviation means that the data is 
widely spread in the interval and is often connected to a heavy tail. The IQR defines the inner 
quartile range, which is the interval size of all values between the first and the third percentile. 
A large value of IQR indicates a lower peak compared with a small IQR. Min is the minimum 
value, or in other words the earliest possible arrival. Reversed, is the Max the largest possible 
arrival delay that the distribution may generate. The variable n, defines the total number of data 
points that the histograms are based on, while h denotes the bin size interval. Finally, the 
number of bins are expressed, which is calculated with Freedman-Diaconis rule. It is vital to 
point out that the bin sizes have been rounded in Table 4. 
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Table 4, Important values connected to the histograms regarding departures from Bergen in January. 

BGO JAN MR BT TT 

Average -0,42 -4,11 -0,20 

Median -5 -6 -2 

Stdev 13,68 10,68 8,33 

IQR 12 9 8 

Max 58 59 56 

Min -19 -20 -20 

n 213 834 912 

h 4 2 2 

NumOfBins 19 41 46 

 
In the following section, the distributions for Ålesund will be explained in the same way as 
above for flights departing from Bergen. 
 

 
Figure 11, Arrival delay distribution for flights departing from Ålesund in Janu ary before 06:30 (GMT). 

The flights departing from Ålesund before 06:30 (GMT) have large bin sizes due to a lower 
amount of data. The same pattern as for flights departing from Bergen can be seen in this chart, 
where the peak is around the negative values, but the tail indicates a large risk for heavy delays.  
 

 
Figure 12, Arrival delay distribution for flights departing from Ålesund in Janu ary with buffer. 
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Flights with a buffer departing from Ålesund are normal distributed skewed to the left. From 
Figure 12, it is clear that the risk of delays is very low when departing from Ålesund with a 
buffer. 
 

 
Figure 13, Arrival delay distribution for flights departing from Ålesund in Jan uary without buffer. 

In Figure 13, we have the peak for tight turns on the approximately same bin as when we have 
buffers. However, as this distribution is skewed to the right the risk of delays is much higher in 
this case. By combining the information from Table 5 with the associated graphs it can be 
concluded that flights with a buffer time generates the best arrival punctuality. All elements in 
Table 5, are defined and explained before Table 4. 
 
Table 5, Important values connected to the histograms regarding departures from Ålesund in January. 

AES JAN MR BT TT 

Average 0.5 -5.69 -0.44 

Median -5 -8 -2 

Stdev 16.20 9.89 8.75 

IQR 15 10 10 

Max 54 51 47 

Min -19 -20 -18 

n 136 228 277 

h 6 3 3 

NumOfBins 13 22 21 

 
5.5.2. Empirical distribution functions 

The empirical distribution function is the distribution associated with the real world data. The 
empirical distribution function is a step function, which shows the probability that a random 
value from a given set of data is equal or less than the resulting value on the x-axis. By 
generating a random number between zero and one, a resulting value on the x-axis value is 
picked from the empirical distribution function. The numbers of empirical distribution 
functions are the same amount as the histograms and therefore only a few will be presented. 
The empirical distribution functions, EDF, will not be described in detail and are therefore 
shown in the attached Appendix, see Figure_Apx 1-6. The EDF presents the same results as the 
histograms does but from another perspective. The larger the gradient is for a delay minute on 
the x-axis, the greater is the chance of generating a delay in that interval. 
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5.5.3. Value of time 

As mentioned throughout the report, adding buffers comes with a cost. In the model constructed 
in this project, the tradeoff between the costs of an added buffer needs to be evaluated against 
an increased punctuality. Depending on aircraft type, the cost of a delay and the cost of adding 
a buffer vary. Generally, larger aircraft generates higher cost when delayed and a higher loss of 
income when idle. In this report the cost of a delay is chosen with respect to SAS irregularity 
cost matrix, IRR-cost, shown below in Table 6. No respect is given to aircraft owner in the 
model; in the real system the wet-lease flights are given a lower delay cost. This means that all 
delays are equally evaluated per minute as long as they are in the same delay interval.  
 
Table 6, SAS IRR-cost matrix for delay evaluation. 

Delay interval Fleet 

Delay IRR-cost 

per minute SEK 

< 16 min SAS Short haul 0 

16 - 30 min SAS Short haul 520 

31 - 60 min SAS Short haul 590 

61 - 120 min SAS Short haul 640 

121 - 300 min SAS Short haul 630 

> 300 min SAS Short haul 340 

 

As all delays affect customer satisfaction and may lead to ripples on the water for downstream 
flights a general cost will also be tested in the model. The general cost of a delay minute is set 
to the average weighted delay cost of a SAS short haul delay minute, which is 536 SEK per 
minute. 
 
At the moment, which this report is written, there are no costs for adding time buffers defined 
at SAS. Therefore, a fixed cost is determined with help of Hans Norman who is an expert in 
this particular subject. The cost of adding a buffer of five minutes is determined in different 
levels in form of 500 up to 2500 SEK in steps of 500 in order to handle sensitivity. 
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5.6. Pseudo code 

In this section the pseudo code for the simulation and the optimization will be presented. The 
pseudo code is a simplification of the code written in Visual Basic for Applications (VBA). As 
when the conceptual models were explained, this section will also divide the simulation model 
and the optimization model in two parts. However, the purpose of this is to simplify for the 
reader, even though the simulation and the optimization are running simultaneous. 
 

5.6.1. Simulation model 

Below, is the simulation model described in form of a pseudo code: 
 
For all Aircraft rotations 
 Store Month 
   For all replications 
   Generate a new random seed 
      For all Legs in Aircraft rotation  
         Store Departure station 
         If  Schedule departure time <= 06:30 
            Find EDF (Month, Departure station, Morning Turn) 
 Generate a random arrival delay based on EDF 
 Store Arrival delay 
         Else If  First leg of Aircraft rotation  
 Find EDF (Month, Departure station, Buffer Turn) 
 Generate a random arrival delay based on EDF 
 Store Arrival delay 
         Else 
 If Arrival delay > 0  
    Delay Propagation = Max {Arrival delay – Buffer, 0} 
 Else if Buffer <= 0 
    Delay Propagation = Min  {Buffer – Arrival delay, 0} 
 Else 
    Delay Propagation = 0 
 End If 
 If Delay Propagation < 0 
    Find EDF (Month, Departure station, Buffer Turn) 

   Generate a random arrival delay based on EDF 
    Store Arrival delay 
 Else 
    Find EDF (Month, Departure station, Tight Turn) 

   Generate a random arrival delay based on EDF 
   Arrival delay = Arrival delay + Delay Propagation 

    Store Arrival delay 
 End If   
         End If 
      Next Leg 
      Store Punctuality, Delay minutes and Cost 
   Next Replication 
Calculate Average Punctuality, Delay minutes and Cost  
Next Aircraft rotation      
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5.6.2. Optimization model 

Below, is the optimization model presented in form of pseudo code. The optimization model is 
based on exhaustive search, where a buffer of 5 minutes is tested for all turnarounds. When a 
buffer is added on one turn, it leads to that all downstream flights are rescheduled with five 
minutes as well. The numbers of replications are later on in the report determined as 500 and 
the significance level is chosen as 0.05 for the two sided confidence interval. 
 
For all Aircraft rotations 
   For all Replications 
      Simulate the cost of the current situation 
   Next Replication 
   Calculate the lower confidence boundary 
   Best solution = lower confidence boundary 
   For all Legs in Aircraft rotation  (except from the first leg of the day) 
      Add a five-minute buffer on flight 
      For all Replications 
         Simulate the modified Aircraft rotation 
      Next Replication 
      Calculate the upper confidence boundary 
      New solution = upper confidence boundary 
      If New solution < Best solution 
         Best Solution = New solution 
         Store the new solution and the new average punctuality 
      End If 
   Next Flight 
Next Aircraft rotation 
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6. Validation and verification 
In this chapter the most important steps from the validation and verification of the project are 
presented. At first the number of replications used for the simulation is motivated. Further on, 
a comparison between the real world system and the modeled system is discussed. 
 

6.1. Number of replications 

Simulation is the method of finding the expected outcome of a modeled system. When the 
number of replications increases the confidence interval starts to converge towards the expected 
value. By using a large number of replications the model generates an accurate solution. In this 
project the number of replications has been chosen with respect to when the confidence interval 
of the total number of delay minutes is stable, see Figure 14. 
 

 
 
Figure 14, Confidence interval of the total number of delay minutes as a function of the number of replications.  

From the graphical illustration in Figure 14, it is obvious that the confidence interval starts to 
become stabile already after 250 replications. In order to avoid noise and to increase the 
significance of the model the number of replications was multiplied with two. In other words, 
the number of replications was chosen to 500. 
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6.2. Comparison between the real world system and the model 

In this section a comparison between the real world system and the model is presented. The 
comparison is performed based on 500 replications for the simulated traffic program and the 
outcome of the real world system.  The simulation is performed on two data sets. The first is 
the whole studied period of three winter traffic programs and the other set is delimited to the 
last winter traffic program. The outcome of the validation is shown below in Table 7 and 8. 
 
Table 7, Average outcome of 500 simulations and the outcome of the real world system. 

  P3 P15 Tot. delay min 

Simulation of last WTP 67.87% 87.88% 136392 

Real Last WTP 68.49% 88.48% 129461 

Simulation of last three WTP 66.44% 87.07% 402762 

Real  last three WTP 65.91% 87.13% 398092 

 
In Table 7, it is shown that the P3 punctuality is 0.62 percentage point underestimated in the 
simulation compared to the real world system. The P15 punctuality is overestimated with 0.6 
percentage points in comparison with the real world system. The same pattern is shown for the 
whole data set as well, where the P3 punctuality is underestimated with 0.53 percentage points 
and the P15 punctuality is slightly overestimated with 0.06 percentage points. The total number 
of delay minutes is overestimated for both the last winter traffic program and for the last three 
winter traffic programs. The difference in total delay minutes is 5.35 percent the last winter 
traffic program and 1.17 percent for the three last winter traffic programs. The reason to why 
the model behaves better for the system defined by three winter traffic programs is due to the 
fact that the input data is based upon these three traffic programs. Thus, when only the last 
winter traffic is simulated, the yearly variance has a larger effect on the system. For example, 
the winter could be more or less severe or long spun.  
 
Table 8, Comparison between the simulated model and the outcome of the real world system. 

 Last WTP 3 WTP 

P3 delta 0.62% 0.53% 

P15 delta -0.60% -0.06% 

Tot. delay min 6931 4670 

 
However, as the difference between the model and the real world system is small, see Table 8, 
the model can be considered as valid. Of course this is not enough to validate the whole model, 
but it indicates that the model behaves as the real world system does.  
 
Another method for validation is to compare time series. When a comparison between the 
model and the real world system only considers the average output a lot of information goes to 
waste. Thus, important factors could be missing in the model which therefore leads to a bad 
modulation of day time or monthly trends etcetera. In order to validate and obtain a higher 
credibility the time series for the model and the real world system is presented. The graphs, 
Figure 15-20, illustrate the arrival punctuality for P3 and P15 for each hour from 05 to 22 
(GMT).  
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Figure 15, P3 and P15 for the model and the real world system for the winter traffic program 15. 

In general, the model imitates the real world system well when considering the whole last winter 
traffic program. The model tends to generate a P3 punctuality lower than the real world system 
average and the P15 punctuality is slightly overestimated. One reason for this, is that the input 
data is based on three different traffic programs and this study only covers one of the three data 
sets. Thus, yearly variance, as due to different weather conditions might affect the outcome of 
the model.  
 

 
Figure 16, P3 and P15 for the model and the real world system for November 15. 

The model generates punctuality for November which follows the patterns of the real world 
system. The only difference that is worth to notice is the peak around 11 that the model does 
not catch. Otherwise, the model fits the real world system well. This is one of few graphs, where 
the punctuality is underestimated in the modeled output. 
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Figure 17, P3 and P15 for the model and the real world system for December 15. 

In Figure 17, the punctuality of December is compared for the model and the real world system. 
The model tends to underestimate the punctuality throughout the whole day, which depends on 
a higher punctuality for this December in comparison with the other years. 
 

 
Figure 18, P3 and P15 for the model and the real world system for January 16. 

In Figure 18, the model overestimates the punctuality through the whole day. The explanation 
to this is most likely that the weather conditions were less severe this time period in comparison 
with the other years. By including weather conditions in the model the fit could most likely be 
improved, but it is difficult to foresee and plan for fluctuations from year to year. 
 



 

 44 

 
Figure 19, P3 and P15 for the model and the real world system for February 16. 

The simulated P15 mirrors the real world system well for February, see Figure 19. The P3 is 
also great imitated, but underestimates the punctuality around 12.  
 

 
Figure 20, P3 and P15 for the model and the real world system for March 16. 

In March, see Figure 20, the simulated P15 follows the curve of the real world system good 
except from the last hours of the day, where it tends to overestimate the punctuality. The 
simulated P3 punctuality mirrors the real world system well, but fails to model the peak and 
troughs at 11 and 15.  
 
From the above presented comparisons of the real world system and the simulation, Figure 15-
20, it can be concluded that the model generates a great estimation of the real world system. In 
general, the model generates too few delays around 12 and 20. The P15 is in general better 
imitated than the P3. However, the most important trends are included in the model, as for 
example, the morning readiness and the decreasing punctuality until 11. Afterwards, the 
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punctuality is increased around lunch time, mostly due to the proportion of flights with buffers 
around lunch, which can be seen in the graphs above in Figure 15-20. One possible reason to 
why the model tends to underestimate the punctuality around lunch is that aircraft delays are 
differently distributed after a firebreak or a lunch break. 
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7. Results 
In the previous chapter the model was validated and the outcome was verified with the 
results of the real world system. In this section all results will be presented in order to answer 
the aim of the report. The chapter is initialized with an experiment of how buffer size affects 
the punctuality of the whole system. This is followed by an experiment of how the cost of 
delay and the cost of adding a buffer relates. Finally, the chapter is rounded by a description 
of the characteristics of which flights and aircraft rotations which will benefit from added 
time buffers. 
 
7.1. The effect of time buffers 

In order to analyze the effect of adding time buffers an experiment was conducted where 
all flights were given an extra buffer. The result of this is illustrated in Figure 21. From the 
graph the conclusion can be drawn that the target key performance indicators are not 
reached on an average level in the current situation. One way to improve the punctuality is 
to add time buffers and it is obvious that the effect is at its largest when small. As the buffer 
size increases the effect is successively tapering when the punctuality reaches its expected 
value for flights with buffer time. The dashed line is the punctuality when all flights are 
given an infinite buffer, which lead to that the risk of delay propagation is completely 
removed. 
 

 

 
Figure 21, Punctuality as a function of added buffers. 

By studying how the punctuality is affected by the introduction of buffers, with different sizes, 
the validation of model is strengthened. As mentioned above, the graph indicates that five 
minute buffers have the greatest effect and that the effect is tapering as the buffer size increases. 
Thus, it can be concluded that the model behaves logical from this point of view. It is also 
important to keep in mind that there are other ways of improving the punctuality which can be 
more cost efficient than adding buffers.  
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7.2. Sensitivity analysis of costs 

The cost of delays and the cost for adding buffers are defined by experts on SAS. In order to 
obtain a better understanding of the system and to analyze the robustness of the modelled output 
it is necessary to perform a sensitivity analysis. The sensitivity analysis is made by using 
different input parameters of the cost of both delay and the cost of adding slack. The cost of 
delays used is the average delay cost and the cost matrix, which was presented and explained 
in Table 6, chapter 5.5.3.  
 
The different cost of adding slack is compared for all values in the interval of 500 to 2500 SEK 
with steps of 500 SEK. This is illustrated in Figure 22, below, where the average delay cost is 
used to evaluate delays. When the cost of adding a buffer is high the model generates a cost 
saving when all turnarounds are decreased with 5 minutes. This indicates that the cost of adding 
a buffer is too high in comparison with the delay cost. When the cost is set to 500 SEK a cost 
saving is obtained for all tested buffer sizes. This also gives a hint that the cost generates 
misleading results. Thus, the case when the cost of adding a buffer is set to 500 SEK or 2500 
SEK is delimited from further analyses. 
 

 
Figure 22, Delay cost with respect to buffer size and buffer cost based on average delay cost.  

The same experiment is further on made with the cost matrix for evaluating delays. The result 
of this is shown in Figure 23.  
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Figure 23, Delay cost with respect to buffer size and buffer cost based on a cost matrix. 

By comparing Figure 22 and Figure 23, we can see that both graphs follow the same pattern. 
One important difference between the graphs is that the delay cost is approximately 20 MSEK 
higher in Figure 22, when the delay cost is based on the average delay cost. However, when 
slack is added in the optimization model the cost of adding a buffer must be lower when the 
cost matrix is used in comparison with the case when the default value is used. This is based on 
the fact that the buffer needs to decrease the cost equally in both cases. When the cost scale is 
high, the cost saving becomes high as well and the effect of a buffer increases.  
 

7.3. Results from the model 

The results from the model are presented in two cases. The first presented case, Case 1, is based 
on the average cost of delays 540 SEK per minute. Case 2 is instead based on a cost matrix, 
which was presented earlier in the report in Table 6. 
 
In Table 9, the results of Case 1 are summarized. With a low cost of adding buffers, it is obvious 
that a high number of buffers are added. At the same time, the cost savings and the punctuality 
are increasing with a low buffer cost. When the cost is low, the risk of adding unwanted slack 
due to randomness is higher. However, if the cost is too high, patterns for where and when slack 
should be added have a large risk of being undetected. As the upper confidence boundary is 
tested against the lower confidence boundary the risk of misleading improvements is kept low. 
But still, it is vital to keep in mind that not all of the added buffers are improvements and 
therefore the cost savings are slightly overestimated. For instance, buffers may be added before 
or at a large buffer, which indicates that the buffer is added due to randomness instead of 
logically.  
 
Overall, Table 9 indicates that even a high cost of adding buffers leads to large improvements 
of the system. Aircraft rotations with a large risk of delay propagation have the largest 
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advantage of slack. This depends on that one buffer may lead to cost reduction for several flights 
in the downstream aircraft rotation. 
 
Table 9, Summarized outcome of the model with a fixed cost per delay minute. 

Buffer Cost [SEK] 1000 1500 2000 

Added buffers 776 327 103 

Cost saving [MSEK] 1.92 0.71 0.31 

P3_delta 1.06 0.54 0.25 

P15_delta 1.47 1.11 0.84 

 
 
When Case 2 is studied large delays are given a higher cost, while delays not affecting the P15 
punctuality measurement are not considered as costs. The result from Case 2 is presented below 
in Table 10. Generally, the same patter as for Case 1 is given even if the cost matrix does not 
consider delays less than 16 minutes.  
 
Table 10, Summarized outcome of the model with the use of a cost matrix for determining the delay cost.  

Buffer Cost [SEK] 1000 1500 2000 

Added buffers 797 351 160 

Cost saving [MSEK] 1.83 0.75 0.30 

P3_delta 0.91 0.52 0.29 

P15_delta 1.45 1.11 0.92 

 
When the two cases are compared with each other it appears that more buffers are added in 
Case 2. Thus, the effect of adding buffers is increased. As delays less than 16 minutes do not 
affect the cost saving in Case 2, the cost savings becomes less even though more buffers are 
added. The punctuality is close to equal for the buffer costs of 1500 and 2000 SEK. When the 
buffer cost is set to 1000, the P15 punctuality is about the same for both cases. The difference 
between the two cases is rather the P3 punctuality. The underlying reason for this is that Case 
2 only suggest to add buffers where large delays occurs, whilst Case 1 may add up the cost 
savings from several small delays.  
 
By comparing the cases and how the costs are evaluated it is clear that buffers have the largest 
effect where the risk of heavy delays is high. The impact of small delays is given a low focus, 
which should be discussed further.  
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7.4. Characteristics for where time buffers are added 

To analyze where slack is added is a difficult task. This is mainly due to the number of 
combinations of where buffers are added. The number of different aircraft rotations can vary 
widely and even if the aircraft rotations are the same considering flights, the scheduled ground 
time may vary. Another issue with analyzing where the buffers are added, is the fact that it is 
not enough to compare one row with another. Instead, each and every flight has to be 
investigated with respect to the whole aircraft rotation. For instance, if slack is added at one 
airport, it does not have to indicate that this airport is the root cause of the low punctuality. 
Instead, the main issue could be both before and after the airport where the buffer is added.  
 
However, as the analysis of characteristics for where buffers are added is difficult due to 
complexity to perform quantitative, a qualitative investigation is performed instead. By going 
through each and every aircraft rotation where slack is added, characteristics are found for when 
slack is added to the traffic program. 
 
The model generates a solution where most of the buffers are added at Bergen, Bodö and Oslo 
airport. One reason for this is that the turnarounds on these airports may be scheduled below 
the minimal ground time. The airport in Tromsö has also buffers below the minimal ground 
time, but even though it is below minimal ground time no buffers are added at Tromsö. The 
reason for this is that when it is scheduled below minimal ground time on Tromsö, it is often 
planned with a firebreak on the next turn or otherwise it is often the last flight of the day in the 
aircraft rotation. This means that an improvement of the punctuality at Tromsö does not 
generate cost savings for several legs. Therefore, it is more efficient to add slack at Bodö and 
Bergen for instance, as these flights generally have more downstream flights without a 
firebreak. 
 
Regarding when buffers are added at Bodö, the downstream flights in the aircraft rotation often 
goes to Tromsö and back to Bodö. This part of the aircraft rotation is often scheduled with a 
too low turnaround time twice on Bodö, while Tromsö is planned with a maximum of five-
minute slack. These aircraft rotations generally consist of many flights without an actual 
firebreak throughout the whole day, which leads to a low robustness. 
 
In Bergen, slack was only added when the buffer time was below the minimal ground time. 
Most of the times when slack was added in Bergen, the downstream flights were scheduled 
without a buffer for several flights, especially to Stavanger and Trondheim. These aircraft 
rotations are frequently scheduled back to Bergen again with a turnaround time equal the 
minimal ground time. If a five-minute buffer is added at the airport after Bergen the following 
turnaround is consequent planned below the minimal ground time again.  
 
Concerning the added buffers at Oslo, the model added most of the buffers at aircraft rotations 
including Copenhagen. In some cases, the model added a five-minute buffer even though it 
already is a buffer of 5 minutes. This indicates that these aircraft rotations have a low 
robustness. 
 
Another important finding is that the number of added buffers is more than twice in December 
and January in comparison with the other months of the winter traffic program. This implies 
that it could be necessary to differentiate these months from the other months in the winter 
traffic program. 
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Buffers are mostly efficient on the second leg of an aircraft rotation and when the buffer time 
is set below the minimal ground time. This highlights the importance of obtaining a high 
punctuality in the beginning of the day in order to maintain a high punctuality throughout the 
day.  
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8. Verification of results 
In order to verify the findings that the simulation model highlighted, the actual outcome of the 
last traffic program is analyzed. By comparing the actual outcome of aircraft rotations with the 
characteristics that the model pointed out, the results of the model can be verified or falsified.  
 
Bodö is often scheduled with a too low turn time in comparison with the minimal ground time. 
In fact, the turn time in Bodö is below minimal ground time in about 65 percent of the cases. 
However, the model added a lot of slack in Bodö, but this was falsified when compared with 
the outcome of the real world system. When the buffer time was below minimal ground time, 
the number of delays did not increase. This indicates that the minimal ground time TPE should 
be reconsidered at Bodö and lowered by five minutes. It also implies that the model weights 
scheduled ground times below the minimal ground time too high.  
 
The same pattern, as described for Bodö, was also detected at Bergen. A large proportion of the 
flights departing from Bergen are scheduled with a too low turnaround time. The actual time 
for turnaround is generally low in Bergen and even though the turnaround is scheduled below 
minimal ground time a high punctuality is achieved. Even if the average turnaround time was 
slightly higher than on Bodö, the minimal ground time should be investigated further in order 
to find out if the minimal ground time can be decreased.  
 
Oslo was also a departure station with a large demand of added buffers. When the turnaround 
times were studied, it was concluded that the turnarounds on Oslo were on an average 5 minutes 
longer than the scheduled turnaround time. This was the case for both turnarounds lower than 
the minimal ground time as well as when the turnaround was scheduled with minimal ground 
time. Thus, this strengthens the already performed analyses at SAS, that the turnaround time on 
Oslo should be increased for future traffic programs. 
 
Tromsö has one of the lowest punctualities, but still no buffers were added at this airport. The 
main reason for this is that the adding of buffers is preferred on Bergen and Bodö, which often 
are included in the aircraft rotation where Tromsö occurs. When the punctuality was 
investigated at Tromsö, it was concluded that the turnaround took an average of 5 minutes 
longer than scheduled. The reason why the model did not detect Tromsö as an issue is that the 
flight after Tromsö often is given a firebreak. By increasing the turnaround time at Tromsö, the 
punctuality would be increased and the need of the after lying firebreak would decrease. If the 
firebreaks after Tromsö are removed, the effect of an added buffer on Tromsö would be 
increased. Today the punctuality, when departing from Tromsö, is given a too low focus as the 
firebreak solves the problem for the downstream flights. 
 
The buffers added on aircraft rotations, which includes Copenhagen, was given buffers even 
though buffers already existed. At first, this was seen as weakness of the model. However, when 
these aircraft rotations were analyzed it was proven that they had a large amount of delays and 
the delays were often greater than 15 minutes, which verified the outcome of the model. In this 
case, buffers might not be the right solution to increase the punctuality and to reduce the costs 
of these aircraft rotations, including Copenhagen. Instead, the root causes for these delays must 
be considered and further analyzed in order to improve the traffic program. One possible issue 
could be crew connections, ground handling processes or airport congestion, which therefore 
could be more efficient to improve rather than adding more buffers. 
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9. Discussion 
In this report we have shown how simulation can be used in order to find how the traffic 
program can be improved. However, before drawing any conclusions, it is important to consider 
the limitations and simplifications that have been done. For instance, the solutions that the 
model generates might be infeasible. This is due to the fact that no consideration is taken to 
passenger connections or crew connections. Therefore, we cannot ensure that the solution is 
feasible or that more robust aircraft rotations lead to improved performance for the overall 
system. 
 
In this report, the study was delimited to only consider route sector Norway and its domestic 
and Scandinavian flights. The code written for this project has a few hard coded sections, but 
with some modifications the model can be used in order to analyze similar systems, as route 
sector Sweden and Denmark.  
 
The model mirrors the real world system well. When cost aspects are added in the optimization, 
the uncertainty of the model is increased. As both the delay cost and the delay for adding buffers 
are determined without respect to the number of passengers or what aircraft that is used, the 
modeled outcome have a high sensitivity. This must be considered when evaluating the results, 
before any actions are taken and the results are implemented in the traffic program. Smaller 
aircraft with a low amount of passengers should therefore be given less focus in comparison 
with larger aircraft with a higher amount of passengers. However, adding a time buffer means 
that all downstream flights have to be reallocated and therefore airport slots also needs 
reallocation. This could mean that other airlines get the chance to obtain more profitable slots, 
which in a long term perspective may affect the company´s market shares negative. 
 
In order to obtain a stronger model, it could be beneficial to introduce a variable which 
considers weather conditions. Still, it is difficult to schedule for when severe weather conditions 
occur on a daily level. Thus, the model could be used on a daily level in order to predict where 
and when delays will occur.  
 
It could also be interesting to reduce the number of simplifications and for instance simulate 
the turnarounds and the block hours separately. This could lead to issues regarding flights 
between an origin and destination with a too low amount of historical flights.  
 
As in all stochastic simulation studies, it is important to remember that the results may vary 
between one run and another. With stochastic systems it is always randomness, which is also 
the strength of simulation. Thus, some output of the model could be misleading due to this 
randomness. This can be managed by increasing the number of simulation runs, but the results 
should always be taken with consideration. In order to obtain a higher validity, the result needs 
to be carefully analyzed with additional expert knowledge. 
 
Flights departing from Copenhagen have a large proportion of delays even after firebreaks. The 
main root cause of delays are rotational delays due to awaiting passenger, luggage or crew from 
other flights. This means that buffers generates slack for the aircraft, but not for the whole 
system. Therefore, further analyses needs to be performed before adding buffers. 
 
When the punctuality is increased, it also increases the customer satisfaction and it strengthens 
the brand. This is not quantified in this study, but it is important to highlight as it has a strong 
additional value for the company.  
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10. Conclusion 
Simulation is a great tool for modeling an air traffic program. In this report it has been shown 
that by including more time buffers, Scandinavian Airlines can achieve a higher punctuality 
and at the same time lowering delay costs. In other words, the robustness can be improved at 
the time cost savings are obtained.   
 
It is important to highlight that the key performance indicators, regarding P3 and P15 
punctuality, are not reached at the moment. This means that the punctuality has to be improved 
by either introducing more time buffers or by reducing the number of disruptions. In order to 
reach the key performance indicators an efficient way is to add more buffers. It could also be 
necessary to add buffers even if they are not generating a cost saving but in order to reach the 
target levels. 
 
By implementing more time buffers the traffic program can become more cost efficient at the 
time the punctuality is improved. It is generally in December and January that buffers have the 
greatest impact. The most frequent aircraft rotations, which benefits the most of scheduled 
slack, includes flights departing from Oslo to Copenhagen, from Bergen to Stavanger or 
Trondheim and flights departing from Bodö to Tromsö. These are often scheduled with a 
turnaround time less than the minimal ground time. Further on, the downstream flights are 
scheduled with minimal ground time for several flights. Thus, these aircraft rotations have a 
low robustness and when one disruption occurs, the delay has a small chance of being 
recovered. When aircraft rotations are scheduled without firebreaks, the robustness becomes 
low and one single disruption may affect several flights. To be able to reach the key 
performance indicators regarding punctuality, five minute buffers are an efficient method. 
Another method is to add more firebreaks to the schedule as these may lead to great cost savings 
when large delays are recovered. At the same time, if no delay occurs before the firebreak, it is 
a large cost in form of unused resources.  
 
In order to increase the robustness, the minimal ground time should be increased on Oslo and 
Tromsö. One way of reducing the cost, without lowering the punctuality, is to decrease the 
minimal ground time on Bergen and Bodö.  
 
The relation between cost of delays and cost of adding buffers have a large impact on the model. 
In order to obtain improved analyses, the cost matrix must be improved in order to differentiate 
flights depending on the flights value.  
 
From the results of the model it was shown that cost savings can be made between 0.3 MSEK 
up to 1.9 MSEK for one winter traffic program in route sector Norway. The cost obviously 
varies depending on how the cost of adding buffers is evaluated. With a lower cost of adding a 
buffer, the potential cost savings become higher.  
 
By including about 350 buffers, the punctuality for route sector Norway can be improved by 
0.5 percentage points, while the P15 could be improved by 1.1 percentage points. This leads to 
that the target punctualities are achieved.  
 
It was also concluded that a cost of delays less than 16 minutes did not have a major impact of 
where buffers are added. This means that a small delay, which is maintained for several flights, 
will not be given a buffer. Instead, one large delay which is only affecting one or two flights 
may be given a buffer. 
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11. Recommendations 
In this section, we present our findings and recommendations that we have discovered during 
our project. To begin with, we would like to recommend SAS to consider if adding more buffers 
is possible in the mid winter season, especially in December and January. In the current state, 
the punctuality is too low in comparison with the key performance indicators. In order to reach 
a higher punctuality and customer satisfaction, the company needs to improve the robustness 
of the traffic program. The robustness can be improved by including more slack in the traffic 
program or by reducing the risk of disruptions from other processes.  
 
Today, delays are not registered in an optimal way. When a delay occurs after block off, no 
delay code is generated and if the delay propagates to the next flight it will only be presented 
as a rotational delay without a root cause. In order to obtain a better understanding of the system, 
delay codes should be reported after block off as well. For instance, if a de-icing process takes 
too long time or if a taxi in process leads to a delay. With more information about root causes 
for delays, the company can focus on improving the right parts of the system. Today, the largest 
parts of delays are due to rotational delay and most of these are missing an actual root cause. 
This may lead to improvements of wrong activities in the traffic program and could therefore 
be classified as waste. By improving how delay information is registered, the analyses and the 
understanding of the traffic program can be improved.  
 
Some airports have de-icing stations where the aircraft have to drive by before they take off. 
This means that the de-icing is performed after block off and the resulting block hour will 
consequently be longer when de-icing is performed. In order to obtain a higher robustness of 
the traffic program, the block hours have to consider how the de-icing process for different 
airports affects the arrival punctuality.  
 
The minimal ground time should be reconsidered at Bergen and Bodö in order to analyze if it 
is possible to decrease this minimal ground time by five minutes. At Oslo and Tromsö the same 
analysis should be performed in order to determine if an increase of the minimal ground time 
is possible in order to reach a higher robustness. 
 
We recommend SAS to analyze how buffers are scheduled in Copenhagen due to the high 
amount of delays even after firebreaks. Flights without firebreaks generally have many delays 
due to late arrival of previous flight, but when the firebreaks are added new delays may occur 
as new passenger and crew connections becomes available. Thus, it is important to remember 
that adding a firebreak do not always imply an improvement of the punctuality.  
 
At last, we would also like to recommend SAS to analyze how the turnaround process on 
Copenhagen airport can be improved with the objective to obtain a higher punctuality. 
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Appendix 
Below are the empirical distribution functions presented for flights departing from Bergen and 
Ålesund in January. In this Appendix, an extract of six of the total 150 charts are presented. 
 

 
Figure_Apx 1, Empirical distribution function for flights departing from Bergen in January before 06:30 (GMT). 

 
 

 
Figure_Apx 2, Empirical distribution function for flights departing from Bergen in January with a buffer turn. 

 
 

 
Figure_Apx 3, Empirical distribution function for flights departing from Bergen in January with a tight turn. 
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Figure_Apx 4, Empirical distribution function for flights departing from Ålesund in January before 06:30 (GMT). 

 
 
 

 
Figure_Apx 5, Empirical distribution function for flights departing from Ålesund in Janu ary with a buffer time. 

 

 
Figure_Apx 6, Empirical distribution function for flights departing from Ålesund in January with a tight turn. 


