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I. ABSTRACT  

Airspace capacity is in most part influenced by air traffic controller workload which 

increases with the increase of air traffic complexity. With transition to trajectory-based 

operations (TBO), a decrease in air traffic controller workload is expected; however, the effect 

on air traffic complexity was not studied. Due to this, it was necessary to measure and compare 

complexity during conventional operations versus TBO.  

For this purpose 10 air traffic controllers were recruited to perform a series of real-time 

human-in-the-loop simulation runs in conventional and trajectory-based operations. Subjective 

complexity scores were collected in real-time. It was found that the air traffic complexity is 

reduced in TBO. The reduction in complexity was detectable only at higher fractions of aircraft 

flying according to TBO (≥70% of aircraft in the fleet mix) and at higher traffic loads (>15 

aircraft simultaneously present in the airspace sector). 

Furthermore, 20 commonly used complexity indicators were tested for correlation with 

subjective complexity scores and a predictive linear model was produced using six of them. 

However, regression analysis showed that the commonly used complexity indicators 

underperform in TBO so it was necessary to define new complexity indicators which are 

appropriate for analysis of the effect TBO will have on air traffic. Seven novel, TBO-specific, 

complexity indicators, were developed and experimentally validated. Two of those 

outperformed a couple of the complexity indicators used in the previous model.  

 

Key words: air traffic complexity, trajectory-based operations, subjective complexity, 

complexity indicators. 
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II. PROŠIRENI SAŽETAK  

Sustavi upravljanja zračnim prometom u Europi i Sjedinjenim Američkim Državama su 

trenutno u stanju potpune preobrazbe. Dosadašnji sustavi, iako sofisticirani, ne mogu pratiti 

kontinuirani rast prometne potražnje. Iako su neke godine bile posebno teške kako za svjetsku 

tako i za europsku zrakoplovnu industriju, što zbog terorizma (2001.) a što zbog recesije 

(2009.), zračni promet je bio gotovo u stalnom rastu od ranih osamdesetih godina s godišnjim 

prosječnim rastom od oko 3% [1] [2]. Kako bi se omogućio ovakav rast, bilo je potrebno uvesti 

niz programa u Europi s ciljem povećanja kapaciteta, sigurnosti i učinkovitosti letenja. 

Međutim, kako bi se omogućio predviđeni budući rast, potrebne su temeljitije promjene. 

U Europi, program koji će realizirati ove promjene se zove Jedinstveno europsko nebo 

(Single European Sky - SES), čiji je tehnološki dio nazvan SESAR (Single European Sky ATM 

Research). U SAD-u postoji sličan program, nazvan NextGen, koji će biti kompatibilan sa 

SESAR-om. SESAR-ov je cilj modernizacija europskog ATM sustava koordinacijom 

prethodno razjedinjenih nacionalnih razvojno-istraživačkih programa. Od početka SESAR-a u 

2005. njegovi su ciljevi više puta bili revidirani, uglavnom u skladu s rezultatima razvojne faze 

programa. Trenutni su ciljevi za inicijalnu fazu SESAR-a: povećanje kapaciteta za 27%, 

smanjenje utjecaja na okoliš za 2.8% po letu, smanjenje troškova za 6% po letu, a sve bez 

povećanja broja zrakoplovnih incidenata i nesreća povezanih sa sustavom ATM-a [3].  

Ključ ostvarenju ovih ciljeva je poslovna putanja zrakoplova (eng. Business Trajectory – 

BT) koja se tako zove jer predstavlja ugovor između zračnog prijevoznika i pružatelja usluga u 

zračnoj plovidbi (kontrole zračnog prometa). Pri određivanju poslovne putanje korisnici 

zračnog prostora, pružatelji usluga u zračnoj plovidbi i operateri aerodroma, međusobno 

surađuju sa svrhom postizanja optimalne putanje zrakoplova od terminala do terminala [4]. 

Zbog toga se ovaj koncept upravljanja zračnim prometom naziva i operacije zasnovane na 

putanjama zrakoplova (eng. Trajectory Based Operations – TBO). Poslovne putanje su 

definirane kao niz 4D točaka (3D+vrijeme), pa je preduvjet letenju po poslovnim putanjama 

mogućnost vođenja 4D navigacije. Prednost 4D navigacije je veća predvidljivost buduće 

pozicije zrakoplova. Zbog toga će se u operacijama zasnovanima na putanjama konflikti moći 

razrješavati na strateškoj razini. Razrješavanjem konflikata na strateškoj razini smanjuje se 

radno opterećenje kontrolora koji djeluju na taktičkoj razini. TBO također omogućuju bolje 

upravljanje resursima (ljudskim resursima, kapacitetom aerodroma/zračnog prostora i sl.), 

smanjuju utjecaj letenja na okoliš i smanjuju troškove. 
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Očekuje se da će smanjenje broja konflikata koje je potrebno riješiti na taktičkoj razini 

smanjiti i kompleksnost zračnog prometa. Ova pretpostavka je jasno iznesena u SESAR WP 4 

– En route operations [5]: 

Cilj SESAR-ovog koncepta je implementacija alata za upravljanje kompleksnim 

situacijama kako bi se smanjila kompleksnost putem strateških mjera 

razrješavanja konflikata  u novom sustavu ATM-a. (prijevod autora) 

Međutim, još nije znanstveno dokazano kako TBO u cjelini utječu na kompleksnost 

zračnog prometa. Glavni je cilj ovog istraživanja dati odgovor na to pitanje. Stoga je formuliran 

sljedeći cilj istraživanja. 

Cilj istraživanja: Odrediti utjecaj prelaska s konvencionalnih operacija na operacije 

zasnovane na putanjama na kompleksnost zračnog prometa u rutnim sektorima zračnog 

prostora. 

Hipoteza: Koncept operacija zasnovanih na putanjama izravno smanjuje kompleksnost 

zračnog prometa u rutnim sektorima zračnog prostora. 

Argumenti koji potkrepljuju hipotezu: 

1. Koncept operacija zasnovanih na putanjama temelji se na principu 4D navigacije 

koji omogućuje strateško razrješavanje konflikata radi preciznijeg planiranja i 

izvođenja leta. 

2. Strateški razriješeni konflikti smanjuju kompleksnost zračnog prometa na 

taktičkoj razini. 

3. Smanjenjem kompleksnosti zračnog prometa smanjuje se radno opterećenje 

kontrolora. 

4. Primjena adekvatnih kontrolorskih alata u operacijama zasnovanim na 

putanjama u funkciji je smanjenja kompleksnosti. 

Cilj doktorske disertacije bio je odrediti utjecaj prelaska s konvencionalnih operacija na 

operacije zasnovane na putanjama na kompleksnost zračnog prometa u rutnim sektorima 

zračnog prostora. Kako bi se taj cilj ispunio bilo je potrebno izvršiti komparativnu analizu 

kompleksnosti zračnog prometa prije i poslije uvođenja operacija zasnovanih na putanjama. S 

obzirom na to da takav koncept operacija još uvijek nije implementiran u operativnim sustavima 

upravljanja zračnim prometom, bilo je potrebno u istraživanju primijeniti metodu simulacije. 

Simulacija se provodila u stvarnom vremenu na simulatoru radarske kontrole zračnog prometa 

koji je također bio razvijen za potrebe rada. 
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Za postizanje potrebne razine vjernosti simuliranog rada, razvoj simulatora je pratio 

sljedeću metodologiju: 

1. Metodom analize operativnih priručnika, metodom intervjuiranja kontrolora te 

metodom promatranja kontrolora u radu na stvarnim sustavima popisane su značajke koje 

simulator oblasne kontrole zračnog prometa mora sadržavati u postojećem konceptu operacija. 

2. Metodom analize postojeće znanstvene i stručne literature, ustvrđeno je koje značajke 

mora sadržavati simulator oblasne kontrole zračnog prometa u konceptu operacija zasnovanih 

na putanjama. 

3. Vjernost simuliranih putanja zrakoplova validirana je metodom komparacije sa 

stvarnim putanjama zrakoplova za dva tipa zrakoplova (turbo-propelerski i mlazni) u kontekstu 

3D i 4D navigacije. 

4. Izgled i funkcionalnost sučelja simulatora validirana je usporedbom s BEST1 

simulatorom kontrole zračnog prometa. 

U nastavku istraživanja je regrutirano 10 kontrolora zračnog prometa za izvođenje vježbi 

na simulatoru. Prije početka rada na simulatoru svi su sudionici bili ispitani metodom 

anketiranja kako bi se prikupili osnovni podatci o dosadašnjem iskustvu, godinama staža i 

starosti. Osim anketiranja, svi su sudionici bili upoznati s načinom funkcioniranja simulatora 

kroz nekoliko pripremnih scenarija kako bi se izbjegao utjecaj različite brzine prilagodbe 

kontrolora na simulator na rezultate. Kontrolori su potom pristupili izvođenju simulatorskih 

scenarija koji su bili podijeljeni u dvije grupe.  

Prva grupa scenarija sadržavala je planove leta koji su definirali putanje leta zrakoplova. 

U slučaju konvencionalnih operacija kontrolori su trebali taktički razdvajati zrakoplove. U 

slučaju operacija zasnovanih na putanjama zrakoplovi su bili strateški razdvojeni kroz postupak 

pregovaranja putanja. Svrha prve grupe simulacijskih scenarija je bila utvrđivanje 

kompleksnosti zračnog prometa za približno isti skup planova leta u različitim konceptima 

operacija. Da bi se to postiglo, tijekom izvođenja simulacija snimane su putanje svih 

zrakoplova, radio-telefonska komunikacija i interakcije kontrolora sa simulatorskom opremom. 

Osim tih parametara, tijekom izvođenja simulacija bilježena je i subjektivna kompleksnost 

zračnog prometa po modificiranoj ATWIT metodi. Rezultati su analizirani pomoću analize 

varijanci (ANOVA) koja je pokazala da se subjektivna kompleksnost zračnog prometa 

statistički značajno smanjila u TBO. Eksperimentalno je pokazano da je smanjenje bilo 

                                                      
1 BEST – Beginning to End for Simulation and Training, proizvođač MicroNav Ltd. 
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značajno samo u prometnim situacijama s većim brojem zrakoplova (>15 zrakoplova 

istovremenu u sektoru zračnog prostora) i s većim udjelom zrakoplova koji su letjeli u skladu s 

TBO (70%).  

U drugoj grupi scenarija su bile prometne situacije s postupnim povećanjem broja 

zrakoplova za oba koncepta operacija. Svrha druge grupe simulacijskih scenarija je bila 

ustvrditi postojanje promjene maksimalnog kapaciteta zračnog prostora pri prelasku s 

konvencionalnih na operacije zasnovane na putanjama. Povećanje maksimalnog kapaciteta u 

scenarijima s postupnim povećanjem broja zrakoplova detektirano je posredno. Umjesto 

trenutačnog broja zrakoplova u sektoru korišteno je vrijeme do kojega su kontrolori uspjeli 

održati prometnu situaciju pod kontrolom. U trenutku kada je došlo do narušavanja minimuma 

razdvajanja ili kada je kontrolor dao maksimalnu ocjenu kompleksnosti, simulacija je 

zaustavljana. Na taj se način diferenciralo između dvoje kontrolora koji su izgubili nadzor nad 

situacijom pri istom broju zrakoplova ali jedan je ostvario značajno dalji napredak u scenariju. 

Iako su scenariji bili iznimno zahtjevni, neki su kontrolori uspjeli dovršiti scenarije do kraja 

(što nije bilo predviđeno). Iako je uočeno statistički značajno povećanje kapaciteta kod prelaska 

s 0% na 30% TBO zrakoplova, isti učinak nije uočen kod prelaska s 0% na 70% TBO 

zrakoplova (gdje je zabilježen najveći pad subjektivne kompleksnosti). Zbog ovako 

nedorečenih rezultata te zbog malog uzorka, ne može se sa sigurnošću utvrditi postoji li efekt 

povećanja kapaciteta zračnog prostora kod operacija zasnovanih na putanjama. 

Podatci prikupljeni tijekom simulacija korišteni su i za validaciju objektivnih pokazatelja 

kompleksnosti. Za potrebe ove disertacije napravljen je pregled literature koja se bavi 

kompleksnošću i objektivnim pokazateljima kompleksnosti. Od preko 100 predloženih 

pokazatelja kompleksnosti izabrano je 20 koji se tiču kompleksnosti zračnog prometa (nisu 

uzeti u obzir oni koji se tiču zračnog prostora i aerodromskih operacija), koji su jasno definirani 

i koji su eksperimentalno validirani. Njihove su se vrijednosti računale isključivo na temelju 

prometne situacije. Metodom regresijske analize utvrđeno je da podskup od šest postojećih 

pokazatelja najbolje korelira s doživljenom kompleksnošću (R2 Adjusted = 0.554). Ista je 

analiza izvedena za svaki podskup scenarija te je utvrđeno da se koeficijent determinacije (R2) 

subjektivnog doživljaja kompleksnosti s objektivnim pokazateljima kompleksnosti smanjuje s 

povećanjem udjela TBO zrakoplova. To navodi na zaključak da trenutni pokazatelji 

kompleksnosti nisu u potpunosti prikladni za TBO. Zbog toga je razvijeno sedam novih 

pokazatelja kompleksnosti koji su prilagođeni operacijama zasnovanim na putanjama. 

Ponovljena regresijska analiza pokazala je značajno bolji koeficijent determinacije (R2 
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Adjusted = 0.691) za model s četiri stara i dva nova (specifična za TBO) pokazatelja 

kompleksnosti. 

Na temelju rezultata i ograničenja ovog istraživanja, buduće istraživanje je moguće 

nastaviti u nekoliko pravaca. Uz veći broj sudionika i simulacijskih scenarija moguće je dodatno 

nadograditi ove rezultate. Nadalje, ovo istraživanje je bilo provedeno u nominalnim uvjetima 

oblasne kontrole zračnog prometa. Zbog toga je u budućem radu potrebno posebnu pažnju 

pridati terminalnim operacijama i izvanrednim događajima. Tijekom van-rutinskih događaja bit 

će neophodan postupak za ponovno pregovaranje 4D poslovne putanje zrakoplova što je još 

jedan mogući izvor kompleksnosti. Također, daljnji rad na objektivnim pokazateljima 

kompleksnosti mogao bi dovesti do otkrivanja novih, boljih pokazatelja i modela povezivanja 

vrijednosti pokazatelja kompleksnosti sa subjektivnim doživljajem kompleksnosti (neuralne 

mreže, ne-linearna regresija).  
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1. INTRODUCTION  

The European and American air transport systems are currently in a state of 

comprehensive transformation. Current systems, while sophisticated, cannot sustain continued 

rise of the traffic demand. Though some years were particularly trying for worldwide as well 

as European air transport industry, due to terrorism (2001) and recession (2009), the air traffic 

has been on a steady rise since the early eighties with a yearly average growth of around 3% 

[1] [2]. In order to accommodate this growth a series of programmes with the purpose of 

increasing capacity, safety, and cost-effectiveness has been adopted across the Europe and in 

the USA. However, to accommodate the predicted future growth, a more fundamental change 

is needed. 

In Europe, the programme which will bring this change about is called Single European 

Sky (SES) with its technical component called SESAR (Single European Sky ATM2 Research). 

In the USA, a programme with similar goals exists, called NextGen, which will be compatible 

with SESAR and vice versa. SESAR aims to modernize the European ATM system by 

coordinating previously disjointed national research and development efforts. Since its start in 

2005 the SESAR high-level goals have been reviewed multiple times, mostly based on the 

results from the development phase. Current targets for SESAR Deployment baseline are: 27% 

increase in airspace capacity, no increase in ATM-related incidents and accidents, 2.8% 

decrease in environmental impact per flight, and a 6 % reduction in cost per flight [3]. 

Among the SES features that will help accomplish aforementioned performance goals is 

the concept of 4D trajectory management which is the basis of the future ATM concept of 

operations [4]. Because of this, the new concept of operations is commonly known as 

Trajectory-based Operations (TBO). Aircraft trajectories will be agreed (negotiated) among 

airspace users, air navigation service providers (ANSPs), and airports. Airspace user will have 

to fly the aircraft along the agreed trajectory with the required precision and accuracy in three 

dimensions (latitude, longitude, and altitude) and time, while ANSPs and airports will have to 

facilitate that trajectory [4]. Increased precision and accuracy during flight planning and 

execution allow solving traffic conflicts on a strategic level instead of relying on air traffic 

controllers (ATCO) solving them tactically. It also enables better resource management (human 
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resources, airspace/airport capacity etc), lowers environmental impact of the flight, and reduces 

costs. 

It is expected that the reduction in number of conflicts that have to be solved tactically 

will reduce the air traffic complexity. This expectation is clearly written in the SESAR WP3 4 – 

En route operations [5]: 

The goal of the SESAR concept is to deploy tools to manage complex situations in 

order to reduce complexity by strategic deconfliction measures within the new 

ATM system. 

However, it is not yet scientifically proven how TBO, as a whole, affects air traffic 

complexity. The main purpose of this research is to provide an answer to that question. In 

summary, research objective is to determine the effect of transition from conventional 

operations to trajectory-based operations on air traffic complexity in en-route sectors of 

airspace. 

1.1.  MOTIVATION AND AIMS  

This research was motivated by a combination of factors. The SESAR documents clearly 

emphasize the expected reduction in air traffic complexity after the introduction of TBO [5] but 

on the closer inspection the author has concluded that there was virtually no scientific evidence 

of such an effect. Although the positive effect of TBO on complexity could be expected (based 

on the aggregated body of evidence explaining interactions among complexity, workload, and 

capacity), only a dedicated study could prove or disprove its existence. Filling the gap between 

current evidence and expected results was the main motivation for the author to begin the 

research. 

Other reasons for this research stem from the previous research by the author. Previous 

research, which was mostly focused on 4D navigation and conflict detection and resolution, 

was conducted using the fast-time simulations which proved (to the author) the feasibility of 

3D and 4D trajectory generation using the EUROCONTROL’s Base of Aircraft Data (BADA) 

and hybrid aircraft models. A logical step forward was to test the concept using the real-time 

human-in-the-loop (HITL) simulations. 

Therefore, the main objective of this research was to measure the effect of TBO on air 

traffic complexity in en-route operations. This was to be achieved by performing an experiment 
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on an ATC HITL simulator with air traffic controllers giving subjective complexity scores for 

conventional and trajectory-based operations. 

As an additional way to confirm the effect of TBO on air traffic complexity, several 

simulation scenarios were used to detect the potential increase in airspace throughput and, 

implicitly, the potential decrease in controller workload (both of which should be caused by the 

decrease in complexity).  

To support the research objective, commonly used complexity indicators were tested for 

suitability for TBO. If the predictive power of those indicators when used in TBO is reduced, 

it would signal that the reduction in subjective complexity was not only due to reduction in 

number of aircraft-aircraft interactions. In that case, novel complexity indicators should be 

developed. 

Additional value of this research was development and validation of an ATC HITL 

simulator which uses BADA aircraft performance model combined with hybrid Flight 

Management System (FMS) model to support TBO research. 

1.2.  METHODS  

For the initial part of this research, a brief review of the current ATM system and the 

changes planned for the new concept of operations was performed. Main source of the 

information for this review were EUROCONTROL’s Performance Review Reports and 

SESAR documents. 

Next, a review and analysis of the previous research on air traffic complexity was 

performed. A comprehensive list of all complexity indicators was synthesized. A set of criteria 

for indicator elimination was developed; all indicators pertaining to terminal operations, off-

nominal operations, or indicators not clearly defined and validated were discarded. Through the 

process of elimination the complexity indicator list was trimmed to 20 indicators which were 

then described more thoroughly. 

Initial specifications of the air traffic control simulator were obtained through the 

observation of actual ATC systems in operation, literature review, and unstructured interviews 

with ATCOs. The simulator was modelled to use the EUROCONTROL’s aircraft performance 

model outlined in BADA combined with hybrid flight management system to generate the 

trajectories. The aircraft performance and trajectories were compared to the actual flight data 

obtained from the quick access recorders (QAR) of an Airbus A320 and Bombardier Q400. The 

simulator was tested during trial runs with ATCOs who gave their opinion on user interface, 
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functionality, and tool-set. These were used to improve the simulator via an iterative 

development process. 

Main simulation method was real-time human-in-the-loop simulation with one ATCO 

and one pseudo-pilot. The air traffic complexity scores were obtained in real-time via Air 

Traffic Complexity Input Technique (ATCIT). This technique was tailor-made for this research 

by adapting the commonly used Air Traffic Workload Input Technique (ATWIT). Values of 

the complexity indicators were also calculated during simulation runs. ATCIT scores were 

analyzed using the one-way repeated measures analysis of variance (ANOVA). Same method 

was used to test the effect of TBO on airspace throughput. Regression analysis was used to 

determine the amount of correlation between subjective complexity scores (aka ATCIT scores) 

and the values of objective complexity indicators. 

Finally, review of the complete research and analysis of the results was used to discuss 

the noticeable effects of TBO on complexity and throughput.  

1.3.  RESEARCH OBJECTIVE AND HYPOTHESIS  

Based on the motivation and aims of the research, a formal research objective and 

hypothesis are defined here. 

Research objective: To determine the effect of transition from conventional operations 

to trajectory-based operations on air traffic complexity in en-route sectors of airspace. 

Hypothesis: The air traffic complexity of en-route airspace sectors will be reduced after 

the introduction of trajectory-based operations. 

Arguments that support the hypothesis: 

1. Trajectory-based operations are based on 4D navigation which, due to the improved 

accuracy in flight planning and execution, enables strategic deconfliction. 

2. Strategic deconfliction reduces air traffic complexity on a tactical level. 

3. Reduction of air traffic complexity results in reduction of air traffic controller 

workload. 

4. Application of appropriate controller tools in trajectory-based operations is intended 

to reduce the complexity. 

Scope of the research: 

Only en-route operations will be considered. Terminal airspace would require a 

completely different set of simulation scenarios and participants. Additionally, whole analysis 
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should be done twice. Due to lack of resources terminal air traffic complexity assessment will 

have to be done in future work. Nonetheless, the results of research conducted on only en-route 

operations will allow drawing conclusion on the TBO as a whole. 

Only routine operations will be considered. Introducing inclement weather, emergencies, 

special operations (military, state, medical), would require a large number of additional 

simulation scenarios. Furthermore, whole range of external services would have to be simulated 

(military operation centres, SAR operation centres, fire departments, etc.). More importantly, 

non-routine situations are not good benchmarks for testing complexity because they are all, by 

definition, unique. 

Controllers will honour the business trajectory contract. They will give priority to TBO 

flights over conventional flights, as explained in Section 3.5. 

There will be limited coordination with other ATC units. The system that was developed 

for this research consists of only two positions: pseudo-pilot and controller. Due to this, pseudo-

pilot has to take on the role of other ATC units to facilitate coordination. This increases pseudo-

pilot’s workload so an additional assistant to pseudo-pilot was needed during high-intensity 

scenarios. 

Research was performed without the planner controllers. Besides requiring double the 

number of controllers (a problem in itself), it was deemed unnecessary for the goal of 

determining the subjective complexity level. 

A limited set of controller tools was used. Every effort was made to build a simulator that 

is as close to the actual controller operational environment, however, only the most important 

tools were developed (such as electronic range and bearing lines, route display, separation tool, 

short-term conflict alert, area proximity warning, height filter, secondary surveillance radar 

code filter, flight profile tool). Even as such, some of the tools were never used by controllers 

during the simulations and controllers did not express the desire for additional tools (which is 

an indication that the number of tools developed was adequate). 

1.4.  EXPECTED SCIENTIFIC CONTRIBUTION  

Based on the research objective and hypothesis, and taking into account the methods used and 

their limitations, this research is expected to contribute to the expansion of body of knowledge in the 

field of Traffic and Transport Technology with following research outputs: 

 Evaluation of conventional and trajectory-based concepts of operations. 
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 Analysis of the effect of introducing trajectory-based operations on air traffic complexity. 

 Determining the effect of reduction in air traffic complexity on airspace throughput for 

specific simulated conditions. 

 Development of new complexity indicators suitable for trajectory-based operations. 

 Development of real-time HITL ATC simulator for performing the analysis of the 

effects of trajectory-based operations on air traffic complexity. 

 Development of subjective Air Traffic Complexity Input Technique (ATCIT). 

1.5.  OUTLINE  

In the introductory chapter, the motivation for the research, hypothesis, and the research 

objective were presented. Additionally, the overview of the methods used and the expected 

scientific contribution were given.  

In the second chapter, titled Trajectory-based Operations, a general overview of the 

current air traffic management system (present concept of operations) is given along with the 

description of issues which led to the development of the future concept of operations according 

to SESAR. Comparison of the concepts together with changes that will happen during the 

transition to future concept of operations is also described.  

In the third chapter, titled Air Traffic Complexity, the term air traffic complexity is 

defined and its purpose for airspace capacity assessment is explained. In this chapter an 

overview of previous research in the field is given along with the commonly used complexity 

measurement methodology. Also, a set of complexity indicators commonly used in 

contemporary research is elaborated and categorized. Relevant complexity indicators, those 

pertaining to the air traffic complexity, are explained in more detail. The method for subjective 

complexity measurement and proposal for the scale that could be used for that purpose is 

presented. The possible effect of introduction of trajectory-based operations on complexity is 

described. 

Fourth chapter, titled Complexity Measurement Methodology, contains the description 

of methodology which was used to measure air traffic complexity for both concepts of 

operations (conventional versus trajectory-based operations). In this chapter a real-time HITL 

ATC simulator which was used for design of simulation scenarios, performing simulations, and 

measuring complexity, is described. Also, a description of the data preparation procedures used 
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to develop scenarios and scenarios themselves are given, followed by an analysis of participant 

demographics. 

In the fifth chapter, titled Analysis of Complexity Measurement Results, complexity 

measurement results are presented and analysed in order to elaborate on the proposed 

hypothesis. By using regression analysis the level of correlation between subjective complexity 

scores and complexity indicators was determined, thus selecting those indicators which provide 

statistically significant power for predicting subjective complexity. Additionally, novel 

complexity indicators suitable for trajectory-based operations were proposed and validated. 

Final chapter holds conclusions and proposals for future research. In this chapter, all 

relevant research objectives were reviewed and the effect of transition from conventional 

operations to trajectory based operations on air traffic complexity in en-route sectors was 

elaborated. As the increase of airspace capacity is one of the four main goals of introducing 

trajectory-based operations, it was deemed, among others, as an interesting goal of future 

research.  
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2. TRAJECTORY-BASED OPERATIONS  

In this chapter a comparison of the differences between conventional and trajectory-based 

operations will be made. Firstly, current ATM system will be described. Due to the fact that the 

SESAR initiative has already started and some changes are presently visible, in this context 

‘current’ means ‘pre-SESAR’. Secondly, issues with current ATM systems will be described 

and analyzed. Next, future ATM system concept description will be laid out with focus on the 

trajectory-based operations. 

By comparing these two concepts of operations the analysis will show the differences and 

similarities between them which will be the basis of simulator development (Chapter 4.2). 

2.1.  CURRENT ATM  SYSTEMS 

In current European ATM systems, many differences in equipment, capabilities, and 

technologies used among ANSPs make any generalization imprecise [6]. These differences are 

the main reason the SESAR is being introduced in the first place. Regardless of differences, 

some general similarities can be noticed. 

In the most general sense, current concept of operations (conventional operations) can 

be described as a flight of the aircraft through series of ATC sectors, wherein the local traffic 

is managed tactically, combined with the global (European) flow management system which 

prevents sector traffic overloading. In this context current ATM system can be divided into 

following functional elements, Figure 1. 

The main role of the Airspace organisation and management element is to adjust air 

navigation routes, air navigation aids, and other air traffic control resources, such as airspace 

sectorisation and human resources, to provide air navigation services in the most efficient 

manner. While doing this, care must be taken to ensure proper handling of predictable and 

unpredictable airspace resources limitations (e.g. meteorological conditions or military airspace 

reservations). Secondary role of this element is to predict changes in the traffic demand and to 

adjust airspace resources/structure to long-term requirements. 

The Air traffic flow and capacity management element should facilitate flow of aircraft 

through the traffic network as best as possible and even out possible peaks in demand which 

would otherwise be above the declared airspace or air-side aerodrome capacity. In this way the 

available capacity can be used efficiently. Nevertheless, Network Manager (NM) has only a 
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limited set of tools available for this task (e.g. re-routing, flight level management, sector 

configuration management, slot re-allocation), thus negatively impacting efficiency. 

Airspace user operations, in the context of commercial aviation, are a sum of all 

activities undertaken by aircraft operators in order to achieve their business plan. Those 

activities include a number of business processes; however, in the scope of this thesis are only 

planning and conducting flight operations. 

Airport operations can be divided into two main levels: strategic and tactical. Activities 

planned on a strategic level are those with longer lasting effects, such as airport slot planning 

which is done during a semi-annual International Air Transport Association (IATA) slot 

allocation conference. Airport slot is the time of take-off and landing reserved for an air carrier 

by an airport whose capacity is lower than demand (it is different from ATFM slot which is 

used to assure orderly and expeditious traffic flows). There are also many other strategic 

activities related to airport operations which are not directly related to ATM. On a tactical level, 

ATM related airport activities can belong to one of the following groups: ground movement 

management, departure and arrival management, aircraft services, and allocation of parking 

positions. 

Separation and Synchronisation are both part of the Air Traffic Control (ATC) 

operations. ATC has to provide safe, efficient, and orderly flow of air traffic [7]. To achieve 

F IGURE 1:  ATM  ELEMENTS (A DAPT E D F ROM 

[6 ] )  
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that goal air traffic controllers have to utilize equipment and systems according to established 

standard operating procedures. Any improvement in safety or efficiency comes from 

improvements in one or more of these elements (humans, machines, procedures). Depending 

on the phase of flight, aircraft are controlled by aerodrome control tower, approach control unit 

or area control centre. However, regardless of the phase of flight ATC operations can be broken 

down into four parts: 

 aircraft entry into the area of responsibility; 

 determining future aircraft positions and possible conflicts among them; 

 aircraft separation; 

 aircraft exit from the area of responsibility. 

All of the above-mentioned functional ATM elements are sources of issues that need to 

be resolved if the SESAR goals are to be reached. It is important to be aware which issues need 

to be resolved, what causes them, and even more importantly, what tools can be used to solve 

them. Next chapter deals with these issues and their causes. 

2.2.  ISSUES WITH CURRENT ATM  SYSTEMS  

Similar to any other technology, ATM systems have been continuously upgraded since 

the start of their operation. Nonetheless, issues that hinder the progress of the commercial 

aviation still remain. Effects of these issues are easily read from the Key Performance Indicators 

(KPI) compiled by EUROCONTROL in its Performance Review Report (Table 1).  

It needs to be noted that the numbers in the Table 1 are mostly for year 2013 during which 

the traffic levels slightly decreased. Aviation industry is forecasted to grow substantially by 

2020 and that could make these issues even more evident. Furthermore, by 2013 SESAR had 

been underway for nine years and SES performance tracking scheme for three (with first fully 

completed SES Reference period lasting from 2012 to 2014), so the data in the Table 1 shows 

the significant progress that took place since those days. For example, average delay per flight 

in 2003 was almost double than that in 2013, in spite of significantly lower traffic levels.  

The majority of issues with current ATM systems stems from inability to strategically 

plan and execute flights. Whether it is conflict resolution, weather avoidance, restricted airspace 

zone opening/closing, or direct aircraft routing, it all happens on a tactical level. These tasks 

are mostly handled by air traffic controllers on an airspace sector level with support of the 

airspace management cell and flow management position operational staff. Even though there 
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are measures for s trategic air traffic management, they are mainly used to ensure that airport 

and airspace capacities are not exceeded (e.g. ATFM slot allocation and sector regulations). 

 

TABLE 1:  KEY PERFORMANCE INDICATORS FOR EUROPEAN ATM  SYSTEM [8]  

PERFOR MAN CE 

AREA  
KPI  PROPERT Y  

Capacity Delays 5 million minutes of Air Traffic Flow Management (ATFM) 

delays. 1.3% of flights delayed more than 15 minutes en-

route. 16% of flights with punctuality of less than 15 

minutes. 

Costs ANS costs En-route and terminal Air Navigation Services (ANS) costs 

were estimated at €7.8 billion in 2013. This is equal to 6% 

of airline operating expenses. In addition, it is estimated that 

the reduced service quality results in additional €3 billion 

cost for the airlines. 

Environment Route 

extension 

Flight inefficiency of 3.14% (actual traversed distances 

were on average 3.14% longer than the distance between 

departure and destination airports). This corresponds to the 

increase of 195 million kilometres in total actual distance 

flown. 

ANS-

related CO2 

emissions 

Total ANS-related CO2 emissions were estimated at 4.1 

million tonnes in 2013 (1.3 million tonnes of fuel burned), 

which is equal to 0.2% of all anthropogenic CO2 emissions 

in Europe. 

Safety Accidents 

& Incidents 

Zero accidents and 80 serious incidents can be attributed to 

ANS during the period from 2010 to 2013. In addition, 

around 8000 other ANS-related incidents occurred during 

2012 (no similar information for 2013 as of now). 

 

Once the situation changes in one sector, information about that change is seldom 

effectively transferred to other sectors. For example, during conflict resolution, the air traffic 

controller does not have enough time and information to decide which of the de-conflicting 

manoeuvres (climb, descent, vectoring) at their disposal will have the least impact on flight 
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efficiency. In this example, when the controller solves the problem, they do not inform the next 

sector controller or the destination airport about one aircraft arriving late and other arriving 

early. In other words, if the problems are solved locally, solutions cannot be guaranteed to be 

globally optimal. 

As long as all major ATM tasks are performed tactically, the airspace capacity will 

depend on controller’s workload which is a function of number of aircraft and complexity of 

airspace and air traffic. To illustrate this point, the breakdown of en-route delay by source is 

given in Figure 2. It can be seen, based on the data for the year 2013, that the approximately 

52% of all en-route ATFM delays is attributable to ATC capacity and staffing. 

 

ATCO’s workload can be reduced by dividing the airspace into smaller segments 

(sectors) with fewer aircraft in them; however, with each division the effort needed to 

coordinate traffic with other sectors rises until further division of airspace becomes counter-

productive. Therefore, the only way to increase airspace capacity is to reduce ATCO’s 

workload by delegating some of the tasks to other services or automated systems. It is clearly 

stated in EUROCONTROL’s Strategic Guidance document [9] that:  

The ATM Target Concept will increase capacity by reducing the controller 

workload per flight (decreasing routine tasks and the requirement for tactical 

intervention). 

Prerequisite for transferring any task to another service or system is enabling access to 

the same information that the controller uses for decision-making. This is why the backbone of 

the SESAR programme is development of the System-Wide Information Management (SWIM) 

system. Transferring responsibility for some of the tasks from the tactical to the strategic level 

is predicated on much better information exchange, especially from the bottom to the top, but 

it enables search for the globally optimal solutions to the problems. 

F IGURE 2:  EN-ROUTE ATFM  DELAY CLASSIFICATION ,  DATA FROM [8]  
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Clearly, reduction in controller’s workload through delegation of tasks and reduction of 

air traffic complexity is not the only benefit coming from the improved strategic flight planning 

and execution, but it is one that is of most interest to this research. 

2.3.  FUTURE ATM  SYSTEMS 

In this chapter, future ATM systems as envisioned in SESAR will be presented. It was 

already mentioned in previous chapters that the ambitious goals of SESAR can only be achieved 

by changing the concept of operations at a fundamental level. New concept of operations relies 

heavily on increased predictability of aircraft 4D trajectories and is therefore known as 

Trajectory-Based Operations (TBO) concept. While current concept of operations is centred on 

airspace-based traffic management, in the new concept airspace users and ANSPs will define 

together, through a ‘collaborative process, the optimal [aircraft] flight path’ [9]. This concept 

of operations relies on five main features, Figure 3, supported by advanced automation. 

2.3.1.  TRAJECTORY MANAGEMENT  

Planned aircraft trajectory is often called Business Trajectory (BT) due to its nature as a 

contract between airspace user and service provider. In the case of military it is called Mission 

Trajectory (MT). The process of Business Trajectory planning begins when the airspace user 

develops the desired flight plan and 

ends when the flight has successfully 

arrived at the destination airport. This 

means that the airspace user is the sole 

source of the flight intent and aircraft 

trajectory information which, based on 

the assumption that the airspace user 

will use the most efficient trajectory, 

guarantees the most efficient flight 

operations at a global level. Once all 

trajectories are collected for a given 

day, central air traffic management unit 

will make adjustments to those 

trajectories with the goal of resolving 

all conflicts and making allowance for 

F IGURE 3:  FEATURES OF THE NEW 

CONCEPT OF OPERATIONS [9]  
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poor weather conditions. If this procedure is to work, the trajectories will have to be very 

precisely defined in all four dimensions (3 spatial dimensions plus time) and accurately 

executed. The purpose of the future ATM systems is to enable this process with minimum of 

restrictions. Main tool for the development of the business trajectories will be the Collaborative 

Decision-Making (CDM) process. Development of the business trajectory can be roughly 

divided into three phases [4]: 

 Business Development Trajectory – BDT 

Depending on the nature of the intended flight operations, airspace user can start the 

process of business planning months or even years ahead of the launch date. The goal could be 

to develop the flight schedule or allocate resources for flight operations. The airspace user will 

make the BDT through a series of iterations, improving and upgrading it with regards to 

infrastructural or other limitations, but without the requirement of informing other CDM 

stakeholders [4]. Duration of this phase depends on the needs of the airspace user and in some 

cases, such as charter flights, can be virtually non-existent. 

 Shared Business Trajectory – SBT 

When the airspace user finishes development of the preferred trajectory, the trajectory is 

sent to the ATM system and at that time it becomes the SBT. Based on the collection of 

trajectories from all airspace users for a given day, CDM stakeholders will allocate resources 

needed for successful execution of the planned flight operations. If necessary, ATC will 

reorganize or adjust airspace sectorisation and airports will tune their plans for the expected 

demand. With the increased quality and quantity of data, ATC can plan how to manage airspace 

in relation to required service levels for the expected levels of air traffic complexity and density. 

During this phase, which lasts from six months to several hours before flights take off, civil and 

military flights are initially coordinated. Also, coordinating unit can notice some potential 

disagreement between SBTs and traffic network limitations. In that case the airspace users will 

be informed about those limitations and SBTs will have to be changed accordingly. During the 

trajectory negotiation process, it is expected that conflicts will be resolved.  

 Reference Business Trajectory – RBT 

Iterative trajectory negotiation process ends with creation of RBT which is finalized 

moments before the flight commences and for which there is a general agreement among 

ANSPs, airports, and airspace user. RBT is activated before the first ATC clearance but it does 

not have the power of clearance for the complete flight. Instead, the ATC still has to clear each 

portion of the flight in real-time. RBT is a goal that is achieved gradually throughout the flight. 
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RBT also evolves during the flight in order to include and take into consideration all possible 

changes in flight conditions, weather, ATC clearances and restrictions. This process is called 

trajectory re-negotiation and it will be considered a routine occurrence during the flight. 

2.3.2.  COLLABORATIVE PLANNING  

Collaborative planning will be performed through the collaborative decision-making 

(CDM) processes which will allow reaching a solution that satisfies all stakeholders. To ensure 

that CDM process works as intended, all stakeholder will have to have the access to all relevant 

information. For this purpose, and for many others, a System Wide Information Management 

(SWIM) network will be built [10]. CDM will be present on all levels of decision-making, an 

example of which is the trajectory negotiation process as briefly described in Chapter 2.3.1. 

Collaborative planning is useful in reaching a solution that is acceptable for all 

stakeholders; however, the solution will still have to satisfy the main optimization goal. For 

instance, the main optimization goal when sequencing aircraft for take-offs and landings, is to 

utilize the scarce resource such as runway to the maximum. In this case, the solution could be 

different than the one some airspace users might want, so there should be a mechanism for 

tracking and avoiding penalizing the same user in the routine, repetitive situations. 

2.3.3.  INTEGRATION OF A IRPORT OPERATIONS  

Airports will be completely integrated into the future ATM system with a special attention 

given to the runway capacity, management of aircraft loading/unloading, and environmental 

impact. Monitoring of adherence to the schedule will start during aircraft turn-around by 

evaluating times at different key points. Changes in aircraft turn-around schedule will directly 

influence engine start-up and aircraft take-off times. Turn-around schedule will be shared with 

ANSPs and other airspace user in an effort to adjust all 4D business trajectories that are 

influenced by delays in that particular aircraft’s schedule. This information will also be 

propagated to the destination airport, helping them to adjust their schedule to accommodate the 

potential unexpected delays [4]. 

A group of feeder airports will have to synchronize their turn-around procedures and take-

off schedules for hub-bound traffic in a way that prevents conflicts and reduction of efficiency 

in ground and air operations. Special software applications will produce movement schedules 

for supply and service vehicles, schedules that will be geared towards reduction in resource 
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consumption and environmental impact. These applications will also synchronize their 

schedules with arrival and departure management applications [4]. 

Aircraft-aircraft and aircraft-vehicle separation will still be primarily based on visual 

monitoring and separation. However, due to advanced surveillance systems pilots, ATCOs, and 

service vehicle drivers will have much better situational awareness with automatic systems 

warning them of the potential conflicts. Other, more advanced systems are also proposed. For 

instance, aircraft could have an automatic braking system that will stop the aircraft from 

crossing into areas that it is not cleared for (a system like this could have prevented 1300 runway 

incursions that occurred in Europe in 2012). 

Different procedures will be implemented in order to increase the runway throughput, for 

example [4]:  

 Reclassification of aircraft into more wake turbulence categories, purpose of which is 

to reduce separation among aircraft of similar weight. 

 Dynamic determination of required separation among approaching aircraft with regards 

to movement of the air mass (and wake turbulence). 

 Adjustment of the approach sequence with the intention of grouping together aircraft of 

similar performance characteristics. 

 More accurate and more consistent estimation of the approach times. 

 Improved weather forecasting. 

 Redesign of the runways and taxiways to reduce the number of intersections. 

2.3.4.  NEW SEPARATION MODES  

Aircraft separation can be delegated to ATC or to pilots themselves. In both cases 

delegation of responsibility has to be agreed upon before entering the airspace in which such 

rules are in place. In managed airspace separation responsibility lies with the ATC, but ATC 

can in some cases (certified cockpit crew flying a certified aircraft, or a visual approach on pilot 

request) delegate the separation responsibility to the pilots. This delegation will usually come 

with some limits, self-separation might be allowed during a limited time, distance, or in relation 

to a limited set of aircraft. In unmanaged airspace separation responsibility will exclusively lie 

with the cockpit crews. 

Separation modes that will be available in SESAR can be classified into three categories: 
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1. Conventional aircraft separation similar to the one used today but with more 

information available to ATCOs and higher quality ATC tools that will be used to 

increase flight efficiency and efficiency of the traffic network as a whole. 

2. Novel ground-based aircraft separation techniques including the usage of the Precision 

Trajectory Clearance (PTC). PTC-based separation will utilize known aircraft navigation 

performance, airspace restrictions, and controlled times of arrivals to establish an accurate 

and highly predictable take-off and landing sequences. An aircraft using PTC will be 

guaranteed to follow the 4D trajectory (in accordance with the Required Navigation 

Performance - RNP), which should enable ATCOs to increase traffic loads without 

increasing workload. For this ATCOs will use advanced Conflict Detection and 

Resolution (CDR) tools combined with data-link capability for trajectory re-negotiation. 

3. Novel air-based aircraft separation techniques [4], such as: 

 Cooperative separation in which the aircraft are responsible for solving a specific 

conflict situation, and 

 Self-separation in which the cockpit crews are responsible for separation during 

the specific flight segment. 

2.3.5.  SYSTEM-W IDE INFORMATION MANAGEMENT  

Networking and sharing information in future ATM systems will be based on integrated 

SWIM network. It is the widespread usage of the digital information and communication 

technologies that made the SWIM possible. According to current plans, future information 

system should meet the following requirements [10]: 

 Standardized format for storing data of the same kind. 

 Data should be available to the users at the appropriate time in their decision-making 

process. 

 Data should be of high quality and relevance. 

Participants in the information exchange will be aircraft, ATC centres, airport operations 

centres, airline operations centres, meteorological services, military, alerting offices, Search 

and Rescue (SAR) units, and many others. Though basic data-link capability is already 

mandatory for commercial aviation [11], choke-point of the information exchange will be air-

ground communication that lacks the throughput required for taking the complete advantage of 

this future, data-rich environment. Furthermore, due to very low profit margins airlines are 
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reluctant to invest in new technologies if they do not provide sufficient return-on-investment in 

the short to medium term. 

The advantages of the integrated information system will be many. Safety will be 

improved because all stakeholders will have access to all necessary data, aircraft trajectories 

will be more predictable, and weather conditions will be understood with greater degree of 

reliability. Data will be accessible in digital format, thus preventing media breaks (e.g. digital 

to paper to digital) which are a source of data transcription errors. It will be possible to automate 

many controllers’ tasks, allowing them to focus on monitoring and managing emergency 

situations [10]. 

2.3.6.  ADVANCED AUTOMATION  

Previous research has shown that the capacity of the en-route airspace is limited by the 

ATCO’s workload, e.g. [12]. En-route controller’s workload depends primarily on the number 

of aircraft and the complexity of their interactions among themselves and with the features of 

the airspace. Air traffic complexity will be explained more thoroughly in Chapter 3. 

New ways of reducing controller workload need to be found if the capacity is to be 

increased according to SESAR goals. In the new concept of operations there will be many 

automatic tools that will take over some of the controller’s tasks or help them with making 

decisions [4]. 

On the other hand, introduction of the advanced automation may have negative 

consequences such as reduction in situational awareness, complacency, and degradation of 

skills. Some studies have even shown evidence that the introduction of automation did not 

necessarily reduce the workload and increased the capacity [13]. Because of this, it is very 

important to research the effect of the automation on controller’s workload and airspace 

capacity before new automatic systems are put into operational usage. 

2.4.  COMPARISON OF CURRENT AND FUTURE ATM  SYSTEMS  

Considering the differences between current and future ATM systems, as presented in 

previous chapters, it is possible to make a list of conceptual and functional changes that are key 

to the successful realization of SESAR goals. This list will be useful for estimating possible 

effects of change in concept of operations on air traffic complexity. It will also be useful when 

making the operational environment of the ATC simulator that will be used for the experiment. 



19 
 

TABLE 2:  MAJOR CHANGES AND DIFFERENCES IN CONCEPT OF OPERATIONS  

SEGMENT  M AJ OR CHAN GES A ND D IF FERENCE S  

Airspace user 

operations 

 When planning flight operations the focus moves from aircraft routes 

to trajectories. 

 Unlike routes, trajectories are constantly updated during the flight. 

 Unlike routes, trajectories are agreed with all stakeholders. 

 Advanced navigation and data-link communication equipment of 

today will become the required, basic equipment of tomorrow. 

 Aircraft self-separation will move some of the ATCO’s workload to 

the cockpit crew (self-separation might be allowed during a limited 

time, distance, or in relation to a limited set of aircraft). 

 Advanced cockpit equipment will increase investment and 

maintenance costs for the aircraft operators. 

Airport 

operations 

 CDM processes will improve predictability and will have a positive 

impact on the flow management process through a more efficient use 

of local resources and assets and a more balanced network [14]. 

 Runways and taxiways will be used in a more efficient manner due 

to the new procedures that will enable lower separation minima 

during approach [15]. 

 Advanced surface movement guidance and control systems (A-

SMGCS) will reduce the controller workload and ensure increased 

airport capacity in low visibility conditions. 

 Aircraft turn-around will be managed in more detail, with time 

restrictions that will be directly connected with the aircraft trajectory.  

Airspace 

organization 

 Airspace sectors will be more flexible. 

 Airspace will be dynamically allocated for special purposes (e.g. 

military operations). 

 Introduction of Functional Airspace Blocks (FAB) will prevent 

fragmentation of airspace. 

Network 

operations 

 Trajectory management will connect the strategic flow management 

with tactical ATC operations. 
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 Highly predictable 4D trajectories will be used instead of the less 

predictable routes. 

 Deconfliction will be provided at the strategic, instead of the tactical 

level. This will decrease controller workload. 

Automated 

systems 

 Automation will take over some of the controller tasks which will 

free up human resources for other tasks (that can eventually increase 

capacity). 

 In addition to taking over some of the tasks, automation will assist 

controllers and pilots in decision-making, planning, and negotiation. 

 New automated systems will be needed on the flight deck for aircraft 

self-separation purposes. 

 Data-link air-ground communication will become main 

technological enabler for numerous automated systems. 

 

In this chapter current ATM systems were briefly described with emphasis on challenges 

that need to be overcome in order to accommodate the increase in traffic demand. Main obstacle 

to further growth was identified (over-reliance on tactical operations) and main changes in the 

concept of operations were presented (switch to the trajectory-based operations). As explained 

previously, TBO cannot be implemented without a complete paradigm shift. 

In Chapter 3 focus will be shifted towards another topic – the air traffic complexity. The 

definition and purpose of the air traffic complexity will be laid out along with a short review of 

the previous research on that subject. Furthermore, a description of the previously used 

objective complexity indicators and the methods of assessing subjective complexity levels will 

be given. Finally, at the end of the chapter the expected effects of TBO on complexity will be 

presented. 
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3. AIR TRAFFIC COMPLEXITY  

3.1.  DEFINITION AND PURPOSE 

The Random House dictionary defines complexity as ‘the state or quality of being 

complex; intricacy’, and complex as ‘composed of many interconnected parts; compound; 

composite’, ‘characterized by a very complicated or involved arrangement of parts, units’, and 

‘so complicated or intricate as to be hard to understand or deal with’ [16]. While this example 

uses ‘complicated’ to define ‘complex’, some other sources argue that there is a major 

difference between the two. Collins English Dictionary states that [17]: 

‘Complex is properly used to say only that something consists of several parts. It 

should not be used to say that, because something consists of many parts, it is 

difficult to understand or analyse.’ 

On the other hand, Cilliers, in his seminal book on the topic, claims exactly the opposite 

[18]: 

If a system—despite the fact that it may consist of a huge number of 

components—can be given a complete description in terms of its individual 

constituents, such a system is merely complicated. [...] In a complex system, on 

the other hand, the interaction among constituents of the system, and the 

interaction between the system and its environment, are of such a nature that 

the system as a whole cannot be fully understood simply by analysing its 

components. 

In the context of air traffic control, complexity was rarely clearly defined, perhaps due to 

assumed common knowledge. One notable exception is Meckiff (et al.) who stated that the air 

traffic complexity can be most easily defined as difficulty of monitoring and managing a 

specific air traffic situation [19]. It is intuitively clear that it is easier for the ATCO to monitor 

the airspace sector in which aircraft trajectories do not intersect and there are no level changes 

than the airspace sector in which there are a lot of merging traffic flows and aircraft often change 

levels. As such, air traffic complexity could also be defined as a number of potential aircraft-

aircraft and aircraft-environment interactions during a given time frame. Not all of these 

interactions require the same level of attention, urgency or, ultimately, controller workload to 

resolve.  

Complexity is not the same as traffic density. Obviously, the number of aircraft in a sector 

(also known as density, traffic load, or traffic count) directly influences the air traffic 

complexity.  This number, however, is not the only indicator of the level of complexity, 
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especially if one wishes to compare different sectors of airspace [20][21][22]. Figure 4, for 

example, shows two traffic situations with equal density but vastly different complexity. It is 

visible that the task of monitoring for conflicts is much harder in the case of disorderly traffic 

flows (Figure 4, right hand side). Also, aircraft-environment interactions are more complex in 

the second scenario. ATCO needs to pay special attention not to route any of the aircraft through 

the restricted zone (purple part of the airspace).  

Due to two different types of interactions, some researchers have chosen to make a 

distinction between airspace complexity (also static, structural) and air traffic complexity 

(also dynamic, flow complexity [23]) which is influenced by the airspace complexity. This 

distinction will be used in this research too. Unless explicitly stated, complexity will from now 

on refer exclusively to air traffic complexity. 

 

Complexity is not a synonym for workload, although it has been proven multiple times 

that the increase in complexity results in increase in workload which in turn limits the airspace 

sector capacity [24][25]. Mogford et al. [21] reviewed numerous research articles in search of 

complexity and workload relationship. They concluded that the complexity is actually a source 

factor for controller workload. However, complexity and workload are not directly linked. Their 

relationship is mediated by several other factors, such as equipment quality, individual 

differences, and controller cognitive strategies, Figure 5. 

F IGURE 4:  TWO TRAFFIC SITUATION S WITH EQUAL DENSITY  AND DIFFERENT 

COMPLEXITY (P U R P L E  P O L Y G O N  I S  A  R E S T R I C T E D  Z O N E )  
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Controller cognitive strategies can be improved through training and experience – that is 

readily seen when comparing experienced and inexperienced controllers. However, if one takes 

into consideration an average controller with average training, only two avenues to reduced 

controller workload remain – increasing equipment quality and decreasing complexity. 

Unsurprisingly, SESAR programme, as seen in Chapter 2, is focused exactly on these two 

aspects of ATC operations. Advanced automation (increased equipment quality) should 

somewhat reduce controller workload by taking over some of the tasks, and complexity should 

be reduced by introducing TBO. Other techniques and technologies can also be used to reduce 

complexity (e.g. free routing), however, it is the potential reduction of complexity in TBO 

that is the focus of this research. 

3.2.  PREVIOUS RESEARCH ON AIR TRAFFIC COMPLEXITY  

Complexity was a common research topic since the early days of modern ATC operations. 

First papers that mention complexity were written in the early 1960s [26]. Since then dozens of 

papers and reports were written on the topic of complexity – excellent reviews of those papers 

were written by Mogford [21] and Hilburn [27]. Instead of writing a completely new literature 

review (which is outside the scope of this paper), this chapter will present important research 

paths, ideas, methods, and facts, which are relevant to the present research. 

It needs to be noted that most of the early research was conducted in order to better define 

factors that affect workload. Today, most of those factors, with present understanding and 

definitions, would probably be called complexity factors. Some studies were non-empirical and 

lack exact definitions and measurement methods for complexity indicators. Those studies were 

excluded from this short review to give more room to those studies with experimentally 

validated complexity factors. 

F IGURE 5:  THE RELATIONSHIP BETW EEN ATC  COMPLEXITY AND WORKLOAD [21]  
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Schmidt [28] approached the problem of modelling controller workload from the angle 

of observable controller actions. He created the control difficulty index, which can be calculated 

as a weighted sum of the expected frequency of occurrence of events that affect controller 

workload. Each event is given a different weight according to the time needed to execute a 

particular task. Though the author conducted extensive surveys to determine appropriate 

weights and frequencies for various events, this approach can only handle observable controller 

actions, which makes it very limiting. 

Hurst and Rose [29], while not the first to realize the importance of traffic density, were 

first to measure the correlation of expert workload ratings with traffic density. They concluded 

that only 53% of the variance in reported workload ratings can be explained by density. 

Stein [30] used Air Traffic Workload Input Technique (ATWIT), in which controllers 

report workload levels during simulation, to determine which of the workload factors 

influenced workload the most. Regression analysis proved that out of the five starting factors, 

four factors (localised traffic density, number of handoffs outbound, total amount of traffic, 

number of handoffs inbound) could explain 67% of variance in ATWIT scores. This study 

showed the importance of localised traffic density which is a measure of traffic clustering. 

Technique similar to ATWIT will be used throughout the next three decades, including a 

modified ATWIT scores that will be used in this paper. 

Laudeman et al. [31] expanded on the notion of the traffic density by introducing 

Dynamic Density which they defined as a combination of ‘both traffic density (a count of 

aircraft in a volume of airspace) and traffic complexity (a measure of the complexity of the air 

traffic in a volume of airspace)’. Authors used informal interviews with controllers to obtain a 

list of eight complexity factors to be used in dynamic density equation. Only criterion was that 

the factors could be calculated from the radar tracks or their extrapolations. The intention was 

to obtain an objective measure of controller workload based on the actual traffic. Their results 

showed that the dynamic density was able to account for 55% in controller activity variation. 

Three other teams ([32], [33], [34]) working under the Dynamic Density programme developed 

additional 35 complexity indicators (factors), which were later successfully validated as a group 

by Kopardekar et al. [35]. Unfortunately, it was later shown that the complexity indicator 

weights were not universal to all airspace sectors, i.e. they had to be adjusted on a sector by 

sector basis [36]. This shortcoming, while making Dynamic Density technique difficult to 

implement for operational purposes, has no influence if one wishes to compare two concepts of 

operations under similar conditions (similar sector configuration). Furthermore, same authors 
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[35] suggested that, due to possibly non-linear interactions between complexity factors, the 

Dynamic Density performance could be improved by using non-linear techniques such as non-

linear regression, genetic algorithms, and neural networks. 

Almost the same group of authors will use multiple linear regression method five years 

later to determine which subset of complexity indicators will correlate well with the controller’s 

subjective complexity ratings [37]. After extensive simulator validation, results of this study 

showed that there are 17 complexity indicators that are statistically significant. Top five 

complexity indicators were: sector count, sector volume, number of aircraft under 8 NM from 

each other, convergence angle, and standard deviation of ground speed/mean ground speed. 

Similar work was done by Masalonis et al. [38] who selected a subset of 12 indicators, and 

Klein et al. [39] who selected a subset of only seven complexity indicators, though with less 

extensive experimental validation. 

In a similar vein, Bloem et al. [40] tried to determine which of the complexity indicators 

had the greatest predictive power in terms of future complexity. The authors concluded that 

there is a significant difference in predictive power of different complexity indicators. To 

complicate matter further, they concluded that the subset of the complexity indicators that had 

the best predictive power changed depending on the prediction horizon. 

To calculate potential impact of air traffic complexity on workload and costs, in 2000 the 

EUROCONTROL has given the same set of traffic data to UK National Air Traffic Services 

(NATS) and EUROCONTROL Experimental Centre (EEC) with a task of independently 

devising a method of measuring the level of service [41]. While NATS has estimated ATS 

output (the service provided), the EEC has estimated the ATS workload needed to deliver the 

service. Both ‘were found to produce reasonably consistent results’, with additional note that 

further analysis should be done before the final parameters for determining ATS provider costs 

are established. By 2006 EUROCONTROL’s Performance Review Commission has finalized 

the complexity indicators to be used for ANSP benchmarking [42]. For this method the 

European airspace is divided into 20 NM X 20 NM X 3000 ft cells, and for each cell the duration 

of potential interactions is calculated. Aircraft are ‘interacting’ if they are in the same cell at the 

same time. The ratio of the hours of interactions and flight hours is so called ‘Adjusted Density’. 

In addition, the ‘Structural Index’ is calculated as a sum of potential vertical, horizontal and 

speed interactions. The final complexity score is calculated as a product of adjusted density and 

structural index. All in all, only 4 complexity indicators are used for this analysis and no 

validation of any sort was presented in the report. It was noted however, that shifting the starting 
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position of the grid by 7 NM caused the ANSP ranking to change dramatically (up to 16 places 

in an extreme case). Nonetheless, this method is still used for ANSP benchmarking. 

First to consider measuring complexity during TBO were Prevot and Lee in 2011 [43]. 

They coined the term Trajectory-based Complexity (TBX) which is a measure of complexity 

in TBO. The basis of the TBX calculation is a set of nominal conditions – nominal sector size, 

nominal number of transitioning aircraft, and a nominal equipage mix. Any difference to 

nominal operations causes a modification to the TBX value. Authors do not explain the method 

to determine the nominal conditions except that they can ‘be defined through knowledge 

elicitation sessions on a sector by sector basis or based upon more generic attributes’. The 

TBX value is then a number of aircraft that would produce the same workload under the 

nominal conditions as do aircraft under real conditions (e.g. the TBX of 20 means that the 

workload is equal to the aircraft count of 20 under nominal conditions even though there are 

actually only 16 aircraft in the sector). The advantage of this method is that it gives a single 

complexity value that can be easily related to aircraft count and is thus very user-friendly and 

self-explanatory (unlike many other complexity metrics). However, this study included only six 

complexity indicators with weights that were determined in an ad-hoc manner and hardly any 

validation with actual subjective complexity. Only one of those complexity indicators was 

indirectly related to TBO (number of aircraft with data-link). Many Human-In-The-Loop 

(HITL) simulation runs were performed in which the controllers had to give workload scores 

which were then compared with TBX value and simple aircraft count. While the authors claim 

that the subjective workload score correlated better with the TBX value, there was no objective 

correlation assessment presented. Finally, the authors have not compared the effect of fraction 

of TBO aircraft on air traffic complexity. 

In a subsequent paper by same authors, the relationship between workload and data-link 

equipage levels was explored [44]. It was concluded that the workload ratings correlated much 

better with the TBX score than with the aircraft count for varying data-link equipage levels. 

Prandini et al. have developed a new method of mapping complexity based exclusively 

on traffic density [45]. This method is applicable only to the future concept of aircraft self-

separation and does not take into account the human factors at all.  

Future concept of operations will involve usage of far wider range of air traffic controller 

tools; therefore, it is expected that new complexity indicators related to interaction of controllers 

and equipment will have to be developed. 
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3.3.  COMPLEXITY INDICATORS 

During the literature review more than 100 complexity indicators (also known as 

complexity factors or, in some cases, complexity metrics) were presented by different authors. 

Not all of them were clearly defined. Some were not more than a simple statement (e.g. 

equipment), while others were defined in great detail with measurement methods and even 

formulas. The Table 3 was compiled from two previous reviews ([27] and [34]) and updated 

with complexity indicators that were published since (as seen in section 3.2). Indicators that 

were deemed sufficiently similar were merged into one. 

 

TABLE 3:  COMPLEXITY INDICATORS  

CATEGORY COMPLEXITY INDICATORS CATEGORY COMPLEXITY INDICATORS 

Aerodromes  number of airline hubs 

 total number of aerodromes in 

airspace 

Flow 

organisation 
 altitude, number of altitudes used 

 altitude change 

 altitude variation 

 average flight speed 

 average ground speed 

 complex routing required 

 course bins 

 crossing altitude profiles 

 distribution of Closest Point of 

Approach 

 ease of transitioning 

 ease of vectoring 

 flow entropy/structure 

 geographical concentration of flights 

 groundspeed variability 

 heading change 

 multiple crossing points 

 number of altitude transitions 

 number of current climbing aircraft 

proportional to historical maximum 

 number of current descending aircraft 

proportional to historical maximum 

 number of current level aircraft 

proportional to historical maximum 

 number of intersecting airways 

 number of path changes total 

 routes through sector, total number 

 speed change 

 speed differential 

 standard deviation of average ground 

speed 

 variance in aircraft speed 

 variance in directions of flight 

 vertical concentration 

Airspace  maximum terrain elevation 

 number of sector sides 

 number of main jetways 

 number of merging points 

 presence/proximity of restricted 

airspace 

 proximity of sector boundary 

 sector area 

 sector boundary proximity 

 sector operating procedures 

 sector shape 

 total number of navaids 

 volume of airspace available 

Conflicts  angle of convergence in conflict 

situation 

 average flight path convergence 

angle 

 conflict predicted 0-25 NM 

 conflict predicted 25-40 NM 

 conflict predicted 40-70 NM 

 convergence recognition index 

 degree of flight path convergence 

 degree of freedom index 

 horizontal proximity 

 index of collision risk 

 minimum distance 0-5 NM 

 minimum distance 5-10 NM 

 number of aircraft in conflict 

 number of along track 

 number of crossing 
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 number of opposite heading 

 proximity of potential conflicts to 

sector boundary 

 separation criticality index 

 total time-to-go until conflict, across 

all aircraft 

 vertical proximity 

Other  controller experience 

 data-link equipage 

 level of aircraft intent knowledge 

 onboard equipment 

 pilot language difficulties 

 radar coverage 

 resolution degrees of freedom 

 separation standards 

 equipment status 

 staffing 

 surveillance equipment available 

Coordination  coordination task load index 

 frequency of coordination with other 

controllers 

 hand-off mean acceptance time 

 hand-offs inbound, total number 

 hand-offs outbound, total number 

 number aircraft requiring hand-off to 

tower/approach 

 number aircraft requiring vertical 

handoff 

 number flights entering from another 

ATC unit 

 number flights entering from same 

ATC unit 

 number flights exiting to another 

ATC unit 

 number flights exiting to same ATC 

unit 

 number of communications with 

other sectors 

 number of other ATC units accepting 

hand-offs 

 number of other ATC units handing 

off aircraft 

 total number LOAs 

 total number of hand-offs 

 total number of required 

coordinations 

RT  average duration of Air-Ground 

communications 

 callsign confusion potential 

 frequency congestion 

 frequency of hold messages sent to 

aircraft 

 total number of Air-Ground 

communications 

Time  total climb 

 total cruise 

 total descent 

Traffic 

density 
 aircraft per unit volume 

 average instantaneous count 

 average sector flight time 

 localised traffic density / clustering 

 maximum instantaneous aircraft count 

 mean distance travelled 

 number flights during busiest 3 hours 

 number flights during busiest 30 

minutes 

 number of aircraft during past 15 min 

 number flights per hour 

 number of arrivals 

 number of current aircraft proportional 

to historical maximum 

 number of departures 

 operationally acceptable level of 

traffic 

 total fuel burn per unit time 

 total number of aircraft 

 distribution/dispersion 

Flight entries  number aircraft entering in climb 

 number aircraft entering in cruise 

 number aircraft entering in descent 

 number entering per unit time 

Flight exits  number aircraft exiting in climb 

 number aircraft exiting in cruise 

 number aircraft exiting in descent 

Levels  average altitude 

 average FL per aircraft 

 difference between upper and lower 

 number available within sector 

 number of aircraft changing altitude 

 standard deviation of average 

altitude 

Traffic mix  aircraft type, jets vs. props 

 aircraft type, slow vs. fast aircraft 

 climbing vs. descending 

 military activity 

 number of special flights (med, local 

traffic) 

 proportion of arrivals, departures and 

overflights 

 proportion of VFR to IFR aircraft 

Flight time  mean per aircraft 

 total 

 total time in climb 

 total time in cruise 

total time in descent Weather  at or below minimums (for aerodrome) 

 inclement (winds, convective activity) 
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 proportion of airspace closed by 

weather 

 reduced visibility 

 usual cloud ceiling 

 

Listed here are more than 100 complexity indicators. Using all of them would be too 

unwieldy and, more importantly, unnecessary. Not all of these complexity indicators are equally 

important for the ultimate goal of this research. As previously mentioned, this research deals 

only with air traffic complexity therefore the airspace complexity and related indicators will 

not be taken into consideration. Many other specifics of this research will be explained later, in 

Chapter 4. Some of them however, need to be mentioned here. First, comparison of 

conventional and trajectory-based operations will be performed in ideal, nominal operations. 

This means that weather will not be a factor that potentially induces additional complexity. 

Also, there will be no special flights (emergencies, state aircraft, military flights etc.) and no 

equipment malfunctions (off-nominal operations). Because of this, no complexity indicators 

related to weather and non-routine operations will be included. Second, the scope of this 

research is reduced to only en-route operations due to multiple reasons (as explained in section 

1.3). Therefore, indicators related to terminal operations, departure/arrival traffic flows, 

approach procedures, and aerodromes will be excluded. Finally, this work will build upon 

decades of previous research, so only experimentally validated and clearly defined complexity 

indicators will be used.  

Taking all previously mentioned explanations into consideration, an initial list of 

complexity indicators used in this research is presented in Table 4. All definitions and equations 

are from [34], [37] or [27]. 

 

TABLE 4:  LIST OF SELECTED COMPLEXITY INDICATORS  

INDICATOR  DESCRIPTION  EQUATION  VARIABLES  

AC Aircraft Count AC = N N – number of aircraft in 

airspace sector 

SV Sector Volume SV = V V – sector volume in km3 

AD1 Aircraft Density I AD1 = N/V N – number of aircraft in 

airspace sector 

V – sector volume in km3 

AD2, AD2
2 Aircraft Density II AD2 = N/Vhull 

AD2
2 = N2/Vhull 

N – number of aircraft in 

airspace sector 

Vhull – volume of the 

bounding polyhedron 
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formed by outermost 

aircraft in sector 

(determined by using 

convex hull algorithm)  

SCI (𝐶5) Separation 

Criticality Index 

𝐶5 = max
15 𝑚𝑖𝑛

∑(3 − 𝑆𝐼)2 

 

𝑆𝐼 =  
𝑆𝐼𝑉 + 𝑆𝐼𝐻

2
 

 

𝑆𝐼𝑉 =  
∆𝑍

𝑆𝐸𝑃_𝑉𝑒𝑟𝑡𝑖𝑐𝑎𝑙
 

 

𝑆𝐼𝐻 =  
𝑑𝑖𝑗

𝑆𝐸𝑃_𝐿𝑎𝑡𝑒𝑟𝑎𝑙
 

SI – Separation Index 

SIV – Vertical Separation 

Index 

SIH – Horizontal Separation 

Index 

ΔZ – Vertical separation 

SEP_Vertical – Vertical 

separation minima 

dij – lateral distance between 

aircraft i and j 

SEP_Lateral – Horizontal 

separation minima 

Critical separation is 

calculated only if SIH<4 

and SIV<2. Maximum value 

in the past 15 minutes is 

taken as reference. 

NUMHOR 

(C22) 

Number of aircraft 

with horizontal 

separation less than 

8 NM 

𝐶32 = ∑ ∑ [𝑑𝑖𝑗 < 8 ∧ 𝑖 ≠ 𝑗]

1≤𝑗≤𝑁1≤𝑖≤𝑁

 

dij – lateral distance between 

aircraft i and j 

C9 Inverse of 

minimum 

horizontal 

separation in same 

vertical 

neighbourhood 

𝐶9 =
1

min
1≤𝑖≤𝑁

{min
𝑗∈𝐽𝑖

{𝑑𝑖𝑗}}
 

𝐽𝑖 = {𝑗|ℎ𝑖 −
∆ℎ

2
≤ ℎ𝑗 ≤ ℎ𝑖 +

∆ℎ

2
;

𝑗 ≠ 𝑖
} 

dij – lateral distance between 

aircraft i and j 

Δh – vertical separation 
minima 
Ji – subset of aircraft indices 

such that the aircraft are 

within the vertical 

separation minima 

hi – altitude of aircraft i 
hj – altitude of aircraft j 

C10 Inverse of 

minimum vertical 

separation in same 

horizontal 

neighbourhood 

𝐶10 =
1

𝑆ℎ × min
1≤𝑖≤𝑁

{min
𝑗∈𝐾𝑖

{ℎ𝑖𝑗}}
 

𝐾𝑖 = {
𝑗|𝑑𝑖𝑗 ≤ 𝑟;

𝑗 ≠ 𝑖
} 

Sh – scaling factor (0.0025 

NM/ft) 

dij – lateral distance between 

aircraft i and j 

hij – vertical distance 

between aircraft i and j 
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Ki – subset of aircraft 

indices such that the aircraft 

are within the horizontal 

separation minima 

r – horizontal 

neighbourhood parameter 

C15 Ratio of standard 

deviation and mean 

of ground speed. 

𝐶15 =
𝜎𝐺𝑆

2

�̅�
 

 

�̅� =
1

𝑁
∑ 𝑉𝑖

1≤𝑖≤𝑁

 

 

𝜎𝐺𝑆
2 =

∑ (𝑉𝑖 − �̅�)2
1≤𝑖≤𝑁

(𝑁 − 1)
 

N – number of aircraft 

𝜎𝐺𝑆
2  - standard deviation of 

aircraft ground speeds 

Vi – ground speed of aircraft 
i 
�̅� - mean value of aircraft 

ground speeds 

RMD Ratio of mean 

aircraft distance to 

number of aircraft. 

𝐶𝑅𝑀𝐷 =
𝑑𝑖𝑗
̅̅ ̅̅

𝑁
 

dij – lateral distance between 

aircraft i and j 

N – number of aircraft 

WCONVA 

(C44) 

A measure of the 

intersection angle 

for aircraft that are 

less than 13 NM 

apart. 

𝐶44 = 0.107∑𝑐𝑜𝑖𝑗

𝑖,𝑗

 

 

𝑐𝑜𝑖𝑗 = {

0, 𝑑𝑖𝑗 ≥ 13 𝑛𝑚

180 − |𝜒𝑖 − 𝜒𝑗| 

360

 

dij – lateral distance between 

aircraft i and j 

 

𝜒𝑖  - heading angle of 

aircraft i [°] 

 

Accumulated over past 15 

minutes, calculated every 2 

minutes. 

C11 Fraction of aircraft 

with less than 600 

seconds to conflict 

𝐶11 =
∑ ∑ 1𝑗∈𝑇𝑖,𝐽𝑖1≤𝑖≤𝑁

2𝑁
 

𝐽𝑖 = {𝑗|ℎ𝑖 −
∆ℎ

2
≤ ℎ𝑗 ≤ ℎ𝑖 +

∆ℎ

2
;

𝑗 ≠ 𝑖
} 

𝑇𝑖 = {𝑗|0 ≤ 𝑡𝑖𝑗 ≤ ∆𝑡; 𝑗 ≠ 𝑖} 

𝑡𝑖𝑗 = −
𝑑𝑖𝑗

𝑑𝑖𝑗
̇

 

�̇�𝑖𝑗

(𝑑𝑥𝑖𝑗𝑉𝑥𝑖𝑗 + 𝑑𝑦𝑖𝑗𝑉𝑦𝑖𝑗)

𝑑𝑖𝑗

 

N – number of aircraft 
hi – altitude of aircraft i 
hj – altitude of aircraft j 
Δh – vertical separation 
minima 
Δt – time to conflict 
threshold (600s) 
tij – time to conflict 
dij – lateral distance 
between aircraft i and j 
˙dij – range rate 
dxij, dyij – distance 
coordinates 
Vxij, Vyij – velocity 

coordinates 

Ji – subset of aircraft indices 

such that the aircraft are 
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within the vertical 

separation minima 

Ti – subset of aircraft 

indices such that the time to 

conflict is less than the 

threshold 

C2,C4 Fraction of aircraft 

climbing or 

fraction of aircraft 

descending 

𝐶2 =
𝑁𝑐𝑙

𝑁
 

 

𝐶4 =
𝑁𝑑𝑒𝑠

𝑁
 

N – number of aircraft 

Ncl – number of aircraft 

climbing 

Ndes – number of aircraft 

descending 

CLDES (𝐶𝛥𝑍) Fraction of aircraft 

either climbing or 

descending 

𝐶𝛥𝑍 =
𝑁𝑐𝑙 + 𝑁𝑑𝑒𝑠

𝑁
 

N – number of aircraft 

Ncl – number of aircraft 

climbing 

Ndes – number of aircraft 

descending 

S5 (C27) Number of aircraft 

with 3D Euclidean 

distance of less than 

5 NM 

𝐶27 = ∑ ∑ [
𝐷𝑖𝑗 < 5

𝑖 ≠ 𝑗
]

1≤𝑗≤𝑁1≤𝑖≤𝑁

 
Dij – 3D Euclidean distance 

between aircraft i and j 

S10 (C28) Number of aircraft 

with 3D Euclidean 

distance between 

10 and 15 NM 

𝐶28 = ∑ ∑ [
10 < 𝐷𝑖𝑗 < 15

𝑖 ≠ 𝑗
]

1≤𝑗≤𝑁1≤𝑖≤𝑁

 
Dij – 3D Euclidean distance 

between aircraft i and j 

AXISHDG 

(C39) 

Variation of aircraft 

headings in relation 

to sector axis 

𝐶39 =
𝑑1

𝑑2

∑ (𝜒𝑖 − 𝜒)2

1≤𝑖≤𝑁

 

𝜒 = 𝜒𝐶𝑉1 

C – sector centre 

d1 – distance from C to 

furthest sector vertex 

d2 – distance from C to 

closest sector vertex 

𝜒𝐶𝑉1 – direction from C to 

furhest sector vertex 

𝜒𝑖  – heading of aircraft i  

HDGVARI 

(C37) 

Standard deviation 

of aircraft headings 

𝐶37 = 𝜎𝜒𝑖

2  𝜒𝑖  - heading of aircraft i 

 

For initial validity testing of new indicators Masalonis et al. [38] have suggested a list of 

conditions that has to be met by every complexity indicator: 

“1. Adding another aircraft should not reduce complexity. 
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2. Shrinking the geometry of the airspace, or increasing the speeds of all aircraft 

in the airspace, should not reduce complexity. 

3. Repositioning one aircraft so that it is now farther from every other aircraft 

should not increase complexity. 

4. The metric should be independent of the orientation and origin of the 

coordinate system.” 

While it is true that even some of the old and previously validated complexity indicators 

do not satisfy all criteria (e.g. traffic density will decrease with addition of a new aircraft if the 

distance to other aircraft is large enough), these suggestions are a good rule of thumb for 

discerning indicators with high potential from those with low. 

3.4.  SUBJECTIVE COMPLEXITY ASSESSMENT  

As explained in Chapter 3.1, complexity and workload are inseparable. Many researchers 

have previously tackled the problem of assessing workload subjectively. For instance, one that 

is widely known and accepted is NASA Task Load Index (NASA-TLX) which divides 

workload rating into six categories (mental demand, physical demand, temporal demand, 

performance, effort, frustration), each given a score from 0 to 100 [46]. Participants then give 

pair-wise comparison of importance of each category. This is used to produce a single weighted 

score with a range from 0 to 100. This procedure, while not complicated, takes too much time 

to be suitable for real-time subjective workload assessment. 

Another, rather simple, workload rating method is Overall Workload (OW) scale. This is 

a one-dimensional workload scale with score range similar to TLX [47]. It was found to be 

almost as sensitive as multidimensional workload scales [48]. Since it is one-dimensional (just 

one score needs to be input) it can be applied more effortlessly in a real-time scenario than the 

TLX, however, the scale with such detailed resolution (continuous scale) is unnecessary and 

potentially complicated for input. 

Similar to the OW but with much shorter range is the Air Traffic Workload Input 

Technique (ATWIT) [30]. Developed initially as a scale from 1 to 10, it was later adapted by 

some authors in an even shorter format, from 1 to 7 [37] [38]. This shorter format enables input 

interface to be much simpler with standard number keypad being enough to record the whole 

range of values. 

There are also other workload-rating techniques in regular use such as Subjective 

Workload Assessment Technique (SWAT), Modified Cooper-Harper Rating Scale, the 

Consumer Mental Workload Scale, etc. Of these, SWAT was used extensively in air traffic 
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controller workload research. It is a multidimensional technique, like TLX, but with somewhat 

inferior sensitivity [48]. 

Discussed so far are only subjective workload rating methods. That is because they were 

seamlessly adopted, with small modifications, for complexity rating ([37], [38]). No 

explanation or validation studies could be found for using workload assessment methods to 

treat subjective complexity. This could probably be because unlike workload which can be 

measured, to a degree, by objective methods (e.g. physiological methods), no similar objective 

reference could be determined for subjective complexity. Objective complexity indicators, such 

as those listed in Chapter 3.3, are not suitable for this purpose because they are validated by 

comparing them to the subjective complexity ratings. Using them in turn to validate subjective 

complexity ratings would obviously constitute a prime example of circular reasoning. 

Notwithstanding these objections, similar approach was used in this research. Modified 

ATWIT rating scale was used to rate complexity. To explicitly state the small difference in the 

technique, in this case it might be more appropriate to call it Air Traffic Complexity Input 

Technique (ATCIT). The ATCIT scale has seven levels of complexity – they can be seen in 

Table 5. 

TABLE 5:  ATCIT  SCALE (ADAPTED FROM  [43])  

COMPLEXITY 

LEVEL  
DESCRIPTION  

1 No complexity – no traffic 

2 Very low complexity – very little traffic, no interactions 

3 Low complexity – situation and interactions obvious at a glance 

4 
Somewhat low complexity – firm grasp of the situation, interactions are 

anticipated and prepared for 

5 
Somewhat high complexity – aware of the situation, interactions are 

handled in time 

6 
High complexity – having trouble staying aware of all interactions, 

occasionally surprised by unnoticed interactions and conflict alerts 

7 
Very high complexity – losing situational awareness, unable to track all 

interactions, responding reactively 
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Description of each subjective complexity level is mostly based on self-assessment of 

situational awareness which is additionally clarified using aircraft-aircraft or aircraft-airspace 

interactions. Before using this scale, controllers need to be briefed about the purpose of this 

technique and meaning behind the words ‘complexity’, ‘interaction’, and ‘situational 

awareness’.  

3.5.  TRAJECTORY-BASED OPERATIONS AND COMPLEXITY  

This section will combine previously discussed topics (TBO and air traffic complexity) 

with intention of showing the possible effect of TBO on air traffic complexity. 

It was quoted previously that the airspace capacity will be increased by reducing the 

controller workload (i.e. decreasing the number of routine tasks and the need for tactical 

intervention) [9].  

It was also stated that, according to Mogford’s [21] model of relationship between air 

traffic complexity and workload, the only way to reduce workload is to either reduce 

complexity or improve equipment (see Figure 5 and associated text). Setting aside the issue of 

improved equipment (e.g. advanced automation as described in Section 2.3.6); the main 

question of this thesis emerges: Will introduction of TBO reduce air traffic complexity? 

Definite answer to that question will be given in Chapter 5, what follows in this section 

are arguments providing clues as to what that answer may be. 

With introduction of TBO the number of conflicts should decrease significantly because 

conflicts will be resolved on a strategic level, prior to the beginning of the flight. Detecting, 

solving, and monitoring the resolution of conflicts are a large part of controller’s task load and 

significant source of air traffic complexity (notice the fraction of conflict or conflict-related 

complexity indicators in Table 3, page 27). Resolving conflicts strategically will reduce the 

required level of tactical interventions and, consequently, complexity. 

This means that complexity indicators related to conflicts will probably lose some of their 

importance in TBO. Certainly, the implementation of TBO will not occur overnight, therefore 

there will be a substantial period during which mixed operations will be the norm. During this 

period aircraft flying their 4D business trajectories will be deconflicted amongst themselves 

before their flights begin. However, there will still be conflicts between conventional (3D 

navigation) and TBO (4D navigation) aircraft and among conventional aircraft.  

Conventional 3D-3D conflicts will be handled by controllers in the usual manner. 

Conflicts between 3D and 4D aircraft will probably be a bigger challenge for controllers. If one 
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assumes that 4D aircraft fly their pre-arranged business trajectories according to contract, the 

procedure for solving such conflicts will probably be to move the 3D aircraft while allowing 

the 4D aircraft to continue executing the business trajectory without changes.  

This is an assumption that is not explicitly stated in the papers dealing with future concept 

of operations and it is probable that such decisions could be left for controllers to make. 

Nonetheless, it is also probable that procedures will be set in a way that encourages adoption 

of TBO among aircraft operators, thus rewarding them with priority when it comes to conflict 

resolution. Also, changing the business trajectory entails a possibly time-consuming trajectory 

re-negotiation process. ATCOs might be hesitant to initiate such process in the context of 

solving conflicts. In this research, due to routine nature of operations (no adverse weather, 

military, state, or emergency flights), ATCOs will have to honour the business trajectory 

contract at all times. This might make 3D-4D conflicts more difficult to solve because there are 

fewer degrees of freedom with one trajectory fixed. To accurately represent such change in air 

traffic complexity, there might be a need for new complexity indicators, which will take into 

account the aircraft mix (fraction of 3D and 4D aircraft) and different kinds of conflicts (3D-

3D and 3D-4D). 

Next, coordination between adjacent units will become a part of CDM process which 

should reduce the controller task load. Weights given to complexity indicators related to 

coordination will therefore probably need to be re-assessed. On the other hand, trajectory re-

negotiation (another CDM element) is a completely new task (or a set of tasks) that will have 

to be included into the complexity assessment. Trajectory re-negotiation process will have to 

be supported by appropriate controller tools which will probably add a new source of 

complexity. 

Also, data-link will make most of the radio communication unnecessary thus reducing 

the values of complexity indicators associated with radio-telephony (RT). Obviously, new 

complexity indicators which can address complexity that arises from data-link usage (or even 

mixed usage of RT and data-link) should be developed. Furthermore, since advanced 

automation should become more prevalent, complexity indicators that are associated with 

complexity of human-machine interactions should be considered.  
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4. COMPLEXITY MEASUREMENT METHODOLOGY  

This chapter presents the design of the experiment made to test the hypothesis. First 

section of this chapter will give a brief overview of the whole experiment. Following it are two 

sections detailing the development and validation of the simulator – a crucial element in the 

experiment design. Next is a section describing the methods used to prepare representative data 

for input into the simulator. Finally, experiment participants (controllers) demographics are 

given. 

4.1.  EXPERIMENT DESIGN OVERVIEW  

To measure the effect of TBO on complexity it was needed to measure and compare 

complexity in both conventional and trajectory-based operations. This had to be done in a 

structured and controlled manner. Human-in-the-loop simulator trials were deemed best method 

of achieving that goal because such trials are more representative of the real operations than the 

fast-time simulations or observational studies. Additionally, review of the literature showed that 

many organizations and researchers had successfully used HITL simulations for complexity 

assessment (e.g.[33],[37]). 

Since the available simulator (MicroNav’s BEST Radar Simulator) did not support TBO 

(i.e. did not have the options of generating, de-conflicting, and executing the 4D trajectories) 

and did not have the options to record all of the necessary data (i.e. all aircraft states, complexity 

indicator values, HMI interactions), it has been decided that the best course of action was to 

develop a custom HITL ATC simulator with minimum required features (Figure 6 – Simulator 

Development, more details are available in Section 4.2). Next step was to validate it in terms 

of functionality, operations, and user interface (Figure 6 – Simulator Validation). Minimum of 

simulator functions necessary to represent real ATC operations was determined according to 

analysis of current and future concept of operations, and through informal interviews with air 

traffic controllers. Aircraft operations were validated by comparing them to the actual aircraft 

trajectories, while ATC operations were compared to the actual operations at the Croatia 

Control ATC centre. User interface was designed according to best practices common to several 

production systems. More on validation can be seen in Section 4.3. 
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Simulation scenarios were developed based on the actual flight data (Figure 6 – Simulator 

Test Runs and Simulator Operations). To measure complexity in conventional and trajectory-

based operations, each simulation scenario had to be developed in three versions: conventional 

operations, 30% aircraft flying TBO, and 70% aircraft flying TBO. The basis of each scenario 

was in real traffic data as explained in Section 4.4.  

Ten suitably experienced air traffic controllers were recruited to perform simulations. 

They all held professional air traffic controller licences and had operational experience in 

Zagreb CTA Upper North airspace sector (where the simulated traffic situations would take 

place). This made the pre-simulation preparatory training almost unnecessary. Before the actual 

experiment began, though, each controller received training in order to get accustomed with the 

simulator interface and operational procedures. The training consisted of introductory lecture, 

pre-simulator briefing, simulator runs, and post-simulator briefing. More information on 

participants can be found in Section 4.5. 

One pseudo-pilot was used for all simulation runs. Controller could communicate with 

pseudo-pilot only via voice communication (through headset) or data-link. They sat on the 

opposite sides of the laboratory and were separated from each other. No face-to-face contact or 

communication was possible. 

Each controller performed three scenarios for each of the three types of the operations (9 

runs in total). First and second scenario were with medium and high traffic loads, respectively, 

while in the third scenario the number of aircraft under supervision escalated until controller 

declared loss of situational awareness or a separation minima infringement occurred. 

To prevent order of simulation scenarios affecting results, each controller was randomly 

assigned order in which he or she will perform different versions of the scenario (conventional, 

F IGURE 6:  EXPERIMENT DESIGN OVERVIEW  
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30% TBO, 70% TBO). The order in which scenarios with different traffic loads (medium, high, 

escalating) were performed was, however, fixed and known to ATCOs. This enabled controllers 

to assess complexity more consistently. 

During each simulation run, a Subjective Complexity Measurement (SCM) tool opened 

every 2 minutes, accompanied by non-intrusive aural notification. The tool consisted of 7 

buttons (1-7) and controller had to click on the one which was closest to the perceived level of 

air traffic complexity. Controller's complexity assessment was time-stamped and stored. 

In addition to the subjective complexity measurement scores, objective complexity 

indicators were also calculated in real time, time-stamped, and stored. For the purpose of 

calculating new complexity indicators post-simulation, all aircraft states were stored for each 

time step of the simulation (one second). Aircraft state included all data that pertained to the 

specific flight at that point in time (e.g. position, velocity, heading, mass, pitch, bank, throttle, 

drag, climb mode, acceleration mode, assigned flight level/speed/heading, route etc.). 

All other available information was also stored. Human-machine interactions were 

recorded in-application, while an additional application was used to record radar screen and 

voice communication. 

4.2.  SIMULATOR DEVELOPMENT  

The development of the research simulator has started after the review of the available 

simulator showed that it was impossible to perform this kind of research on existing equipment. 

Main issues with existing simulators were inability to simulate 4D trajectories and difficulty in 

measuring and storing all of the necessary data. Also, it was concluded that a custom-built 

simulator could later be reused for future research. 

With these requirements in mind, the following aims for the development of the ATC 

simulator have been set: 

 Accurate and versatile aircraft model. It was determined that the aircraft model 

used in this research had to satisfy a set of criteria laid out in Section 4.2.2. It had 

to be able to simulate all the aircraft types that usually fly in Croatia Upper North 

airspace sector, with accuracy which is adequate for TBO. 

 Realistic working environment. It had to be similar to the actual working 

environment to which the ATCOs are used to. This includes the layout of the radar 

screen, auxiliary screens, keyboard, mouse, and communication switches.  User 
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interface had to be similar to the existing ATC simulators and workstations to give 

the ATCOs a smooth transfer to the simulator (without extensive training). 

 Representative ATC tool operation. For this research a limited set of ATC tools 

had to be developed. It was neither possible nor necessary to develop a complete 

set of professional ATC tools because the research consisted of a limited set of 

simulation scenarios and traffic situations. Those ATC tools that were developed 

though, needed to function in a manner that is representative of the actual tools 

(list of tools can be seen in Section 4.2.4.1). 

 Ability to record all necessary data. Since the primary purpose of this simulator 

was research, it was important to implement the function to record as much data 

as possible. Data that had to be saved were: aircraft states, HMIs, complexity 

indicator values, and subjective complexity scores. 

 Support for TBO. The simulator used in this research had to be able to support 

TBO. TBO support consisted of generating 4D trajectories, simulating aircraft 

flying 4D trajectories, and displaying those aircraft with all additional information 

(trajectories and flight profiles). 

4.2.1.  S IMULATOR SYSTEM OVERVIEW  

In this section a general overview of the simulator system will be given. The software 

was developed in C#, while the hardware was assembled from the commercial-off-the-shelf 

(COTS) components. 

Main parts of the hardware were two computers connected in a Local Area Network 

(LAN); one computer was controller’s station and the other pseudo-pilot’s (Figure 7). Each 

computer had one main screen with radar information and two auxiliary screens with flight plan 

information, flight profiles, and a communications panel. Each station also had a keyboard, 

mouse, headset, and a foot-operated communication switch. 

The software side of the simulator was composed of modules for (Figure 8):  

 Data preparation (airspace, flight plan, and scenario editing),  

 Parsing aircraft performance data (reading BADA files), 

 Reading airspace, flight plan, and scenario data, 

 Atmosphere modelling, 

 Generation of aircraft trajectories (using all available data and the aircraft model), 
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 Generation of radar screen display, 

 Computing values of complexity indicators, 

 Storing data (aircraft states, HMI, complexity indicator values, subjective 

complexity scores), 

 Processing inputs, 

 Network communication, 

 Voice communication. 

Some of these modules will be covered in more detail in following sections (generating 

aircraft trajectories in Section 4.2.2, atmosphere modelling in Section 4.2.3, and Radar screen 

display in Section 4.2.4), however, all technical details of all modules will not be covered here 

completely because that is not the main topic of this research (some more detail can be found 

in Appendix 1 – Simulator Architecture). 

 

 

F IGURE 7:  S IMULATOR HARDWARE LAYOUT  

F IGURE 8:  S IMULATOR SOFTWARE OUTLINE  
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4.2.2.  A IRCRAFT MODEL  

Depending on the purpose of the air traffic control simulator, different levels of aircraft 

model accuracy and fidelity are needed. For specific purposes, such as modelling traffic flows, 

simple aircraft model can be used (especially when combined with historic flight data). On the 

other side of the spectrum are simulations which require highly accurate models (e.g. 

continuous descent operations). 

For this research, several requirements had to be met by the aircraft model: 

 ability to model many different aircraft types; 

 accurate aircraft climb and descent profiles; 

 realistic turn performance; 

 realistic aircraft performance and limitations; 

 4D FMS algorithms. 

Since the purpose of this research was not to develop the best possible simulator with the 

most accurate aircraft model, the question of how good (accurate) is good enough, emerged. 

One approach might have been to create a model which generates trajectories which are 

good enough not to be easily discerned from the real aircraft trajectories by the trained 

controllers. This approach, while probably 'good enough', was rejected because TBO is based 

on knowledge about aircraft's future trajectory with a high degree of accuracy and using that 

knowledge to avoid potential conflicts. 

Therefore, an aircraft model was needed which could generate trajectories with accuracy 

similar to the requirements for the 4D operations. In this way, aircraft trajectories were probably 

imperceptibly but definitely measurably closer to the real trajectories. For details on aircraft 

model validation refer to Section 4.3. 

Having considered all requirements, EUROCONTROL's Base of Aircraft Data (BADA) 

Aircraft Performance Model (APM) was chosen as a starting point for aircraft model. Its main 

advantages are support for many different aircraft types, easy implementation, and excellent 

documentation (more on BADA in Section 4.2.2.1). 

BADA, however, provides only for modelling aircraft performance so the models of 

aircraft dynamics and FMS had to be developed from the start. It is the Aircraft Dynamic system 

which, based on six state variables, four inputs, and three disturbances, determines the change 

of aircraft state variables. Since three of the six state variables represent aircraft coordinates, 

output of this system effectively provides aircraft trajectory. The Flight Management System 
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(FMS) model is used to determine the change in aircraft inputs in a way which ensures 

fulfilment of flight plan goals (based on aircraft current position, flight plan, operational 

procedures and limitations, and a number of other factors). These two systems will be more 

discussed in the following subsections (aircraft dynamics in Subsection 4.2.2.2 and FMS in 

subsection 4.2.2.3). Also, atmosphere (including the wind) had to be modelled, so the 

International Standard Atmosphere (ISA) model was used. The overview of the whole aircraft 

model can be seen in Figure 9. Errors were bound to creep in, so the validation of the model 

was of the utmost importance (see Section 4.3). 

 

4.2.2.1.  BADA  A IRCRAFT PERFORMANCE MODEL  

Base of Aircraft Data (BADA) is a database of aircraft data developed and updated by 

EUROCONTROL Experimental Centre (EEC). As mentioned by Nuić et al. [49] the aircraft 

performance information provided in BADA 'is designed for use in trajectory simulation and 

prediction in ATM research as well as for modeling and strategic planning in ground ATM 

operations’. It provides ASCII files containing operation performance parameters for 405 

aircraft types – of these 150 are original and 255 are equivalent aircraft types. Equivalent 

aircraft types, also known as synonym types, are not covered by one of the BADA files directly, 

F IGURE 9:  OVERVIEW OF THE AIRCRAFT MODEL  
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they are linked to one of the 150 original types [50]. For each original aircraft type three files 

are provided: 

 Operations performance file with specific parameters needed to model the 

performance of that aircraft type, 

 Airline procedures file which contains speed schedules for airlines (one default 

speed schedule is provided for each aircraft type – user can define others), 

 Performance table file which provides tabulated TAS, rate of climb/descent, and 

fuel consumption for each aircraft type at different flight levels. 

In addition, synonym file (links original and equivalent aircraft types) and global aircraft 

parameters file are provided. 

The kinetic approach to aircraft performance modelling, as used in BADA, seeks to 

accurately model forces acting on aircraft represented as a single point. These forces are lift (L), 

drag (D), thrust (T), and weight (W). Total Energy Model (TEM) is then used to determine the 

distribution of the work done by these forces towards increase or decrease of aircraft's potential 

and/or kinetic energy (Eq. 4-1). 

(𝑇 − 𝐷)𝑣 = 𝑊
𝑑ℎ

𝑑𝑡
+ 𝑚𝑣

𝑑𝑣

𝑑𝑡
 

EQ .  4-1 

where, v is TAS, h is altitude, dh/dt is rate of climb/descent, and dv/dt is 

acceleration/deceleration. 

To control the aircraft in the vertical dimension, the pilots have two parameters they can 

adjust – throttle and elevator. Throttle directly influences thrust while elevator setting 

determines the fraction of the thrust that goes towards altitude change or towards speed change. 

In this way, three options are possible: 

 Fixed speed and thrust – calculation of rate of climb/descent 

 Fixed speed and rate of climb/descent – calculation of needed thrust 

 Fixed thrust and rate of climb/descent – calculation of speed 

For the first case above, the TEM equation can be rewritten as: 

𝑑ℎ

𝑑𝑡
=

(𝑇 − 𝐷)𝑣

𝑊
[1 +

𝑣

𝑔0

𝑑𝑣

𝑑ℎ
]
−1

 
EQ .  4-2 

Where g0 is the gravitational acceleration. 
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The last term in Eq. 4-2 (square brackets) can be substituted with Energy Share Factor 

(ESF) which can be calculated as a function of Mach number [51], which makes the equation 

much easier to solve. Also, the ESF can be used to determine the flight path angle (γ) for given 

drag and thrust (Eq. 4-3). 

𝛾 = 𝑠𝑖𝑛−1[(𝑇 − 𝐷) ∙ 𝐸𝑆𝐹/𝑊] EQ .  4-3 

 
For every ESF value and thrust setting, a single value of flight path angle can be 

computed. 

Besides TEM, BADA also provides a wealth of data that defines the aircraft model in 

terms of: 

 aircraft type, 

 mass, 

 flight envelope, 

 aerodynamics, 

 engine thrust, 

 reduced power, 

 fuel consumption, 

 ground movement. 

BADA however, does not provide any information on modelling aircraft dynamics and 

flight management system controllers. Those will be discussed in following sections (aircraft 

dynamics in Subsection 4.2.2.2 and FMS in subsection 4.2.2.3). 

4.2.2.2.  A IRCRAFT DYNAMICS  

As shown in the HYBRIDGE project [52], for ATM simulation purposes, an aircraft can 

be adequately modelled using a Point Mass Model (PMM), using six state variables (x), three 

inputs (u) and three disturbances (w). For this research PMM is slightly modified with 

introduction of 4th input – drag coefficient. 

First three of the state variables are x and y coordinates and altitude, h. Changes in these 

three variables define the predicted trajectory. The rest of the state variables are True Air Speed 

(TAS), V, heading angle, ψ, and aircraft mass, m. 

𝑥 = [𝑥1  𝑥2  𝑥3  𝑥4  𝑥5  𝑥6] = [𝑥  𝑦  ℎ  𝑉  𝜓  𝑚] EQ .  4-4 
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Three input variables are identical to pilot controls. These are the engine thrust, T, the 

bank angle, φ, and the flight path angle, γ. In addition to those three variables, a fourth variable, 

drag coefficient, CD, can be introduced [53] because the pilot has the ability to control several 

aircraft configuration options (e.g. flaps, landing gear, and spoilers). 

𝑢 = [𝑢1 𝑢2  𝑢3  𝑢4] = [𝑇  𝜑  𝛾  𝐶𝐷] EQ .  4-5 

Three disturbances are three components of the wind speed vector, each of them being 

parallel to one of the three axes. For the purpose of this thesis, vertical wind component (wz) 

was set to zero at all times. 

𝑤 = [𝑤1 𝑤2  𝑤3] = [𝑤𝑥 𝑤𝑦  𝑤𝑧] EQ .  4-6 

After defining vectors relevant to state variables, inputs and disturbances, non-linear 

control system can be used to capture the aircraft motion [52].  

�̇� =

[
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)] ∙ sin(𝑢2)

−𝜂 ∙ 𝑢1 ]
 
 
 
 
 
 
 
 

= 𝑓(𝑥, 𝑢, 𝑤) 
EQ .  4-7 

This system uses state variables, inputs and disturbances, along with additional terms such 

as aircraft total wing surface area, S, air density at altitude, 𝜌, acceleration due to gravity, g, 

aerodynamic lift, CL, and fuel consumption factor, 𝜂, to calculate the change in state variables, 

�̇�. Adding �̇� to x gives new aircraft state variables. 

As can be seen from the first two lines of the Eq. 4-7, the reference coordinate system 

used in this model was based on flat non-rotating plane. Therefore, the World Geodetic System 

84 (WGS-84) coordinates of the navigation aids and points had to be converted to East-North-

Up (ENU) coordinates in order to allow them to be properly used in this system. For such 

conversion, a reference point of ENU grid was chosen to be at the centre of the Zagreb CTA 

upper north airspace sector. In terms of small scale operations, such as those in this research 

where the two most distant points are at 180 NM from each other, the error introduced by this 

transformation is deemed acceptable. 
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4.2.2.3.  FLIGHT MANAGEMENT SYSTEM  

The purpose of the Flight Management System (FMS) model is to determine how to 

change inputs in order for aircraft to follow the desired path from the flight plan. The inputs 

that FMS uses are similar to the inputs that pilots use to control an aircraft. As mentioned 

previously in Subsection 4.2.2.2, these inputs are: thrust, bank angle, flight path angle, and drag 

coefficient. It is assumed that the aircraft is in coordinated flight at all times so no input is 

needed for yaw control, which is a reasonable assumption for commercial aircraft. 

The first thing an FMS must do is to determine the current aircraft position and speed 

relative to the desired path and speed. Next, it must determine the inputs needed to correct 

differences between the two. There are however, some differences in control strategies between 

different phases of flight. For example, the aircraft is controlled differently in climb than in 

descent, aircraft configuration is different during the approach phase than in cruise flight, 

different limits on control inputs are enforced during different phases, etc. Due to this, aircraft 

state is described by a set of discrete variables: Acceleration Mode (AM), Climb Mode (CM), 

Climb Phase Mode (CPM), Descent Phase Mode (DPM), Reduced Power Mode (RPM), Speed 

Hold Mode (SHM), and Troposphere Mode (TM). For each of the discrete variables (states) a 

simple finite state machine (FSM) was developed. Here, only a few of the most important ones 

are presented. 

Acceleration Mode. The FMS model tries to maintain the nominal TAS, Vnom, which is 

the speed that, when corrected for wind influence, enables the aircraft to reach the next waypoint 

at the required time (in 4D navigation) or, which is the optimal speed regarding fuel economy 

and other operational requirements (in 3D navigation). There are different ways of determining 

the required TAS in 4D navigation [54] but the most simple one is to divide remaining distance 

to next waypoint with the time left for reaching it, again, taking the wind into the consideration. 

By comparing the current TAS (x4) with the required TAS, acceleration mode discrete variable 

can be set to one of the three states: acceleration (A), deceleration (D), and constant speed (C), 

i.e. AM Є {A, C, D}. The value of the AM discrete variable is set by the FSM that can be seen 

in Figure 10. 
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This FSM prevents switching directly from acceleration to deceleration and vice versa. 

The capture condition for constant speed flight depends on the value of speed tolerance margin, 

Vtol, which was set to 0.05 m/s. This value was found to be appropriate for one second time step 

that was used by the simulator while still more accurate than the standard airspeed indicators. 

Climb Mode. Climb mode is a discrete variable that shows whether the aircraft is 

climbing (C), descending (D), or flying level (L), i.e. CM Є {L, C, D}. Its value is set by the 

FSM that compares the current altitude (x3) with the required altitude for that segment of the 

route (hnom). This FSM (Figure 11) also prevents switching between non-bordering conditions 

such as switching between climb and descent, or vice versa, directly. The capture condition 

(htol) in this FSM was 15 m which is enough to ensure safe vertical separation and successful 

capture of the desired altitude with rates of climb/descent of up to 15 m/s (3000ft/min). 

 

Climb Phase Mode and Descent Phase Mode. These FSMs are used to further define 

aircraft performance depending on the climb/descent phase. Climb phase can be either take-off 

F IGURE 10:  F INITE STATE MACHINE FOR ACCELERATION MODE VARIABLE  

F IGURE 11:  F INITE STATE MACHINE FOR CLIMB MODE VARIABLE  
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climb, initial climb or, regular climb. For each of the three climb phases, different values of 

some coefficients are used because the first two phases are flown with different aircraft 

configurations while regular climb is done with clean configuration. Similar to the climb phase, 

there are four descent phases, namely, upper descent, lower descent, and descent for approach 

or landing. Again, all of these descent phases imply different values for many coefficients. Both 

climb phase mode and descent phase mode are set by FSMs by comparing the current height 

above ground level and TAS with pre-defined threshold values. 

Reduced Power Mode. It is used to accurately simulate real climb performance of a 

commercial aircraft which will not usually climb with maximum thrust but with thrust setting 

that reduces fuel consumption and engine wear. This FSM checks current altitude against the 

aircraft ceiling (maximum altitude) and if it is less than 80% of the aircraft ceiling, it reduces 

the climb thrust. 

Speed Hold Mode. It determines whether the aircraft should be flown with constant 

Calibrated Air Speed (CAS) or constant Mach number. The cross-over altitude is the altitude at 

which a given CAS converted to TAS is equal to a given Mach converted to TAS. When 

crossing this altitude in climb, the aircraft’s FMS will switch from maintaining constant CAS 

to maintaining constant Mach number. 

Troposphere Mode. This FSM determines whether the aircraft is above or below the 

tropopause (the boundary between troposphere and stratosphere) and sets an array of parameters 

accordingly. 

Besides these FSMs the FMS has to control the bank angle and the flight path angle to 

keep the aircraft on the desired trajectory.  

Bank Angle Controller. Aircraft position relative to the desired path in horizontal plane 

can be expressed using two variables, cross track error (CTE) and heading error (HE). CTE is 

the distance from the aircraft to the nearest point on the desired path, and HE is the difference 

between current aircraft heading and the desired heading (Figure 12). 

In Figure 12, PH(t) is a vector indicating aircraft position at time t, OH(i) and OH(i+1) are 

waypoint coordinates for waypoints i and (i+1) respectively. Heading error, θ(t), can be 

calculated simply by subtracting desired heading from the aircraft heading: θ(t)= ψ(t) - ψ(i). 

Cross track error, δ(t), is defined by: δ(t) = [-sinψ(i) cosψ(i)]•OH(i)PH(t), where OH(i)PH(t) = 

ΩPH(t)- ΩOH(i) (where ΩPH(t) =[x, y] and ΩOH(i) = [xi, yi])  [53].  
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The bank angle controller then uses CTE, HE, and wind to calculate the intercept angle 

which will take the aircraft back to the required track. As with many details in this section, the 

exact workings of the controller algorithm will be left out to conserve space; however, there are 

two more values which directly influence the decision to increase or decrease the bank angle. 

These are turn side (left or right turn, LR=0 or 1) and roll-out distance (the CTER-O value at 

which the aircraft needs to start rolling out of the turn in order to exit the turn on track). Values 

of these variables are then passed on to the FSM that changes the bank angle (φ). Maximum 

bank angle change used was 2°/s. The simplified version (with some features omitted for 

readability) of this FSM can be seen in Figure 13. 

In theory there should be 28 state transitions for the FSM in Figure 13, however control 

variables have interdependencies which prevent some state transitions (e.g. if the aircraft is left 

of track with left bank, it cannot suddenly move towards the track). Common state transitions 

are marked with black arrows; unlikely (but still theoretically possible) state transitions are 

marked with dashed gray arrows, while impossible state transitions are omitted altogether. Not 

shown in the figure are also the bank angle limits which are set to different values for different 

phases of flight. Changes to aircraft inputs (in this case, bank angle) are shown in red. 

The controller will guide the aircraft towards the desired track and, once the aircraft is on 

track, it will maintain the bank angle between -2° and 2°. This type of oscillation was considered 

acceptable for the type of simulation performed here. 

FIGURE 12:  CTE  AND HE  (ADAPTED FROM [53])  
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In the typical case the aircraft will start from one of the states at the top of the figure 

(greater distance from the desired track) and move towards the lower states (smaller distance 

from the desired track), until it crosses the track (LR changes from 0 to 1 or vice versa) and is 

finally stabilised at the required track with the bank angle near 0° (+/- 2°). 

The values of the variables that are set by abovementioned finite state machines (and 

other controllers not mentioned here for brevity) are used to determine the inputs (u) used in 

Eq. 4-5 and Eq. 4-7. 

Inputs. When the aircraft position relative to the desired path has been determined, FMS 

must decide which of the four inputs to change and how much. Input number four (u4), drag 

coefficient CD, is easiest to set. According to BADA, CD changes only with change in aircraft 

configuration (e.g. landing gear, flaps) which depends only on height above ground. BADA 

prescribes at which height above ground which fixed CD should be used. Other inputs can be 

divided into two groups: thrust and flight path angle (used to control climb and speed), and 

bank angle (used to control horizontal position). 

The method to set the bank angle was explained previously. The only two inputs left to 

set are thrust and flight path angle. 

According to the values of the AM and CM variables, there are nine options for thrust 

and flight path setting (three values of AM variable for each of the three values of the CM 

variable, Table 6).  

F IGURE 13:  BANK ANGLE CONTROLLER FSM  
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For the level flight (middle column in Table 6), flight path angle is always set to zero. If 

the speed is also to be maintained constant then the thrust has to be set equal to the drag at that 

speed. When the aircraft is flying level and it needs to accelerate, it must not use more thrust 

than the thrust that would cause it to accelerate at the maximum allowed longitudinal 

acceleration set in BADA. Therefore, in level flight the thrust (u1) is set for maximum allowed 

acceleration or for desired TAS, whichever is less. For deceleration the opposite is true, the 

thrust has to be set for maximum deceleration or for desired TAS, whichever is greater. 

TABLE 6:  THRUST AND P ITCH SETTING FOR DIFFERENT VALUES OF AM  AND CM 

     CM 

AM 
CLIMB  LEVEL  DESCENT  

A
C

C
E

L
. 

Thrust is set to maximum climb 

thrust which changes depending 

whether RPM is activated. 

ESF = 0.3 

γ is given by Eq. 4-3. 

Thrust is set for maximum 

acceleration or for desired 

TAS, whichever is less.  

γ = 0° 

Thrust is set for descent 

(different values according 

to different descent phases) 

ESF = 1.7 

γ is given by Eq. 4-3. 

C
O

N
S

T
A

N
T

 

S
P

E
E

D
 

Thrust is set to maximum climb 

thrust which changes depending 

whether RPM is activated. 

ESF = f(M) 

γ is given by Eq. 4-3. 

T = D  

γ = 0° 

 

Thrust is set for descent 

(different values according 

to different descent phases) 

ESF = f(M) 

γ is given by Eq. 4-3. 

D
E

C
E

L
. 

Thrust is set to maximum climb 

thrust which changes depending 

whether RPM is activated. 

ESF = 1.7 

γ is given by Eq. 4-3. 

Thrust is set for maximum 

deceleration or for desired 

TAS, whichever is greater.  

γ = 0° 

Thrust is set for descent 

(different values according 

to different descent phases) 

ESF = 0.3 

γ is given by Eq. 4-3. 

 

For all other combinations of values of AM and CM variables the pitch angle (flight path 

angle) is calculated with Eq. 4-3. In climb with constant speed, the thrust is set to maximum 

climb thrust corrected for reduced power mode (RPM) if needed, and energy share factor (ESF) 

is calculated as a function of Mach number. Similar situation is present in other climb scenarios, 

climb with acceleration and climb with deceleration, only difference being the value of the ESF 

which is 0.3 in former and 1.7 in latter case. 
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 In descent the thrust is set to one of the four descent settings: high, cruise, approach, and 

landing. All of them are non-zero thus simulating some fuel consumption even in idle-throttle 

descent. Values for ESF can be seen in Table 6. As already mentioned, the pitch angle is 

calculated according to Eq. 4-3. 

When changing flight path angle, care must be taken not to exceed maximum allowed 

normal acceleration set in BADA. Normal acceleration limit set in BADA is much lower than 

the one set in aircraft operations manual because it is chosen to ensure passenger comfort, not 

aircraft structural integrity. For the purpose of this research, when changing flight path angle it 

is always increased or decreased by the maximum allowed amount. In this way the trajectory 

of a commercial airliner is more accurately predicted. Maximum cruise and climb thrust can be 

calculated using BADA. 

4.2.2.4.  FLIGHT PLAN  

In the context of this air traffic control simulator, unlike International Civil Aviation 

Organization (ICAO) definition, the flight plan is merely a set of data used to describe the 

desired flight path. The data is divided into two sections, general information and waypoint list. 

General information section contains data on aircraft type, call-sign, squawk, departure and 

destination airport, initial aircraft state, etc. Waypoint list is a list of 3D or 4D coordinates 

(depending on the type of flight) with addition of fly-over/fly-by designation. The data structure 

with sample data can be seen in Table 7. 

TABLE 7:  SAMPLE FLIGHT PLAN DATA  

GENERAL INFORMATION  

Call-sign: TVS2337 

Aircraft type: B738 

3D/4D: 4D 

Civil/military: Civil 

Flight start time: 10:27:26 

Squawk: C5055 

Departure: LGKF 

Destination: LKPR 

Requested flight level (RFL): 360 

Initial aircraft state: 

     Latitude [°]: 43.866831 

     Longitude [°]: 18.1054996 

     Altitude [m]: 10972.8 

     TAS [m/s]: 231.5 

     Heading [rad]: 1.919862 

     Mass [kg]: 58000 
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WAYPOINT LIST  

 Designator Latitude Longitude Altitude Time Fly-over 

1. GILUK 43.866831 18.105499 10972.8 0 True 

2. BOSNA 44.370554 17.759722 10972.8 255 True 

3. NOVLO 45.229444 16.953055 10972.8 728 False 

4. ZAG 45.895558 16.306697 10972.8 1088 False 

5. PETOV 46.309721 15.976111 10972.8 1321 True 

6. GOLVA 46.708887 15.652500 10972.8 1564 False 

 

Aside from designated navigation points, any additional waypoint can be entered into the 

flight plan. This is especially important for aircraft descending for landing because they need a 

top of descent point which hardly ever coincides with a navigation point. 

In most cases the flight was not planned from take-off to landing but only from navigation 

point immediately prior to entering the airspace to the one after the exit.  

4.2.3.  ATMOSPHERE  

The atmosphere model used in this simulator is based on the International Standard 

Atmosphere (ISA) published by the International Organization for Standardization (ISO) [55]. 

ISA model however, can only be used with following standard initial conditions at Mean Sea 

Level (MSL): 

• Standard acceleration due to gravity, g0 = 9.80665 [m/s2];  

• Atmospheric pressure, p0 = 101 325 [Pa];  

• Atmospheric density, ρ0 = 1.225 [kg/m3];  

• Temperature, T0 = 288.15 [K];  

• Speed of sound, a0 = 340.294 [m/s].  

For other initial conditions, most importantly different values for pressure and 

temperature at MSL, BADA model of the atmosphere (non-ISA atmosphere) had to be used. 

Atmosphere model in BADA relies on several hypotheses [56]: 

 The air is considered a perfect gas, governed by the law of perfect gases,  

 The atmosphere is static in relation to the Earth,  
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 The tropopause (boundary between troposphere and stratosphere) is at constant 

geopotential altitude,  

 The gradient of the temperature change is constant for each layer of the 

atmosphere, 

 The air humidity is not considered when calculating properties of the atmosphere 

due to insignificant influence. 

BADA model of the atmosphere enables calculation of speed of sound, pressure, density, 

and temperature of the air at all altitudes up to 20000m for any initial MSL temperature and 

pressure [56]. While non-ISA atmosphere is not absolutely necessary for this research, it was 

important to implement it because simulator validation was performed with real aircraft flight 

data which were recorded in non-ISA conditions. 

Wind was modelled with constant speed and direction for the whole volume of the Zagreb 

CTA upper north airspace sector. 

4.2.4.  USER INTERFACE  

4.2.4.1.  CONTROLLER STATION  

Humans receive most of the information about their surroundings visually. Radar screen 

is the main source of the visual information for the air traffic controller. Therefore, the simulator 

used for this research had to be as representative of the real radar screen as possible. 

It must be noted that the term 'radar screen' is slightly misleading in the context of modern 

air traffic control. Though radars are still the primary source of aircraft position information 

(with ADS-B/C and multilateration slowly gaining ground), modern ATC work stations do not 

have an actual radar screen. The information provided by the radar is instead heavily filtered 

and correlated with other information related to that particular aircraft. Because of this, modern 

'radar' screens are more akin common computer screens with fairly simple vector graphics than 

the old analogue radar screens. The main, and only visible, difference between the common 

commercial electronics computer screen and professional ATC work station screen is the aspect 

ratio. While computer screens are usually produced in a number of widescreen formats, ATC 

screens usually have 1:1 aspect ratio (i.e. they are square). Simulating ATC work stations with 

common computer screens is therefore usual practice in low- to mid-range ATC simulator 

solutions. Same approach was used in this research. 
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Other devices used for human-machine interaction in the context of ATC are keyboard, 

mouse, and radio communication switch (hand and/or foot operated). Headphones and 

microphone are used for radio communication. 

For this research, following work station configuration was used: 

 One computer screen for radar display. 

 One computer screen for additional information (flight plans, meteorological 

information). 

 Keyboard and mouse for data entry and manipulation 

 Headset (headphones + microphone) with hand and foot operated comm. 

switches. 

Radar screen interface elements used for this research can be divided into three sections: 

 Map with correlated radar targets (aircraft and data labels) 

 Tool strip (ATC tools and basic information) 

 Control panels (displayed according to controllers actions). 

The layout of radar screen display of the simulator developed for this research can be seen 

in Figure 14. 

 
F IGURE 14:  RADAR SCREEN DISPLAY  
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Map is built of individual layers, each displaying polygons, lines, ellipses, symbols or 

text. Combined, they represent country borders, Flight Information Region (FIR) borders, coast, 

restricted airspace zones, navigation points, navigation aids etc. Map can be dragged with 

mouse and zoomed in/out with mouse scroll button.  

Aircraft are displayed as circles with trail of dots representing aircraft's trajectory in the 

past 30 seconds, and with a line showing its current track vector. Track vector's length depends 

on the aircraft's groundspeed with end of the line showing where the aircraft is predicted to be 

in 60 seconds (this time is also individually adjustable). The colour of the aircraft target changes 

depending on the state of that aircraft. Target is displayed in blue for aircraft not yet accepted 

from or already transferred to other ATC units. Once the aircraft is under control it turns white 

(3D aircraft) or yellow (4D aircraft). Under special circumstances the target colour can change 

to red, when the Short-Term Conflict Alert (STCA) is active, or purple, when the Area 

Proximity Warning (APW) is active (Figure 15). 

 

Aircraft labels are connected with the appropriate aircraft by solid lines. Labels initially 

show limited set of flight data; however, they expand on mouse hover to show expanded set of 

data. Labels are also the main interface between controller and strip-less flight progress 

monitoring system. By clicking on the aircraft label, the controller can accept the aircraft from 

the transferring ATC unit, and assign flight level, speed, heading or route according to 

instructions given to the aircraft (Figure 16). This allows the controller to keep track of the 

given instructions and to monitor flight's progress. It also makes possible for clearance 

adherence algorithms to work. 

Tool strip is located at the top of the radar screen and houses the following tools (seen at 

the top of the Figure 14): 

 Map re-centre – Centres the map on the centre of the airspace sector. It is used to 

quickly return to the main mode of display after zooming in or scrolling to the 

side. 

 Range and bearing line – Measures the distance and range between two points on 

the map. 

F IGURE 15:  EXAMPLES OF AIRCRAFT TARGET COLOURS  
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 Height filter – Filters the aircraft according to altitude. Filtered out aircraft are 

displayed as grey aircraft targets without labels. 

 SSR code filter – Filters the aircraft according to Secondary Surveillance Radar 

(SSR) codes. 

 Separation tool – Extends the track vectors of two selected aircraft to the point of 

their closest approach and displays separation distance (in nautical miles) and time 

until the point of closest approach is reached (in minutes and seconds). 

 Display tools – used to adjust four display layers directly from the simulator. 

These layers are: aircraft track vectors, aircraft trails, sector boundaries, and 

standard routes. All other display layers are editable through text files. 

 Area Proximity Warning (APW) – Activates when an aircraft is about to enter the 

sector without being accepted or, when an aircraft is about to exit the sector 

without being transferred to another ATC unit. The ‘APW’ sign starts to flash 

purple and is accompanied by a single sound alert. 

 Short Term Conflict Alert (STCA) – Activates when two aircraft are less than two 

minutes away from separation minimum infringement. The ‘STCA’ sign starts to 

flash red and is accompanied by a single sound alert. 

F IGURE 16:  STRIP-LESS FLIGHT PROGRESS MONITORING  



59 
 

 Separation infringement alert – Activates when two aircraft have infringed on the 

separation minima. The whole tool strip flashes red and aural warning is sounded 

repeatedly. 

 Latitude/longitude display – Displays latitude and longitude of the mouse cursor. 

 Time – Displays current simulation time. 

 QNH – Displays current simulation QNH. 

Another part of the user interface, specific for the controller’s side of the simulator, is the 

subjective complexity assessment panel. It slides into view every 120 seconds with colour-

coded scale ranging from one to seven (green to red), accompanied by a non-intrusive audio 

notification. When the controller clicks the selected subjective complexity score, the panel 

disappears. 

For aircraft flying TBO, an air traffic controller can also see the trajectory profile. This 

information is displayed in a separate window on the secondary monitor (Figure 17). Flight 

profile information is used by controllers to separate aircraft flying conventional operations 

from TBO aircraft. On the x-axis is the time in seconds and on the y-axis is the altitude in flight 

levels.  

 
F IGURE 17:  FLIGHT PROFILE WINDOW  
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4.2.4.2.  PSEUDO-PILOT STATION  

Pseudo-pilot's interface is very similar to the controller's. Main difference is in the 

command panel that opens on clicking the aircraft label (Figure 18). This panel holds all the 

necessary tools needed to guide the aircraft along the flight planned route and to change that 

route in accordance with controller's instructions. Once the main command panel is opened, 

additional panels can be accessed by clicking on the appropriate data input fields. Unless 

aircraft is given specific instructions, it will execute the flight according to flight plan, so the 

data input fields will display 'O/N' (Own Navigation). 

 

Clicking the data input fields opens a tool that can be used to set specific values for 

different navigational and operational elements: 

 Altitude tool - allows viewing current and assigning new flight level, altitude, 

height, and rate of climb/descent (ROCD). 

 Speed tool - allows viewing current and assigning new true airspeed, calibrated 

airspeed, or Mach number. 

 Heading tool - allows viewing current and assigning new heading or track. Also, 

direction of the turn can be specified. 

F IGURE 18:  MAIN PSEUDO-P ILOT COMMAND PANEL WITH SUB-MENUS  
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 Route tool - allows viewing active route as a list of waypoints and ETAs. Routes 

and trajectories (past and predicted) can also be displayed on the map. 'Direct to' 

functionality is available as well. 

 SSR tool - allows viewing current and assigning new SSR codes. 

 Additional info such as callsign, aircraft type, weight category, mass etc. can also 

be displayed. 

Both air traffic controller and pseudo-pilot also have a separate list of flights (seen in 

Figure 19) which contains aircraft callsign, type, departure aerodrome, route, destination 

aerodrome, and requested flight level (RFL). Active aircraft are coloured white, active but not 

yet accepted flights are blue, while inactive flights are greyed out. The user can sort this list by 

any column desired. Pseudo-pilot can open the main command panel by double-clicking the 

desired aircraft's callsign. 

 
F IGURE 19:  FLIGHT PLAN W INDOW  
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4.2.5.  DATA LOGGING  

A wealth of information is generated by the simulator during the simulations. All data is 

stored in real-time to the hard drives at both the controller and pseudo-pilot stations. Stored data 

can be segregated into four main categories: 

 Aircraft state data. For each flight all variables pertaining to that aircraft's state 

are stored at one second interval. These include, but are not limited to: position, 

speed (TAS, CAS, Mach, GS), heading, track, mass, thrust setting, bank, pitch, 

drag, ESF, FMS variables, assigned level/heading/speed, etc. 

 Human-machine interactions. All mouse events are stored (click, double-click, 

move, hover, scroll) and all keyboard inputs as well. These are not of use in this 

research but may be in future work. 

 Subjective complexity scores. These are arguably the most important outputs of 

this research. Subjective complexity scores are collected during the simulation at 

two minute intervals, with complexity assessment panel sliding into controller's 

view at the right side of the radar screen, followed by aural notification (without 

stopping the simulation). They are time-stamped and stored on the hard drive. 

More on the complexity measurement methodology can be found in Chapter 3.4. 

 Complexity indicators values. Values of 20 complexity indicators are computed 

during the simulations. The values of these indicators are recorded after the end 

of the simulation. In addition, values of other or newly developed complexity 

indicators can be calculated from the aircraft states later. 

The data is stored in plain text files with custom data storage format. 

4.3.  SIMULATOR VALIDATION  

The purpose of validation is to determine whether the simulator satisfies specified 

requirements. A full-scale, commercial ATC simulator solution is a complex system with 

multiple sub-systems using different models and technologies. This ATC simulator is a 

simplified, single-purpose system with significantly lower complexity and breadth of functions. 

For this research, there was no need to produce a system capable of simulating all possible 

failure modes (both in the air and on the ground); all technologies used at all the different 

ANSPs, or even all the tools used at the local ANSP. There was no need to make the simulator 

easily upgradeable, easily serviceable, or easily used to produce the simulator scenarios because 
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all those tasks were performed by the developer of the simulator. The simulator was never to 

be used as a training device in its current form, nor has it had to be certified for safety-of-life 

functions. These conditions made the development of the simulator much less demanding, 

nevertheless, the goals set at the beginning of this chapter had to be met and validated.  

The simulator validation was divided into following steps: 

 Validation of the atmosphere model. 

 Validation of the aircraft model. 

 Validation of the user interface. 

 Functionality testing. 

4.3.1.  VALIDATION OF THE ATMOSPHERE MODEL  

For validation of the atmosphere model, the values given by the atmosphere model for 

different starting conditions (temperature and pressure at MSL) were compared to the values 

from the EUROCONTROL’s Revision of Atmosphere Model in BADA Aircraft Performance 

Model [56], Appendix B. Results of the comparison can be seen in Figure 20. Three examples 

are given. Thick blue lines represent data from the document, while dashed light grey lines 

represent data calculated by the atmosphere model. Implementation of the BADA’s atmosphere 

model is relatively straightforward with exact equations which produce consistent results, thus 

the lines in the graphs are perfectly aligned. 
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4.3.2.  VALIDATION OF THE A IRCRAFT MODEL  

Validation of the aircraft model was more involved than validation of the atmosphere 

because the aircraft model is a hybrid system made of three distinct models (BADA APM, 

aircraft dynamics model, and FMS model). The approach taken in this research was to validate 

the aircraft model holistically by comparing the output of the aircraft model with the actual 

flight data obtained via Quick Access Recorder (QAR)4. The QAR data was obtained for five 

flights by the Airbus A320 and five by the Bombardier Q400 (courtesy of Croatia Airlines). 

Though it would have been more representative of the real aircraft distribution to include at 

least one heavy aircraft into this comparison, such data was unavailable. Nevertheless, the 

medium range jets and turboprops constitute largest relative fraction of the actual aircraft types 

in Croatian airspace so the author believes that the compared aircraft were representative 

                                                      
4 Quick Access Recorder is an aircraft system which records, during flight, all variables related to the aircraft 
state and its surrounding (meteorological data). It is similar to the Flight Data Recorder (‘black box’), however, 
it is more accessible and therefore routinely used to monitor aircraft and crew performance. 

F IGURE 20:  COMPARISON OF REFERENCE DATA AND ATMOSPHERE MODEL  
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enough. The comparison of actual and modelled flights was however, made difficult by several 

factors.  

First, variation of the weather conditions that occurred during the course of the actual 

flights introduced many errors. For instance, in one flight the wind varied from 5 knots at 

ground level to more than 80 knots at FL 240. The uniform wind model therefore, could not be 

used. Instead, the aircraft model was temporarily upgraded to include weather information from 

the look-up table produced from the QAR data. This ensured that the modelled aircraft ‘flew’ 

in almost exactly the same weather conditions as the actual aircraft. Each row in the look-up 

table corresponded to the weather conditions in a 500 meter thick layer of the atmosphere. The 

upgrade was later dismantled because it had no utility in further simulations. 

The second problem was the speed schedule used by the airlines. BADA’s default speed 

schedule was found to be biased towards higher speeds overall, so the speeds had to be 

decreased in order to match the speed schedule of the actual flight. For example, in BADA the 

Airbus 320 is scheduled to climb with 250 knots CAS at low altitudes and 300 knots at high, 

while the actual flight was flown with around 240 and 280 knots, respectively. Also, the BADA 

airline procedures model has only three different values for speed per flight phase (climb, 

cruise, descent) compared with many speed settings available to the actual FMS. 

The third factor affecting the aircraft performance was the initial aircraft mass. 

Unfortunately (and surprisingly), the QAR data did not have the actual mass information so the 

masses of the modelled aircraft had to be tuned until the model performed as good as it could. 

An example of the comparison between actual and modelled aircraft trajectory can be 

seen in Figure 21. Pictured is the trajectory of the Airbus A320 on a short local flight. Red lines 

represent the actual flight and blue lines the simulated flight. On the left of the figure is the top 

view and on the right is profile view. It must be noted that the x and y coordinates are not to the 

same scale (x : y = 2 : 1). 
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The figure shows the flight profile from 2000 meters upwards. Below 2000 metres the 

aircraft trajectories were much more difficult to model because of the more complicated 

manoeuvres and the non-clean configuration. This limit is not relevant however, because the 

research is conducted on an en-route airspace sector. What is important to notice from this 

figure is the fact that the simulated aircraft closely follows the actual trajectory both laterally 

and vertically. 

The differences between the trajectories are small and cannot be easily seen from this 

figure. Therefore, the close-up of the graphs, showing more detail, is shown in Figure 22. One 

feature that is immediately noticeable is the relative smoothness of the simulated trajectory 

compared to the actual trajectory. Obviously, the FMS of the actual aircraft has to account for 

more disturbances than the simulated one (e.g. vertical air movement, wind gusts), however, 

the differences in trajectories at such a small level are not noticeable on the radar screen because 

it is refreshed every 5 seconds. It is doubtful if the controllers could notice the difference even 

with the higher refresh rate. 

Finally, for the same example flight the 3-D error is shown in Figure 23. The error is 

calculated as a 3-D distance from the actual aircraft to the simulated aircraft for each second of 

F IGURE 21:  COMPARISON OF THE ACTUAL (RED)  AND THE SIMULATED (BLUE)  

AIRCRAFT TRAJECTORY (TOP AND PROFILE VIEW )  
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the flight; therefore, apart from vertical and lateral, it also includes the along-track error. 

Maximum error is 4.7 km which is negligible for the purpose of this research. Maximum error 

in all other validation flights was less than 6 km (more data can be seen in Appendix 2 – Results 

of Aircraft Model Validation). 

All in all, the aircraft model can be considered valid and representative of the actual 

aircraft in the context of ATC operations. Several adjustments (wind, speed schedule, mass) are 

needed to bring the simulation results closer to the actual flight data since the default settings 

for an aircraft type are different than the settings used in practice. This kind of adjustment had 

to be done for validation purposes; however, there was no need to continue customizing each 

aircraft for each flight in all simulation scenarios. Simulations were performed with default 

aircraft settings and with uniform wind model. Uniform wind model was used because 

differences in wind speed and direction within the volume of the airspace that was simulated 

would have been mostly negligible in actual conditions (in nominal weather conditions). 

 

F IGURE 22:  THE COMPARISON OF THE ACTUAL (RED)  AND THE S IMULATED (BLUE)  

AIRCRAFT TRAJECTORY (DETAIL)  
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4.3.3.  VALIDATION OF THE USER INTERFACE AND FUNCTIONALITY 

TESTING  

Next in the validation process was the validation of the user interface and functionality 

testing. User interface was designed in accordance with the best practices observed from two 

professional ATC systems. However, as stated previously, not all of the tools have been, or 

needed to be, developed because not all of them were useful for this research (more details on 

the user interface can be found in Section 4.2.4). Validation of the user interface and 

functionality testing was performed during the trial runs with the assistance of two air traffic 

controllers who were not involved in this research in any other way. Feedback was received via 

unstructured interviews during which the controllers explained which user interface elements 

and simulator functions needed to be modified and why. These trial runs resulted in minor 

changes to functionality of the separation tool, colour schemes, and interface layout. 

Additionally, some of the simulation scenarios were adjusted during these runs. 

4.4.  DATA PREPARATION  

This section will cover the data preparation procedures used to prepare airspace and air 

traffic data. The purpose of the data preparation is to assemble a set of data that can be used to 

build simulation scenarios. The reference data for this procedure was actual airspace structure 

information obtained from the Aeronautical Information Publications (AIP), and historic traffic 

data provided by the EUROCONTROL. 

4.4.1.  A IRSPACE USED IN S IMULATIONS  

Airspace in which the simulations were performed has been chosen according to 

following requirements: 

F IGURE 23:  3-D  ERROR OF THE S IMULATED TRAJ ECTORY  
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 Participants (ATCOs) had to be familiar with the airspace. This ensures that they 

can accurately assess the air traffic complexity. It also saves time on pre-simulation 

training and removes the possibility of different learning rates affecting the results. 

 Airspace data must be available. Most European ANSPs nowadays share their 

airspace data on-line for free. 

 Available flight data upon which the flights for the simulation scenarios were 

created must include flights passing through the desired airspace. In this way 

realistic flight data can be used. 

 Because this research considers only en-route operations, a sector of en-route  

(upper) airspace will be used. 

One of the few sectors that meets all these criteria is Zagreb CTA Upper North sector 

(here, ‘Upper’ is used in a broad sense, see note below). All available participants were familiar 

with it due to years of experience working at Croatia Control Ltd. (Croatian ANSP). Its layout 

(dashed light blue line) can be seen in Figure 24. The sector boundary as seen in the figure is 

somewhat simplified because in reality the northern and western boundary of the sector follows 

the Flight Information Region (FIR) boundary exactly. Since the beginning of the research the 

actual Upper North sector was extended eastwards all the way to the FIR boundary. This 

change, however, was not implemented halfway through the research to preserve the 

consistency of the research results. 

Geographically, the sector consists of airspace over northern Croatia and north-western 

Bosnia and Herzegovina. Vertically, the sector, as used in this research, starts at FL 285 and 

ends at FL 660 (though no flights were flying that high). In reality, due to traffic demand, the 

sector is often vertically divided into several sub-sectors depending on the traffic loads and in 

that case ‘Upper’ is used to describe the sector from FL 325 – FL 355. For this research the 

complete vertical expanse was used. Most flights flying through this sector are over-flights 

while minority of flights depart or arrive in Croatia. 

The Zagreb CTA Upper North sector is class C airspace and it is dominated by the ZAG 

VOR/DME which is an intersection for most of the area navigation (RNAV) routes (all but 6 

routes in the whole sector pass through this point). RNAV routes can be seen in Figure 24 as 

light grey lines. 
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The transfer of traffic between neighbouring Area Control Centres (ACC) and Zagreb 

ACC is regulated by Letters of Agreement (LoA). For this research the relevant parts of LoAs 

were Flight Level Allocation and Special Procedures sections which state the conditions that 

have to be met for all flights crossing the boundary of the CTA (called Flight Level Allocation 

Scheme - FLAS). The purpose of FLASes is to ensure that flights will cross the CTA boundary 

at required flight levels that enable them to land at the desired airport or to be seamlessly joined 

with existing traffic. It also states what are the coordination points (COP) or transfer of control 

(TOC) points. The participants were required to adhere to these procedures during the 

simulation runs. Here, only those FLASes which are relevant to Zagreb CTA Upper North 

airspace sector are presented in Table 8 (e.g. flights crossing from Zagreb to Belgrade CTA 

with intention of landing at Podgorica, LYPG, shall be transferred to Belgrade ACC at SOLGU 

point flying at FL 350). 

TABLE 8:  FLASES USED IN THE RESEARCH  

ZAGREB ->  BELGRADE [57]  

ATS  ROUTE/DEP/DEST COP/TOC FLAS CON DITIO NS  

Dest LYBE 
PEROT ↓FL 150 Bdry. FL 270- 

SOLGU FL 330- At FL 

Dest LYPG/TV SOLGU FL 350- At FL 

F IGURE 24:  CROATIAN UPPER NORTH AIRSPACE SECTOR  
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Dest LBSF RENDA, GUBOK FL 350- At FL 

Dest LWSK DOBOT FL 350- At FL 

BELGRADE ->  ZAGREB  [57]  

ATS  ROUTE/  DEP/DEST COP/TOC FLAS CON DITIO NS  

Dest LDZA, LDVA, LJLJ, LJMB, 

LOWG 

SIVLA, BOSNA FL 340- At FL 

Dep LYBE TUVAR ↑FL 280 Bdry. FL 120+ 

ZAGREB ->  BUDAPEST  [58]  

ATS  ROUTE/  DEP/DEST COP/TOC FLAS CON DITIO NS  

M/UM986-Y/UY573 KOPRY Odd Levels - 

M986-Y583 FL 245 or below 

M/UM986-Y/UY572 - 

M986/Q576 FL 245 or below 

L/UL196  VEBAL Odd Levels - 

L/UL196 -Y/UY553 - 

Y574 FL 205 / FL 285 

M/UM986-Y/UY573 Dest 

LHBP/LHTL 

KOPRY Max. FL 330 At FL 

M986 Dep LDZA Max. FL 190 FL 170+ 

BUDAPEST ->  ZAGREB  [58]  

ATS  ROUTE/  DEP/DEST COP/TOC FLAS CON DITIO NS  

Y/UY552 VEBAL Even Levels - 

Y/UY553 - 

UM 9986 Dep LHBP/LHTL KOPRY Max. FL 320 At FL 

UM 9986 Dest LDSP/LDPL 

/LDRI/LDZD 

Max. FL 320 At FL 

Y/UY552 Dep LHBP/LHTL VEBAL Max. FL 340 At FL 

Y/UY552 Dest LDDU Max. FL 340 At FL 

ZAGREB ->  LJUBLJANA [59]  

ATS  ROUTE/  DEP/DEST COP/TOC FLAS CON DITIO NS  

Dest LIPZ/LIPH/LIPA ALL FL 300 At FL 

Dest LOWW/LZIB ALL FL 340 At FL 

Dest EDDM/EDMx/LOWS BEDOX, PODET FL 360- At FL 

Dest LOWI/LOWL ALL FL 340- At FL 
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Dest EDDM/EDMx/LOWS 
ALL (except via 

BEDOX, PODET) 

FL 340 At FL 

Dest LJLJ ALL ↓ FL 140 Bdry. FL 160- 

Dest LJMB PETOV FL 120 At FL 

Dest LOWK, LOWG, LJMB 
ALL (except via 

PETOV) 

FL 240 At FL 

LJUBLJANA ->  ZAGREB  [59]  

ATS  ROUTE/  DEP/DEST COP/TOC FLAS CON DITIO NS  

Dest LDSP ALL FL 330- At FL 

Dest LHBP MAGAM FL 330- At FL 

Dep LIPZ, LIPQ LIPH, LIPA ALL FL 290- At FL 

4.4.2.  A IR  TRAFFIC PATTERNS USED IN S IMULATIONS  

To ensure representativeness of the simulations (and validity of the results in extension), 

traffic sample was needed to be as similar as possible to the real traffic flying through the 

selected airspace. For this purpose a detailed analysis of the traffic flows and patterns was 

performed. Historic traffic data was obtained from EUROCONTROL. A single summer day, 

August 30th 2013, was selected as a source for all traffic data due to pronounced traffic 

variability (Figure 25).  

 

As expected, out of the 661 flights that flew through the Zagreb CTA Upper North sector 

most were commercial medium (approximately 70%) and long-range (approximately 9%) jets. 

Others were mainly regional turboprops and business jets (Table 9). 

 

FIGURE 25:  DAILY TRAFFIC DISTRIBUTION FOR AUGUST 30T H  2013 
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TABLE 9:  AIRCRAFT TYPE DISTRIBUTION  

ICAO  

CODE  
N % 

ICAO  

CODE  
N % 

ICAO  

CODE  
N % 

B738 174 26.32% CL60 5 0.75% A148 1 0.15% 

A320 171 25.86% LJ60 5 0.75% A310 1 0.15% 

A321 87 13.16% A306 4 0.60% B739 1 0.15% 

A319 30 4.53% C56X 4 0.60% B744 1 0.15% 

B752 17 2.57% A343 3 0.45% B77L 1 0.15% 

B763 15 2.26% A388 3 0.45% B788 1 0.15% 

B77W 15 2.26% E135 3 0.45% BE20 1 0.15% 

B753 11 1.66% F2TH 3 0.45% CL30 1 0.15% 

E190 11 1.66% A342 2 0.30% E120 1 0.15% 

A332 8 1.21% B735 2 0.30% E55P 1 0.15% 

A346 8 1.21% B736 2 0.30% F900 1 0.15% 

B734 8 1.21% B748 2 0.30% GL5T 1 0.15% 

CRJ9 8 1.21% C550 2 0.30% GLEX 1 0.15% 

B733 7 1.05% C680 2 0.30% GLF4 1 0.15% 

A333 6 0.90% CRJ2 2 0.30% J328 1 0.15% 

B737 6 0.90% F70 2 0.30% PC12 1 0.15% 

B772 6 0.90% GLF5 2 0.30% RJ1H 1 0.15% 

F100 6 0.90%  

 

Routes used most frequently during the selected day were those connecting South-East 

and North-West of Europe. 90% of the flights were in the general east-west direction, with 

remaining 10% in the north-south. More than 50% of all flights followed one of the five most 

frequently used routes (Table 10, Figure 26). 

 

TABLE 10:  MOST FREQUENTLY USED ROUTES  

 ROUTE  N % 

1. PODET – ZAG – GUBOK 149 22.5416% 

2. BOSNA – NOVLO – ZAG – PETOV 73 11.0438% 

3. PODET – ZAG – VBA – RENDA 48 7.2617% 

4. MAGAM – ZAG – VBA – RENDA 44 6.6565% 

5. BOSNA – KOMAR – KUSIB – LUSIN – GORPA 43 6.5052% 

6. SIVLA – VBA – RASIN – OBUTI  39 5.9001% 

7. SIVLA – VBA – BEDOX 33 4.9924% 

8. MAGAM – ZAG – RASIN – KOPRY 23 3.4795% 

9. KOTOR – LUSIN – ZAG – RASIN – KOPRY 22 3.3282% 

10. KOMAR – NOVLO – VBA – VEBAL  20 3.0257% 

11. MAGAM – ZAG – GUBOK 17 2.5718% 

12. KOPRY – RASIN – ZAG – LUSIN – KOTOR 15 2.2692% 

13. SIVLA – VBA – ZAG – VANAX 13 1.9667% 

14.  VEBAL – VBA – NOVLO – KOMAR 12 1.8154% 

15. PODET – ZAG – LURID – DOBOT 11 1.6641% 

 Other 99 14.9773% 
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As stated in Section 4.1 nine different simulation scenarios were used. For each of the 

three concepts of operations (conventional, 30% TBO, and 70% TBO), three scenarios with 

different traffic loads were developed (medium, high, and escalating). For scenarios with 

medium traffic loads the traffic sample was taken from off-peak hours and for scenarios with 

high traffic loads from peak hours. In this way the traffic loads in the simulation scenarios were 

similar to those in the actual traffic. For the third type of the scenarios, scenarios with escalating 

traffic, additional flights had to be added to the routine traffic (more detail in Section 5.1). 

 

For scenarios including TBO aircraft, 30% or 70% of flights (depending on scenario type) 

were converted to TBO aircraft. Aircraft that were converted to TBO were selected in a manner 

that the fraction of TBO aircraft remained the same throughout the scenario. This could not be 

perfectly achieved because addition of a single flight could change the ratio of conventional to 

TBO aircraft by up to 10%, so there remained some variation in fraction of TBO aircraft 

throughout the scenarios. TBO aircraft were assigned direct routes from entry point to exit to 

simulate near-optimal trajectories that would be agreed during negotiation process. TBO 

aircraft were then deconflicted among themselves in order to simulate strategic deconfliction 

F IGURE 26:  MOST FREQUENTLY USED ROUTES  
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which is one of the main features of trajectory-based operations. Deconfliction was performed 

by adjusting times of sector entry. If deconfliction could not be achieved by modifying entry 

times by 30 seconds or less, then the conflict would be solved by changing level for one of the 

aircraft. If both aircraft could not change level due to some reason (e.g. other traffic, 

performance limitations) their trajectories would be slightly adjusted by inserting new 

waypoints into their flight plans (which, in practice, amounted to vectoring). 

4.5.  PARTICIPANTS  

For the most part, the participants in this research were recruited from the Croatia Control 

Ltd., Croatian ANSP. One exception was participation of Masters of Aeronautical Engineering 

(also trained as ATCOs) who were involved with development and testing of the simulator. 

Their assistance was needed for the simulator trial runs during which they gave their expert 

opinion on user interface and functionality. These participants were not involved in actual 

complexity measurement experiments. 

Participants in the experiment were all trained and licensed ATCOs who had experience 

controlling the traffic in the Croatia Upper North airspace sector. There were 10 controllers 

involved with mean age of 31. The average controller had 7 years of experience working at the 

local ANSP and an average of 4 years since obtaining an ATCO license. Although more ATCOs 

would have been preferred, only 10 were recruited due to scheduling difficulties (ATCOs 

participated in their free time). 

All participants were briefed before the commencement of the experiment. The brief 

included following topics: air traffic complexity, subjective complexity rating scale, trajectory-

based operations, tools and functions of the simulator, airspace, simulator scenarios, and 

operational procedures. Also, participants were given a short simulator training of minimum of 

90 minutes (two scenarios, one with conventional and one with trajectory-based operations). 

Additional training simulation runs were available, however, all participants have expressed 

that they were quite familiar with simulator operations before the start of the actual simulation 

runs. 

  



76 
 

5. ANALYSIS OF COMPLEXITY MEASUREMENT RESULTS  

5.1.  EXPERIMENT DESIGN  

Each participant did nine simulation runs (not counting the simulator preparation 

training). There were three categories of simulation scenarios according to traffic loads: 

Medium, High, and Escalating (examples can be found in Appendix 3 – Simulation Scenario 

Samples). Medium and High scenarios were developed on the basis of actual traffic data, while 

Escalating scenarios were based on the peak historic traffic loads which were taken as a starting 

point and then gradually increased beyond the expected controller’s capacity levels. Each of 

these scenarios was developed in three variations: conventional operations, 30% aircraft flying 

TBO, and 70% aircraft flying TBO. Thresholds of 30% and 70% of TBO aircraft were chosen 

because they uniformly cover the transition period from conventional to trajectory-based 

operations (i.e. mixed-mode operations). Scenarios with all aircraft flying according to TBO 

were not included because those scenarios are unrealistic in short-to-medium term (due to 

usually slow rate of aircraft equipment upgrade) and because in those scenarios ATCOs will 

take on the almost exclusively monitoring role in nominal conditions (which are the main topic 

of this research).  

The purpose of the Medium and High scenarios was to determine the direct effect of TBO 

on subjective complexity scores. The comparison among scenarios with same traffic loads 

(whether Medium or High) and different aircraft mix (conventional, 30% TBO, or 70% TBO) 

should show the effect of TBO on complexity (Figure 27). 

On the other hand, differing traffic loads in scenarios with same traffic mix were used to 

approximately assess the traffic loads at which the introduction of TBO makes a measurable 

difference in complexity. For instance, if, upon implementation of TBO, the subjective 

complexity levels changed significantly for High scenarios, while remaining the same for 
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Medium scenarios, this could be a proof that the airspace with low to medium traffic would not 

benefit from introduction of TBO. 

The purpose of the Escalating scenarios was to determine the effect of TBO on 

throughput and, indirectly, on the actual air traffic complexity. The scenarios were designed to 

be practically impossible to handle completely due to steady increase in traffic load. At some 

point a separation minima infringement was very likely. For escalating traffic loads, the more 

orderly the traffic is (less complexity, with fewer conflicts) the longer the participant should be 

able to control the traffic without an incident (the longer the time to separation minima 

infringement). By measuring the time until the separation is lost it should be possible to 

determine the relative complexity of 

one scenario to another. With all other 

conditions being equal, the participant 

should be able to control that scenario 

which is least complex for the longest 

time and vice versa. In this way a 

decrease or increase in complexity at 

maximum throughput could be 

determined. 

To design simulation scenarios 

which could be classified as having 

medium or high traffic loads, a single 

day was used as a reference (more 

detail in Section 4.4.2). Off-peak 

traffic was used for Medium scenarios 

and peak traffic was used for High scenarios. However, to design Escalating scenarios a 

different approach was needed. These scenarios had unrealistically high aircraft counts and, to 

increase air traffic complexity even further, the greater fraction of aircraft were climbing or 

descending compared to other scenarios. The goal was to increase complexity beyond the levels 

that could be reached with actual traffic and beyond what the controllers experienced during 

their careers. 

To increase complexity above the levels of routine traffic, additional flights were 

generated in a semi-stochastic manner. Firstly, route was chosen randomly with probability of 

a given route being chosen equal to the frequency with which it was flown in reality. Secondly, 

F IGURE 27:  COMPARISON OF SCENARIOS  
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aircraft type was randomly chosen from the actual aircraft distribution for that day. Thirdly, 

appropriate flight level for that route was chosen with regards to semi-circular system of 

cruising levels. Finally, time of entry into the sector for that flight was randomly generated until 

the flight was not in conflict with any other flight in the first few minutes since the entry into 

the sector (in reality those are solved through coordination between two sector controllers). This 

was checked by using fast-time simulations. Using this method it was ensured that the 

artificially generated flights had approximately the same distribution as real ones, without 

generating un-realistic traffic flow patterns. 

Comparison of one instance of the three types of scenarios can be seen in Figure 28. It 

can be seen that in this example the aircraft count peaks at 13 for Medium scenario, 21 for High 

scenario, and 28 for Escalating scenario. 

 

Besides aircraft count, another significant property of the simulation scenarios was the 

fraction of aircraft flying TBO. Obviously, that fraction was 0 for scenarios dealing with 

conventional operations. For scenarios that were supposed to be 30% or 70% TBO, such 

rounded fractions could not be achieved. The problem was exaggerated for scenarios with low 

aircraft counts because switching one aircraft from conventional operations to TBO often 

increased the fraction of aircraft flying TBO by 10% (because there were usually around 10 

aircraft in the airspace at any given time, see Figure 28, blue line). Because of this there was no 

room for fine tuning the fraction of TBO aircraft in those scenarios. This difference can readily 

be seen in Figure 29 where the fraction of aircraft flying TBO varies much more for Medium 

scenario than it does for High scenario. 

F IGURE 28:  COMPARISON OF THREE SAMPLE SCENARIOS  
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The overall aircraft counts (simulation inputs) and aircraft mix in all scenarios is 

presented in Table 11. 

 

TABLE 11:  SIMULATION SCENARIOS OVERVIEW  

SCENARIO  NUMBER OF AIRCRAFT 

FLYING CONVENTIONAL 

OPS .  

NUMBER OF 

AIRCRAFT 

FLYING TBO 

TOTAL 

NUMBER OF 

AIRCRAFT  

Medium 0% TBO 31 0 31 

Medium 30% TBO 22 9 31 

Medium 70% TBO 9 22 31 

High 0% TBO 44 0 44 

High 30% TBO 33 11 44 

High 70% TBO 13 31 44 

Escalating 0% TBO 51 0 51 

Escalating 30% TBO 36 15 51 

Escalating 70% TBO 17 34 51 

 

5.2.  DATA RECORDING AND PROCESSING  

Throughout the complexity measurement experiment, three categories of data were 

recorded: 

 Raw aircraft state data. It records the complete aircraft state of each aircraft in a 

scenario at a 1-second interval. This data can be used to replay the simulation runs 

and to calculate values of complexity indicators in post-processing. This was 

F IGURE 29:  ACTUAL FRACTION OF TBO  AIRCRAFT FOR SCENARIOS WITH 

NOMINALLY 30%  (BLUE)  AND 70%  (RED)  TBO  AIRCRAFT  

Medium Scenario High Scenario 
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useful for calculating the values of the new complexity indicators that were 

developed after the initial analysis of the current complexity indicators. 

 Values of complexity indicators. A set of 20 complexity indicators were coded in 

the simulator itself. This code produced values for each of the indicators at a 1-

second interval. Their values were recorded for post-experiment analysis. 

 Subjective complexity scores. During the simulator runs, the research participants 

(air traffic controllers) assessed the air traffic complexity using the scale from 1 

to 7 (see Chapter 3.4 for more detail). 

The subjective complexity score was entered by clicking on an on-screen panel which 

opened once every 120 second. Each participant did nine simulation scenarios, each lasting 

approximately 50 minutes, which means that in theory there should be 25 subjective complexity 

scores per participant per scenario. This totals at 225 complexity scores per participant, or 2250 

complexity scores overall. In reality, only 1997 complexity scores were entered (scores can be 

seen in Appendix 4 – Raw Subjective Complexity (ATCIT) Scores). This is due to three 

reasons. First, one participant only did 7 scenarios (this accounts for 50 missing scores) before 

abandoning research for personal reasons. Second, some participants could not finish all of the 

‘Escalating’ scenarios because they were designed to be very difficult (this accounts for 57 

scores). Third, some participants did not enter the scores as soon as they were prompted. In 

some cases this was due to intense focus on controlling the traffic. This accounts for the 

remaining 146 missing scores. 

To fill in the gaps in subjective complexity scoring, the scores were re-sampled at 15-

second interval, using the nearest neighbour interpolation method. This method has caused 

relative increase in number of samples for those parts of the simulator run where the scoring 

gaps were most prominent. In most cases, the scoring gaps occurred during the high workload 

parts of the scenarios therefore the mean complexity scores increased slightly. Although not all 

runs had these scoring gaps, this procedure was performed on all data sets in order to ensure 

uniformity. One of the most extreme examples of the changes caused by re-sampling can be 

seen in Figure 30. Each short vertical line is a point when a sample was taken. In the top part 

of the figure, it can be seen that the distribution of the samples is not even for the whole duration 

of the simulation run. In the bottom part of the figure, there are many more samples and they 

are distributed evenly. For sample data shown in Figure 30 the mean subjective complexity 

score increased from 4.17 to 4.43, while standard deviation decreased from 2.21 to 2.03. 
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Furthermore, an additional filter had to be implemented. Simulation scenarios could not 

start with some aircraft already inside the airspace because that would mean that the controller 

should, not unlike during the real traffic hand-over during shift changes, only observe the traffic 

for the first 15 or so minutes while another controller actually controlled the traffic. Therefore, 

it was decided that the scenarios should start with empty airspace. First aircraft arrived within 

5 minutes of the simulation start. 

Since the scenarios started with no aircraft in the airspace, at the beginning of the scenario 

the controllers had had some time until the aircraft count reached the relevant traffic loads for 

that scenario. Relevant traffic loads (number of aircraft simultaneously present in the sector) 

were selected as those that differentiate scenario types (Medium from High from Escalating). 

When looking at the Figure 28, it can be seen that the relevant traffic loads for Medium scenarios 

are more than 10 aircraft, for High scenarios more than 15 aircraft, and for Escalating scenarios 

more than 20 aircraft. To include only relevant traffic loads into the analysis of specific 

scenarios, subjective complexity scores had to be trimmed at the beginning and at the end of 

the scenario according to traffic loads. This means that the number of relevant subjective 

complexity scores decreased with the increase of the aircraft count. If the subjective complexity 

scores had not been trimmed, they would have had made isolating the relevant data impossible. 

In that case, each statistic test would have had taken into account both low (beginning of the 

scenario) and high traffic loads (peak of the scenario) for all scenarios. For Medium scenarios 

F IGURE 30:  EXAMPLE OF SUBJECTIVE COMPLEXITY SCORES BEFORE (TOP)  AND 

AFTER (BOTTOM )  RESAMPLING  
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that would not have made much difference, however, for other types of scenarios it would have 

had skewed the results towards lower values. This concept of filtering can be seen in Figure 31 

where the shaded area under each line graph shows periods that will be taken into account for 

calculating means and variances of the subjective complexity scores. It can be also seen in this 

figure that the cut-off times for each scenario depend on the total traffic loads and are mostly 

different from one scenario to another. This type of filtering was used only for the part of 

research related to subjective complexity assessment (comparison of scenarios with different 

fractions of TBO aircraft), while in the part of the research related to assessment of complexity 

indicators complete data was used. 

 

5.3.  HYPOTHESIS TEST  

After recording, extracting, re-sampling, and filtering the data the hypothesis was tested. 

As stated in Section 1.3, the hypothesis was: 

The air traffic complexity of en-route airspace sectors will be reduced after the 

introduction of trajectory-based operations. 

In mathematical terms, the hypothesis can be written as in Eq. 5-1. The null-hypothesis 

is that the mean subjective complexity scores for the conventional operations are not 

significantly different than the mean subjective complexity scores for the TBO (30% or 70% 

aircraft flying TBO). The alternative hypothesis is that the mean subjective complexity score is 

significantly higher for the conventional operations than it is for some of the traffic mixes which 

include aircraft flying TBO. 

𝐻0: 𝜇𝑐 = 𝜇𝑇𝐵𝑂30% = 𝜇𝑇𝐵𝑂70% 

𝐻𝐴: 𝜇𝑐 > 𝜇𝑇𝐵𝑂30%  ∨  𝜇𝑐 > 𝜇𝑇𝐵𝑂70% 

EQ .  5-1 

F IGURE 31:  RELEVANT SUBJECTIVE COMPLEXITY SCORING TIMES (SHADED)  



83 
 

 

The hypothesis was tested in several stages. First, the Medium scenarios were tested for 

the difference in means between scenarios with conventional operations and scenarios with 

TBO aircraft (30% and 70%). Next, the High scenarios were tested in the same manner.  

Mean values of subjective complexity scores were calculated for each participant and for 

each scenario. These values can be seen in Table 12. 

 

TABLE 12:  MEAN VALUES OF SUBJECTIVE COMPLEXITY SCORES  

PARTICIPANT  

MEDIUM SCENARIOS  HIGH SCENARIOS  

0%  TBO 
30%  

TBO 

70%  

TBO 
0%  TBO 

30%  

TBO 

70%  

TBO 

A.A. 2.69 2.88 2.87 3.45 3.50 2.96 

B.B. 2.05 2.00 1.98 2.96 3.90 2.60 

C.C. 3.31 1.83 1.88 4.23 4.10 2.96 

D.D. 1.94 1.92 1.77 2.73 2.53 2.12 

E.E. 3.18 3.37 3.35 4.31 4.17 4.03 

F.F. 2.74 2.71 2.62 4.50 3.80 3.06 

G.G. 2.15 2.00 2.26 4.04 2.90 2.77 

H.H. 2.05 2.00 2.00 3.00 2.73 2.46 

I.I. 1.14 1.00 1.00 2.47 2.58 1.26 

J.J. 2.19 2.31 2.15 3.36 3.20 2.93 

µ 2.34 2.20 2.18 3.50 3.34 2.71 

σ 0.64 0.65 0.64 0.72 0.63 0.71 

 

For initial evaluation of subjective complexity scores, their means and standard deviations 

are given in Figure 32. It must be noted, however, that the means and standard deviations are 

not a very useful measure here because of the pronounced inter-rater inconsistency (very 

different scores for the same traffic situation are given by two different controllers). This is why 

the repeated measures statistics test design was used (below). Repeated measures test is not 

influenced by individual variations among participants. 
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The hypothesis was tested using the one-way repeated measures analysis of variance 

(ANOVA) independently for each of the two traffic loads (medium and high). Repeated 

measures ANOVA was used in order to avoid the large individual differences among controllers 

(which is common in subjective assessment methods). The test was performed using the IBM 

SPSS statistical package. The confidence interval adjustment was done according to Bonferroni 

method (full explanation of statistical tests and methods used in this research can be found in 

Appendix 5 – Overview of Statistical Tests and Methods used). 

For Medium scenarios the Mauchly’s test indicated that the assumption of sphericity had 

been violated, χ2(2) = 14.116 p = 0.001, thus degrees of freedom were corrected using the 

Greenhouse-Geisser estimate of sphericity (ε = 0.547). The results showed no statistically 

significant effect of TBO on subjective complexity scores for Medium scenarios, F(1.094, 

9.843) = 0.980 p = 0.355. 

For High scenarios the Mauchly’s test indicated that the assumption of sphericity had not 

been violated, χ2(2) = 0.378 p = 0.828, thus there was no need to apply any of the corrections 

to degrees of freedom. The results showed that there was statistically significant effect of TBO 

on subjective air traffic complexity scores, F(2, 18) = 14.707 p < 0.001. 

ANOVA showed only that the effect of TBO on subjective air traffic complexity is 

present, however, to determine which scenario types contributed to the change in subjective 

scores the most, the post-hoc analysis was used. The post-hoc analysis of the results showed 

that the mean difference was actually only significant between 0% TBO and 70% TBO (MD = 

0.79 p = 0.001), and 30% TBO and 70% TBO (MD = 0.625 p = 0.007). The difference between 

0% TBO and 30% TBO scenarios was statistically insignificant. 

F IGURE 32:  MEANS AND STANDARD DEVIATIONS OF SUBJECTIVE COMPLEXITY 

SCORES  
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To confirm the results with a non-parametric test (due to ordinal scale used to assess the 

subjective complexity) a Friedman test was used. It also showed significant effect of TBO on 

subjective complexity for High scenarios, χ2(2) = 15.8 p < 0.001. For the post-hoc analysis a 

Wilcoxon signed ranks test was used which gave results similar to the earlier post-hoc analysis 

– significant difference between 0% TBO and 70% TBO (Z = 2.803 p = 0.005), and between 

30% TBO and 70% TBO (Z = 2.805 p = 0.005), while the difference between 0% TBO and 

30% TBO was not statistically significant (Z = 1.580 p = 0.114). 

Based on these tests it can be observed that in the most general sense the research 

hypothesis is confirmed. Air traffic complexity is, indeed, reduced in trajectory-based concept 

of operations; however, the reduction is statistically significant only in situations with higher 

traffic loads and when the fraction of TBO aircraft is high. 

5.4.  TEST OF AIRSPACE THROUGHPUT  

The effect of air traffic complexity on airspace capacity was previously discussed in 

Section 3.1. Since the increase in complexity results in increase in workload which in turn limits 

the sector throughput, it was expected that it would be possible to detect the decrease in 

complexity by measuring the actual increase in throughput. In other words, by measuring the 

maximum number of aircraft that the ATCO can monitor at the same time in scenarios with 

different concepts of operations (conventional and trajectory-based), it was believed that the 

increase in airspace throughput could be detected for scenarios with greater fraction of TBO 

aircraft. This would indirectly indicate that the actual complexity has decreased, which was 

primary goal of this research. This method was used because the gathered data could be reused 

for evaluation of complexity indicators. 

To test this assumption the Escalating simulation scenarios were created. These scenarios 

were designed to test the maximum airspace throughput. In order to do so, the traffic loads and 

the number of interactions had to be increasing (escalating) throughout the duration of the 

simulation run until ATCOs were no longer able to handle them. It was deemed that the 

maximum throughput had been reached when the ATCO gave the ATCIT score of 7 (see Table 

5, page 34, for further explanation of ATCIT scores) or the aircraft separation was violated. The 

ATCIT score of 7 means that the ATCO has lost the situational awareness and is working 

reactively. Similarly, the violation of separation minima is clear evidence that the ATCO has 

failed at controlling that particular situation.  
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Each controller did three versions of the Escalating scenario, one for each of the three 

concepts (conventional, 30% TBO, 70% TBO). The time until the maximum throughput was 

reached was measured instead of the number of aircraft in order to differentiate situations in 

which two ATCOs failed at the same traffic loads but one progressed through the scenario much 

further. Results can be seen in Table 13. 

TABLE 13:  TIME UNTIL MAXIMUM THROUGHPUT [SECONDS]  

PARTICIPANT  0%  TBO 30%  TBO 70%  TBO 

A.A. 2760** -* -* 

B.B. 2037 2760** 2760** 

C.C. 2035 2760** 1913 

D.D. 1913 2760** 2760** 

E.E. 2036 2042 2034 

F.F. 1822 2034 2034 

G.G. 2108 2277 2401 

H.H. 2760** 2760** 2760** 

I.I. 1436 1989 2399 

J.J. 2277 2760** 2760** 

* - Missing data 

** - Maximum value (end of simulation run) 

Data for two scenarios by a single ATCO were missing because the ATCO abandoned 

the research due to personal reasons before completing all simulation runs. 

Though the simulation scenarios were designed to be extremely difficult, significantly 

more difficult than the peak summer traffic in Croatian airspace, some ATCOs managed to 

handle them to the end without even assigning ATCIT scores larger than 5, thus redefining the 

‘difficult’. In these cases the time until the maximum throughput was reached was set to the 

time of the end of the scenario. Due to these circumstances it was very difficult to perform a 

proper statistical analysis. An attempt was made, nevertheless, to analyze the data using the 

one-way repeated measures ANOVA. 

For Escalating scenarios the Mauchly’s test indicated that the assumption of sphericity 

had not been violated, χ2(2) = 0.519 p = 0.772, thus there was no need to apply any of the 

corrections to degrees of freedom. The results showed statistically significant effect of TBO on 

maximum airspace throughput as defined and measured in this experiment, F(2,16) = 7.555, p 

= 0.005. 

The post-hoc analysis of the results showed that the mean difference was actually only 

significant between 0% TBO and 30% TBO (MD = 413.11 p = 0.015). The difference between 
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30% TBO and 70% TBO scenarios was statistically insignificant (MD = 35.66 p = 1.000), as 

well as the difference between 0% TBO and 70% TBO (MD = 377.44 p = 0.065). 

These results are indicative but far from conclusive. Due to the methods used, missing 

data, and inconclusive results it cannot be said that the possibility of increase of airspace 

throughput in TBO concept of operations is either proven or disproven. Further research into 

airspace throughput and capacity in TBO is warranted.  

5.5.  EVALUATION OF COMPLEXITY INDICATORS 

One of the expected scientific contributions of this research was testing the suitability of 

commonly used objective complexity indicators for subjective complexity assessment. The 

initial list of complexity indicators and the selection criteria were presented in Section 3.3. Since 

the subjective complexity scores are the only source of actual complexity information, in this 

part of the research they were used as a reference for assessment of objective complexity 

indicators. The method used for this was linear regression since it was already successfully used 

by many different authors (e.g. in [31], [36], [37], [38]). 

In the first step of the analysis only 20 commonly used indicators were used in 

combination with data from all scenarios. In the second step, after a brief analysis of individual 

scenarios, seven new, TBO-specific indicators were added to the list and the regression analysis 

was repeated, this time with only TBO scenarios (Figure 33). 

 

Initial regression analysis was performed on the complete set of data (1997 subjective air 

traffic complexity scores) using IBM SPSS statistics application. Each subjective complexity 

score was linked with corresponding values of complexity indicators using a separate program. 

The number of complexity indicators tested was 20. The regression analysis was performed in 

F IGURE 33:  OVERVIEW OF REGRESSION ANALYSIS PROCEDURE  
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a step-wise manner with stepping criteria set to p<0.05 for inclusion and p>0.10 for exclusion 

of the variable. These were default values in the application and they were left unchanged 

because they are considered traditional p-values for most inferential tests. The method starts 

with no variables (in this case variables are complexity indicators) included in the model. If the 

significance value (p-value) of the F statistic for a specific variable is less than inclusion 

criterion, the variable is entered into the model, if it is above the exclusion criterion it is 

removed. This is a process that is repeated many times because inclusion of a new variable can 

increase the p-value of the F statistic for a previously included variable thus bringing it above 

the threshold for exclusion. Therefore, increasing the p-values for inclusion or exclusion criteria 

will increase the number of variables in the final model and vice versa. A model that predicts 

the subjective complexity scores the best is shown in Table 14. 

TABLE 14:  INITIAL RESULTS OF REGRESSION ANALYSIS (SPSS  OUTPUT)  

INDICATORS 

INCLUDED  
R R2  ADJUSTED R2  

STANDARD ERROR OF 

THE ESTIMATE  

6 0.746 0.556 0.554 0.85072 

 

Where R is the coefficient of multiple correlation (it shows how well a given variable can 

be predicted using a set of other variables, it ranges from 0 to 1), R2 is the coefficient of 

determination (it shows the proportion of total variation of outcomes explained by the model, 

it ranges from 0 to 1), and R2 Adjusted is modification of R2 that adjusts for the number of 

explanatory terms in a model relative to the number of data points (this prevents spurious 

inflation of R2 with addition of new explanatory variables, its values is always less than R2) 

[60]. 

Six commonly used complexity indicators were discovered and included in the model; 

these are (in order of importance): 

1. Number of aircraft, 

2. Fraction of aircraft in climb or descent, 

3. Heading variance, 

4. Number of aircraft with 3D Euclidean distance less than 5 NM, 

5. Number of aircraft near sector boundary (<10 NM), 

6. Ratio of mean aircraft distances to number of aircraft. 

After the initial regression results were analysed, an attempt was made to filter the 

simulation scenarios according to variance in subjective complexity scores. It was noticed that 
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the subjective complexity scores often tended to be constant or almost constant for the entire 

duration of those scenarios that had lower traffic loads. Due to perceived lack of complexity, 

some participants have given only one score, usually lower score (1 or 2), for the entire scenario. 

This made the regression analysis difficult. Therefore, the regression analysis was performed 

multiple times, for each scenario type and for each scenario group individually, in order to 

detect possible effects the different conditions have on regression model accuracy. Combined 

results of all these regression analyses can be seen in Table 15.  

 

TABLE 15:  RESULTS OF REGRESSION ANALYSES  

Scenario Type R R2 Adjusted R2 
Stand. Error of the 

Estimate 

Medium 0% TBO 0.38 0.144 0.136 0.64921 

Medium 30% TBO 0.272 0.074 0.07 0.7638 

Medium 70% TBO 0.242 0.059 0.054 0.6901 

Medium ALL 0.314 0.099 0.093 0.70156 

High 0% TBO 0.709 0.503 0.5 0.78189 

High 30% TBO 0.711 0.506 0.503 0.76721 

High 70% TBO 0.428 0.183 0.179 0.74381 

High ALL 0.616 0.38 0.378 0.82037 

Escalating 0% TBO 0.88 0.775 0.769 0.83371 

Escalating 30% 

TBO 
0.864 0.746 0.742 0.78049 

Escalating 70% 

TBO 
0.799 0.639 0.631 0.91117 

Escalating ALL 0.833 0.694 0.69 0.88902 

0% TBO ALL 0.805 0.649 0.645 0.81007 

30% TBO ALL 0.788 0.621 0.617 0.80358 

70% TBO ALL 0.684 0.468 0.463 0.82981 

ALL 0.746 0.556 0.554 0.85072 
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Two effects are noticeable. First, less complex scenarios (all ‘Medium’ scenarios and 

‘High 70% TBO’ scenario) have much lower R2 values than the more complex scenarios. This 

is probably caused by the uniform subjective complexity scores (ATCIT scores) given by some 

participants during the low complexity scenarios. Second effect is a bit more subtle, though 

noticeable by examining the R2 values more thoroughly. It is visible that the R2 values in a given 

set of scenarios (Medium, High, or Escalating) decrease slightly as the fraction of TBO 

aircraft is increased (Figure 34). This is taken as an obvious proof that the selected complexity 

indicators have greater predictive power in conventional operations than in TBO. This is 

why the new complexity indicators, suitable for TBO, are required. 

 

Complexity indicator which should be included in the regression model, when dealing 

with TBO, is the fraction of aircraft flying according to TBO. Other indicators which were also 

tested for correlation with subjective complexity scores in TBO are: 

 Number of conflicts between conventional aircraft and aircraft flying according 

to TBO (aggregated over 600 seconds), 

 Fraction of TBO aircraft climbing or descending, 

 Fraction of conventional aircraft climbing or descending, 

 Number of conventional aircraft with 3D Euclidean distance of less than 5 NM 

from TBO aircraft, 

 Number of conventional aircraft with 3D Euclidean distance between 5 and 10 

NM from TBO aircraft, 

 Number of conventional aircraft with 3D Euclidean distance between 10 and 20 

NM from TBO aircraft. 

F IGURE 34:  VALUES OF ADJ USTED R2  FOR DIFFERENT SCENARIO TYPES  
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Since TBO aircraft among themselves did not interact at all (they have been strategically 

deconflicted), these new complexity indicators were made to capture the interaction between 

TBO and conventional aircraft. Regression analysis was repeated only for scenarios with TBO 

aircraft and with these new complexity indicators added to the list (27 indicators in total). 

Results are shown in Table 16. 

 

TABLE 16:  REPEATED REGRESSION ANALYSIS WITH NEW COMPLEXITY 

INDICATORS  

INDICATORS 

INCLUDED  
R R2  ADJUSTED R2  

STANDARD ERROR OF 

THE ESTIMATE  

6 0.833 0.693 0.691 0.70875 

 

These results are not directly comparable to those in Table 14, because scenarios without 

TBO aircraft have been excluded from this analysis; however, they can be compared to results 

of regression analysis for scenarios with TBO aircraft as seen in the last few rows of Table 15 

and in Figure 34 (purple line). The new model, the model with novel complexity indicators, 

correlates better with the subjective complexity scores than the old model (adjusted R2 value 

of 0.691 compared to the previous values of 0.617 for 30% TBO and 0.463 for 70% TBO). 

Out of 27 indicators, six were included in the model. Of these, only two new indicators 

pertaining to TBO were significantly correlated to the subjective complexity scores, remaining 

four were old complexity indicators. The model included following indicators (in order of 

importance): 

1. Number of aircraft, 

2. Number of conflicts between conventional aircraft and aircraft flying 

according to TBO (aggregated over 600 seconds), 

3. Fraction of aircraft in climb or descent, 

4. Number of aircraft near sector boundary (<10 NM), 

5. Fraction of TBO aircraft, 

6. Number of aircraft with 3D Euclidean distance less than 5 NM, 

As expected, 'fraction of TBO aircraft' correlated well with the complexity scores. Other 

indicator which did so, with even larger impact, was the indicator related to conflicts between 

conventional and TBO aircraft. 
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5.6.  DISCUSSION  

The analysis of ATCIT scores has shown that the air traffic complexity reduces with 

the introduction of larger fraction of TBO aircraft. It was shown that the reduction in 

subjective complexity was not statistically significant at lower traffic loads while opposite was 

true at the higher traffic loads. This can be explained as a consequence of the reduction in 

number of aircraft-aircraft interactions. The aircraft flying according to TBO were strategically 

deconflicted thus reducing the number of inter-aircraft interactions. At lower traffic loads, when 

there were not that many interactions to begin with, this effect was not noticeable to the 

controllers. Similarly, the reduction in number of interactions for scenarios with lower fraction 

of TBO aircraft (30%) was also not noticeable to controllers. It might be possible to detect the 

effect of TBO on air traffic complexity in scenarios with lower number of aircraft and in 

scenarios with lower fraction of TBO aircraft by increasing the sample size (number of 

controllers), however, that was not possible during this research. 

One issue that was encountered with the method used in this research was low intra-rater 

and inter-rater consistency (with rater in this context meaning controller). Intra-rater 

consistency (or reliability) is the degree of agreement among multiple ratings by a single rater, 

while inter-rater consistency is the degree of agreement among multiple raters. In the most 

extreme example of intra-rater inconsistency, there were a few controllers who rated the whole 

scenario with the same complexity score. This led to the absurd result of having the same scores 

for the situation with almost no aircraft compared to the situation with 12 aircraft 

simultaneously present in the airspace (Figure 35). Consequently, this made the regression 

analysis much more difficult and may have caused reduction in R2 for some scenarios. 
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Inter-rater consistency, or rather, inconsistency, was also prominent in many cases. Same 

traffic situations were rated with very different complexity scores (Figure 36). Due to the 

method of analysis (one-way repeated measures, dependent samples) the inter-rater 

inconsistency did not create issues but it does prevent comparison of complexity between 

controllers in the future work. 

F IGURE 35:  EXAMPLE OF INTRA-RATER INCONSISTENCY;  BOTH SITUATIONS WERE 

GIVEN THE SAME ATCIT  SCORE (  =  1)  
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These inconsistencies can usually be reduced by providing a set of standard scores for 

given traffic situations and then training controllers to ‘calibrate’ their scores according to the 

provided scale. Obviously, that procedure would have defeated the purpose of the research. 

Another option is to provide a rating scale, such as the one provided to the participants of this 

research (see Section 3.4), and train participants in a way that makes them aware of the whole 

range of possible situations and corresponding scores. The author tried to achieve this through 

a short lecture and an interview; however, this has yielded very low consistency. Visual 

examples (static radar images of traffic situations) could be used for this purpose and they might 

yield better results (improved intra-rater consistency would be very desirable). On the other 

hand, it is not known whether that kind of training would introduce some other kind of bias. 

Smaller part of the research was dedicated to detecting the possible increase in airspace 

throughput as a consequence of reduction in complexity. Since the airspace throughput depends 

on ATCO workload, and workload itself depends on complexity, it was assumed that the 

reduction in complexity will be reflected as an increase in throughput. The method used to test 

this assumption was somewhat unusual because it used simulation scenarios with escalating 

number of aircraft (and number of interactions). The traffic loads increased up to the point 

where either the loss of separation minima occurred or the participant gave a maximum ATCIT 

score. Time up to that point was measured and used to gauge throughput. This method had one 

F IGURE 36:  EXAMPLE OF INTER-RATER INCONSISTENCY;  ATCIT  SCORES VARY 

FROM 2  TO 5  
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advantage and a couple of disadvantages. The advantage was that it could be easily combined 

with other experimental methods and that the results could be re-used for other, more important, 

purposes (regression analysis of complexity indicators). First disadvantage was that it relied 

heavily on controller self-assessment which was, as discussed above, highly inconsistent. The 

second disadvantage was that the method used gave too few data points to assess such a difficult 

topic in its entirety. The third disadvantage was that if the ATCO managed to complete the 

whole first scenario, there was no more room for improvement. Any additional increase in 

throughput could not be detected. 

Unsurprisingly, the results of this part of the research were inconclusive. There was a 

noticeable and statistically significant increase in throughput between scenarios with 0% 

TBO and 30% TBO. However, in no other cases could that effect be detected, not even 

between 0% TBO and 70% which was where the effect of complexity reduction became evident 

in the main part of the research.  

The purpose of the third part of the research was to determine the suitability of the current 

complexity indicators for assessment of complexity in TBO. Regression analysis showed that 

a model with six complexity indicators can explain the variance in subjective complexity scores 

with adjusted coefficient of determination (adjusted R2) of 0.556. By selecting a subset of 

simulation scenarios with greater variance in subjective complexity scores, thus partially 

avoiding the pitfalls of intra-rater inconsistency, the value of adjusted R2 can be increased to 

more than 0.75. These results are comparable to the previous work done by Kopardekar et al. 

[37] who achieved non-adjusted values of R2 equal to 0.69 (probably somewhat smaller if 

adjusted). 

Even more interesting was the effect of reduction of coefficient of determination with the 

increase in fraction of TBO aircraft. This effect was evident across all scenario types and it 

showed that the current complexity indicators, while still providing relatively good 

predictions, needed to be updated with TBO-specific indicators. Two additional indicators 

out of the seven tested proved to be statistically important for prediction of complexity (Number 

of conflicts between conventional aircraft and aircraft flying according to TBO (aggregated 

over 600 seconds) and Fraction of TBO aircraft). The new model consisted of six indicators 

(four old ones and two TBO-specific) and produced the adjusted R2 of 0.691. When added, 

TBO-specific complexity indicators increased the value of the adjusted coefficient of 

determination thus proving that the significant improvement in complexity prediction is 

possible with novel indicators. 
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6. CONCLUSION  

This research was motivated by the gap between the expected performance improvements 

of the new concept of operations and the evidence, or lack thereof, which supports those 

expectations. While the benefits of the new concept of operations, in terms of reduced air traffic 

complexity, could be expected based on the previous research on workload and airspace 

capacity, a dedicated research can provide the much-needed confirmation in the form of 

scientific evidence. 

What follows is a review of the research objective and hypothesis followed by 

recommendations for future work. 

The research objective was to determine the effect of transition from conventional to 

trajectory-based operations on air traffic complexity in en-route operations. In the broadest 

sense and based on the results of this research with all its limitations (nominal operations), it 

can be concluded that the air traffic complexity will decrease in TBO environment. Upon 

closer examination it was shown that this reduction in complexity will not be significant in 

areas with low traffic loads and/or if the fraction of aircraft flying according to TBO is low. 

The method used for complexity assessment was based on subjective complexity rating during 

the real-time human-in-the-loop simulations. Similar methods were used previously by other 

research groups. Though never mentioned by other researchers, issues with rater consistency 

were a serious source of difficulty during the analysis of the results in this research and the 

rater inconsistency remains the main limiting factor of the method. 

Additional experiments were made to determine if the effect of lower complexity could 

be detected as an increase in airspace throughput. This part of the research was only intended 

as a preliminary research taking the advantage of the participant availability and as a roundabout 

way of confirming the results of the primary part of the research (i.e. reduction of complexity 

in TBO). The increase in throughput, as measured in this research, could not be 

statistically confirmed even though there were some indications that the effect was 

present. Certainly a dedicated study could solve this question conclusively. 

To confirm the hypothesis and the research objective, commonly used complexity 

indicators were tested for suitability with TBO. Reduction in the predictive power of those 

indicators when used in TBO signalled that the reduction in subjective complexity was not only 

due to reduction in number of aircraft-aircraft interactions. Out of 100+ complexity indicators 

found in literature, 20 were selected based on their applicability to this research and on their 

previous experimental validation. Six of those significantly correlated to the subjective 
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complexity scores. While the results of the regression analysis were comparable to those 

obtained by other researchers, the results have shown a gradual decrease in regression 

performance with the increase of fraction of TBO aircraft. Clearly, the common complexity 

indicators had underperformed in TBO environment. Seven new, TBO-specific, 

complexity indicators were introduced and two of those proved to have significant predictive 

power in TBO. The new model, combining four old and two new indicators, predicted 

subjective complexity much more accurately than the model consisting of only six old 

indicators. Using this model, air traffic complexity can be predicted for a given airspace, traffic 

load and fleet mix. 

As an additional value of the research, the BADA aircraft performance model combined 

with hybrid FMS model was validated for real-time human-in-the-loop ATC simulation. Large 

part of the research was aimed at developing and validating the ATC simulator. Due to the 

requirements of the research, a limited set of ATC tools was developed and overall simulator 

functionality was only a fraction of that of a commercial solution. Nevertheless, the trajectories 

generated by the BADA and FMS model were very similar to those of the real aircraft. 

User interface was also deemed by ATCOs as very similar to the actual radar station. Overall, 

the author believes that the simulator fulfilled its role during this research. In the future the 

simulator could be upgraded further in order to expand the range of experiments that can be 

performed with it. 

In conclusion, the research has delivered most of the contributions to the body of 

knowledge in the field of Traffic and Transport Technology. Even for those outputs that were not 

achieved completely, such as evaluation of airspace throughput in TBO, the foundations have 

been set with preliminary results.  

Due to the limitations of this research and conclusions that were reached during it, there 

are several avenues of future work that could feasibly be pursued.  

More participants, more scenarios. This research was limited by a relatively low 

number of participants. More participants would provide subjective complexity ratings which 

are more representative of the whole controller population. Similarly, only nine simulation 

scenarios per participant were used in this research. Additional scenarios could cover more 

traffic situations, situations with different configurations, so the weight coefficients of objective 

complexity indicators could be better tuned to complexity ratings. 

Additional TBO-specific complexity indicators. Seven TBO-specific complexity 

indicators were tested in this research. Two correlated well with subjective complexity ratings. 
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Development of new TBO-specific indicators could improve the predictive power of the model 

created with regression analysis. 

Non-linear regression analysis. Further improvements to the predictive power of the 

regression model could be produced by applying a non-linear function to the predictors 

(objective complexity indicators). 

Other phases of flight. In this research only en-route operations were considered. With 

improvements made to the aircraft model, operations in the terminal area could also be assessed. 

In that case, a different subset of complexity indicators should be used. 

Trajectory re-negotiation. In this research 4D trajectories were fixed. By developing 

trajectory re-negotiation procedures, an assessment of complexity in those conditions could be 

made. In support of this line of research, data-link communication with negotiation algorithms 

should also be implemented. 

Non-routine operations. This research covered only routine operations. In future work 

attention should be given to traffic situations that deal with non-routine operations (e.g. 

inclement weather, emergency flights, ground and air equipment failures). Situations like these 

are much harder to simulate because in many cases the ATCO needs to coordinate with other 

services and agencies. 

Overall, there are many ways in which this research could be improved and built upon. 

Some of those however, require a larger research team with more resources. 
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8. APPENDICES  

APPENDIX 1  –  SIMULATOR ARCHITECTURE  

 

F IGURE 37:  SIMULATOR OVERVIEW (AUTOMATICALLY GENERATED FROM CODE)  
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FIGURE 38:  RADAR SCREEN MODULE  
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F IGURE 39:  TRAJECTORY GENERATOR MODULE  

F IGURE 40:  ATMOSPHERE MODEL  

F IGURE 41:  OPERATIONS MODEL MODULE  
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FIGURE 42:  OBJECTIVE COMPLEXITY MEASUREMENT MODULE  
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APPENDIX 2  –  RESULTS OF AIRCRAFT MODEL VALIDATION  

Type: Airbus A320 

Departure airport:  

LDSP (Split, Croatia) 

Destination airport: 

EDDF (Frankfurt, Germany)  

Type: Airbus A320 

Departure airport: 

LQSA (Sarajevo, BiH) 

Destination airport: 

LDZG (Zagreb, Croatia)  

Type: Airbus A320 

Departure airport: 

EDDF (Frankfurt, Germany) 

Destination airport: 

LDZG (Zagreb, Croatia)  

Type: Airbus A320 

Departure airport: 

LDZG (Zagreb, Croatia) 

Destination airport: 

LFPG (Paris, France)  

Type: Airbus A320 

Departure airport: 

EDDF (Frankfurt, Germany) 

Destination airport: 

LDZG (Zagreb, Croatia) 
 

Type: Bombardier Q400 

Departure airport: 

LDZG (Zagreb, Croatia) 

Destination airport: 

LSZH (Zürich, Switzerland) 
 

Type: Bombardier Q400 

Departure airport: 

LDZG (Zagreb, Croatia) 

Destination airport: 

LOWW (Vienna, Austria) 
 

Type: Bombardier Q400 

Departure airport: 

LDZD (Zadar, Croatia) 

Destination airport: 

LDPL (Pula, Croatia) 
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Type: Bombardier Q400 

Departure airport: 

LDZG (Zagreb, Croatia) 

Destination airport: 

EDDM (Munich, Germany) 
 

Type: Bombardier Q400 

Departure airport: 

LDZG (Zagreb, Croatia) 

Destination airport: 

EBBR (Brussels, Belgium) 
 

 

 

 

  



112 
 

APPENDIX 3  –  SIMULATION SCENARIO SAMPLES 

 

TABLE 17:  EXAMPLE OF 'MEDIUM '  SCENARIO WITH 30%  TBO  AIRCRAFT  

C/S  

R AD I O  

C/S  

RF

L 4D TY P E  DEP  ETA ROUTE  DEST 

NAX9518 NorShuttle 360 No B738 LGKO 10:51:39 GILUK BOSNA NOVLO ZAG PETOV MIRSO ESGG 

GWI83U Ger.Wings 380 No A319 BKPR 10:52:16 GILUK BOSNA KOMAR KUSIB LUSIN GORPA BERTA EDDS 

THY2GS Turkish 390 Yes A343 EDDF 10:55:17 KLAGY PODET RENDA TUVAR RISTU LTBA 

OHY5294 OnurAir 350 No A321 EGKK 10:55:44 KLAGY PODET ZAG GUBOK DER DIMSI LTAI 

TCX63TB Kestrel 360 No B752 LGSK 10:56:09 GILUK BOSNA NOVLO ZAG PETOV MIRSO EGNT 

CFG905 Condor 360 No A320 LGIR 10:58:19 GILUK BOSNA NOVLO ZAG PETOV MIRSO EDDL 

TOM8HK Tomson 380 Yes B752 LGKR 10:58:54 GILUK BOSNA PETOV MIRSO EGPF 

SXS6HT SunExpress 390 No B738 EDNY 10:59:14 EBITI MAGAM ZAG GUBOK DER DIMSI LTAI 

ISS577 MerAir 370 No A320 LIPX 11:00:47 ETAKO MAGAM ZAG RASIN KOPRY NIKAB LUKK 

UAE72 Emirates 350 Yes B773 LFPG 11:03:21 EBITI MAGAM DER DIMSI OMDB 

THY9JQ Turkish 350 No A321 LFPG 11:04:07 EBITI MAGAM ZAG VBA RENDA TUVAR OKLOP LTBA 

CFG699 Condor 360 Yes A320 LGIR 11:04:51 GILUK BOSNA PETOV MIRSO EDLP 

WZZ3GK Wizzair 370 Yes A320 LIPE 11:07:36 ETAKO MAGAM KOPRY NIKAB LRCL 

RJA262 Jordanian 390 No A343 KJFK 11:07:52 KLAGY PODET ZAG LURID DOBOT VEBAR OJAI 

WZZ779 Wizzair 360 No A320 LQTZ 11:09:57 SOMUN DER GUBOK ZAG OBUTI MIRSO ESGP 

THY9FY Turkish 340 Yes A320 LTBA 11:11:02 NERKO RAKIV XAPAN SIVLA WPTTOD MAGAM EBITI LJLJ 

AOJ81L Asterix 370 No FA50 LFMN 11:12:57 ETAKO MAGAM ZAG RASIN KOPRY SOGMO UKBB 

QTR022 Qatari 390 No A343 LFPG 11:13:51 EBITI MAGAM ZAG VBA RENDA TUVAR OKLOP OTBD 

MSR725 EgyptAir 380 No B738 HECA 11:14:43 NERKO XAPAN SIVLA VBA RASIN OBUTI RATGO EBBR 

GFA018 GulfAir 350 No A320 LFPG 11:18:09 EBITI MAGAM ZAG VBA RENDA TUVAR OKLOP OBBI 

IFA3548 RedAngle 400 No LJ45 LTAI 11:19:43 NERKO XAPAN SIVLA VBA RASIN OBUTI RATGO EDLV 

DLH8VV Lufthansa 340 No A320 LQSA 11:20:25 GILUK BOSNA KOMAR KUSIB LUSIN GORPA BERTA EDDM 

ETD032 Etihad 370 Yes A343 LFPG 11:22:20 EBITI MAGAM RENDA TUVAR OKLOP OMAA 

RJA264 Jordanian 390 Yes A343 KORD 11:24:01 KLAGY PODET DOBOT VEBAR OJAI 

SWR100G Swiss 350 No A320 LSZH 11:26:17 EBITI MAGAM ZAG VBA LAKIK PEROT TADAM LYBE 

BTI6MC AirBaltic 370 No B735 LIRF 11:26:37 KULEN KOTOR LUSIN ZAG RASIN KOPRY SOGMO EVRA 

TOM8MP Tomson 380 Yes B738 LGZA 11:30:04 GILUK BOSNA GORPA BERTA EGGB 

TUI6235 Tunisia 360 No B738 HEGN 11:30:26 GILUK BOSNA NOVLO ZAG PETOV MIRSO EDDF 

BAW676 Speedbird 370 No B763 EGLL 11:31:17 KLAGY PODET ZAG VBA RENDA TUVAR RISTU LTBA 

DLH8NC Lufthansa 320 No A321 LGAV 11:31:24 GILUK BOSNA KOMAR KUSIB LUSIN GORPA BERTA EDDM 

THY8AB Turkish 390 No A332 KIAD 11:34:19 EBITI MAGAM ZAG VBA RENDA TUVAR OKLOP LTBA 
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TABLE 18:  EXAMPLE OF 'HIGH '  SCENARIO WITH 70%  TBO  AIRCRAFT  

C/S  R A D I O  C/S  
RF
L 4 D DEP  ETA  ROU TE  DES T 

THY3JK Turkish 370 Yes EDDK 10:06:12 KLAGY PODET ZAG VBA RENDA TUVAR RISTU LTBA 

DLH1772 Lufthansa 370 Yes EDDM 10:07:07 KLAGY PODET ZAG VBA RENDA TUVAR RISTU LTBA 

MEA210 CedarJet 330 No LFPG 10:07:36 EBITI MAGAM ZAG GUBOK DER DIMSI OLBA 

AUA9803 Austrian 370 Yes LOWW 10:08:09 GOLVA PETOV ZAG MONID SUDIM NENAD LICJ 

SXS9ZU Sunexpress 380 No LTBJ 10:09:12 NERKO SIVLA VBA BEDOX DIPSA EDDM 

SXS5EA Sunexpress 360 Yes LTBJ 10:14:23 NERKO RAKIV XAPAN SIVLA VBA RASIN OBUTI RATGO EDDF 

OHY874 OnurAir 330 Yes EGTE 10:15:38 KLAGY PODET ZAG GUBOK DER DIMSI LTBS 

DLH4UT Lufthansa 370 Yes EDDF 10:16:38 KLAGY PODET ZAG VBA LAKIK PEROT TADAM LYBE 

PRI416 Primera 380 Yes LGSA 10:16:38 GILUK BOSNA NOVLO ZAG PETOV MIRSO EKBI 

BAL924 Britannia 360 No BKPR 10:16:42 GILUK BOSNA KOMAR KUSIB LUSIN GORPA BERTA EDDM 

BER2612 AirBerlin 390 Yes EDDS 10:17:30 KLAGY PODET ZAG GUBOK DER DIMSI LTAI 

FHY5885 FreeBird 360 Yes LTBJ 10:17:55 GILUK BOSNA KOMAR KUSIB LUSIN GORPA BERTA EBLG 

GFA018 GulfAir 350 No LFPG 10:18:09 EBITI MAGAM ZAG VBA RENDA TUVAR OKLOP OBBI 

TCW5583 Thom. Cook 340 No LYTV 10:20:55 VRANA IDASI KOMAR TEBLI ZAG PETOV MIRSO EBBR 

BAL536 Britannia 360 Yes BKPR 10:21:25 GILUK BOSNA NOVLO ZAG PETOV MIRSO EDDL 

CND514 Dutch Cor. 380 No LGIR 10:21:33 GILUK BOSNA NOVLO ZAG PETOV MIRSO EHAM 

SXS44T Sunexpress 380 Yes LTBJ 10:22:50 NERKO SIVLA VBA BEDOX DIPSA EDDS 

THY3WM Turkish 330 Yes LSZH 10:24:08 EBITI MAGAM ZAG VBA RENDA TUVAR OKLOP LTBA 

MEA216 CedarJet 370 Yes EBBR 10:24:44 KLAGY PODET ZAG VBA RENDA TUVAR RISTU OLBA 

JAF6AP Beauty 400 No LGKO 10:25:05 NERKO RAKIV XAPAN SIVLA VBA RASIN OBUTI RATGO EBBR 

AEE4265 Aegean 370 Yes LOWG 10:27:26 MIRSO PETOV ZAG TEBLI KOMAR IDASI SOLGU GILUK LGIR 

FHY116 FreeBird 370 Yes LFSB 10:28:45 EBITI MAGAM ZAG GUBOK DER DIMSI LTAI 

WZZ3GK Wizzair 370 Yes LIPE 10:28:51 ETAKO MAGAM ZAG RASIN KOPRY NIKAB LRCL 

TOM8MP Tomson 380 Yes LGZA 10:29:04 GILUK BOSNA KOMAR KUSIB LUSIN GORPA BERTA EGGB 

TOM402 Tomson 370 Yes EGKK 10:29:50 KLAGY PODET ZAG GUBOK DER DIMSI LTAI 

AFR1856 AirFrance 390 No LFPO 10:31:51 EBITI MAGAM ZAG VBA RENDA TUVAR OKLOP LTBA 

TUI123 TuiJet 380 No LTBS 10:31:56 NERKO SIVLA VBA BEDOX DIPSA EDDM 

CFG809 Condor 360 Yes LGIR 10:31:59 GILUK BOSNA NOVLO ZAG PETOV MIRSO EDDV 

CAI020 Corendon 370 Yes EHAM 10:32:14 KLAGY PODET ZAG GUBOK DER DIMSI LTAI 

TCX1556 Kestrel 350 No EGKK 10:32:18 KLAGY PODET ZAG GUBOK DER DIMSI LTBS 

OHY584 OnurAir 390 Yes EHRD 10:32:51 KLAGY PODET ZAG GUBOK DER DIMSI LTAI 

BER2876 AirBerlin 370 Yes EDDM 10:33:10 KLAGY PODET ZAG GUBOK DER DIMSI LTAI 

EZY1840 Easy 360 Yes LGTS 10:35:16 NERKO RAKIV XAPAN SIVLA VBA RASIN OBUTI RATGO EGCC 

FHY5892 FreeBird 390 No EBOS 10:36:00 KLAGY PODET ZAG GUBOK DER DIMSI LTAI 

TVS2337 Skytravel 360 Yes LGKF 10:36:02 GILUK BOSNA NOVLO ZAG PETOV GOLVA LKPR 

TRA1358 Transavia 380 No LGIR 10:36:09 GILUK BOSNA NOVLO ZAG PETOV MIRSO EHEH 

TOM6515 Tomson 360 Yes LGZA 10:37:18 GILUK BOSNA KOMAR KUSIB LUSIN GORPA BERTA EGFF 

AFR192 AirFrance 370 Yes LFPG 10:37:48 EBITI MAGAM ZAG VBA RENDA TUVAR OKLOP VOBL 

OHY5300 OnurAir 370 Yes EHAM 10:40:26 KLAGY PODET ZAG GUBOK DER DIMSI LTAI 

CAI510 Corendon 350 Yes EHAM 10:40:59 KLAGY PODET ZAG GUBOK DER DIMSI LTFG 

TFL220 Arkefly 360 No LGMT 10:42:13 NERKO RAKIV XAPAN SIVLA VBA RASIN OBUTI RATGO EHAM 

SUA501 AirSilesia 370 Yes LIRS 10:45:23 KULEN KOTOR LUSIN ZAG RASIN KOPRY SOGMO UUWW 

SUA701 AirSilesia 410 Yes LIRS 10:45:23 KULEN KOTOR LUSIN ZAG RASIN KOPRY SOGMO UUWW 

AFR218 AirFrance 390 Yes LFPG 10:45:37 EBITI MAGAM ZAG VBA RENDA TUVAR OKLOP VABB 
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TABLE 19:  EXAMPLE OF 'ESCALATING '  SCENARIO WITH 0%  TBO  AIRCRAFT  

C/S  R A D I O  C/S  RFL T Y P E  DEP  ETA  R O U T E  DES T 

JAF6AP Beauty 400 B737 LGKO 9:59:36 NERKO RAKIV XAPAN SIVLA VBA RASIN OBUTI RATGO EBBR 

TRA564 Transavia 380 B738 LGKF 10:00:00 GILUK BOSNA NOVLO ZAG PETOV MIRSO EHAM 

EZY5453 Easy 370 A320 EGKK 10:00:24 KLAGY PODET ZAG GUBOK DER DIMSI LCPH 

TOM3KD Tomson 380 B738 LGKR 10:01:01 GILUK BOSNA NOVLO ZAG PETOV MIRSO EGCN 

SYA5513 SyphaxAIr 380 A320 LHBP 10:02:00 SOGMO VEBAL VBA NOVLO KOMAR DRVAR UNIPA DTMB 

BER2612 AirBerlin 390 B738 EDDS 10:04:06 KLAGY PODET ZAG GUBOK DER DIMSI LTAI 

DLH1784 Lufthansa 370 A321 EDDM 10:05:29 KLAGY PODET ZAG VBA RENDA TUVAR RISTU LTAC 

TRA1234 Transavia 380 B738 LGSA 10:06:00 GILUK BOSNA NOVLO ZAG PETOV MIRSO EHAM 

DLH1772 Lufthansa 370 A321 EDDM 10:08:32 KLAGY PODET ZAG VBA RENDA TUVAR RISTU LTBA 

IRA728 IranAir 350 A306 LJLJ 10:10:48 DOL MAGAM ZAG VBA RENDA TUVAR OIIE 

ADR26L Adria 350 A319 LJLJ 10:10:54 ABISO EBITI ROLBA NOVLO DOBOT VEBAR LWSK 

NLY2691 FlyNiki 360 A320 LGIR 10:12:00 GILUK BOSNA NOVLO ZAG OBUTI TISKO LOWG 

AUA9039 Austrian 350 F70 LOWG 10:13:36 GOLVA PETOV ZAG RUDIK SUDIM NENAD LGKF 

TVQ6469 SlovakTrav. 380 B738 DTMB 10:13:48 NENAD SUDIM RUDIK ZAG OBUTI TISKO LZIB 

WZZ378 WizzAir 350 A320 EGGW 10:14:24 KLAGY PODET ZAG VBA LAKIK PEROT TADAM LYBE 

TAR8251 TunAir 360 B736 LHBP 10:15:46 SOGMO VEBAL VBA NOVLO KOMAR DRVAR UNIPA DTNH 

BER2876 AirBerlin 370 B738 EDDM 10:15:48 KLAGY PODET ZAG GUBOK DER DIMSI LTAI 

SXS5EA SunExpress 360 B738 LTBJ 10:17:16 NERKO RAKIV XAPAN SIVLA VBA RASIN OBUTI RATGO EDDF 

AUA732V Austrian 320 A320 LDDU 10:19:12 VRANA IDASI KOMAR TEBLI ZAG OBUTI TISKO LOWW 

TVS2255 SkyTravel 360 B738 LDSP 10:19:20 NENAD SUDIM RUDIK ZAG PETOV MIRSO LKPR 

DLH4UT Lufthansa 370 A320 EDDF 10:19:58 KLAGY PODET ZAG VBA LAKIK PEROT TADAM LYBE 

PRI416 Primera 380 B738 LGSA 10:19:58 GILUK BOSNA NOVLO ZAG PETOV MIRSO EKBI 

TOM6515 Tomson 360 B738 LGZA 10:20:46 GILUK BOSNA KOMAR KUSIB LUSIN GORPA BERTA EGFF 

TVS1083 SkyTravel 380 B738 LDSP 10:21:00 NENAD SUDIM RUDIK ZAG PETOV MIRSO LKPR 

DLH5KK Lufthansa 370 A320 EDDM 10:21:00 KLAGY PODET ZAG VBA LAKIK PEROT TADAM LYBE 

OHY1665 OnurAir 340 A320 LTAI 10:21:12 NERKO RAKIV XAPAN SIVLA VBA ZAG MAGAM DOL LJLJ 

IRA732 IranAir 330 A306 LJLJ 10:22:48 DOL MAGAM ZAG VBA RENDA TUVAR OIIE 

TRA1358 Transavia 380 B738 LGIR 10:23:23 GILUK BOSNA NOVLO ZAG PETOV MIRSO EHEH 

TOM60B Tomson 360 B738 LGZA 10:24:00 GILUK BOSNA KOMAR KUSIB LUSIN GORPA BERTA EGNX 

AMC330 AirMalta 360 A320 LHBP 10:24:10 SOGMO VEBAL VBA NOVLO KOMAR DRVAR UNIPA LMML 

TCX78TG Kestrel 340 A321 LGKV 10:25:00 NERKO RAKIV XAPAN SIVLA VBA RASIN OBUTI RATGO EGNX 

CAI510 Corendon 350 B738 EHAM 10:25:11 KLAGY PODET ZAG GUBOK DER DIMSI LTFG 

TRA917 Transavia 390 B738 EHRD 10:25:12 KLAGY PODET ZAG GUBOK DER DIMSI LTAI 

TOM9KG Tomson 360 B738 LGZA 10:25:52 GILUK BOSNA KOMAR KUSIB LUSIN GORPA BERTA EGCC 

EZY1821 Easy 370 A320 EGCC 10:26:24 KLAGY PODET ZAG GUBOK DER DIMSI LTAI 

SUA701 AirSilesia 410 C750 LIRS 10:26:28 KULEN KOTOR LUSIN ZAG RASIN KOPRY SOGMO UUWW 

THY4PV Turkish 390 A320 LJLJ 10:26:36 DOL MAGAM ZAG VBA RENDA TUVAR LTBA 

TFL220 ArkeFly 360 B738 LGMT 10:26:40 NERKO RAKIV XAPAN SIVLA VBA RASIN OBUTI RATGO EHAM 

AZA478 Alitalia 380 A320 LIRF 10:26:45 KULEN KOTOR LUSIN ZAG RASIN KOPRY SOGMO LHBP 

AEE4464 Aegean 360 A320 LGKO 10:27:00 NERKO RAKIV XAPAN SIVLA VBA ZAG PETOV LJMB 

AMC521 AirMalta 360 A320 LHBP 10:27:12 SOGMO VEBAL VBA NOVLO KOMAR DRVAR UNIPA LMML 

PGT396 SunTurk 390 B738 LSZH 10:27:20 EBITI MAGAM ZAG VBA RENDA TUVAR OKLOP LTFJ 

SXS44T SunExpress 380 B738 LTBJ 10:27:24 NERKO SIVLA VBA BEDOX DIPSA EDDS 

OHY1895 OnurAir 340 A320 LTAI 10:30:12 NERKO RAKIV XAPAN SIVLA VBA ZAG MAGAM DOL LJLJ 

AZA540 Alitalia 380 A320 LIRF 10:30:42 KULEN KOTOR LUSIN ZAG RASIN KOPRY SOGMO ULLI 

NJE190R Fraction 390 C750 LIPQ 10:30:42 EBITI MAGAM ZAG GUBOK DER DIMSI LGKV 

AUA758J Austrian 300 A319 LQSA 10:31:00 NORPI BOSNA NOVLO ZAG OBUTI TISKO LOWW 

AUA728D Austrian 340 F100 LYPG 10:31:00 GILUK BOSNA NOVLO ZAG OBUTI TISKO LOWW 

TVS2337 SkyTravel 360 B738 LGKF 10:33:14 GILUK BOSNA NOVLO ZAG PETOV GOLVA LKPR 

VJS605 VistaJet 370 CL60 LIEO 10:36:16 KULEN KOTOR LUSIN ZAG RASIN KOPRY SOGMO UUEE 

ADR527 Adria 340 A320 LGRP 10:37:24 NERKO RAKIV XAPAN SIVLA VBA ZAG MAGAM EBITI LJLJ 
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APPENDIX 4  –  RAW SUBJECTIVE COMPLEXITY (ATCIT)  SCORES 
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F IGURE 43:  ATCIT  SCORES BY PARTICIPANT A.A.  
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F IGURE 44:  ATCIT  SCORES BY PARTICIPANT B.B.  
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F IGURE 45:  ATCIT  SCORES BY PARTICIPANT C.C.  
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F IGURE 46:  ATCIT  SCORES BY PARTICIPANT D.D.  
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F IGURE 47:  ATCIT  SCORES BY PARTICIPANT E.E.  
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F IGURE 48:  ATCIT  SCORES BY PARTICIPANT F.F.  
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F IGURE 49:  ATCIT  SCORES BY PARTICIPANT G.G.  
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F IGURE 50:  ATCIT  SCORES BY PARTICIPANT H.H.  
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F IGURE 51:  ATCIT  SCORES BY PARTICIPANT I.I.  
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F IGURE 52:  ATCIT  SCORES BY PARTICIPANT J.J.  
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APPENDIX 5  –  OVERVIEW OF STATISTICAL TESTS AND METHODS USED  

1. Analysis of variance (ANOVA) 

Analysis of variance (ANOVA), in its simplest form, is a statistical test used to 

determine if the means of several groups differ or not [60]. Therefore, ANOVA is commonly 

used to test the hypothesis when using experimental data. Null hypothesis when using ANOVA 

is that the samples are randomly selected from the same population. Null hypothesis is rejected 

if the probability (p-value) that the experimental results occurred by chance alone is below a 

given threshold [60]. Threshold values (significance levels) for this probability are arbitrary 

and the most commonly used are 0.05 and 0.01. In this research 0.05 was used. 

When the effects of only one factor (variable or condition) are studied, one-way ANOVA 

is used. In other cases, when there are two or more factors, factorial ANOVA model is used 

(also called two-way, three-way, etc ANOVA). In this research one-way ANOVA was used 

because the effects of only one factor were tested (fraction of TBO aircraft) [60]. 

 In experiment designs where the same population was tested in different conditions the 

repeated measures ANOVA (rANOVA) is used [61]. In this research, same group of air traffic 

controllers was used for all types of scenarios (0% TBO, 30% TBO, and 70% TBO), therefore 

repeated measures ANOVA was used. 

For repeated measures ANOVA, some assumptions regarding the data have to be met. 

These are [61]: 

 Normality – The dependant variable must be normally distributed. 

 Sphericity – For all combinations of groups of samples, variances of the 

differences between any two groups of samples has to be approximately equal. 

Assumption of sphericity and method used to test it will be explained later. 

 Randomness – Test cases should be sampled randomly and values from different 

cases should be independent from each other. 

Let there be k number of different factor levels (also known as treatment groups, a widely-

used term that was first used in agricultural experiments). For example, in this research, in 

section 5.3, k was equal to three as there were three levels of fraction of TBO aircraft (0%, 30%, 

and 70%) investigated. Each treatment group has n observations (in section 5.3 this was 10 due 

to 10 ATCOs involved). Values of observations for rANOVA can be described by the linear 

statistical model in Eq. 8-1 [62]. 



126 
 

𝑌𝑖𝑗 = 𝜇 + 𝜋𝑗 + 𝜏𝑖 + 𝜀𝑖𝑗  {
𝑖 = 1,2, … 𝑘
𝑗 = 1,2, … 𝑛

} EQ .  8-1 

Where Yij stands for a variable denoting the jth observation in the ith treatment group, μ is 

the overall mean (mean of all observations in all treatments), πj is the jth observation effect 

(participant effect), τi is the ith treatment effect (it is the parameter that, if present, differentiates 

the treatments), and εij is a random error component. 

In following equations ‘dot’ subscript denotes the summation over the whole range of the 

index it replaces. Therefore the yi· stands for sum of all observations in ith treatment and �̅�𝑖∙ 

stands for mean of all observations in ith treatment (Eq. 8-2). Next, y·· stands for sum of all 

observations in all treatments, while �̅�∙∙ stands for mean of the same (Eq. 8-3) [60]. 

𝑦𝑖∙ = ∑𝑦𝑖𝑗

𝑛

𝑗=1

     �̅�𝑖∙ =
𝑦𝑖∙

𝑛
       𝑖 = 1,2, … 𝑘 EQ .  8-2 

𝑦∙∙ = ∑∑𝑦𝑖𝑗

𝑛

𝑗=1

𝑘

𝑖=1

     �̅�∙∙ =
𝑦∙∙

𝑁
     𝑁 = 𝑘𝑛 EQ .  8-3 

Next, the general ANOVA hypothesis is derived from the fact that the treatment effects 

τi are usually defined as deviations from the overall mean μ, therefore Eq. 8-4 applies. 

∑𝜏𝑖

𝑘

𝑖=1

= 0 EQ .  8-4 

This shows that the null hypothesis assumption of equal means (μ1= μ2= μ3...= μk) and 

the alternative hypothesis that the means are not equal can be written as Eq. 8-5 and Eq. 8-6. 

𝐻0: 𝜏1 = 𝜏2 = 𝜏3 …𝜏𝑘 = 0 EQ .  8-5 

𝐻𝐴: 𝜏𝑖 ≠ 0  𝑓𝑜𝑟 𝑎𝑡 𝑙𝑒𝑎𝑠𝑡 𝑜𝑛𝑒 𝑖 EQ .  8-6 

Unlike general one-way ANOVA, where it is partitioned in only two parts, in repeated 

measures ANOVA the total variability in the experiment data, best described as total sum of 

squares (SST), is partitioned into three parts: treatments variability (SSTreatments), subjects 

variability (SSSubjects), and error variability (SSError). Here is where the major advantage of the 

rANOVA lies. Because total variability is partitioned also into subjects variability (which 

general one-way ANOVA does not do because all treatments have different participants), error 

variability is reduced which ultimately increases the value of the Fisher statistic (F-statistic) 

[61]. These variability partitions can be calculated using the Eq. 8-7, Eq. 8-8, Eq. 8-9, and Eq. 

8-10 [62]. 
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𝑆𝑆𝑇 = ∑∑(𝑦𝑖𝑗 − �̅�∙∙)
2

𝑛

𝑗=1

𝑘

𝑖=1

 EQ .  8-7 

𝑆𝑆𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡𝑠 = 𝑛 ∑(�̅�𝑖∙ − �̅�∙∙)
2

𝑘

𝑖=1

 EQ .  8-8 

𝑆𝑆𝑆𝑢𝑏𝑗𝑒𝑐𝑡𝑠 = 𝑘 ∑(�̅�∙𝑗 − �̅�∙∙)
2

𝑛

𝑗=1

 EQ .  8-9 

𝑆𝑆𝐸𝑟𝑟𝑜𝑟 = 𝑆𝑆𝑇 − 𝑆𝑆𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡𝑠 − 𝑆𝑆𝑆𝑢𝑏𝑗𝑒𝑐𝑡𝑠 EQ .  8-10 

Next, mean sum of squares (MS) for treatments and error have to be calculated. This is 

done by dividing the appropriate variabilities (sum of squares) by their corresponding degrees 

of freedom (df) as seen in Eq. 8-11 and Eq. 8-12 [61]. 

𝑀𝑆𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡𝑠 =
𝑆𝑆𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡𝑠

𝑑𝑓𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡𝑠
=

𝑆𝑆𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡𝑠

𝑘 − 1
 EQ .  8-11 

𝑀𝑆𝐸𝑟𝑟𝑜𝑟 =
𝑆𝑆𝐸𝑟𝑟𝑜𝑟

𝑑𝑓𝐸𝑟𝑟𝑜𝑟
=

𝑆𝑆𝐸𝑟𝑟𝑜𝑟

(𝑛 − 1)(𝑘 − 1)
 EQ .  8-12 

Finally, F-statistic can be calculated by dividing the mean sum of squares for treatments 

(explained variability) with mean sum of squares for error (unexplained variability), Eq. 8-13. 

𝐹 =
𝑀𝑆𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡𝑠

𝑀𝑆𝐸𝑟𝑟𝑜𝑟
 EQ .  8-13 

The value of F is then compared with upper critical values for the F-distribution which 

can be found in pre-calculated tables [61]. To do this, dfTreatments and dfError are also needed (e.g. 

for 5% significance level, dfTreatments = 2, and dfError = 10, upper critical value of F is 4.103, thus 

any F-statistic above 4.103 is significant). 

This test shows whether the effect of treatments is significant or not, but it does not show 

which of the treatment groups are significantly different from others. To do this, a post-hoc test 

is used. Commonly used post-hoc test in rANOVA is Bonferroni test (which was also used in 

this research). Bonferroni test is based on Student's t-statistic, however it adjusts the observed 

significance level for the fact that multiple comparisons are made [63]. This is done because 

multiple tests, such as used in post-hoc analysis, increase the probability of Type-I error (finding 

false positives). Significance levels are adjusted by dividing the overall (group) significance 

level with (n-1), where n is the number of tests (Eq. 8-14) [62]. 
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𝛼𝐵 =
𝛼

(𝑛 − 1)
 EQ .  8-14 

 

2. ANOVA – Mauchly's sphericity test 

In this research sphericity was tested using the Mauchly’s sphericity test. Violation of 

sphericity assumption causes increase in Type I error rate (increase in false positives) [64]. In 

mathematical terms, null hypothesis and alternative hypothesis of Mauchly’s test can be written 

as:  

𝐻0: 𝜎𝑦1−𝑦2
2 = 𝜎𝑦1−𝑦3

2 = 𝜎𝑦2−𝑦3
2 … EQ .  8-15 

𝐻𝐴: 𝜎𝑦1−𝑦2
2 ≠ 𝜎𝑦1−𝑦3

2 ≠ 𝜎𝑦2−𝑦3
2 … EQ .  8-16 

That is, for all k(k−1)/2 unique variances of the differences created from k groups of 

sample variable y. Though in this research the IBM’s Statistical Package for the Social Sciences 

(SPSS) was used to compute the values of the Mauchly’s sphericity test, a review of the method 

will be presented here. As a more manageable alternative, the equations Eq. 8-15 and Eq. 8-16 

can be written in matrix format [65]: 

𝐻0: 𝑪
′Σ𝑪 = 𝜆𝑰 EQ .  8-17 

𝐻𝐴: 𝑪′Σ𝑪 ≠ 𝜆𝑰 EQ .  8-18 

Where C is any (k−1) × k orthonormal coefficient matrix associated with the hypothesized 

repeated measure effect, C′ is the transpose of C, Σ is the k × k population covariance matrix, λ 

is a positive, scalar number, and I is the (k−1) × (k−1) identity matrix. 

Mauchly’s test statistic, W, can then be expressed as [64]:  

𝑊 =
|𝑪′𝑺𝑪|

[
𝑡𝑟(𝑪′𝑺𝑪)

𝑘 − 1
]
𝑘−1 

EQ .  8-19 

Where S is the k × k sample covariance matrix. 

Statistical software packages (such as SPSS) then rely on χ2 approximation to determine 

the probability value of the calculated W value (Eq. 8-20) [64]. 

𝜒2 = −(𝑛 − 𝑟) log(𝑊)𝐷 EQ .  8-20 

Where n is the number of rows in the design matrix, r is the rank of the design matrix, 

and D is calculated using Eq. 8-21 [65]. 
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𝐷 = 1 − [
2(𝑘 − 1)2 + (𝑘 − 1) + 2

6(𝑘 − 1)(𝑛 − 1)
] EQ .  8-21 

If the condition of sphericity has been violated (probability p<0.05 in Mauchly’s test) 

there are three types of corrections that can be made to reduce the Type I error rate: Greenhouse-

Geisser, Huynh-Feldt, and the lower-bound. The test statistic for departure from sphericity is 

denoted by epsilon (ε). Epsilon will be exactly 1 when the variances of the differences between 

groups are equal. In other cases it will be between 0 and 1. Depending on the correction method, 

epsilon can be calculated using equations Eq. 8-22 [66], Eq. 8-23, Eq. 8-24 [67] (where A = 

C’SC). 

𝜀𝐺𝐺 =
(𝑡𝑟(𝑨))2

(𝑘 − 1)(𝑡𝑟(𝑨′𝑨)
 EQ .  8-22 

𝜀𝐻𝐹 = 𝑚𝑖𝑛 (
𝑛(𝑘 − 1)𝜀𝐺𝐺 − 2

(𝑘 − 1)(𝑛 − 𝑟𝑋) − (𝑘 − 1)2𝜀𝐺𝐺
, 1) EQ .  8-23 

𝜀𝐿𝐵 =
1

(𝑘 − 1)
 EQ .  8-24 

Of these corrections lower-bound is too conservative and rarely used. From the value of 

the epsilon, a choice between Greenhouse-Geisser and Huynh-Feldt can be made. If the epsilon 

for the Greenhouse-Geisser is above 0.75, Huynh-Feldt correction should be used. If it is below 

0.75, Greenhouse-Geisser correction should be used [68]. These corrections work by altering 

the degrees of freedom without altering the F-statistic used in ANOVA. In equation for F-

statistic the epsilons cancel themselves (Eq. 8-25). 

𝐹 =
𝑀𝑆𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡𝑠

𝑀𝑆𝐸𝑟𝑟𝑜𝑟
=

𝑆𝑆𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡𝑠

𝜀𝑑𝑓𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡𝑠

𝑆𝑆𝐸𝑟𝑟𝑜𝑟

𝜀𝑑𝑓𝐸𝑟𝑟𝑜𝑟

=
𝑀𝑆𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡𝑠

𝑀𝑆𝐸𝑟𝑟𝑜𝑟
 EQ .  8-25 

However, since the degrees of freedom are altered (decreased) the upper critical values 

for the F-distribution are increased thus the F-statistic is more likely to be not significant. 

3. Example of rANOVA with data from Section 5.3 

In Section 5.3 data from the subjective complexity measurement experiment was 

presented. Here, part of the same data will be used to illustrate the rANOVA procedure. Data 

in Table 20 shows means of subjective complexity scores per participant for ‘High’ scenarios 

in addition with participant means, treatment means, and grand mean already calculated. 
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TABLE 20:  MEANS OF SUBJECTIVE COMPLEXITY SCORES FOR 'HIGH '  SCENARIOS  

PARTICIPANT  

HIGH SCENARIOS  PARTICIPANT 

MEANS  
0%  TBO 

30%  

TBO 

70%  

TBO 

A.A. 3.459016 3.5 2.967213 3.308743 

B.B. 2.967213 3.901639 2.606557 3.15847 

C.C. 4.237705 4.106557 2.967213 3.770492 

D.D. 2.737705 2.532787 2.122951 2.464481 

E.E. 4.319672 4.172131 4.032787 4.174863 

F.F. 4.5 3.803279 3.065574 3.789618 

G.G. 4.040984 2.901639 2.770492 3.237705 

H.H. 3 2.737705 2.467213 2.734973 

I.I. 2.47541 2.581967 1.262295 2.106557 

J.J. 3.360656 3.204918 2.934426 3.166667 

Treatment 

means 3.5098361 3.3442622 2.7196721 

 

Grand mean 3.1912568 

 

First, SSTotal is calculated using the Eq. 8-26. 

𝑆𝑆𝑇 = ∑∑(𝑦𝑖𝑗 − �̅�∙∙)
2

𝑛

𝑗=1

𝑘

𝑖=1

 

𝑆𝑆𝑇 = (3.459016 − 3.1912568)2 + (2.967213 − 3.1912568)2

+ (4.237705 − 3.1912568)2 + (2.737705 − 3.1912568)2

+ (4.319672 − 3.1912568)2 + (4.5 − 3.1912568)2 …
+ (2.934426 − 3.1912568)2 = 16.37319721 

EQ .  8-26 

 

Next, SSTreatments is calculated. 

𝑆𝑆𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡𝑠 = 𝑛 ∑(�̅�𝑖∙ − �̅�∙∙)
2

𝑘

𝑖=1

 

𝑆𝑆𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡𝑠 = 10[(3.5098361 − 3.1912568)2

+     (3.3442622 − 3.1912568)2    
+     (2.7196721 − 3.1912568)2] = 3.472955521 

 

EQ .  8-27 

Next, SSSubjects is calculated. 

𝑆𝑆𝑆𝑢𝑏𝑗𝑒𝑐𝑡𝑠 = 𝑘 ∑(�̅�∙𝑗 − �̅�∙∙)
2

𝑛

𝑗=1

 
EQ .  8-28 
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𝑆𝑆𝑆𝑢𝑏𝑗𝑒𝑐𝑡𝑠 = 3[(3.308743 − 3.1912568)2 + (3.15847 − 3.1912568)2

+ (3.770492 − 3.1912568)2 + (2.464481 − 3.1912568)2

+ (4.174863 − 3.1912568)2 + (3.789618 − 3.1912568)2

+ (3.237705 − 3.1912568)2 + (2.734973 − 3.1912568)2

+ (2.106557 − 3.1912568)2 + (3.166667 − 3.1912568)2

= 10.77492567 

 

Eq. 8-29 is used to calculate SSError. 

𝑆𝑆𝐸𝑟𝑟𝑜𝑟 = 𝑆𝑆𝑇 − 𝑆𝑆𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡𝑠 − 𝑆𝑆𝑆𝑢𝑏𝑗𝑒𝑐𝑡𝑠 

𝑆𝑆𝐸𝑟𝑟𝑜𝑟 = 16.37319721 − 3.472955521 − 10.77492567 = 2.125316 

EQ .  8-29 

 

Finally, F-statistic can be calculated (Eq. 8-30). 

𝐹 =
𝑀𝑆𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡𝑠

𝑀𝑆𝐸𝑟𝑟𝑜𝑟
=

𝑆𝑆𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡𝑠

𝑑𝑓𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡𝑠

𝑆𝑆𝐸𝑟𝑟𝑜𝑟

𝑑𝑓𝐸𝑟𝑟𝑜𝑟

=

3.472955521
3 − 1

2.125316
(10 − 1)(3 − 1)

= 14.7068 EQ .  8-30 

By looking at the F-distribution tables, one can see that the upper critical value for 0.01 

significance with dfTreatments = 2 and dfError = 18 is 6.013 [69]. Due to F-statistic being above the 

upper critical value (14.708>6.013), the effect of different treatments (different fractions of 

TBO aircraft) is significant with p-value of less than 0.01. SPSS calculated the actual value of 

p as less than 0.001. 

4. Friedman Test 

Non-parametric alternative to repeated measures ANOVA is Friedman test. Non-

parametric tests are used when the data cannot be assumed to belong to any of the parameterized 

probability distributions. The appeal of the non-parametric tests is that they can also be used 

with categorical and ordinal data [60]. The Friedman test is similar to rANOVA because it can 

also handle more than two treatments (sample groups). To test only two groups Wilcoxon 

signed-rank test can be used (similarly as t-test is used instead of ANOVA if there are only two 

groups). 

The Friedman test procedure follows. 

Let {yij}nxk denote a matrix with n rows (participants) and k columns (treatments) where 

yij is a single value at the intersection of ith row and jth column. Replace each value in a single 

row with a rank which that value has among the values of that row. For tied values assign them 

rank which is an average of the ranks they would have if the values were not tied (e.g. for a row 

{5.3, 7.7, 6, 6, 1.4, 2, 5.1} the ranks would be {4, 7, 5.5, 5.5, 1, 2, 3}). Let the newly produced 
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matrix be denoted with {rij}nxk where rij is the rank of yij within the ith row. Calculate the mean 

of treatment ranks (Eq. 8-31), the grand mean (Eq. 8-32), the sum of squares of treatments (Eq. 

8-33), and the sum of squares of error (Eq. 8-34) [70]. 

𝑟∙𝑗 = ∑𝑟𝑖𝑗

𝑛

𝑖=1

     �̅�∙𝑗 =
𝑟∙𝑗

𝑛
       𝑖 = 1,2, … 𝑛 EQ .  8-31 

𝑟∙∙ = ∑∑𝑟𝑖𝑗

𝑘

𝑗=1

𝑛

𝑖=1

     �̅�∙∙ =
𝑟∙∙
𝑁

     𝑁 = 𝑘𝑛 EQ .  8-32 

𝑆𝑆𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡𝑠 = 𝑛 ∑(�̅�∙𝑗 − �̅�∙∙)
2

𝑘

𝑗=1

 EQ .  8-33 

𝑆𝑆𝐸𝑟𝑟𝑜𝑟 =
1

𝑛(𝑘 − 1)
∑∑(𝑟𝑖𝑗 − �̅�∙∙)

2

𝑘

𝑗=1

𝑛

𝑖=1

 EQ .  8-34 

Finally, the test statistic (Q) can be calculated by dividing the treatment variability with 

error variability. 

𝑄 =
𝑆𝑆𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡𝑠

𝑆𝑆𝐸𝑟𝑟𝑜𝑟
 EQ .  8-35 

The value of Q can then be compared to the critical value of Q from the tables for 

Friedman test (for n<15) or a χ2 approximation with df = k-1 can be used (for n>15) [70]. 

If the results are significant, post-hoc analysis can be performed using multiple Wilcoxon 

signed-rank tests. 

5. Example of Friedman test with data from Section 5.3 

Same data that was used in Section 5.3 and in rANOVA example in Table 20 will be used 

here as well. Data from Table 20 is ranked per participant in accordance with Friedman test 

procedure. It can be seen in Table 21. 

TABLE 21:  RANK MATRIX FOR FRIEDM AN TEST  

PARTICIPANT  

HIGH SCENARIOS  

0%  TBO 
30%  

TBO 

70%  

TBO 

A.A. 2 3 1 

B.B. 2 3 1 

C.C. 3 2 1 

D.D. 3 2 1 
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E.E. 3 2 1 

F.F. 3 2 1 

G.G. 3 2 1 

H.H. 3 2 1 

I.I. 2 3 1 

J.J. 3 2 1 

Treatment rank 

means 2.7 2.3 1 

Grand mean 2 

 

In this table each participant's scores were replaced with ranks of the values for that 

participant. Also, treatment rank means were calculated using the Eq. 8-31 and grand mean was 

calculated using Eq. 8-32. Next, treatment variability and error variability are calculated (Eq. 

8-36 and Eq. 8-37). 

𝑆𝑆𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡𝑠 = 𝑛 ∑(�̅�∙𝑗 − �̅�∙∙)
2

𝑘

𝑗=1

= 10[(2.7 − 2)2 + (2.3 − 2)2 + (1 − 2)2)]   = 15.8 

EQ .  8-36 

𝑆𝑆𝐸𝑟𝑟𝑜𝑟 =
1

𝑛(𝑘 − 1)
∑∑(𝑟𝑖𝑗 − �̅�∙∙)

2

𝑘

𝑗=1

𝑛

𝑖=1

=
1

10(3 − 1)
[(2 − 2)2 + (2 − 2)2 + (3 − 2)2 + (3 − 2)2

+ (3 − 2)2 + (3 − 2)2 + (3 − 2)2 + (3 − 2)2 + (2 − 2)2 …
+ (1 − 2)2] = 1 

EQ .  8-37 

Finally, Q-statistic is calculated. 

𝑄 =
𝑆𝑆𝑇𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡𝑠

𝑆𝑆𝐸𝑟𝑟𝑜𝑟
=

15.8

1
= 15.8 EQ .  8-38 

Table of critical values of Q shows that for 0.05 significance level with k = 3 and n = 10 

critical value is 6.2, therefore, the results are statistically significant (Q > Qcrit). 

6. Wilcoxon signed-rank test 

Wilcoxon signed-rank test is a non-parametric test used to compare two related samples 

(repeated measures). It is to Friedman test what simple t-test to ANOVA is. The advantages of 

this test are that the data does not need to be normal and that it can use ordinal data. In Wilcoxon 

signed-rank test, null hypothesis is that the median difference between pairs of samples is zero, 

while alternative hypothesis is that it is not [60]. 
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The procedure for Wilcoxon signed-rank test follows [71]. 

Let N be the number of sample pairs and 2N the number of samples. For a set of sample 

pairs, let x1i be the first sample and x2i second, where i = 1 to N. Next, calculate absolute values 

of differences in sample pairs and sign function of each (sign function returns -1 if the difference 

is negative, 0 if it zero, and +1 if it is positive). Discard pairs which have absolute value of 0 

and let Nr be the new number of sample pairs. Remaining pairs should be ordered by their 

absolute difference (from smallest to largest). Pairs are then ranked so that the pair with smallest 

absolute difference receives the rank of 1. Pairs with equal absolute differences are assigned 

rank which is mean of all the ranks they would cover if they were not equal. Let rank be Ri. 

Finally, W-statistic is calculated. 

𝑊 = |∑[𝑠𝑔𝑛(𝑥2𝑖 − 𝑥1𝑖)𝑅𝑖]

𝑁𝑟

𝑖=1

| EQ .  8-39 

For Nr < 10, the critical value of W can be read from the tables (for desired significance 

level). If the calculated W is above the critical value then the null hypothesis is rejected in favour 

of the alternative hypothesis. 

For Nr ≥ 10, the distribution of W approaches normal distribution; therefore, z-scores can 

be used. 

𝑧 =  
𝑊 − 0.5

𝜎𝑊
, 𝜎𝑊 = √

𝑁𝑟(𝑁𝑟 + 1)(2𝑁𝑟 + 1)

6
 

EQ .  8-40 

For z-scores above the critical z-score null hypothesis is rejected. 

7. Example of Wilcoxon signed-rank test with data from Section 5.3 

In this example data from Section 5.3 will be used. More specifically, samples where 

SPSS found significant difference will be used. These are samples from ‘High’ scenarios with 

0% and 70% of aircraft flying TBO (seen in Table 22). 

Besides mean subjective complexity scores (first two columns), four more columns are 

added to the table. These are, in order from left to right, difference in mean complexity scores, 

absolute difference in mean complexity scores, ranks of absolute differences, and signed-ranks 

of absolute differences. At the bottom of the table, W-score is shown (sum of signed-ranks of 

absolute differences). 
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TABLE 22:  W ILCOXON SIGNED-RANK TEST DATA  

PARTICIPANT  

HIGH SCENARIOS  

X1-X2  |X1-X2 |  
RANK OF  

|X1-X2 |  

SIGNED-

RANK 

OF  

|X1-X2 |  

0%  

TBO  

(X1)  

70%  

TBO  (X2)  

A.A. 3.459016 2.967213 0.491803 0.491803 
4 +4 

B.B. 2.967213 2.606557 0.360656 0.360656 2 +2 

C.C. 4.237705 2.967213 1.270492 1.270492 8.5 +8.5 

D.D. 2.737705 2.122951 0.614754 0.614754 6 +6 

E.E. 4.319672 4.032787 0.286885 0.286885 1 +1 

F.F. 4.5 3.065574 1.434426 1.434426 
10 +10 

G.G. 4.040984 2.770492 1.270492 1.270492 8.5 +8.5 

H.H. 3 2.467213 0.532787 0.532787 5 +5 

I.I. 2.47541 1.262295 1.213115 1.213115 7 +7 

J.J. 3.360656 2.934426 0.42623 0.42623 3 +3 

W =55 
N = 10  

 

Since N = 10, z-score will be calculated. 

𝜎𝑊 = √
𝑁𝑟(𝑁𝑟 + 1)(2𝑁𝑟 + 1)

6
= √

10(10 + 1)(2 ∙ 10 + 1)

6
= 19.621416 

EQ .  8-41 

𝑧 =  
𝑊 − 0.5

𝜎𝑊
=

55 − 0.5

19.621416
= 2.778 EQ .  8-42 

Critical value of z for 0.05 significance level is 1.961 therefore the calculated z-score is 

significant. Null hypothesis is rejected in favour of the alternative hypothesis (i.e. complexity 

is significantly lower in situations with 70% of aircraft flying TBO than in situations when no 

aircraft are flying according to TBO). 
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