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Abstract 

Through a history of more than 50 years, the results of mathematical models have shown that 

controller workload is being driven by the complexity involved in the airspace environment. Part of 

this complexity is prompted by the dynamical behavior of traffic patterns.  From the results of models 

describing controller’s workload, it is observed that predictability decreases the complexity. 

Therefore, the general idea behind this topic is to analyze how a specific notion of predictability 

influences the controller’s workload. This specific notion in this research is a type of automation that 

aircraft benefit from. In a more specific sense, the goal of this research was to analyze how the 

controllers handle the air traffic in different complex situations when exposed to different automation 

levels. The following dilemmas are focused through this work: 

- Information visualization of controllers’ interaction with radar screen 

- Quantification of dynamics of air traffic patterns  

- Modeling and quantification of controllers’ workload 

First, in order to have a grasp of the controllers’ interaction with the air traffic patterns, the controllers’ 

activities on the radar screen have been visualized in chapter 2. The visualization results for different 

automated conditions have been analyzed. Based on such analysis the criteria for problem space has 

been addressed and the main research question is identified. 

Next in chapter 3, the airspace complexity caused by air traffic flow has been studied and a set of 

known complexity factors are quantified using a novel calculation approach. With a logistics 

perspective toward airspace complexity, to calculate each complexity factor, a mathematical 

formulation has been used and the effects of each corresponding factor on controllers’ workload are 

addressed. 

Then in chapter 4, a novel approach toward modeling controller’s workload is presented. After 

implementing the model on 18 different scenarios, a model for controller’s workload has been 

developed in which around 60 percent of the en-route air traffic complexity values and around 80 

percent of terminal air traffic complexity values could be well-matched with the workload values. 

From statistical point of view, the results are very much acceptable for experiments in which human 

factors are involved. Cognitive load has not been considered in the workload model which is the focus 

of a future work. 

Later on in chapter 5, the results for each complexity factor as well as workload models are analyzed 

and discussed for each sector separately. Based on the airspace complexity results, areas where traffic 

situation had become complex were identified and the controller’s response to different situations are 

discussed. For each complexity factor as well as workload, the results for three different scenarios 



featuring different automation levels for two en-route and terminal sectors are compared. At last in 

chapter 6, the main ideas are discussed, thesis conclusions are presented and possible future work is 

suggested.  
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1 Introduction  

One of the most critical safety concerns of today’s airspace operations focuses on human-machine 

interaction. With a look at the accident database of Aviation Safety Network (ASN), it is realized that 

a considerable number of accidents are caused both directly and indirectly by human factors. Human 

error occurs mostly when the mental effort efficiency is decreased. As the number of flights is 

increasing all over the world, Air Traffic Controllers (ATCO) must tolerate high amount of workload 

and pressure and as a result their mental effort decrease in time. The situation becomes more complex 

for the controllers when the dynamics of airspace become more and more unpredictable. As the 

airspace complexity could not be easily managed, the only way we could help the controller better 

cope with such situations is to help them have a better understanding of the airspace environment and 

tolerate less pressure.  

In response to air traffic growth, Europe’s Single European Sky Air Traffic Management Research 

(SESAR) and USA’s Next Generation Air Transportation System (NextGen) came up with plans to 

keep the environmental impacts of aviation as low as possible while maintaining capacity and safety in 

the airspace. According to SESAR Solutions1, a key strategy found to achieve such goals is the 

utilization of Controlled Time of Arrival (CTA). CTA is a time constraint set on defined way points 

which is usually specified by the controller due to the traffic situation. CTA, helps the controller better 

manage the traffic by constraining the aircraft to follow a specific trajectory to arrive at specified point 

at a proper time. The proper trajectory is calculated by the ground systems given the Estimated Time 

of Arrival (ETA) as input. For a specific traffic condition, Advanced Arrival Management (AMAN) 

calculates and predicts the aircraft positions and manages the arrival traffic by assigning proper 

sequencing to the aircraft. Based on the aircraft status (speed, position, heading etc.) and the sequence 

given by the AMAN, CTA is determined and imposed to the aircraft. During the whole procedure, the 

controller monitors the aircraft movements and applies necessary changes to assure each aircraft gets 

to specified waypoints safe and on time. The whole explained procedure based on which the aircraft 

3D trajectory is being constraint by an additional time factor is known as 4D trajectory management or 

initial 4D (i4D). According to SESAR i4D demonstration plan2, “The main characteristic of i4D is 

making sure that trajectories are always synchronized between air and ground which enables more 

1 http://www.sesarju.eu/sesar-solutions/advanced-air-traffic-services/controlled-time-arrival-cta-medium-
densitymedium  
2 http://www.sesarju.eu/sites/default/files/documents/news/I4D-Brochure-2014.pdf  
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efficient handling and certainty of flight profiles”. In current air traffic conditions, not all aircraft are 

equipped with i4D. The ones that are equipped with i4D have the advantage of managing their speed 

profile to achieve the CTA constraint imposed by the controller (SESAR i4D Demonstration Plan, 

2014). The not-equipped-with-i4D aircraft needs to be vectored by the controller more frequently to 

avoid safety concerns. From controller’s point of view, management of a mixed-i4D-equipped 

environment could be a challenge as the normal aircraft needs to be directed based on the constraints 

imposed by the i4D-equipped aircraft. However, it is observed in the simulations that sometimes the 

controller has cancelled the CTA they had previously imposed to an aircraft. On one hand, we know 

that i4D increases the predictability of airspace which leads to less effort needed by the controller and 

on the other hand it is observed that in a mixed-equipped i4D environment controllers have faced new 

challenges which have forced them to cancel a former CTA procedure. This contradiction has resulted 

in a big question to arise:  

• Do the controllers actually benefit from a higher automated environment, having less 

workload? Could different automation levels affect controllers’ workload to various extent? 

In response to the question above, analyzing controller’s workload would not be possible without very 

well knowing the complex environment they are dealing with. In this line, since 1970s a variety of 

researches have been focused on relating the airspace complexity to controllers’ workload.  

The concept of complexity by definition is very similar to the meaning of “entropy” which has been 

widely used to explain the state of disorder in a system (Hilburn, 2004). Complexity within air traffic 

control (ATC) environment has been defined by Meckiff et al. (1998) as “a measure of the difficulty 

that a particular traffic situation will present to an air traffic controller”. In the same work, Meckiff et 

al. (1998) explained workload as “a function of three elements; firstly, the geometrical nature of the 

air traffic, secondly, the operational procedures and practices used to handle the traffic and thirdly, the 

characteristics and behavior of individual controllers (experience, orderliness etc.) …”. The third 

element of this explanation contains the cognitive workload which by far is proven to be the most 

difficult task for the mathematicians to formulate. Thus, since 1970s, modeling controller’s workload 

has remained a challenge for mathematical modelers as a great deal of the work points at modeling the 

human factors characteristics to describe controllers’ mental workload. Despite the difficulty, the 

literature on human factors have shown that a predictive model for cognitive complexity can be 

developed based on the known aspects of human cognitive functioning which are attention, decision 

making, memory and perception (Hilburn, 2004). Nevertheless, quantification of mental workload has 

been a serious challenge and still is. The second element of Meckiff et al. (1998) explanation of 

workload, is the basis for measuring controllers taskload. Unlike cognitive workload, taskload has 

been not that much difficult for the researchers to model and quantify. Because of the complex nature 

of mental workload, in many studies as well as this work for the sake of simplicity, controller’s 
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taskload alone is considered for modeling the workload. It is of vital importance to mention that this 

approach could be helpful for specific purposes but cannot fully explain the controllers’ workload 

without taking cognitive load into consideration. 

To model controllers taskload, in this research, the previous works of Schmidt. (1978), Djokic et al. 

(2010), Chetterji and Sridhar (1999) and Welch et al. (2007) have been studied. In 1978 Schmidt 

brought the idea that the subjective difficulty of a task to accomplish is highly correlated to the time 

required to do the task. As a result, “the magnitude of the load” could be obtained by measuring the 

total time spent on performing a task. In the same work, he further discusses the limitations involved 

with measuring the time required for performing each task since sometimes the time available to 

accomplish a task is more or less than the time required to do so. The other limitation he addresses lies 

in the fact that controller’s boredom could affect the task performing duration which makes it difficult 

to measure the time required for performing tasks. That is because the relationship between type of the 

task and the boredom associated with it is very difficult to quantify. However, he suggests that the 

time spent for communicating with the pilot still could be considered as a measure even though it is 

only a portion of total time required for performing tasks. In line with this concept in 2010, Djokic 

used the modern Controller Pilot Data Link Communication (CPDLC) data entries and controller-pilot 

radio communications to measure the taskload. In 1999, Chatterji and Sridhar used the controllers’ 

description of the workload they underwent based on the traffic conditions and patterns they were 

exposed to. They have further used image processing techniques to relate the specific traffic patterns 

to controller’s assessment of the workload. A neural network has been trained based on the results 

which can later on predict the controller’s workload given a specific traffic pattern. In 2007, Welch et 

al. had a macroscopic approach to the workload model and calculated taskload by splitting the tasks 

into four different types. They further estimated the required time for accomplishing each task type by 

making an average over the performed tasks by different controllers in en-route area. This work 

mainly relies on the latter work of Welch et al. to quantify taskload mainly because the tasks presented 

in the paper covered all different tasks that were recorded in the data used for this research. 

As mentioned earlier, an accurate model of controller’s workload cannot be shaped unless the complex 

air traffic environment is well studied and analyzed. Many works in the literature have been focused 

on such evaluations of airspace complexity and in almost all of them a mathematical model has been 

developed to quantify ATC complexity. All of the works in the literature have shown that the ATC 

complexity directly affects ATC taskload and is the basis of controller subjective workload. Thus, 

ATC taskload has been also recognized with the term “Dynamic Density”. In 1998, Laudeman et al. 

defined dynamic density as “a measure of control-related workload that is a function of the number of 

aircraft and the complexity of traffic patterns in a volume of airspace”. To quantify dynamic density, 

this work has relied on the related works of Kopardekar (2000), Delahaye & Puechmorel (2000), 
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Kopardekar and Magyaritis (2002), Gianazza and Guittet (2006), Kopardekar et al. (2008) and Djokic 

et al. (2010). Through the literature, Kopardekar has studied dynamic density for more than 10 years. 

In 2000, by doing a broad literature review, he proposed a list of 40 factors that contribute to the air 

traffic complexity and proposed 7 different formulas for measuring air traffic complexity each 

presented by a different researcher. In all formulas, a linear relationship between complexity factors 

and the airspace complexity has been considered. In 2002, Kopardekar and Magyaritis derived their 

own formula for calculating dynamic density which is achieved by fitting a linear regression function 

of the measured complexity factors to the controller’s assessment ratings. In his work, 18 traffic data 

samples from en-route environment have been used in which a time step of 30-minutes have been 

considered. The complexity assessment ratings have been taken from 70 different traffic controllers 

and supervisors. In the work of Delahaye and Puechmorel (2000), new mathematical formulas have 

been developed for a set of complexity factors which were observed to have a very dynamic and 

unpredictable behavior (such as ground speed variance, conflict sensitivity and conflict insensitivity). 

In 2006, Gianazza and Guittet, proposed a more precise form of Delahaye and Puechmorel (2000) 

formulas and by developing a neural network found the relationship between complexity factors and 

the sectors configurations. They have further shown which of the complexity factors significantly 

relate to the workload. In 2008, Kopardekar et al. considered three different automation levels to 

evaluate the effects of automation on controller’s workload in higher densities. In their experiment, the 

automation has helped the controllers with detecting the conflict in the first level, automatically 

detecting the conflict in the second level and proposing conflict resolutions in the third level. They 

have further evaluated the relationship between complexity factors and the controllers’ self-assessment 

ratings using a linear regression analysis.  This work has mainly relied on the work of Djokic et al. 

(2010) and Gianazza and Guittet (2006) to calculate the ATC complexity. Similar to all previous 

works in the literature, a linear regression analysis has been made between the complexity factors and 

the workload model.  

The features that make this work specific lies in the following: 

• Controllers clicks on the screen have been considered as a measure to develop a workload 

model. 

• Automation effects on ATCO workload has been analyzed with a different metric known as 

i4D equipage level. 

• Success rate for the workload model has been evaluated for en-route and TMA traffic 

separately.   
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1.1 Aim 

The aim of this work is to model controller’s workload by studying the airspace complexity factors 

affecting it. The study also aims to discover to what extend the controller’s workload is being 

influenced by those parameters. In a more specific approach, the study intends to analyze to what 

extent controllers may or may not benefit from automated airspace environments. 

1.2 Method Description 

The first step in this research was to gain a good level of understanding of complexity involved with 

the airspace as well as the difficulty level the controllers bear in the traffic management. To do so, a 

part of this research was devoted to visualization of the data. The visualization technique used in this 

research progressed through three steps: 

• Visualization of controller’s interaction with the traffic patterns inside a small portion of the 

airspace within a specific time frame of the whole simulation 

• Visualization of controller’s interaction with the traffic patterns inside the intended territory (4 

en-route and 2 terminal ATC sectors) within a specific time frame of the whole simulation 

• Visualization of controller’s interaction with the traffic patterns inside the intended territory (4 

en-route and 2 terminal ATC sectors) within the whole simulation 

With the help of visualization results, the problem space has been identified and to meet the research 

goals, the airspace complexity factors have been computed individually mostly using the formulas 

available in the literature. In parallel, two different workload models have been developed and their 

quality has been assessed using linear regression analysis.  

1.3 Delimitations and Assumptions 

In this research as well as in all related studies, the air traffic patterns have been analyzed with a 

macroscopic view to the whole airspace. Therefore: 

• Technical features of the aircraft except for i4D equipage have not been taken into account 

• The effects of aircraft types on the air traffic flow has not been taken into account 

According to the mathematical modeling requirements: 

• It is assumed that a linear regression relationship exists between the airspace complexity 

factors and controller’s workload 

• It is assumed that the airspace complexity factors are completely independent from each other  
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For the sake of simplicity, through this report, taskload has been considered as an equivalent for 

workload. Therefore: 

• The human factors characteristics of the controllers have not been considered in workload 

model 

• Controller’s mental load (cognitive load) has not been considered in workload model 

According to the data, only three levels of automation are considered in this research: 

• Zero-level: none of the aircraft during the whole simulation are equipped with i4D 

• Medium-level: 50% of the total number of aircraft in the whole experiment are equipped with 

i4D 

• High-level: 80% of the total number of aircraft in the whole experiment are equipped with i4D  

1.4 Experiment Setup 

In this research, the data for 18 sets of experiments have been analyzed. These experiments are 

designed and implemented by The Swedish Civil Aviation Administration (LFV) and in this work are 

designated by SCN-1 (scenario 1) to SCN-18. Each experiment has run for up to 120 minutes and 

controllers’ activities on the radar screen (e.g. mouse clicks etc.) were recorded. In each experiment 

six controllers controlled six different sectors covering Stockholm’s airport airspace, four of which are 

en-route sectors. The other two sectors are Terminal Maneuvering Area (TMA) sectors which can be 

differentiated by east and west direction. Figure 1 shows the airspace studied in the experiment 

specifying borders for the six sectors (sector 3, sector 4, sector 1, sector 9, sector TMA-W and sector 

TMA-E). The sectors geometry used in the study is the simplified version of the real sectorized 

airspace. In all experiments air traffic conditions in Stockholm’s airspace were simulated and the 

controllers controlled the airspace and guided the aircraft toward a successful depart or land or a cruise 

passing over Stockholm’s sky.  

It is noteworthy to mention that due to lack of enough clicks made on sectors 4,1,9 and TMA-E, the 

results obtained for the data of sector 3 and TMA-W, have only been analyzed in Section 5.  
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Figure 1. Simplified ATC Sectors of Stockholm Airspace3 

The experiments were made at different times of the day with the controllers being responsible for 

different sectors in different experiments. The traffic conditions also varied in each experiment. As 

controllers’ interaction with the aircraft was the concern for the study, the percentage of the aircraft 

equipped with initial 4D trajectory management also varied in the experiments. In none of the 

experiments, the weather conditions were simulated while in only one of them (SCN-9) the wind 

effects were considered. In 7 out of the other 17 experiments none of the aircraft were equipped with 

i4D while in 8 of them 50% of the aircraft and in 3 of them, 80% of the aircraft were equipped with 

i4D. In one scenario (SCN-16) in which the i4D equipage percentage was 50, the simulation was 

designed such that the aircraft appeared on the controllers screen with a little time difference. In the 

remainder of this thesis, the i4D percentage is given at the end of each of the scenario names, e.g. 

SCN-16-50% refers to scenario 16 with an i4D equipage level of 50%. 

2 Data Visualization 

With a look at the visualization techniques and tools developed in the area of information 

visualization, it is realized that not enough attention has been given to visualization of human-human 

and human-machine interaction. An important part of this research focuses on analyzing ATCO’s 

workload which cannot be done unless an observation of controllers’ behavior and interaction with the 

3 Reference: LFV e-charts from http://daim.lfv.se/echarts/  
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airspace environment is made. Such observation could be performed and measured in two different 

ways: 

a) An on-site observation where the observer is present at the site and either rates the controller’s 

taskload or asks for the controller’s ratings 

b) An offline observation where controller’s activities are recorded and then analyzed and 

measured afterwards.  

Each of the two methods above come with advantages and disadvantages. An argument has been made 

that on-site observation contains more information as the observer is able to include controller’s 

reaction to each event (Stein, 1998). On the other hand, offline observation is preferable due to several 

reasons. First, it is much easier to analyze recorded data than to engage controllers with an additional 

task (Manning et al., 2001). Second, on-site observation and ratings are usually affected by human 

errors (Landry, 1989) and most importantly, an online observation would interfere with controller’s 

activities and might negatively influence workload. The data based on which this research has 

progressed, is gathered by LFV using the method in (b).  

In this work, visualization of the data was the key to a good start which helped us identify and define 

the problem. Due to the nature of air traffic events having a relatively fast dynamic changes, various 

visualizations of the environment were possible. The goal was to reach to a representation out of 

which the highest possible amount of information about controllers’ interaction could be extracted. 

Figure 2a and 3a show two examples of information visualization of controllers clicks in a dynamic 

traffic condition. 
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Figure 2a. Controller’s clicks (shown with +) on the screen with regard to aircraft trajectories (shown with lines) from 

8:13:13 to 08:31:47 

 

Figure 2b. The coverage area of Figure 2a colored in orange relative to whole sectors area shown in Figure 1 

Figure 2a provides detailed information about where on the screen relative to aircraft trajectories 

clicks have been made. Looking at the latitude and longitude range in the figure, it is seen that a very 

small portion of terminal area is covered in this figure. Figure 2b shows how small the covered area 

relative to the whole sectors area is. Figure 2a covers only about 18 minutes of a two-hours 

experiment and as it is seen, it cannot be recognized which clicks have happened earlier. It is also very 
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difficult to realize with regard to which trajectories, which clicks have been made. The direction of 

aircraft movements is another information we miss in this graph. The useful information that this 

graph gives us is that the radar screen was very busy at that time and the controller has made so many 

clicks on the screen. By comparing the position of clicks with the aircraft trajectories, we can see some 

clicks have been made on the aircraft while some others have not. According to experts at LFV, the 

controllers click on the aircraft only when they want to contact them and perform a task on them like 

changing the route, heading etc. Otherwise, they usually click on the label box next to the aircraft just 

to get information about them (checking for the flight number, flight phase, speed etc.).  

Figure 3a provides more information to us than Figure 2a. First, the coverage area has been expanded 

to the whole sectors area and second, the color coding on aircraft trajectories and clicks helps us find 

the sequences of clicks and the aircraft movements relative to each other. The red color shows the 

beginning of the events and the time goes forward as the color moves to blue. Unlike Figure 2a, Figure 

3a does give us information about aircraft direction as well. For example, on the top right corner of the 

figure, we can see two aircraft are moving away from each other in the opposite direction while the 

two aircraft in the left corner of the screen are moving toward each other. For the aircraft pairs on the 

top right corner, it could be the case that either one of them is moving away from Stockholm while the 

other one wishes to approach. The grey lines in Figure 3a show the sector divisions that are normally 

controlled by one controller each. However, sometimes when the airspace gets very busy, the busy 

sector will be divided between more than one controllers. The grey parallelogram in the middle shows 

final approach threshold. 

 
Figure 3a. ATCO mouse interaction with aircraft in SCN- 1 from 9:20:01 to 9:25:28 
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Figure 3b. An estimation of the coverage area of Figure 3a 

If we look at the clicks in Figure 3a, it is seen that in some sectors much more clicks have been made 

while for example no clicks have been made on the sector at the bottom. Also by comparing the clicks 

color with trajectory colors, it is realized that only a few clicks around the middle (near final approach 

threshold) have been made on the aircraft which indicates that not too many changes on aircraft have 

been made by the controllers. One important fact about both Figure 2a and 3a is the information we 

get from these figures about controllers’ interaction with the traffic is not conclusive as they are both 

limited to a specific time portion of the whole experiment. For instance, in Figure 3a we cannot assure 

the controller responsible for the bottom sector has clicked and interacted with the environment less 

than the controller responsible for the busier sector in the left. To have such information, we need a 

graph which gives us information about the whole duration of the experiment and not just a small 

amount of time. Therefore, an algorithm for creating a heat map plot was written in MATLAB to 

visualize the density of all the clicks made on the screen. The heat map results for SCN- 1 is shown in 

Figure 4. 
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Figure 4. Heat map for density of clicks in SCN-1-50% 

As can be seen from Figure 4, ATCO mouse interaction with the airspace in sector 3 is in a high 

contrast with that of other sectors. It is also seen that there are some areas where the controllers have 

clicked for more than 50 times during the whole experiment. Some of these areas are very close to the 

sectors borders which could be interpreted as the clicks made for handing over an aircraft to the other 

controller. However, there are also some dense areas which are far from both sector borders and final 

approach threshold. According to Figure 4, it is realized that the areas with higher clicks density 

values, are the areas where the traffic situation had become complex and therefore, the controller 

needed to make a required amount of effort to handle the situation.  

Figure 5 compares the density of clicks among four different scenarios in which different percentages 

of aircraft were equipped with i4D.    
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a. Clicks density in SCN-5-0% 

 

b. Clicks density in SCN-12-80% 

 

c. Clicks density in SCN-8-0% 

 

d. Clicks density in SCN-15-80% 

Figure 5. Comparison between clicks density in four scenarios with two different automation levels 

As it is seen in SCN-5-0% and SCN-8-0%, the density of clicks has got relatively much higher in 

some areas than in SCN-12-80% and SCN-15-80%. In Figure 5a and 5c, in some areas the number of 

clicks has reached to 120 where in Figure 5b and 5d, it does not exceed a maximum of 60. If we 

consider the density of controller’s clicks as a representative parameter for controller’s workload, the 

question rises in mind that will an increase in aircraft automation level positively affect controller’s 

workload?  

To find an answer to the question above, heat maps of clicks density for two scenarios with the same 

automation level are plotted as shown in Figure 5a and 5b. Evidently, there is still a large contrast 

between the clicks density. Taking a look back at our assumption we expect the complexity in air 

traffic to be the cause. 
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a. Heat map for clicks density in SCN-3-50% 

 

b. Heat map for clicks density in SCN-13-50% 

 

c. Heat map for density of aircraft in SCN-3-

50% 

 

d. Heat map for density of aircraft in SCN-13-

50% 

Figure 6. Comparison between density of clicks and density of aircraft between two scenarios with the same automation level 

With a look at the heat maps of aircraft density, which is the most popular airspace complexity factor 

in the literature, it is observed that aircraft density is the same at almost all areas for the two scenarios. 

Therefore, it is concluded that aircraft density in airspace cannot alone explain the airspace complexity 

and controllers’ workload. Thus, a combination of several complexity factors generate complexity in 

airspace which consequently affects workload. 

This work revolves around the following research question: 

• With the complexity of airspace increasing, would the workload be decreased with some 

certain i4D equipage levels?  

To discover the answer to the main research question above, first the following dilemmas should be 

dealt with: 

1. How could airspace complexity be measured? 

2. How could workload be modeled and calculated? 
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3. How could airspace complexity be related to the workload? 

In response to the first dilemma, airspace complexity is studied and calculated in Section 3. Section 4, 

focuses on the second and third dilemmas and the results are presented and analyzed in Section 5. 
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3 Airspace Complexity Factors 

The term “controller’s workload” is by nature a type of feeling which cannot be easily explained by 

some quantitative measures. It is recognized as a complex parameter which is affected by many 

factors which are both quantitative and qualitative. Measuring the quantitative factors affecting 

workload, known as controller’s taskload is not as difficult as measuring qualitative factors mainly 

because controller’s taskload is essentially being created by the traffic congestion in the air. However, 

it is still difficult for a mathematical modeler to come up with a numeric formula which could fully 

explain the dynamics of traffic congestion in the air or in other words, dynamic density. As observed 

and discussed in the previous section, the density of controller’s clicks as a representative for the 

difficulty l evel the controller tolerated to manage the traffic is affected by a combination of 

complexity factors including density of aircraft.  

Flight characteristics, aircraft state dynamics (speed, altitude, heading etc.) and the interactions 

between aircraft are considered as the causes of conflicts as well as the sources for development of 

converging and diverging patterns among aircraft (Delahaye & Puechmprel, 2000). Factors making a 

traffic situation in the air complex, have been studied since 1963 and more than 40 factors have been 

analyzed so far. Many variables have been defined by researchers to examine these factors and the 

attempts are still in progress. Complexity factors and their resulting effects on traffic complexity are 

easily observable but might not be measurable (e.g. weather conditions) while variables (e.g. aircraft 

count) are always measurable (Kopardekar, 2000). In fact, these variables are defined by mathematical 

modelers such that complexity factors could be measured and well-quantified. Due to a variety of 

studies done in this area, in some cases there are many formulas available in the literature for 

measuring only one factor and for some newly defined factors there exists very few and sometimes 

even no formula at all. The goal of this section is to measure the complexity of traffic in a volume of 

airspace by means of a set of parameters. The results of calculations made in this section will be 

further used in a model such that the controller’s subjective workload could be numerically explained 

to the best attempt. In the work of Djokic (2010), all complexity factors presented in the literature by 

2010 were studied and 24 of them were found to be important based on the works of foremost 

dynamic density researchers Delahaye and Puechmorel (2000), Chatterji and Sridhar (2001), 

Kopardekar and Magyarits (2003), Gianazza and Guittet (2006), Laudeman et al. (1998) and Chatton 

(2001). Then using a principal component analysis (PCA), all 24 factors were classified into 8 

categories and the factor which tops each category according to PCA results was remarked. In this 

research the same eight complexity factors have been selected and some available formulas have been 

used for calculating each factor. However, for some factors, no formula was found and therefore a 

formula has been developed based on the definition of the corresponding factor.  
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Based on the difference observed in the visualized heat maps of different scenarios with different 

automation levels in the previous section, an improvement in complexity calculation model is 

expected, once automation equipage level of the aircraft is considered. Therefore, in addition to the 

eight complexity factors considered in the work of Djokic (2010), another factor has been considered 

in this research as a representative for automation level the aircraft are equipped with, known as i4D 

equipage. These 9 complexity factors are listed in Table 1. 

Table 1. Complexity factors selected for measuring airspace complexity 

Parameters Reference 

Variance of Ground Speed (Gianazza & Guittet, 2006) 

Number of Aircraft Section 3.2 

Horizontal Proximity Indicator (Kopardekar, 2000) 

Number of Descending Aircraft Section 3.4 

Conflict Sensitivity 

Formula developed based on the 

definition presented in (Djokic, 

2010) 

Conflict Insensitivity 

Formula developed based on the 

definition presented in (Djokic, 

2010) 

Vertical Separation 

Formula developed based on the 

definition presented in (Djokic, 

2010) 

Horizontal Separation 

Formula developed based on the 

definition presented in (Djokic, 

2010) 

i4D Equipage Section 3.9 

Since the aircraft congestion is not distributed homogenously in the sector, to calculate a factor in a 

specified time period, the whole sector is first split into a specified number of equal-sized cubes and 
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an average is finally made over all the values calculated for each cube. This method is not highly 

precise due to a phenomenon called “the boundary effect”. As explained before, the relative status of 

the aircraft with each other creates a potential for the traffic to become more or less complex. 

Therefore, for calculating some of the complexity factors (e.g. ground speed variance, conflict 

sensitivity, conflict insensitivity etc.) the relative status of aircraft with each other is of the main 

concern. When the sector is split into cubical cells, the complexity factor is calculated for each cell 

separately and the relative status of those aircraft that are located near the boundary of two neighbor 

cells is not being taken into account. Figure 7 shows how boundary effect causes the relative status of 

some aircraft to be missed in the calculation process. 

  

Figure 7. Boundary effect does not appear in the left figure while in the right figure it causes calculations not to consider 

relative status of the aircraft near the cells border with each other (colored in orange) 

As can be seen in the figure, if the aircraft are gathered somewhere near the center of a hypothetical 

cell, no boundary effect occurs and the method is precise. However, if there are some aircraft near the 

border, the method will not consider the relative situation of those aircraft with each other and the 

method precision level would decrease. In order to compensate for the boundary effect, the grid is 

shifted both horizontally and vertically and all the values will be recalculated. Then an analysis will be 

made on the variances between the old values and depending on the standard deviation among all 

values enough number of grid shifts will be made. Finally, an average will be made over all values 

obtained from all grid shifts to maintain the precision (EUROCONTROL ACE group, 2006).  

In this research, instead of splitting the sector into grids, a completely different approach has been 

followed which avoids any boundary effect to occur. Instead of splitting, the platoons of aircraft will 

be found and spotted over the whole sector and instead of having the same number of groups in 

specified cell shapes over time, there will be different number of aircraft groups grouped into clusters 

with different dimensions. Figure 8 shows how this clustering is being done.  
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Figure 8. Clustering method used in this work. The dimension of clusters is specified by the dynamics of aircraft movements 

relative to each other 

As can be seen, the algorithm looks for the pairs of aircraft that are closer to each other than a certain 

value (5 nautical miles has been considered in this work). Then if two aircraft are closer to a third one, 

all three will be put in the same cluster. Similarly, if there are four pairs of aircraft all having the same 

neighbor, a cluster of four aircraft will be formed. In fact in this approach, it is not the modeler who 

decides about the dimension of cells. It is the density of aircraft congestion that defines the cluster’s 

dimensions. In the next subsections, a detailed explanation for calculating each complexity factor is 

presented and the pseudo codes for the calculation algorithms can be all found in the appendix. 

3.1 Variance of Ground Speed 

Aircraft’s ground speed is defined as the horizontal speed of aircraft relative to the ground. This 

parameter specifies the relative speed disorder among a group of aircraft. A cluster of aircraft having a 

great relative speed with each other, attracts ATCO’s attention as ATCO needs to monitor their 

relative movement to make sure no conflict would occur later.  

In calculation of all eight complexity factors a 30-second time step has been considered. Based on the 

literature, usually one to two-minutes time step is being considered for the en-route area. In this work, 

this amount has been decreased to 30 seconds as the state dynamics of air traffic in terminal area is 

faster than en-route. In each cluster at each second, an average is made between aircraft ground speed 

and the speed variance of each aircraft with the average speed is being calculated. An average will be 

made over all time instances. To have the value dimensionless, the obtained value is being divided by 

the average ground speed in the cluster as shown in formula below.  
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���2 =
���(����)����   

Finally to obtain a single value for the whole sector, an average will be made over all ���2  values in all 

clusters.  

3.2 Number of Aircraft  

For every aircraft present at a sector a monitoring taskload is being added to ATCO as they need to 

look at them for some time to predict their route and figure out around where and when they will pass 

to the other sector to prepare themselves for required tasks (e.g. handover).  

At each time step, the number of aircraft present at the whole sector is being counted. This factor 

together with descending aircraft were the easiest factors to calculate.  

3.3 Horizontal Proximity  Indicator  

Horizontal proximity indicator or Separation Indicator Horizontal (SIH), evaluates to what extend a 

pair of aircraft are close to each other horizontally. An increase in number of SIH violations in a sector 

would result in increase in ATCO workload as the potential for conflicts arise. 

To measure SIH, the following formula has been used for every pair of aircraft (Kopardekar, 2000): 

��� =
√��2 + ��2������� ������ 

Two different lateral minima values have been considered. For distances greater than 40 nm the lateral 

minima of 5nm and for distances and less than 40 nm lateral minima of 3nm has been considered. 

According to Kopardekar (2000), in each sector the number of pairs for which SIH is less than 4 is 

recorded for every time step.  

3.4 Number of Descending Aircraft  

From safety perspective, among flight phases (climb, cruise and descent) the descent phase creates 

more workload for the controller as controllers have more tasks to do when an aircraft is descending 

than when it is just passing over the sky. 

In order to find which aircraft are descending in the sector during each time step, rate of climb (RoC) 

parameter has been evaluated. The number of aircraft having a negative RoC for the whole 30 seconds 

of each time step at each sector has been counted.  
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3.5 Conflict Sensitivity 

Conflict sensitivity together with conflict insensitivity were the two most difficult complexity factors 

to calculate. Conflict sensitivity measures how sensitive a situation is to having a conflict created later 

on. A higher value of conflict sensitivity shows a higher potential between a group of aircraft to create 

a conflict in future which is expected to increase controller’s workload. This potential is being 

evaluated by measuring the gradient of relative distance together with relative speed and relative 

heading of aircraft during a specific time period. Although a high conflict sensitivity has higher 

probability of creating a conflict, it does not necessarily imply an increase in ATCO workload. That is 

because if sensitivity is high only small changes in heading and speed imply a high impact on the 

relative distance which might even decrease controller’s workload (Djokic, 2010). Figure 9 and 10 

compare two situations where a higher conflict sensitivity has resulted in a less monitoring workload 

for the controller. 

 

 

 

 

 

 

Figure 9. Sensitivity is high but is easily resolved by making a small change in one’s heading 

As can be seen in Figure 9, the aircraft are very close to each other and are moving towards each other 

very fast. Therefore, the controller decides to change one’s heading and then the situation is resolved 

very quickly as shown in the right figure. On the contrary in Figure 10, the aircraft are relatively far 

from each other and are moving toward each other slowly. The controller predicts a conflict and 

makes the same heading change as they did in the case of Figure 9. But in here as shown in the right, it 

takes longer for the conflict to be completely resolved. Because the relative distance and speed is 

greater, the controller needs to keep monitoring the situation to make sure the situation is completely 

over. Although in Figure 9, the conflict sensitivity is higher than in Figure 10, the controller’s 

workload would not be necessarily greater as the monitoring task in the situation of Figure 10 takes 

longer than that of Figure 9. 
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Figure 10. Sensitivity is low but is difficult to resolve as the situation changes very slowly 

To calculate the conflict sensitivity, first it is checked whether a group of aircraft are converging 

toward each other or not, then conflict sensitivity would be measured among converging aircraft using 

the formulas bellow. (Gianaza & Guittet, 2006) and (Delahaye & Puechmorel, 2000) 

��� = �� − �� ��� = �� − �� 
�|�������|�� =

��� . ����������  
����(�, �) = Σ�|�������|�� × 1�− �� ����������� � × �−�����������  

����  = Σj=1N | ���������� || × 1�− �� ����������� � × �−�����������  

Where 

��: position of aircraft i 

���: relative distance between aircraft j and i 

���:  relative speed between aircraft j and i 

����(�, �): convergence indicator between aircraft j and i  

�: correction factor equal to 0.002 (Gianaza & Guittet, 2006) 
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�: a presumable distance limit out of which a conflict sensitivity would no longer exist (17.4 nm for 

this work) 

����: Conflict sensitivity between aircraft j and i 

3.6 Conflict Insensitivity  

Conflict insensitivity is defined so as to explain a specific case of conflict that cannot be differentiated 

and well-explained by the previous parameter, sensitivity. For example, among two situations where 

the relative distance is large and the relative speed is small (sensitivity is low for both), insensitivity 

differentiates between them by giving a higher weight to the convergence angle. Figure 11 depicts 

such situation. As it is seen, while sensitivity for convergence is low for both Figure 11a and 11b, the 

degree of convergence is higher in 11b than in 11a. This parameter is calculated by the following 

formula. (Gianaza & Guittet, 2006) 

 

 

a.  

 

 

b.  

Figure 11. Sensitivity is the same for both conditions in terms of relative distance and speed but the convergence angle in the 

left figure makes the situation more insensitive to a potential conflict 

������������� =
����(�, �)2����  

3.7 Vertical Separation 

Vertical separation is usually maintained by the controller when horizontal separation is violated. In 

other words, when a pair of aircraft gets horizontally closer to each other than a limit, the controller 

separates them vertically by guiding one of them towards another flight level. Therefore, vertical 

distance between two aircraft that are horizontally close to each other affects the workload and is 

important to measure. Figure 12 shows how vertical separation is being calculated. 
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Figure 12. Vertical separation is maintained and measured when horizontal separation is violated 

 

Since vertical separation minima differs between aircraft on flight levels greater than 29000 ft and 

those on flight levels less than 29000 ft, the vertical separation formula is as below: 

• If �(Δ�2 + Δ�2) < 5 �� and Altitude < FL290 

����������� =
Δ�

1000 ��   

• If �(Δ�2 + Δ�2) < 5 �� and Altitude >= FL290 

����������� =
Δ�

2000 ��   

 

3.8 Horizontal Separation 

Similar to vertical separation, horizontal separation is maintained by the controller when vertical 

separation is violated among a pair of aircraft. Figure 13 shows how horizontal separation is being 

calculated. 
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Figure 13. Horizontal separation is maintained and measured when vertical separation is violated 

Since vertical separation violation criteria differs for different altitudes, the formula used, is as bellow: 

• If Altitude < FL290 and Δ� < 1000 �� or if Altitude >= FL290 and Δ� < 2000 �� 
����������� =

�(Δ�2 + Δ�2)

5��   

3.9 i4D Equipage 

So far in the literature, no work has considered a complexity factor as a representative for the 

automation level aircraft are equipped with. This work for the first time considers i4D equipage level 

as a complexity factor and examines whether this factor affects controller’s workload or not. To 

calculate i4D equipage level, similar to counting the number of aircraft and the number of descending 

aircraft, at each time step the number of aircraft in the sector equipped with i4D is being counted and 

recorded. The examination of to which extent i4D equipage affects workload is discussed in Section 6. 
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4 Modeling Controller’s Workload 

The difficulty in modeling controller’s workload lies in the fact that workload in ATC is mental and 

not physical. Although in the literature a universal agreement exists about the fact that air traffic 

complexity to a high extent drives controller workload, many different approaches have been followed 

to measure such mental phenomenon. Different metrics have been defined since 1980s and attempts 

still continue to introduce better metrics and quantification techniques. Workload is proven to be a 

multi -dimensional concept which is affected by both the difficulty of performing a task and the 

amount of time a bearing condition remains (Gopher and Donchin 1986). In addition, different 

personality characteristics among controllers (skill, operating behavior and experience etc.) have 

resulted in two controllers reporting different amounts of pressure tolerated when proposed to the 

completely same tasks (Bisseret, 1971 and Sperandio, 1978). Such observations have remarked the 

difference between taskload and workload. Taskload is known as the objective demands of a task 

while workload is known as the subjective demand experienced in performing a task (Hilburn, 2004). 

As discussed earlier, a number of studies have identified and proposed air traffic factors, which in 

earlier studies have been known as factors affecting taskload and not workload. However, later on 

taskload parameters were proven to have a strong relationship to workload measures (Hurst & Rose, 

1978 and Stein, 1985). Later studies showed that taskload is not only being affected by traffic factors 

but also by environmental contributors such as ATC position (oceanic versus terminal) and operating 

system interface (visual display and the data entry tools) (Wickens et al., 1997). In this regard, other 

researches later on published some results showing that interface systems and tools the controllers use 

are not always beneficial as they sometimes generate additional tasks (Selcon, 1990 and Kirl ik 1993). 

For example, some specific types of interface designs have shown potential for forcing additional 

tasks of comparing proposed solutions and taking system’s advice into account on the controller 

(Hilburn et al., 1995). 

In this work, the ATCO workload has been modeled relying mainly on the work of Djokic (2010). As 

shown in Figure 14 and 15, four models have been developed and examined according to two models 

developed in the work of Djokic (2010). In all models, a linear regression function has been 

considered to relate the complexity of airspace measured by complexity factors to a parameter 

describing workload. The intention was to find a good model for controllers’ workload by examining 

to which extent the measured complexity in the airspace correlates with controller’s workload. In each 

model a set of parameters have been used to shape the independent variable, X and the dependent 

variable Y. The main difference between the model of Djokic and the ones developed in this work lies 

in the definition of Y function. As it is seen in Figure 14a Djokic has first considered controller pilot 

data link communication (CPDLC) as workload measure and then has improved her workload model 

by adding the controller-pilot voice communications to CPDLC activities as shown in Figure 15a. 
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CPDLC activities used are the input changes that the controller has executed with regard to the 

aircraft. These inputs refer to assignment of vertical rate, exit flight level, planned entry levels, cleared 

flight levels, headings, speed instructions and direct clearances (Djokic, 2010). Once the workload 

model is improved (Figure 15a), radio calls durations (frequency occupancy time in 2-minutes time 

step) and average duration of single calls were calculated and added to CPDLC activities and were 

considered altogether as the improved workload model.  

In this work as shown in Figure 14b and 15b the same complexity factors as Djokic’s work has been 

considered as X but two different models have been configured for the workload. In Figure 14 

controllers clicks and in Figure15 the taskload has been considered as dependent variable Y. In 

Djokic’s work the number of tasks controller has performed on the aircraft is counted while in this 

work, all different types of clicks including mouse drags, clicks made to get information about the 

aircraft, clicks made to move a window etc. are being counted.  

 

 

 

a.  

 

 

b.  

 

c.  

Figure 14. Comparison between Djokic’s workload model (I) and preliminary workload model of this research 
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a.  

 

b.  

 

c.  

Figure 15. Comparison between Djokic’s workload model (II) and the taskload model of this research 

The models shown in Figure 14c and 15c are similar to 14b and 15b respectively with only a small 

difference in X variables where i4D equipage has been considered among the complexity factors in 

addition to the other eight. In fact, the goal of developing models 14c and 15c was to examine the 

effect of automation equipage level on controllers’ workload while the goal of developing models 14b 

and 15b was to improve workload model by considering taskload instead of clicks. In the taskload 

model, clicks have been differentiated based on their type and different weights have been assigned to 

different types of clicks. For example, in SCN-1-50%, 56 different tasks had been performed by the 

controller. Based on the work of Welch et al. (2007), all tasks are classified into four different types in 

all scenarios: 

1. Background tasks 

These tasks are performed as a routine activities and are independent of how many 

aircraft are present in the sector. Tasks such as coordinating with supervisors, 

configuring displays, zooming in and zooming out, opening a window etc. belong to 

this category.  

2. Transition tasks 

These tasks occur every time an aircraft enters a sector. Tasks such as hand off 

acceptance, initial contact, flight plan information check, initial route planning etc. 

belong to this category.  

3. Recurring tasks 

These tasks occur frequently and include the changes and orders controller executes 

on the aircraft as well as traffic scanning, hazardous weather avoidance etc. 
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4. Conflict tasks 

Whenever a conflict is occurred or predicted by the controller, conflict tasks take 

place. Conflict tasks include conflict detection, vectoring, post conflict route recovery 

etc. 

For each 30-seconds time step, the taskload is calculated using the following formula. (J. D. Welch et 

al., 2007) 

� = �� × �� + �� × �� + �� × �� + �� × �� 
where 

��  :  ������� �������� �� � ���������� ���� = 2 ������� 
�� :  ������� �������� �� � ������� ���� = 50 ������� 
��  :  ������� �������� �� � ������������� ���� = 10 ������� 
�� :  ������� �������� �� � ��������� ���� = 3 ������� 
� : ��������� �� ���� ��������� �� 30 ������� ���� ���� 

At the end a dimensionless value is obtained for the taskload for each sector at each time step. Then 

the linear regression will be made between complexity factors and the taskload values and the general 

form of the formula used is as follows: 

� =  �0 + �1�1 + �2�2 + ⋯+ ���� 

Because there are different X and Y functions considered in each model, different values for beta are 

expected in each model. Therefore, models are compared to each other on the basis of regression 

analysis factors which will be further explained in Section 6. 
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5 Results and Analysis 

The complexity factors were calculated on 18 set of simulations each taking 90-120 minutes. As 

explained earlier, each complexity factor as well as number of clicks and taskload has been calculated 

over each 30-seconds time step. As a result, a total number of 2077 data sets were available for the 

regression analysis for each sector. As mentioned in Section 1.4 only the results for sector 3 and 

TMA-W are analyzed and discussed in this work. To evaluate the effects of automation on airspace 

complexity and controller’s workload, the results for three scenarios in which different percentages of 

aircraft were equipped with i4D are compared for the two sector in the next section. The results are 

generated using taskload model with 8 complexity factors (i4D not being considered as a parameter).  

5.1 Airspace Complexity Measurements  

Figure 16 to 21 compare dynamics of complexity factors, controller’s clicks and controller’s taskload 

among the clusters of aircraft in sector 3 and TMA-W between SCN-11-0%, SCN-3-50% and SCN-

12-80%. Figure 16 shows dynamics of ground speed variances for clusters of aircraft within a 5nm 

distance to one another. It is very important to note that the zeros in the graph does not necessarily 

represent zero values of ground speed variances. What it represents is that no pairs of aircraft in the 

vicinity of 5 nm to each other were found by the algorithm which sounds reasonable to be true for the 

first 65 time steps of the simulation (around 32 minutes). This means that during the first 32 minutes 

of the simulation, the aircraft were not enough close to each other to raise controller’s concern. As can 

be seen in both en-route and terminal sectors, for all scenarios, there are many ups and downs in the 

ground speed variance with some noticeable peaks. According to calculation formula in Section 4.1, 

the peaks tell us that the differences in the ground speed among pairs of aircraft are a lot. However, 

since none of the peaks last for more than 1 minute, they high probably represent conditions where 

two or a group of aircraft have been moving toward each other in two different directions, got close to 

5nm to each other for a while but then got far from each other again. Looking at the next time steps in 

the figure, this scenario is more supported as the peak lasts for only one to two minutes. Comparing 

the three scenarios with each other it is observed they follow almost the same up-and-down pattern.   
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Figure 16. Comparison for dynamics of ground speed variance among three scenarios 

Figure 17 compares the rate of aircraft density growth between the three scenarios. Same as Figure 16, 

almost similar patterns are observed for all scenarios. As it is seen in sector 3, the number of aircraft in 

the sector is increased from 0 to an average of 16 and after some time it does not drop below an 

average of 12. That shows in the beginning of the simulation aircraft enter the sector and then after 

some time some of them land or pass through another sector while some others are still entering. 

Therefore, some fluctuations are seen between time steps 80-165 which are related to the entrance and 

exit rates. At the same time period, the same fluctuations are seen in the graph of TMA-W which 

represents a condition where some aircraft are departing while some others are landing. Comparing the 

two sectors with each other, higher fluctuations in TMA-W represent the fact that the dynamics of 

movements in TMA-W are higher than en-route which is pretty much expectable due to denser and 

faster traffic of TMA. 
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It is also observed that the number of aircraft in TMA-W has remained 0 until time step 45 while in 

sector 3 the aircraft appear in the sector around time step 3. It is concluded that from the beginning of 

simulation it has taken around 20 minutes on average for the first group of aircraft to reach final 

approach. 

 

 

Figure 17. Comparison for dynamics of aircraft density among three scenarios 

Figure 18 compares the number of SIH violations between the three scenarios. As can be seen in both 

figures 17 and 18, similar patterns are generally followed in all scenarios for both sectors. Comparing 

Figure 17 and 18, it is interesting to see that for every peak in the number of aircraft, there exist a peak 

in the number of SIH violations during the same time period. This represents the fact that during 

denser traffic conditions, especially in the vicinity of runway, more aircraft are seen close to each 

other. 
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Figure 18. Comparison for dynamics of SIH violations among three scenarios 

Figure 19, compares the number of descending aircraft. As it is seen in sector 3, there are two peaks at 

time steps 40 and 100 with a drop down to 0 in time step 70, while in TMA-W there are two peaks at 

time step 60 and 120 with e drop in between to around 2 at time step 90. It seems that the same peak 

and drop pattern has been shifted from sector 3 to TMA-W by 20 time steps. This represents the fact 

that some aircraft started to descend in sector 3 and then continued descending in TMA-W. 
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Figure 19. Comparison for dynamics of density of descending aircraft among three scenarios 

Figure 20 and 21 compare the additive inverse of conflict sensitivity and additive inverse of conflict 

insensitivity among the scenarios. In Figure 20 and 21, additive inverse of conflict sensitivity and 

insensitivity are plotted instead of the actual values because the actual values for both factors were all 

negative. Therefore, in favor of better visualization and easier analysis of the results, additive inverse 

values have been plotted. As it is observed, unlike previous factors, conflict sensitivity does not follow 

the same pattern in all scenarios. The high peaks represent a situation where aircraft pairs moved 

closer to each other very fast. Comparing the two graphs for sector 3 and TMA-W in Figure 20, it is 

seen that more frequent and higher peaks are observed in TMA-W which is expected as aircraft pairs 

are moving closer and faster to each other (either departing or landing) in TMA. It is also interesting to 

see that the first peaks rise around time step 70 in TMA-W while it occurs around time step 90 in en-

route sector which is again expected.  
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Figure 20. Comparison for dynamics of conflict sensitivity among three scenarios 

Looking at Figure 21, we see that at the exact same time period, conflict insensitivity faces frequent 

and short lasting peaks. However, comparing Figure 21 for the two sectors, it is observed that around 

time step 70 and 110, peaks in TMA-W are followed by a gradual decrease to less values while in 

sector 3 instantaneous decrease to zero values occurs. Since in TMA-W the aircraft pairs move faster 

relative to each other, the gradual changes in conflict insensitivity represent natural traffic conditions 

where ATCO’s interference is less probable. Because, in case of ATCO’s interference to resolve a 

conflict we expect to observe an instantaneous change in relative movement of aircraft towards each 

other. The situation in time step 110 looks specific because in Figure 16, a high peak is observed in 

ground speed variance in sector 3 while no peaks are observed in TMA-3. This supports the idea that 

no change in relative movements of aircraft pairs are made in TMA-W. Even more interestingly, when 

we take a look back to Figure 18, we see that again around time step 110, a peak followed by a drop in 
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SIH violations are observed in sector 3. The specific situation of time step 110th will be further 

analyzed and a better interpretation could be made once taskload figures are analyzed. 

 

 

Figure 21. Comparison for dynamics of conflict insensitivity among three scenarios 

Figure 22 and 23 show the inverse of vertical and horizontal separation respectively. Similar to figures 

20 and 21, the inverse of actual horizontal and vertical separation values are plotted in favor of better 

visualization and easier analysis. According to the formulas presented in Sections 4.7 and 4.8, the 

greater vertical and horizontal separation values are, the more vertical and horizontal distance exist 

between aircraft pairs and as a result controllers worry less. Therefore, any value more than 1 denotes 

a distance greater than the separation minima which is favorable. Since in Figures 22 and 23, the 

inverse of actual values are plotted, any value more than 1 could result in high concern for ATCO.  
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However, it should be kept in mind that vertical and horizontal separation are calculated and 

considered only when the other one is violated. Thus, zero values in these factors denote that neither 

horizontal nor vertical distance between the aircraft had been violated. The peaks and drops in figure 

22, denote how much vertically the aircraft were separated at the time they were horizontally closer 

than 5nm to each other. In en-route sector around time step 140, which denotes aircraft pairs got 

vertically as close as half of the allowed distance to each other. Around the same time step in TMA-

W, to high peaks are observed for SCN-11-0% and SCN-12-80% which denotes aircraft pairs got 

vertically as close as 1/30th and 1/90th of the allowed distance to each other.  

 

 

Figure 22. Comparison for dynamics of vertical separation inverse among three scenarios 

From controller’s point of view, an instantaneous close encounter between aircraft does not matter. It 

becomes a concern when the condition lasts for some minutes and when the controller observes that 
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the relative distance is decreasing. Therefore, it would be interesting to see where in Figure 22 a value 

less than 1 has lasted for long. As it is observed, almost at all points no value above 1 has lasted for 

more than 30 seconds. Now looking at Figure 23, in sector 3, horizontal separation never reaches 

value 1 over the whole simulation, which means that the aircraft pairs were never as close as 

separation minima to each other. This means that vertical closeness observed in Figure 22 is no longer 

of concern. For TMA-W however, there is an instantaneous rise from 0.5 to above 1 around time step 

140 which represents a condition where aircraft pairs got vertically as close as 1/90th of the allowed 

value while they were first horizontally twice the allowed value apart and then got closer to each other 

for a while. When they get horizontally close they violate the separation minima for a moment and 

then get far as twice as the allowed distance. Other peaks above 1 seen in Figure 23 for TMA-W rise 

no concern because at the time the horizontal violation occurs, the aircraft were vertically separated as 

1.5 to 4 times as the acceptable limit. Comparing Figure 23 for the two sectors, more frequent 

horizontal closeness are observed. This is again expected due to the nature of TMA where aircraft 

pairs happen to take-off and land in denser traffic. In other words, whenever a departing aircraft just 

passes nearby a landing one, the algorithm records a horizontal violation but then instantaneously 

eliminates that condition. Also, with a look back at number of descending aircraft in Figure 19, it is 

realized that in en-route sector until time step 15, no aircraft were descending and both Figure 22 and 

23 agree on no separation violations. In TMA-W, no aircraft were descending until time step 45 which 

again is in agreement with Figure 22 and 23. 
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Figure 23. Comparison for dynamics of horizontal separation among three scenarios 

Figures 24 and 25 compare the number of clicks and controller’s taskload between the three scenarios. 

As it is seen in Figure 24, there are a lot of peaks for SCN-12-80% with the highest equipage level in 

both sectors but when compared with Figure 25, they are all accompanied with less taskload for the 

controller comparing to the other two. So by comparing these two figures with each other we realize 

that too many clicks made by the controllers does not necessarily imply a high taskload on them. They 

might have clicked on a feature just to get some information without feeling stressed and overloaded. 

On the contrary, we see around time step 90 and 110 in en-route sector, the controllers have clicked 

for SCN-11-0% less than the other two while they have had higher taskload. This indicates that 

sometimes less clicks are made while a large amount of mind occupation and load is being tolerated. 

This is usually the case for the control tasks which will be further analyzed in the next sections. 

Similarly in TMA-W, it is observed that more clicks are made for SCN-12-80% with 80% equipage 

while less taskload is being tolerated comparing to SCN-11-0% with 0% equipage. Comparing the two 

sectors with each other, we see that on average more clicks are made by the ATCO in en-route sector 

than the terminal sector. Similarly, higher taskload on average is being tolerated by the ATCO 

responsible for en-route sector than the one responsible to TMA-W.  

Now comparing the three scenarios with each other, it is observed that in both sectors, the ATCO in 

the highly equipped scenario (SCN-12-80%) goes under less pressure than the other two ATCOs.   
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Figure 24. Comparison for dynamics clicks density among three scenarios 

Now let us take a look back at the case brought up during the analysis of conflict sensitivity and 

ground speed variance in Figure 16. At time step 110th, an instantaneous rise in ground speed variance 

were observed for SCN-11-0% and SCN-12-80% in sector 3 which together with interpretations made 

from other figures seemed to be involved with ATCO’s interference to resolve a conflict. Now here in 

Figure 25, an instantaneous rise in taskload is observed for the exact same scenarios in sector 3 which 

supports the brought up reasoning. 

More interestingly, in Figure 20 at time step 110 in TMA-W high peaks were observed for the three 

scenarios with SCN-11-0% with no i4D equipage having the highest peak. Since conflict insensitivity 

were followed by gradual decrease, this idea brought up that probably no ATCO interference were 

involved. Here when we look at Figure 25, it is observed that no high peak in task load is observed for 
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SCN-3-50% and SCN-12-80% while there is one for SCN-11-0%. This supports the idea that during a 

conflict the controller had trusted the automation more while they had interfered more frequently in 

SCN-11-0%. 

 

 

Figure 25. Comparison for dynamics taskload among three scenarios 

5.2 Regression Analysis 

In the previous section, the results for complexity factors calculations as well as clicks count and 

taskload calculations were presented and analyzed. In this sections, the results of regression analysis 

applied on four different developed models are presented and analyzed. Table 2 compares the 

correlation coefficient obtained for each complexity factor from regression analysis applied on each 

model in en-route sector. Each value in the table represents to which extent the complexity factor was 

linearly correlated with the workload. For example, in the clicks model considering 8 factors, only 3% 
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of ground speed variance values were correlated linearly with the number of clicks, whereas 42% of 

number of aircraft in the sector and 40% of number of SIH violations were correlated linearly with the 

number of clicks. 

An interesting fact shown in the table is the negative correlation coefficient sign for conflict sensitivity 

and insensitivity, which indicates that the model has found these two factors are negatively correlated 

with the workload. This means that in a specific amount of data an increase in conflict sensitivity has 

led to a decrease in the workload. For example, in 15% of the data in clicks model, an increase in 

conflict sensitivity has led to a decrease in the workload value while in 23% of the data, an increase in 

insensitivity values has led to a decrease in the workload. This supports the idea discussed in sections 

4.5 and 4.6 about the cases where aircraft converging faster with higher convergence angles are easier 

to handle for the controller than aircraft converging slower with less convergence angle. 

Table 2. Statistical comparison for correlation coefficients found in each workload model applied on sector 3 

 8 factors – Clicks 9 factors – Clicks 
8 factors – 

Taskload 

9 factors – 

Taskload 

Var_GS 0.03 0.13 0.02 0.08 

No. of AC 0.42 0.44 0.78 0.78 

SIH 0.40 0.40 0.61 0.61 

No. of Des_AC 0.07 0.09 0.17 0.18 

Sensitivity −0.15 −0.15 −0.13 −0.12 

Insensitivity −0.23 −0.24 −0.27 −0.28 

VSEP 0.20 0.18 0.25 0.27 

HSEP 0.15 0.18 0.44 0.45 

I4D  −0.03  0.23 

 

 46 



Comparing the four models in Table 2, it is observed that in general all factors are much more 

correlated to the workload in taskload model than in clicks model. Number of aircraft and horizontal 

separation have the largest improvement in correlation percentage with 35% and 30% of the data 

becoming more correlated to the workload model. 

The other interesting fact that Table 2 shows, lies in the effectiveness of i4D in improving the taskload 

model. As can be seen in the last two columns, ground speed variance has improved by 6% while the 

correlation coefficient for other parameters remained almost unchanged. The i4D equipage itself has a 

share of 23% correlation which in the same model is even higher than sensitivity, ground speed 

variance and number of descending aircraft. The value of 26% tells us that in the 26 percent of the 

data, an increase in the number of aircraft in the sector equipped with i4D, has resulted in an increase 

in the controller’s taskload. This interpretation however is not conclusive at all. Because we do not 

know to which scenarios this 26 percentage of the data belong. They might belong to all 50% 

equipage scenarios in which an increase in the number of automated aircraft have resulted in a more 

difficult -to-handle situation where other 50% of the aircraft could not synchronize themselves with the 

time constraints forced by the automated aircraft. 

Table 3 compares the R-square parameter among the four models of this work implemented on sector 

3 with the two models of Djokic et al. (2010). As it is seen from the table, Djokic has improved her 

model by adding the voice communication data to 3% while in this work, by going one step forward 

from clicks to taskload, around 40% improvement is achieved. By comparing the R-square between 

the taskload model with 8 factors and the taskload model with 9 factors, it is seen that i4D equipage 

does not very much affect complexity of en-route airspace.  

Table 3. Statistical comparison between four models of this work implemented on sector3 and the two of Djokic’s 

Models 
8 factors – 

CPDLC 

8 factors – 

CPDLC+Voice 

communications 

8 factors – 

Clicks 

9 factors – 

Clicks 

8 factors – 

Taskload 

9 factors – 

Taskload 

�� 0.13 0.16 0.19 0.22 0.62 0.63 

 

Table 4 compares the R-square parameter among the four models implemented on TMA-W with the 

two models of Djokic (2010). As can be seen, an improvement from clicks to taskload model has 

resulted in more than 70% increase in correlation factor. By comparing the R-square between the 

taskload model with 8 factors implemented in en-route sector with the one implemented in TMA-W, it 
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is concluded that the taskload model better correlates with airspace complexity in terminal airspace 

than in en-route airspace.  

By comparing the results between the two taskload models in Table 4, it is observed that i4D 

equipage, similar to the results of Table 3, does not contribute to a better correlation between airspace 

complexity and ATCO workload in terminal airspace. However, from the results of Figure 25 it was 

observed that automation equipage level does very much affect controllers’ taskload in both en-route 

and terminal sectors.  

Table 4. Statistical comparison between four models of this work implemented on TMA-W and the two of Djokic’s 

Models 
8 factors – 

CPDLC 

8 factors – 

CPDLC+Voice 

communications 

8 factors – 

Clicks 

9 factors – 

Clicks 

8 factors – 

Taskload 

9 factors – 

Taskload 

�� 0.13 0.16 0.12 0.12 0.84 0.82 

5.3 Taskload Model 

The focus of this part is to analyze how other factors such as environment affect controller’s workload. 

Figure 26, compares controller’s taskload between sector 3 and TMA-W among three scenarios in 

which automation equipage level was the same in all. SCN-13-50% is a typical scenario while SCN-

16-50% is a scenario with the same equipage level but with this difference that in this scenario the 

aircraft had appeared in the screen with a little later or sooner than it was planned. By analyzing the 

results for this scenario, we can observe how such unpredictable conditions affect controllers’ 

workload. SCN-9-50% is the only scenario among the other 17, in which wind effects on the aircraft 

were considered in traffic simulations.  
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Figure 26. Effects of unpredictability on controller’s taskload 

As can be seen in Figure 26, there is a considerably large contrast between the amount of workload the 

controllers had tolerated in each scenario. It is remarkably seen that the more unpredictable the 

situation had become, the greater and more frequent amount of workload the controllers confronted. 

The increase in the number of peaks observed in Figure 26, makes it interesting to analyze which type 

of taskloads are generating the peaks. It is also interesting to investigate why the load does not drop 

below 5 in en-route and 2 in TMA-w during a specific period. 
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Figure 27. Taskload factors analysis for SCN-16-50% in sector 3 

Figure 27 shows the taskload analysis performed on SCN-16-50% in sector 3. As it is depicted in the 

figure, the peaks are all generated by the control tasks. Taking the results of Figure 26 into account, it 

is realized that the unpredictability and chaos exerted by the wind effects in SCN-9-50% have mainly 

resulted in an increase in the number of control tasks. This indicates that unpredictability results in 

more conflicts in airspace which forces the controllers to make more changes on the aircraft status 

(heading, speed etc.) and tolerate more pressure. 

Figure 27 also shows that the transitioning tasks are responsible for the load not being able to drop 

down a limit. Transitioning tasks are generated whenever aircraft are present in the sector. As it is 

seen, close to end of simulation (after time step 180), the transitioning taskload starts to drop down as 

most of the aircraft have probably landed or moved to the other sectors. 
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6 Discussion and Conclusion 

This work focused on analyzing the effects of a set of important complexity factors on controller’s 

workload. The work also focused on discovering whether automation equipage level influences the 

airspace complexity and workload. For a set of experiments designed by LFV, the complexity factors 

were calculated for every 30-second time step and the results were analyzed for different scenarios 

enjoying three different automation levels. Four different workload models were developed and a 

regression analysis was implemented on the complexity values and the taskload was quantified based 

on each model separately. Each complexity factor was calculated for two different airspace traffic, en-

route and TMA, and each model was implemented on each sector separately. By comparing the 

results, it was found that the automation equipage does not make a remarkable change in the 

correlation found between air traffic complexity and controllers workload while it does for sure affect 

controller’s workload itself. It was observed that for three scenarios with almost the same traffic 

conditions (such as aircraft density volume etc.), in the scenario with 80 percentage i4D equipage, 

controllers underwent less taskload than a scenario with 50 and zero percentage. While such 

conclusion well explains the effects of i4D equipage on taskload it cannot be simply expanded to all 

automated conditions. In addition, the conclusion cannot be expanded to controllers actual workload 

as many important factors such as cognitive load and human factors characteristics are not considered 

in the workload model developed in this work. Moreover, the effects of environmental factors such as 

weather conditions on the air traffic patterns are not considered in the model.   

After evaluating the performance of each developed model on each sector, it is concluded that the 

taskload model explains airspace complexity far better than clicks model. The taskload model 

developed in this work, showed around 50% and 40% higher success rate in explaining en-route 

airspace complexity than that of Djokic’s and clicks model. The same model showed around 70% 

higher success rate in explaining terminal airspace complexity than that of Djokic’s and clicks model. 

This comes with the conclusion that given the complexity of airspace, the taskload model developed in 

this work can explain the ATCO’s workload responsible for terminal sectors far better than ATCO’s 

workload responsible for en-route sectors. This could be due to the nature of air traffic in terminal 

sector which features more homogenous dynamics than that of en-route.    

The finding that in some cases, the i4D equipage level increases the taskload reflects some kind of 

controllers’ adaptation to the automated conditions, which has resulted in them to perform more tasks 

as the number of automated aircraft in the sector increases. For this statement to be conclusive, more 

analysis in this area is needed.  
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6.1 Future Work  

As it was mentioned several times throughout the report, one of the factors that is missing in modeling 

the workload in this work, is cognitive load. One way to reflect a part of cognitive load is to analyze 

the eye gazing movements to get an estimation of monitoring taskload. Figure 28 shows an example 

where ATCO’s eye gazing durations are compared with clicks interaction. ATCO’s clicks on different 

points on the screen and their eye gazing durations are depicted in the left and right figure 

respectively.  

  

Figure 28. Heat map for density of controller’s clicks (left) and controller’s eye gazing duration(right) for SCN-9-50% 

As can be seen there are some areas where ATCO has clicked and looked at more while there are also 

some areas where they have looked at a lot without having clicked on them that much. This 

visualization of the data would be very helpful to separate different type of tasks (e.g. monitoring tasks 

vs. execution tasks) that have been performed in different areas to have a more precise model of 

controller’s workload. With this technique, quantifying cognitive load will be the focus of a future 

work.  
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